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Abstract:

Studies of sulfuric acid hypogene speleogenesis have contributed significantly to
understanding the history of the Guadalupe Mountains of southeast New Mexico and west
Texas for at least the past 12 Ma. A recently published hypothesis of supercritical CO2 spar
cave genesis provides information that constrains the timing of the start of uplift to between
27 and 16 Ma, and helps to explain landscape evolution of this region for the last 185 Ma.
This new speleogenetic model is summarized here and shows that U-Pb dating of crystals
from different spar caves reveal different ages, and that a majority of the spar crystals were
deposited during ignimbrite flare-up episodes at the end of the Basin and Range extension
and onset of Rio Grande Rift extension between 36–28 Ma. During cave spar formation,
geothermal gradients ranged from 50 to 70°C/km. Stable isotope data for δ13C, δ18O, and
δ88Sr support that parent waters of cave spar were of low hydrothermal origin and mixed with
gases emanating from shallow magma conduits; nearby outcrops of Tertiary igneous dikes of
the same age as the spar support this hypothesis. Supercritical CO2 hydrothermal systems
driven by magma intrusion on the western fringe of the Delaware Basin were responsible
for the formation of small caves containing large, euhedral calcite crystals. Hydrothermal
deposits from these types of systems are sometimes used to locate economic ore deposits,
however, since this area has been uplifted, any indication of fossil hydrothermal systems, like
travertine deposits, have eroded. Spar caves are remnants of hydrothermal processes and
are related to and coeval with ore deposition and hydrocarbon generation in the Guadalupe
Mountains and Delaware basin. These spar caves can be used as both proxies for landform
evolution and to locate economic mineral deposits.

Keywords:

hypogene speleogenesis, Guadalupe Mountains, ore deposit geology, petroleum maturation
Received 7 January 2018; Revised 18 April 2018; Accepted 24 April 2018

Citation:

Decker D.D., Polyak V.J. and Asmerom Y., 2018. Spar caves as fossil hydrothermal systems:
Timing and origin of ore deposits in the Delaware Basin and Guadalupe Mountains, New
Mexico and Texas, USA. International Journal of Speleology, 47 (3), 263-270. Tampa, FL
(USA) ISSN 0392-6672 https://doi.org/10.5038/1827-806X.47.3.2173

INTRODUCTION
The Guadalupe Mountains are located at the
boundary of three significant Cenozoic tectonic
terranes: (1) the northern culmination of the Basin
and Range province, (2) the southeastern margin of
the Rio Grande Rift, and (3) the southeastern extreme
of the structures formed during the Laramide Orogeny
(Fig. 1) and is well studied, but little is known about
the landscape evolution of the area and contradictory
reports abound (King, 1948; Hayes, 1964; Meyer,
1966; Jagnow, 1977; Austin, 1978; Barker et al.,
1979; Davis, 1980; McKnight, 1986; Hill, 1987, 1990,
1996; Garber et al., 1989; Mruk, 1989; Polyak, 1992;
DuChene & Martinez, 2000; Palmer & Palmer, 2000;
DuChene & Cunningham, 2006; Kirkland, 2014).
*dave@swgeophys.com

King (1948) states that the landscape was of “postCretaceous age (after 65 Ma), most probably Oligocene
to Miocene (28 to 20 Ma)” and may have experienced
up to three periods of uplift. Hills (1984) and McKnight
(1986) suggest that there has been little to no uplift
in the region since the end of the Permian (~254 Ma)
when the main cave forming strata of the Capitan
Reef, the Capitan Limestone and the Artesia Group,
were deposited. Eaton (1986) concluded that the area
was uplifted during the formation of the Basin and
Range (~30 Ma) producing a topographic high to the
west called the Alvarado Ridge, which subsequently
subsided along a central basin during opening of the
Rio Grande Rift (after 28 Ma). Lundberg et al. (2000)
obtained a U-Pb date of 90.7 ± 2.8 Ma from a cave spar
sample from Big Canyon in the Guadalupe Mountains
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Fig. 1. Guadalupe Mountains of southeastern New Mexico and West Texas. This figure
shows known fault zones, ore deposits, igneous intrusions, and spar collection locations.
Compiled from Barnes (1983) and other sources including Google Earth.

and concluded that a deep seated hydrothermal event
during the Laramide (90 - 50 Ma) produced the spar
crystal and caused hydrocarbon maturation; and may
have been responsible for post-Permian uplift of the
region. Duchene and Martinez (2000) and Duchene
et al. (2017) believe the Alvarado Ridge began to rise
during the late Laramide based on paleobotanical
evidence from the southern Rocky Mountains provided
by Gregory & Chase (1992). The landscape evolution
of this region may seem simple, but based on the wide
range of views the issue is not settled and is more
complex than expected. Since there are few outcrops
related to landscape evolution and ore generation, it
becomes even more difficult to determine the absolute
timing of the history of the Guadalupe Mountains.
Finding a proxy for these processes would be valuable.
Spar caves in the Guadalupe Mountains are
essentially large geodes lined with crusts of macrocrystalline calcite that formed long before the wellknown sulfuric acid speleogenetic events described
by Hill (1996). Large scalenohedral calcite crystals are
called ‘cave spar’ in this paper, and are phreatically
precipitated (Gary et al., 2002). Cave spar growth
in these spar caves as well as other large euhedral
calcite spar of the Guadalupe Mountains and adjacent
Delaware Basin (Fig. 2) has been described by Mruk
(1985), Hill (1996), and Lloyd et al. (2013). Euhedral
thermal spar used in this study fits the definition of
spar II of Mruk (1985) and the mesogenetic spar of
Hill (1996). The first dated spar crystal was older than
Basin and Range (Lundberg et al., 2000), and Decker
et al. (2018) reported multiple generations of spar that
formed well before, during, and after Basin and Range

development. Decker et al. (2016) determined that
spar caves formed in the deep phreatic zone, a model
that derived from the direct measurement of depth of
three cave spar samples beneath known paleo-surface
elevations relative to the spar caves. Two of the paleosurfaces were from paleo-water table elevations in the
Guadalupe Mountains as determined by Polyak et
al. (1998). The third measurement is from northern
Arizona and measures the depth of a Grand Canyon
paleo-surface to an underlying spar cave (Decker et
al., 2016, 2018).
Because of the large spread in ages of the spar,
finding an explanation for the origin of these spar
caves and associated spar that accounts for these

Fig. 2. Large spar cave truncated by sulfuric acid speleogenesis.
These spar crystals range in size from 2 cm to 20 cm along the c-axis
Cave near Carlsbad Caverns, NM. (Photo: Shawn Thomas).
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disparate ages has been problematic. Decker et
al. (2016, 2018) proposed that spar caves and the
associated cave spar were formed by supercritical CO2
(scCO2) hypogene speleogenesis at a depth of 500 ±
250 m. U-Pb ages of cave spar show that most spar
formed coeval with the ignimbrite flare-up and that
there are at least five other generations of cave spar in
the Guadalupe Mountains that are temporally linked
to magmatic events. Supercritical CO2 hypogene
speleogenesis explains both the origin of the caves
and the associated spar as one speleogenetic event,
coeval with magmatic activity.
The relative importance and absolute timing of each
of these tectonic/magmatic events in the evolution of
regional landforms is poorly known because of the lack
of dateable materials in the Guadalupe Mountains
and Delaware Basin. An advantage of studying a
location at the boundary of these terranes is that
tectonic events extend back before the Laramide
Orogeny and provide multiple fluid-flow pathways
from regionally distant areas. As long as the landscape
does not sink or rise out of the ‘spar horizon’, that
depth where supercritical CO2 transforms to aqueous
CO2, spar cave speleogenesis will take place coeval
with magmatic events, both nearby and from more
distant locations. The calcite cave spar with warm
fluid inclusion temperatures provides direct evidence
for low temperature hydrothermal involvement
(Decker et al., 2018). For the Guadalupe Mountains
and Delaware Basin, spar caves and cave spar formed
during the last 185 Ma (Decker et al., 2018). This
paper applies scCO2 spar cave hypogene speleogenesis
to fossil hydrothermal systems linked to magmatic or
thermal events that could be responsible for the origin
of ore deposits and the maturation of hydrocarbons in
the Guadalupe Mountains and Delaware Basin.

BACKGROUND
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by Hill (1996). A typical spar cave is 10 to 20 meters
in diameter, and entirely lined with scalenohedral
spar. These geode-like caves are as small as 10 cm in
diameter and as large as 50 meters long by 30 meters
wide and 10 meters tall. Crystals range from 2 to 3 cm
long in small caves to as large as 2 meters in length
along the c-axis in other Guadalupe Mountains caves
(Figs. 2 and 3).

Fig. 3. In situ scalenohedral spar crystal in small ceiling vug (Photo:
Jason Waltz).

Decker et al. (2018) reported U-Pb ages of cave spar
calcite from 22 locations (16 caves, Fig. 1) that are
clustered between 75 to 54 Ma, 40 to 34 Ma, and 30
to 28 Ma (Fig. 4). Two of the samples formed prior to
Laramide time: 184 and 118 Ma (Decker et al., 2018)
and two spar samples were deposited post-Basin and
Range time: 9.23 ± 0.36 and 13.1 ± 0.3 Ma (Decker
et al., 2018). Fibrous fault filling spar from the
Border Fault zone in Guadalupe Pass, Texas yielded
an isochron age of 16.1 ± 0.4 Ma, and constrains
the timing of block faulting along the Border Fault
Zone. The cave mammillary from Lake of the Clouds
in Carlsbad Cavern, the deepest known point in the
cave, was dated at 1.95 ± 0.2 Ma. This places the water
table well below the majority of the spar locations by
the late Pliocene (after 5 Ma).

Details of U-Pb and U-series dating and stable isotope
analyses methods are previously described by Decker
et al. (2016, 2018). Calcite cave spar samples were
collected from 16 caves along the length of the Guadalupe
Mountains, and include a sample of mammillary
calcite from Lake of the Clouds in Carlsbad Cavern,
and a sample of fault-filling vein calcite from the
Border fault zone on the southeastern side of the
Guadalupe Mountains (site 13 of Fig. 1). Evidence for
hydrothermal origin of cave spar comes from analysis
of fluid inclusions and carbon and oxygen stable
isotope values reported in Decker et al. (2018).
Each sample was selected based on lack of visual
surface alteration (Figs. 2 and 3). Visible surface
alteration is generally a sign that the crystal
surface had been re-dissolved during subsequent
speleogenetic episodes, most likely during the late
stage H2SO4 speleogenesis, or that a hydration rim
developed over time. The majority of samples were
previously broken and the interior of the samples
could be examined for evidence of alteration. All
samples collected are mesogenetic spar that formed
Fig. 4. Age data for spar crystals. Orange and yellow bars are times of known
after the reef stopped growing and before the magmatic activity in the region. Figure modified from Decker et al. (2018).
beginning of the H2SO4 speleogenetic event described Vertical spread is only for visualization.
International Journal of Speleology, 47 (3), 263-270. Tampa, FL (USA) September 2018
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Critical to the support of the scCO2 hypogene
speleogenesis model is the depth of formation of three
cave spar samples. The methodology for determining
the depth at which these caves formed is described in
detail in Decker et al. (2018). All three depths were in
the range of 500 ± 250 m. A sample from the Grand
Canyon yielded a U-Pb age of 232 ± 2 Ma. The cave
this sample was collected in the Redwall Limestone
and is located ~750 m below Triassic-aged, near-sealevel sediments. From this, we infer that the Grand
Canyon cave spar formed ~750 m below a paleo-water
table (Decker et al., 2018). In Carlsbad Cavern sample
CAVE-02399-003 yielded an age of 13.1 ± 0.3 Ma, the
elevation of CAVE-02399-003 is ~800 m below the
elevation of the 13 Ma paleo-water table. CAVE-02399008 yielded an age of 9.23 ± 0.36 Ma and the elevation
of this sample location is 400 m below the elevation of
the paleo-water table at 9 Ma; this paleo-water table
is defined by Polyak et al. (1998). Dublyansky (1995,
2000) approached the depth of spar cave formation
from an analytical and observational point of view and
determined that spar caves form at depths of 1 km
and the large scalenohedral spar form at shallower
depths between 250 and 500 meters below the
water table, consistent with our results. This depth
of formation of spar caves predicted by Dublyansky
(1995, 2000) and Spötl (2009) is also the depth of
the supercritical/subcritical CO2 (subCO2) boundary
where carbonate rocks are reported to dissolve
(Decker et al., 2016, 2018). The change from scCO2 to
subCO2 causes gas to exsolve and escape the system,
causing a shift from water that is under saturated in
CaCO3 and aggressive to carbonate rocks, to slightly
super-saturated in CaCO3 allowing precipitation of
calcite. The termination of magmatic activity causes
a shift from dissolution to precipitation. The depth
of formation of these spar crystals is an absolute

measure of depth that is coincident with the depth
of the supercritical/subcritical CO2 boundary, which
can be used to explain both the origin of spar caves
and the deposition of cave spar. Spar caves and spar
crystals formed at elevated temperatures coeval with
magmatic events and provide a mechanism for calcite
dissolution followed by calcite precipitation.
Temperatures derived from fluid inclusions (Decker
et al., 2016, 2018), and from vitrinite reflectance
data (Barker & Pawlewicz, 1987), yield a maximum
geothermal gradient for the region during the time of
the magmatic events. These data show that spar was
deposited in temperatures ranging from 40 to 80°C and
possibly as high as 90°C. While these temperatures
are not considered to be geothermally hot, and the
depths are not tectonically deep, they can provide us
with insight into near surface processes, and suggest
that the region experienced hydrothermal events
coeval with spar cave speleogenesis at temperatures
high enough to cause maturation of hydrocarbons.

DISCUSSION
Hydrothermal buoyancy-driven flow exists over
thermal point sources such as upwelling magma
creating advective heat flow (Ingebritsen et al.,
2006; Fig. 5). Continental crust heat flow is roughly
60 mW/m2 in Paleozoic sedimentary rocks (Pollack
et al., 1993) and has a geothermal gradient in the
range of 20 to 35°C/km. Most often variations from
these ranges are due to shallow magma, groundwater
flow, or both (Ingebritsen et al., 2006). Fluid flow
near magma bodies is driven by thermal convection,
fluid density changes, and volatiles (CO2,water
vapor, and other minor constituents). The route that
the ascending fluid takes with respect to hypogene
speleogenesis is determined by pressure gradients,

Fig. 5. Hydrothermal flow graphic. This graphic depicts the hydrothermal flow driven by magmatic
processes. Heated groundwater scavenges and mobilizes metals from the host rock and then later
deposits it at shallower depths as the temperature and pressure regimes change. As the fluids get
closer to the surface, supercritical CO2 changes to sub-critical CO2 forming the small voids. The flow
of groundwater near the surface removes the CaCO3 saturated water allowing further dissolution of
the vugs. As the magmatic activity ceases and the flow of scCO2 wanes, the hydrologic flow changes
and allows slightly CaCO3 saturated waters to remain in the area to precipitate the scalenohedral
spar in the voids.
International Journal of Speleology, 47 (3), 263-270. Tampa, FL (USA) September 2018
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thermal gradients, permeability of the surrounding
rocks, tectonic faults, fractures, and in the case of the
Guadalupe Mountains, cavernous porosity. These flow
paths tend to change over time due to mineralization
and diagenesis (Ingebritsen et al., 2006).
Epithermal economic mineral deposits exist due
to mobilization and transport of metals from the
surrounding country rock by groundwater heated
through magmatism. Temperatures for this process
range from 60 to 160°C, but fall mostly between
110 and 130°C (Ridley, 2013). Metals in economic
quantities are deposited in response to changes in
temperature, pressure, redox state, or ground water
mixing (Ingebritsen et al., 2006). We interpret that
this happened beneath the horizon in which the spar
caves are formed, at depths between 10 and 1 km as
shown in Fig. 5 and 6 and suggested by Ingebritsen
et al. (2006).
Known minerals in the Guadalupe Mountains
include: iron oxides, copper, sulfur, and fluorite
(Hill, 1990, 1996; Polyak & Provencio, 2001), all of
which can be deposited hydrothermally (Hill, 1996).
Other studies show that Mississippi Valley-type
(MVT) deposits form at shallow depth (<800 m) and
moderate temperatures (83 to 101°C, (Ingebritsen et
al., 2006). While MVT deposits in the United States
are thought to occur from regional scale hydrologic
flow and transport of metals over long distances,
“Irish” MVTs, are shallow deposits associated with
local volcanism and are good analogs for processes
that may have occurred in the Guadalupe Mountains
(Ingebritsen et al., 2006).

Fig. 6. Eocene-Miocene water table in the Ochoan Salado formation,
which has subsequently been stripped from the Guadalupe Mountains
during uplift. Spar horizon is 500 ± 250 meters below the water table,
the ore zone extends to depth below the spar horizon. This stratigraphic
section is based on the stratigraphy of the Capitan Reef near Carlsbad
Caverns National Park, NM. Modified from King (1948) and Decker
et al. (2018).
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Based on the correlation of spar growth to known
thermal events (Fig. 4), and 87Sr/86Sr and δ13C
values of the CaCO3 (Decker et al., 2018; Fig. 7), it is
evident that the provenance of the CO2 that formed
the spar caves and cave spar was magmatic rather
than soil derived. Because spar cave speleogenetic
events are tied to magmatic activity and are therefore
hydrothermal, the maturation of hydrocarbons and
the deposition of ore deposits can be related to scCO2
speleogenesis more quantitatively. For example, in
the maturation of petroleum source rocks, the ‘oil
window’ is temperature dependent. Oil is generated
and transported at temperatures of 60 to 120°C
(Gutierrez et al., 2008; Stafford et al., 2008). At
normal geothermal gradients, this takes place at 2-4
km depth. However, at geothermal gradients of 50 to
70°C/km, this can take place at 1-2 km depth. This
may help explain the shallow, gas-rich hydrocarbon
deposits in the western Delaware Basin. These
episodes of magmatic activity are interpreted to be
partially responsible for the driving force behind the
maturation of hydrocarbon source rocks and also for
ore deposition. Hill (1996) states that if a modernday geothermal gradient of 20°C/km is assumed
the depths required for the temperature to be high
enough to begin cracking the hydrocarbons is deeper
than the petroleum source rocks were buried. A
much higher temperature gradient must have existed
during the time of petroleum maturation (50 to 70°C/
km). We assume that the magmatic events that drove
the spar cave dissolution and spar formation may
also have been responsible for the maturation and
possible migration of the oils from source areas to the
traps. Bitumen inclusions in spar formed during the
ignimbrite flare-up support this conclusion (Fig. 8).
Elemental sulfur was first reported in Cottonwood
Cave in the Guadalupe Mountains by Davis (1980),
and in Carlsbad Cavern and Lechuguilla Cave by Hill
(1995, 1996). These deposits show that sulfuric acid
speleogenesis can form elemental sulfur deposits. The
large economic deposits in the Delaware Basin also
form from oxidation of H2S (Barker et al., 1979; Hill,
1996) and are found in areas where hydrothermally
driven fluids ascend from depth, such as the long
graben-boundary faults in the Castile gypsum (Hill,
1996; Kirkland, 2014). Magmatic activity provides heat
and energy for oil maturation and biogenic activity,
giving rise to H2S which interacts with oxygenated
groundwater to form sulfur deposits. Some of this H2S
migrated up-dip to the Capitan reef and interacted with
the oxygenated meteoric groundwater to form large
sulfuric acid caves. It is likely that magmatic/tectonic
events related to spar cave speleogenesis also play
an important role in sulfuric acid cave speleogenesis
(Lueth et al., 2004), and that large basinal deposits
of elemental sulfur are related to magmatically-driven
thermal pulses.
Small MVT ore deposits exist in the Guadalupe
Mountains and Delaware Basin (Hill, 1996).
Gossans are oxide-rich deposits typically related to
hydrothermal springs and heavily enriched in iron,
manganese, zinc, silver, and copper (Fig. 1). A wellknown gossan in the Guadalupe Mountains is the

International Journal of Speleology, 47 (3), 263-270. Tampa, FL (USA) September 2018
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Fig. 7. Stable isotope data from scalenohedral spar formed in the Guadalupe Mountains. After Decker et al. (2018). Thermal fields: Hill (1996),
Spötl (2009), and Budd et al. (2013) (The Spötl data is new for this figure).

Queen of the Guadalupes Mine, an oxide deposit
above a cave which is known to contain molybdenum,
lead, zinc (Hill, 1996), and trace amounts of barium,
copper, and iron (Thompson, 1983). MVT deposits
typically form between 83 to 101°C (Ridley, 2013),
which corresponds to a depth of approximately 3 to 4
km for a typical geothermal gradient. However, several
lines of research show that the area was likely never
buried more than 1 to 1.5 km, which suggests that
the geothermal gradient was higher when these ores
were emplaced. Spar caves and cave spar are formed
by degassing thermal waters that derive their heat
and CO2 from magma bodies, so it follows that MVT
deposits could form at shallower depths, and there
may be an association between spar cave density
and epithermal ore deposits such as copper, silver,
gold, and molybdenum at greater depth that were
precipitated from rising hydrothermal plumes (Brown

& Simmons, 2003; Simmons & Brown, 2006). In areas
such as the Guadalupe Mountains these spar caves
can be used to locate areas of fossil hydrothermal
systems that could lead to ore bodies of economic
value.
The Border Fault zone vein spar in Guadalupe Pass
indicates that the faults responsible for tilting of the
Guadalupe tectonic block were active as early as 16.1
± 0.4 Ma. This pushes back the timing of the uplift
from a minimum of 12 Ma (Polyak et al., 1998) to at
least 16 Ma. The youngest cave spar dated thus far on
the western end of the Guadalupe Mountains tectonic
block is 28 Ma (sample GUMO-00549-002). A previous
study (Decker et al., 2018) indicates that the uplift of
this tectonic block, the rise of the cave-forming strata
above the water table, occurred between 28 and 16
Ma and probably marks the end of major hydrocarbon
maturation and ore deposition in the region.

CONCLUSION

Fig. 8. Cave spar samples from the Guadalupe Mountains contain numerous bitumen
inclusions. These two samples come from widely separated locations. The sample on
the left (A) is from cave BLM-NM-060-030 and is 29.8 ± 1.2 Ma. The sample on the
right (B) is from cave CAVE-C-10 20 km to the southwest and is 36.1 ± 2.1 Ma (Photo:
Dave Decker).

Euhedral calcite spar that lines spar
caves can be used to interpret the tectonic
and geothermal history of the Guadalupe
Mountains and should be applicable
to other regions. This type of cave spar
only precipitates at shallow crustal
depths and within limited temperature
and pressure ranges resulting in a spar
horizon. The spar horizon can then be
used as a constraining factor on the
history of landscape development since
there is a delicate balance between
uplift and location of the water table in
a karst environment like the Guadalupe
Mountains. Since hydrothermal deposits
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disappear from the landscape quickly, having a proxy
for their locations can help determine past histories
of a region including possible volcanic activity and ore
deposition. Dating of cave spar and determination of
the temperature of precipitation can further constrain
uplift rates and help to determine the age and location
of economic epithermal ore deposits and the timing of
petroleum maturation. In this paper, we have linked
magmatic intrusion and associated hydrothermal
activity to the timing of spar cave speleogenesis
involving precipitation of cave spar, the timing of
petroleum maturation and migration, and the origin
of ore deposits.
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Abstract:

Keywords:

Sulfuric acid minerals are important clues to identify the speleogenetic phases of hypogene
caves. Italy hosts ~25% of the known worldwide sulfuric acid speleogenetic (SAS) systems,
including the famous well-studied Frasassi, Monte Cucco, and Acquasanta Terme caves.
Nevertheless, other underground environments have been analyzed, and interesting
mineralogical assemblages were found associated with peculiar geomorphological features
such as cupolas, replacement pockets, feeders, sulfuric notches, and sub-horizontal levels.
In this paper, we focused on 15 cave systems located along the Apennine Chain, in Apulia,
in Sicily, and in Sardinia, where copious SAS minerals were observed. Some of the studied
systems (e.g., Porretta Terme, Capo Palinuro, Cassano allo Ionio, Cerchiara di Calabria,
Santa Cesarea Terme) are still active, and mainly used as spas for human treatments.
The most interesting and diversified mineralogical associations have been documented in
Monte Cucco (Umbria) and Cavallone-Bove (Abruzzo) caves, in which the common gypsum
is associated with alunite-jarosite minerals, but also with baryte, celestine, fluorite, and
authigenic rutile-ilmenite-titanite. In addition, the core of alunite and jarosite, from these two
systems, results enriched in PO43-, clearly suggesting hypogene hydrothermal origin. Santa
Cesarea Terme, Capo Palinuro, and Acqua Mintina caves show important native sulfur
deposits, which abundantly cover walls, ceilings, and speleothems. Abundant copiapite,
pickeringite, tamarugite, hexahydrate assemblages have been observed in the Calabrian
systems; their association with pyrite and hematite would suggest they formed in very acidic
conditions with pH ranging between 0 and 4.
hypogene, rising waters, Apennine Chain, mineralogy, cave sulfates
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INTRODUCTION
Italy hosts a wide variety of karstic rocks, such
as carbonates (limestone, dolostone, conglomerate),
evaporites (gypsum, anhydrite, and halite) and
quartzites, in which important epigenic (due to the flow
of shallow meteoric waters) or hypogenic (produced
by ascending deep-seated waters or by aggressive
solutions formed at depth below the surface) cave
systems can develop (Palmer, 2007, 2011). Recently,
the definition of hypogene processes has been
rearranged, as cave speleogenesis related to “the
formation of solution-enlarged permeability structures
(void-conduit systems) by upwelling fluids that recharge
the cavernous zone from hydrostratigraphically lower
*dangeli.ilenia89@gmail.com

units, where fluids originate from distant or deep
sources, independent of recharge from the overlying or
immediately adjacent surface” (Klimchouk, 2017 p.3).
Upwelling fluids, along the pathway, are normally
subjected to changes in pressure and temperature,
causing continuous disequilibrium conditions,
triggering mineral reactions and formation of macroporosity. The combination of variable conditions
result in diverse genetic types with typical voidconduit patterns (Klimchouk, 2007, 2017). A genetic
subdivision has been created in accordance with the
dissolutive chemistry involved in cave speleogenesis,
and the principal hypogenic karst types are: sulfuric
acid (SAS), hydrothermal, mixing-corrosion, and
evaporite-dissolution (Klimchouk, 2017).
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Here we focus on sulfuric acid speleogenetic
(SAS) caves, which represent interesting systems
characterized by peculiar geomorphological features
due to rising flows (Palmer & Palmer, 2000; Audra,
2008; Klimchouk, 2009; Palmer, 2013; De Waele
et al., 2016), secondary mineral deposits (Polyak &
Provencio, 2001; Onac et al., 2009; Onac & Forti,
2011; Audra et al., 2015), and peculiar biosignatures
such as stream biofilms, vermiculations, moonmilk
deposits, and snottites (Summers Engel et al., 2004;
Macalady et al., 2006; D’Angeli et al., 2017b). They
can evolve both in confined (under pressure) and
unconfined settings (Klimchouk, 2005, 2009). Their
main features are linked to ascending acidic waters,
that gain their aggressiveness from deep-seated
sources (Hill, 1990), such as: oxidation of magmatic
gases (H2S and SO2), assimilatory-dissimilatory
(60-80°C) and/or thermochemical (100-180°C)
sulfate-reduction (Canfield, 2001; Machel, 2001) of
hydrocarbon and evaporite layers, reduction of
marine waters involved in deep circulation flows,
and/or reduction of sulfide ore deposits through
abiotic and/or microbially-mediated actions (Audra
et al., 2015).
The most important mechanism of the sulfuric acid
process, firstly demonstrated by Egemeier (1981), is
the oxidation of H2S into H2SO4 (1).
H2S + 2O2 → H2SO4  (1)
This acid immediately reacts with the carbonate
host-rock (2) producing replacement gypsum deposits
and degassing CO2, further contributing in the
dissolution processes.
CaCO3 + SO4 + 2H+ + 2H2O →
  (2)
CaSO4 · 2H2O + CO2 + H2O
The interaction of H2SO4 with the insoluble
deposits inside caves produces mineral assemblages
belonging to the “speleogenetic by-products” (Polyak
& Provencio, 2001), that have been clearly observed
in some of the best-documented examples of fossil
sulfuric acid caves, such as the case of Guadalupe
Mountains (New Mexico, USA) (Hill, 1990; Jagnow
et al., 2000; Palmer & Palmer 2000), which evolved
in areas characterized by extremely dry weather
conditions, allowing the preservation of original
sulfuric acid features also after exhumation (Palmer
& Palmer, 2000; Klimchouk et al., 2016). The
speleogenetic by-products represent a consequence
of: a) alteration of insoluble sediments (mostly
aluminium phosphates and sulfates), b) replacement
or alteration of carbonate rocks, and c) precipitation
of dissolved species. They can mainly be divided
(Polyak & Provencio, 2001) into “primary” (direct
results of H2SO4), and “secondary” by-products (due
to the alteration of the primary minerals or late-stage
remobilization of elements). In addition, aluminium
phosphate and sulfate (APS) minerals, containing
rare earth elements (REE) or radioactive ones, can
constitute economic deposits, and may be used as
a guide for metal-bearing ore deposits (Dill, 2001).
K-rich APS minerals belonging to the alunite group
(alunite, natroalunite, and jarosite) are used to obtain

relevant geochronological information, through K/Ar
or Ar/Ar dating (Polyak et al., 1998). From an overall
point of view, speleogenetic by-products are essential
clues to understand the environmental conditions of
cave formation.
Italy hosts ~25% of the known worldwide sulfuric
acid caves (Galdenzi & Menichetti, 1995; De Waele
et al., 2014; D’Angeli et al., 2016), located especially
along the Apennine Chain, in the southeast Apulian
foreland, in Sicily and in Sardinia. Generally, the
H2S source is thought to be related to the deepseated upper Triassic evaporite unit called “Anidriti
di Burano Formation (Fm.)” (Martinis & Pieri, 1964;
Ciarapica et al., 1986) cropping out in several regions
of Italy including Emilia-Romagna, Tuscany, Latium,
Umbria, Marche, and Apulia.
The findings of interesting mineralogical assemblages
together with the presence of peculiar geomorphological
features helped in the recognition of fossil SAS caves,
and the aim of this paper is to revise the previous
knowledge and put in light new insights into the
origin of SAS minerals.

GEOLOGICAL SETTING
The geological history of Italy is very complex, and
characterized by two main orogenic events (Doglioni
& Flores, 1997). The Alps generated by a compression
that started during the Eocene caused by the W-NW
movement of the Adriatic Plate toward the Eurasian
Plate. Whereas the Apennines evolved since the upper
Eocene because of the slow subduction and movement
of the Adriatic Plate toward the West. In Italy, sulfuric
acid speleogenetic caves developed mainly along
the Apennine Chain (asymmetric arc) divided into
northern (E-Liguria, Emilia-Romagna, Tuscany,
Marche), central (Latium, Umbria, Abruzzo, Molise),
and southern (Campania, Basilicata, Calabria,
Sicily), with three main forelands located in the Po
Plain, Apulia, and southeastern Sicily. Generally,
the stratigraphic succession is characterized by
deep Caledonian-Hercynian rocks constituting
the basement, covered by terrigenous clastic and
peritidal sediments (upper Carnian), followed by
shallow carbonate platforms “Dolomia Principale”
(upper Triassic). Subsequently, tectonic movements
controlled the geological structures, producing horsts
and grabens and creating several sedimentary basins.
During the Triassic, red beds called “Verrucano Fm.”
and evaporites known as the “Anidriti di Burano
Fm.” were deposited. In the terrains of Basilicata,
Calabria, and Sicily deep water conditions allowed
the deposition of cherts, limestone, and marls. Due
to extensional tectonics, new basins were created
during the Jurassic time, in which a series of new
sediments were deposited: i) radiolarites and basinal
limestones typical of oceanic domain (Liguria,
W-Tuscany, southern Apennines), ii) pelagic and
hemipelagic carbonates of basinal domain (southern
Alps, and Sicily), and iii) shallow marine carbonates
(Apulia, Friuli, Latium-Abruzzo, Campania-Lucania,
Sicily platforms). The deposition of limestones of the
“Maiolica Fm.” occurred during the lower Cretaceous,
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while the “Scaglia Rossa Fm.” limestones and Rudistic
facies developed during the upper Cretaceous.
The above-described terrains were affected by
compressive stresses due to the inversion of the
relative motion between the Eurasian and Adriatic
plates, that saw the later migration of thrust-belts.
Paleogene shallow water carbonates (Venetian
foothills, Lessini) and Messinian evaporitic rocks
“Gessoso-Solfifera Fm.” deposited along the Apennine
Chain, when the Mediterranean sea-level dropped
drastically.
Italy is also characterized by volcanic activities
both in the past (Ordovician, Pennsylvanian, lower
Permian, Triassic) and in recent times (Vesuvius,
Etna, Stromboli, Vulcano and in the Sicily channel).
Petroleum and natural gas reserves have been
found especially in the Po Plain, in the Adriatic Sea
and along the Bradanic trough. Lignitic coals are
very abundant (especially in Sardinia) with a sulfur
content >8%, whereas ore deposits are limited except
for the Paleozoic terrains of Sardinia. Travertines are
abundantly present in the central Apennines, both
as actively forming and as fossil Quaternary deposits
(Taddeucci et al., 1992; Minissale, 2004).
The presence of abundant karstified rocks (Fig. 1),
deep-seated Triassic evaporite deposits (at depths
ranging between 600 and 2,500 m) (Martinis &
Pieri, 1964), hydrocarbon reservoirs, deep faults and
thrust-belts, allows the widespread occurrence of
rising acidic waters containing high concentration
of H2S, CO2 and CH4, as testified by the presence of
still-active and fossil hypogenic cave systems. Several
examples of sulfuric acid speleogenetic cave systems
are reported in Fig. 1.

Fig. 1. Location of the sulfuric acid speleogenetic (SAS) caves studied:
PR (Buso della Pisatela-Rana, Veneto), PT (Porretta Terme spa, EmiliaRomagna), MC (Monte Cucco, Umbria), FS (Frasassi, Marche), AT
(Acquasanta Terme, Marche), MO (Montecchio, Tuscany), CB (CavalloneBove, Abruzzo), CP (Capo Palinuro, Campania), CC (Cerchiara di
Calabria, Calabria), CI (Cassano allo Ionio, Calabria), SCT (Santa
Cesarea Terme, Apulia), GP (Grotta che Parla, Sicily), AF (Acqua Fitusa,
Sicily), AM (Acqua Mintina, Sicily), CS (Corona ’e sa Craba, Sardinia).
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Buso della Pisatela-Rana (PR in Fig. 1) is located
in the Venetian foreland, in the Faedo-Casaron
Plateau. The area is characterized by shallow
water deposits with terrigenous input (calcarenites,
marls, claystones) belonging to the “Priabona Fm.”
(upper Eocene) and Castelgomberto calcarenites
(Oligocene) rich in fossils. The genesis of the cave
system is related to a combination of normal epigene
speleogenesis and the localized oxidation of pyrite,
which induced the subsequently production of H2SO4
(Tisato et al., 2012).
Porretta Terme spa (PT in Fig. 1), in the TuscanEmilian Apennines, opens in the “Arenarie di Suviana”
(Oligocene) belonging to the “Porretta Terme Fm.”. The
artificial tunnels (realized in the 19th century), similar
to cave environments, host several sulfuric thermal
springs and secondary mineral deposits.
Monte Cucco (MC in Fig. 1) and Frasassi (FS in Fig.
1) caves in the Umbro-Marche Apennines, developed
in Jurassic carbonate rocks of the “Calcare Massiccio
Fm.” (Pialli et al., 1998). They represent the most
studied SAS systems of Italy (Galdenzi & Menichetti,
1995). They are huge cave systems (Monte Cucco is
fossil, whereas Frasassi is still active) abundantly
characterized by secondary minerals related to the
interaction of the host rock with H2SO4.
Acquasanta Terme caves (AT in Fig. 1) open in the
carbonate rocks belonging to the “Scaglia Rosata Fm.”
(Jurassic-Eocene), covered by Oligocene-Miocene
marls and sandstone of the “Scaglia Cinerea Fm.”
(Menichetti, 2008; Galdenzi et al., 2010). Upwelling
sulfuric thermal waters are still flowing through the
gorge, and travertine terraces testify a long-lasting
activity. Montecchio Cave (MO in Fig. 1), situated
in southern Tuscany, evolved in massive Jurassic
limestone of “Calcare Massiccio Fm.”, and in cherty
limestones of the “Calcare selcifero di Limano”. It is
composed of several sub-horizontal levels, the lower
one hosting a still active sulfuric acid pool (Piccini et
al., 2015).
Cavallone-Bove cave system (CB in Fig. 1), is located
in the central Apennines, in the Majella Park (Abruzzo),
and opens in fossiliferous marine limestones (upper
Cretaceous). The two caves (Cavallone and Bove) were
part of a larger system partially dismantled by surface
erosion through formation of a deep gorge, and
present evident signs of sulfuric acid speleogenetic
processes, including an interesting association of
minerals and typical geomorphological features.
The Capo Palinuro (CP in Fig. 1) massif is located
along the coast of Campania region (Tyrrhenian
Sea) and is characterized by 32 submarine caves,
completely or partially submerged (Canganella et
al., 2007), developed in Jurassic marine limestones
and dolostones. Only 13 caves show active sulfuric
acid springs with elevated concentration of H2S and
temperature up to 25°C (Stüben et al., 1996). The
most famous and studied cave is “Grotta Azzurra”,
in which the innermost part presents upwelling
sulfidic waters.
Cerchiara di Calabria (CC in Fig. 1) and Cassano
allo Ionio caves (CI in Fig. 1) are located in the
southern Apennines and developed in upper Miocene
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biogenic calcarenites of the “Cerchiara Fm.” (Selli,
1957) and Triassic dark-grey dolostones (Selli, 1962),
respectively. The two areas are composed of wellramified caves both with sub-horizontal levels, and
deep shafts carved by SAS processes. The lower levels,
nowadays used as spa, present a still active flow of
rising thermal waters. Santa Cesarea Terme Caves
(SCT in Fig. 1), situated in the southeastern part of
the Apulian foreland, are hosted in micritic limestones
and dolostones belonging to the upper Cretaceous
“Calcari d’Altamura Fm.” (Azzaroli, 1967). The system
is composed of four caves of moderate size, developed
along the Adriatic coastline at present-day sea level
(D’Angeli et al., 2017a). In these environments,
the mixing of sulfuric acid and sea waters occurs,
producing interesting morphologies due to different
dissolution-corrosion processes.
Grotta che Parla Cave (GP in Fig. 1) opens in the
NE sector of Montagna Grande, a relief located close
to the Calatafimi village (Western Sicily). It is a small
cavity 200 m long and 25 m deep, mainly oriented
NW-SE. The cave develops on two levels, which
mainly follow the bedding planes with a slope of 25°
toward the SE. The passages show cupolas, pillars,
pendants, likely related to the sulfuric acid processes.
Its entrance opens in an artificial scarp of a still active
limestone quarry. The cave evolves in sequences of
limestone and dolomitic limestones of “Inici Fm.”
(upper Jurassic). In this Formation a dense network
of volcanic dikes filled by Jurassic deposits with FeMn oxides encrustations occurs (Martire et al., 2000;
Basilone, 2012).
Acqua Fitusa Cave (AF, in Fig. 1), is placed in the
eastern part of the Sicani Mountains, in San Giovanni
in Gemini (Sicily). It opens in the breccia member
of “Crisanti Fm.” (upper Cretaceous), characterized
by conglomerates and calcarenites with rudists
and benthic foraminifera (Catalano et al., 2013). It
represents a sulfuric water table cave (De Waele et al.,
2016), nowadays disconnected from the actual spring.
Acqua Mintina Cave (AM in Fig. 1) is situated in
the southern Sicily ~7 km NW from Butera village
(Caltanissetta province). It opens in the lowest layer of
the “Calcare di base Fm.” (Miocene) in contact with the
underlying Tripoli marls (Lugli et al., 2016; Vattano et
al., 2017). Above the “Calcare di Base Fm.” there are

selenitic layers belonging to the upper Gypsum Unit
of the “Pasquasia Fm.” (Manzi et al., 2009). Acqua
Mintina is a 140 m long fossil cave and the conduit
size decreases inland. Its walls are copiously covered
by yellowish sulfur deposits, whereas on the floor it
is possible to find inactive pools filled with selenitic
gypsum crystals.
Corona ’e sa Craba Cave (CS in Fig. 1) is situated in
the SW part of Sardinia, develops in quartzites (Sauro
et al., 2014) produced by silicification processes that
involved Cambrian sediments (Padalino et al., 1973).
Corona ’e sa Craba is a relative large hydrothermal
cave hosting an interesting association of secondary
minerals (Sauro et al., 2014). As a matter of fact,
the first visitors at the site were minerals collectors,
searching for baryte crystals.

METHODS
We collected mineralogical samples from Porretta
Terme (PT) thermal spa in Emilia-Romagna, Monte
Cucco caves (La Grotta and Faggeto Tondo) in
Umbria, Cavallone-Bove system in Abruzzo, Cassano
allo Ionio and Cerchiara caves in Calabria, Santa
Cesarea Terme caves in Apulia, Acqua Fitusa, Acqua
Mintina and Grotta che Parla caves in Sicily. The
mineralogical data from Buso della Pisatela-Rana
(Veneto), Montecchio (Tuscany), Frasassi (Marche),
Acquasanta Terme (Marche) and Corona ’e sa Craba
(Sardinia) caves came from the literature (Table 1).
In a few cases, we integrate our results with those
reported in previous works.
Firstly, the samples were ground using agate
mortar to obtain ultrafine powders. We analyzed 204
samples using the Philips PW3710 diffractometer
(equipped with a Co tube working with the following
characteristics: λ = 1.78901Å, 20 mA, 40 kV, 3° to 80°
2θ with a step size of 0.02°, analysis time 1 sec per
point) and 44 samples, coated with carbon, have been
observed using VEGA3-TESCAN type LMU Scanning
Electron Microscope provided with a EDS detector
(APOLLO XSDD, EDAX) at the University of Genoa.
We recorded 54 different minerals, most of them
strictly related to sulfuric acid processes, and other
minerals unrelated to the speleogenetic by-products
(such as muscovite, kaolinite, and montmorillonite).

Table 1. List of the cave systems for which we used some mineralogical data from the literature.
Cave systems
Buso della Pisatela-Buso della Rana
Monte Cucco

Frasassi

Acquasanta Terme

Location

References

Symbol

VI, Veneto

Tisato et al., 2012;
Fabiani, 1915

a
b

PG, Umbria

Forti et al., 1989

c

AN, Marche

Caillère & Hénin, 1963;
Millot, 1964;
Perna, 1973;
Bertolani et al., 1976;
Galdenzi, 1990

d
e
f
g
h
i

AP, Marche

Galdenzi & Menichetti, 1995

GR, Tuscany

Piccini et al., 2015

j

SA, Campania

Forti & Mocchiutti, 2004

k

Cassano allo Iono

CO, Calabria

Catalano et al., 2014

l

Corona ’e sa Craba

CI, Sardinia

Sauro et al., 2014

m

Montecchio
Capo Palinuro
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appearance and radial crystals (Santa Cesarea Terme
Fig. 2G-H). In some cases, gypsum is associated
with native sulfur [S] deposits (Table 2), developed in
small pockets (Faggeto Tondo Cave in Fig. 3A), on the
walls and ceilings (Acquasanta Terme, Santa Cesarea
Terme, and Acqua Mintina caves in Fig. 3B-C-F), and/
or covering gypsum speleothems as in Cala Fetente
Cave (Fig. 3D-E), Capo Palinuro (Campania). In Acqua
Mintina the external surface of the host rock is deeply
weathered and replaced by a mineralogical assemblage
of gypsum and celestine [Sr(SO4)], ultimately covered
by a thin coating of organic matter with dark tones,
visible on the lower part of Fig. 3F.

All the caves reported in this paper host peculiar
associations of speleogenetic by-products (Polyak
& Provencio, 2001). The most common mineral is
gypsum [Ca(SO4)·2H2O], abundantly present in all the
investigated systems (Table 2). It can occur in different
morphologies (Fig. 2), displaying chandelier structures
(such as in Faggeto Tondo, Santa Cesarea Terme, and
Acqua Mintina caves Fig. 2A-F-I), microcrystalline
deposits (like in Cavallone-Bove and Calabrian
caves Fig. 2B-C-D), stalactites (Santa Cesarea Terme
Fig. 2E), white moonmilk deposits with a creamy
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Native element
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S
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Compounds

FS

Formula

PT

Name

PR

Table 2. List of the minerals found in the SAS systems of Italy; the apex letters (a-m) refer to the references reported in Table 1. The mineral names
and formulas are reported according to the presently accepted IMA list of minerals (http://nrmima.nrm.se//imalist.htm), and sorted following the
order: native elements, halides, sulfides, oxides, hydroxides, carbonates, sulfates, phosphates, silicates. Caves labels as Figure 1.
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Hydroxylapatite

Ca5(PO4)3(OH)

Phosphate

x

Leucophosphite

KFe3+2(PO4)2(OH)·2H2O

Phosphate

x
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Al11(PO4)9(OH)6·38H2O
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SEM images show that sulfur deposits (EDX
analysis done in the yellow dot in Fig. 4) of Acqua
Mintina Cave result intensely corroded, exhibiting
linear weathered structures (Fig. 4A) and boreholes
(Fig. 4B) on the surface. On the other hand, the sulfur
deposits of Santa Cesarea Terme seem to be very
porous, showing an overall powdery habit and circular
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voids. Generally, sulfur deposits are associated with
gypsum crystals (EDX analysis in the blue dot) and,
as occurring in Acqua Mintina Cave, with celestine
minerals (Fig. 5F).
Nevertheless, gypsum and sulfur are not the only
speleogenetic by-products found in the SAS caves of
Italy. As a matter of fact, we discovered copious powdery

Fig. 2. Gypsum deposits from several SAS caves of Italy; A) Gypsum chandeliers of Faggeto Tondo Cave, Monte Cucco, Umbria
(photo J. De Waele); B) Gypsum deposits of Cavallone Cave in Abruzzo (photo G. Antonini); C) Gypsum deposits along a water
table level of Gigliola Cave, Cassano allo Ionio, Calabria (photo O. Lacarbonara); D) Gypsum deposits in the lower part of
Sant’Angelo Cave in Cassano allo Ionio, Calabria (photo O. Lacarbonara); E) Sulfur deposits and gypsum stalactites growing
on walls and the ceiling of Gattulla Cave, in Santa Cesarea Terme, Apulia (photo M. Parise); F) Gypsum crystals growing on the
host rock of Solfatara Cave, in Santa Cesarea Terme, Apulia (photo M. Vattano); G) Gypsum crystals and gypsum moonmilk
growing of walls and roof of Fetida Cave, in Santa Cesarea Terme, Apulia (photo M. Parise); H) Gypsum moonmilk on the wall
of Fetida Cave, Santa Cesarea Terme, Apulia (photo I.M. D’Angeli); I) Gypsum deposits growing on the ceiling of a small cave
close to Acqua Mintina (photo M. Vattano).
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jarosite [KFe (SO4)2(OH)6] and alunite [KAl3(SO4)2(OH)6]
deposits (Table 2 and Fig. 5). Jarosite has been found
in eight cave systems, followed by alunite observed
only in five systems (Monte Cucco, Montecchio,
Cavallone-Bove, Acqua Mintina, and Corona ’e
sa Craba caves). Natroalunite [NaAl3(SO4)2(OH)6]
and
tschermigite
[(NH4)Al(SO4)2·12H2O]
were
found in two caves, while the others such as
felsőbányaite
[Al4(SO4)(OH)10·4H2O],
tamarugite
[NaAl(SO4)2·6H2O],
alum-(K)
[KAl(SO4)2·12H2O],
3+
3
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pickeringite
[MgAl2(SO4)4·22H2O],
walthierite
[Ba0.5Al3(SO4)2(OH)6], eugsterite [Na4Ca(SO4)3·2H2O],
metavoltine
[K2Na6Fe2+Fe3+6O2(SO4)12·18H2O],
and
2+
copiapite [Fe Fe3+4(SO4)6(OH)2·20H2O] have been
found only in one cave system. Alunite deposits have
been abundantly found in Cavallone-Bove system
showing a wide suite of different colors going from
whitish (Fig. 5A-B) to light brown (Fig. 5D). Jarosite,
instead, exhibits colors ranging from yellowish-brown
(Fig. 5E), orange (Fig. 5C) to grey, if in association

Fig. 3. Sulfur deposits from several SAS caves in Italy; A) Sulfur deposited in little pockets in Faggeto Tondo Cave
located in Monte Cucco (photo M. Nagostinis); B) Sulfur deposits on the walls in the lower part of Grotta Nuova,
Acquasanta Terme (photo R. Simonetti); C) Sulfur covering walls and ceiling in Gattulla Cave in Santa Cesarea Terme
(photo M. Vattano), D) The biggest sulfur stalactite (1.5 m long) of Cala Fetente Cave in Capo Palinuro (photo P. Forti);
E) Bothryoidal sulfur deposits covering gypsum speleothems of Cala Fetente Cave in Capo Palinuro (photo P. Forti);
F) Sulfur deposited on walls and ceiling of Acqua Mintina Cave (Sicily), and coating a thin layer of organic matter
characterized by dark color in the lower part of the picture (photo M. Vattano).

Fig. 4. Sulfur and gypsum deposits observed with Scanning Electron Microscope and EDX analyses; A) Sulfur deposits from Acqua
Mintina Cave (Sicily). The crystal faces are deeply corroded. B) A higher magnification allowed us to see both lines of corrosion and
interesting etching structures with rounded shapes; C and D) The sulfur deposits of Gattulla Cave in Santa Cesarea Terme (Apulia)
have a very porous structure (with circular holes). They are always associated with gypsum crystals. E) Gypsum deposits found in
Ninfe Cave (Cerchiara di Calabria) are associated with laminae of jarosite and hexagonal crystals of copiapite.
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with celestine and gypsum (Fig. 5F). SEM images
(Fig. 6) show that these deposits are characterized
by tiny crystals, sometimes smaller than 2 µm.
EDX analyses allowed us to observe that deposits
are not only characterized by pure crystals made of

a unique phase, but also by solid solutions of two
(Fig. 6A-G) or three (Fig. 6C) mineralogical phases
enriched with P (phosphorus). Alunite and jarosite
crystals are, mainly, perfect microcrystalline cubes
(Fig. 6B-C-E), but sometimes they have defects such

Fig. 5. Appearance of alunite and jarosite deposits; A. Whitish deposits located in Cavallone Cave, Abruzzo. They are dominated by alunite minerals,
with a minor amount of jarosite, brucite and quartz minerals (photo M. Nagostinis); B. Deposits with different colors in the innermost part of Cavallone
Cave, Abruzzo. The dark materials are made of Mn hydroxide, silicates and alunite, the brownish sediments of alunite and jarosite, while the greyish
ones are characterized by alunite and natroalunite minerals (photo M. Nagostinis); C. Brownish deposits in Cavallone Cave, Abruzzo. They are
composed of jarosite, alunite and 10% of muscovite minerals (photo M. Nagostinis); D. Light brown deposits in Bove Cave, Abruzzo, made of alunite,
quartz, muscovite and magnesite minerals (photo M. Nagostinis); E. Jarosite and gypsum deposits found in Fetida Cave, Santa Cesarea Terme,
Apulia (photo I.M. D’Angeli); F. Grey-yellowish deposits located in Acqua Mintina Cave, Sicily. They are characterized by jarosite, gypsum, celestine
and quartz minerals (photo M. Vattano).

as the case occurring in Fig. 6H, showing square
voids on the surface of the jarosite cubes. Alunite
can also be characterized by bipyramidal crystals
(Fig. 6D). Rounded crystals made of solid solutions
of jarosite-alunite have been observed, likely related
to subsequent weathering processes (Fig. 6G). In a
sample coming from Acqua Mintina we saw tiny jarosite
crystals covering quartz (Fig. 6I). Nanostar crystals of
~1 µm, have been noticed on the surface of perfect
cubic alunite minerals: they are, likely, composed of
gibbsite (Fig. 6 E) that formed in a later stage. In the
Calabrian cave systems and in Acqua Mintina Cave, we
discovered interesting yellowish brown deposits made
of quite rare speleogenetic by-products composed
of metavoltine, copiapite, pickeringite, hexahydrite
[Mg(SO4)·6H2O], or tamarugite (Fig. 7). SEM analyses
allowed us to elucidate their crystal habits. Metavoltine
(Fig. 7A-D) exhibits tabular crystal with hexagonal
outlines (EDX analysis carried out in the yellow dot),
and developed in association with Mg sulfates (such as
epsomite [Mg(SO4)·7H2O] and hexahydrite). Copiapite
minerals (Fig. 7E) are tabular with a perfect hexagonal
shape and can occur together with gypsum and
jarosite deposits (Fig. 4E) or with elongated crystals
of pickeringite (Fig. 7E-F) and tabular rhombohedral
hexahydrite (Fig. 7F) (EDX analyses are shown,
respectively, in the light blue and orange dot).
Rutile [TiO2], ilmenite [Fe2+Ti4+O3], and titanite
[CaTi(SiO4)O] have been found, especially, in Monte

Cucco and Cavallone-Bove systems (Fig. 8A-B) and
EDX analyses are shown in Fig. 9 (yellow-light blueorange dots). SEM images (Fig. 9A-B-C-D) point out
their morphology: needle (Fig. 9A) and rhombohedral
(Fig. 9D) crystals of rutile, and spherical (Fig. 9C)
and rounded (Fig. 9B) crystals of titanite have been
observed. We found them in association with solid
solutions of alunite-jarosite-natroalunite (Fig. 9C),
muscovite [KAl2(Si3Al)O10(OH)2] (Fig. 9A), goyazite
[SrAl3(PO4)(PO3OH)(OH)6] (Fig. 9B), or baryte [Ba(SO4)]
(Fig. 9D-E). The fossil branches of several systems such
as La Grotta (in Monte Cucco), Frasassi, Sant’Angelo
(Cassano allo Ionio), and Corona ’e sa Craba caves
host important baryte deposits (Fig. 8C-D), whilst
Faggeto Tondo Cave (in Monte Cucco) accommodates
significant fluorite [CaF2] deposits (Fig. 8E-F-G-H-I).
The spectrum of baryte from La Grotta (Fig. 9, blue
dot) points out the presence of Sr, likely related to a
solid solution between baryte and celestine. Celestine
was found also in other SAS systems like Buso
della Pisatela-Rana (where it is related to allogenic
volcanic sediments brought into the cave), and Acqua
Mintina (Fig. 9F), where it is authigenic. Hydroxides
such as gibbsite [Al(OH)3] and goethite [FeO(OH)]
(Fig. 9I, Fig. 10D-E-F) together with phosphates
(PO3-4) have been observed and sometimes they occur
on the surface of fluorites (Fig. 9G-H-I). Interesting
solid solutions of goyazite-alunite-jarosite (Fig. 10A),
hydroxylapatite-goyazite (Fig. 10C), and nanocrystals
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Fig. 6. Alunite and jarosite deposits observed with SEM and some EDX analyses; A) Cubic alunite minerals are found together with pure jarosite
crystals and solid solution (S.S.) of alunite-jarosite, Cavallone Cave, Abruzzo; B) Pure alunite crystals with a perfect cubic shape have been
observed in Cavallone Cave, Abruzzo; C) Cubic crystals, characterized by a solid solution of alunite-jarosite-natroalunite, have been observed in
Bove Cave, Abruzzo; D) Bipyramidal crystals of alunite are present in Cavallone Cave, Abruzzo. The blue dot represents the site of EDX analysis
shown in the lower part of the figure; E) Sometimes, the cubic crystals of alunite are covered by star-shaped crystals (dark squares), probably
made of gibbsite; F) Small crystals of alunite in Cavallone Cave, Abruzzo; G) Rounded and degraded crystals composed of a solid solution of
alunite-jarosite, likely related to secondary weathering processes, found in Cavallone Cave, Abruzzo. The EDX analysis of the yellow dot shows
the presence of an important amount of Si, likely related to clay minerals; H) Cubic crystals of jarosite, showing a peculiar defect of crystallization,
Bove Cave, Abruzzo. The EDX analysis in the orange dot shows an almost pure jarosite composition; I) Small crystal of jarosite covering quartz
minerals, Acqua Mintina Cave, Sicily.

of leucophosphite [KFe3+2(PO4)2(OH)·2H2O] (Fig. 10 C)
are common in the fossil middle branches of La
Grotta (Monte Cucco system), whereas hydroxylapatite
[Ca5(PO4)3(OH)], vashegyite [Al11(PO4)9(OH)6·38H2O],
robertsite
[Ca2Mn3+3O2(PO4)3·3H2O],
spheniscidite
3+
[(NH4)Fe 2(PO4)2(OH)·2H2O],
berlinite(?)
[Al(PO4)],
taranakite [K3Al5(PO3OH)6(PO4)2·18H2O] have been
detected only in Corona ’e sa Craba Cave, where they
are related to bat guano.

DISCUSSION
As observed in all the Italian sulfuric acid caves,
gypsum is the most common secondary mineral,
deriving from the immediate reaction between H2SO4
and the carbonate host rock (see reaction 2), a
process well-explained by Egemeier (1981). Abundant
gypsum deposits have been found in several famous

sulfuric acid caves including Carlsbad Caverns and
Lechuguilla in New Mexico (Hill, 1995), Cueva de Villa
Luz in Tabasco, Mexico (Hose et al., 2000), Grotte du
Chat in France (Audra, 2007; De Waele et al., 2016),
Kraushöhle in Austria (Plan et al., 2012), and Movile
and Cerna Valley in Romania (Sarbu et al., 1994;
Galdenzi, 2001; Onac et al., 2011). Several modes of
gypsum precipitation have been described causing, for
instance, different structures of cave gypsum deposits,
depending on the genetic environment. Buck et al.
(1994) classified them in: 1) subaqueous replacement
crusts, 2) subaqueous sediments, 3) subaerial
replacement crusts, 4) subaerial replacement crust
breccias, and 5) evaporitic crusts. In Figure 2A-E-F-I we
observed several examples of evaporitic speleothems
formed in sub-aerial environments and similar to
the ones described by Davis (2000). In Figure 2E
gypsum stalactites that lack the central feeding
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Fig. 7. Yellowish deposits found in some SAS cave of Italy and SEM-EDX analysis; A) Metavoltine-hexahydrite deposits, in Acqua Mintina
Cave, Sicily (photo I.M. D’Angeli); B) Copiapite-jarosite deposits found in the spring of Ninfe Cave, Cerchiara di Calabria (photo O. Lacarbonara);
C) Copiapite-pickeringite-hexahydrite-tamarugite deposits observed in Terme Sibarite Spring, Cassano allo Ionio, Calabria (photo O. Lacarbonara);
D) Laminae of metavoltine minerals (the yellow dot represents the site of EDX analysis); E) Hexagonal laminae of copiapite, in the background
it is possible to see elongated crystals of pickeringite; F) Pickeringite crystals (site of EDX analysis in the light blue dot), and hexahydrite
minerals (EDX analysis in the orange dot).

channels are presented, whilst the speleothems in
Figs. 2A-F-I seem to be tiny chandelier stalactites.
Their formation is related to airflow convection that
leads to several condensation/evaporation cycles
(Davis, 2000), inducing the dissolution-corrosion of
carbonate rock and, subsequently, its replacement by
gypsum materials.
In Figure 2B and C it is possible to observe
subaqueous replacement crusts located in inactive
SAS caves, such as Cavallone Cave (Fig. 2B) in
Abruzzo, and Gigliola Cave (Fig. 2C) in Calabria. They
developed parallel to ceilings and walls, but they are
currently occurring as collapsed blocks with wellaltered external surface characterized by vertical holes
caused by active dripping. In Figure 2D, there are
sub-aerial replacement crusts in the fossil SAS cave
called Sant’Angelo (Calabria), and nowadays they are
subjected to secondary sub-aerial weathering. Figures
2G and 2H display sub-aerial gypsum deposits made
of creamy moonmilk with a microcrystalline structure
and macrocrystalline euhedral needles growing in a
still active cave in Apulia (Fetida cave at Santa Cesarea
Terme). The genesis of such gypsum moonmilk
deposits seems to be related to interesting acidophilic
communities of archaea and bacteria, and deserves
further studies. They thrive only in the innermost
part of the Fetida Cave, where H2S contained in
the upwelling waters, reaching the atmosphere,
degasses and produces intense condensation-

corrosion processes, inducing the dissolution of the
carbonate host rock and precipitation of newly formed
gypsum minerals.
Gypsum moonmilk deposits have been described in
other SAS systems around the world, and especially,
in wet environments or where the aggressivity of
H2SO4 is strong enough, such as in Lower Kane Cave
in Wyoming (Egemeier, 1981), Guadalupe Mountains
in New Mexico (Buck et al., 1994), Cocalière Cave in
France, but also in Faggeto Tondo and Fiume-Vento
Caves in Central Italy (Cucchi & Forti, 1988; Forti
et al., 1989), and recently in Grotta Bella and Ramo
Sulfureo in Frasassi Cave (Mansor et al., 2018).
Sulfur deposits have been found in several locations
(Table 2), but they are, really, abundant only in a few
Italian cave systems such as: Capo Palinuro (CP),
Santa Cesarea Terme (SCT), and Acqua Mintina (AM).
They occur in the areas where the sulfuric waters
reach the surface producing intense H2S exhalations.
As demonstrated by Forti & Mocchiutti (2004),
the sulfur cannot deposit directly on carbonate
rock (because of its buffering capacity). In Cala
Fetente (Fig. 3D-E), it has been observed that sulfur
starts to grow on gypsum minerals only when the
concentration of H2SO4 rapidly increases, whilst Ca2+
(related to carbonate dissolution) decreases (Forti &
Mocchiutti, 2004). In Santa Cesarea Terme (Fig. 3C),
as in Cala Fetente, sulfur developed on top of gypsum,
completely covering cave walls and man-made wooden
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Fig. 8. Appearance of deposits containing ilmenite, rutile, baryte, fluorite, fluorapatite minerals. A) Reddish-brown deposit
characterized by ilmenite, alunite and muscovite, located in Cavallone-Bove system (photo M. Nagostinis); B) Grey-browinsh
deposit containing rutile minerals, in Cavallone-Bove system (photo M. Nagostinis); C) Greyish deposits of baryte, in the
deepest part of La Grotta, Monte Cucco (photo J. De Waele); D) Orange-yellowish deposits characterized by baryte and
calcite, in the deepest part of La Grotta, Monte Cucco (photo J. De Waele); E) Green-greyish fluorite deposits in contact with
the carbonate host rock, in the upper part of Faggeto Tondo, Monte Cucco system (photo J. De Waele); F) Orange-brownish
deposits made of fluorite-fluorapatite and hydroxylapatite, in Faggeto Tondo, Umbria (photo J. De Waele); G) Weathered
fluorite, gibbsite and magnetite deposits in contact with the host rock (limestones), in Faggeto Tondo Cave, Umbria (photo M.
Nagostinis); H) Brownish deposits made of fluorite and fluorapatite, in the middle part of Faggeto Tondo, Umbria (photo M.
Nagostinis); I) Whitish fluorite and gypsum, in the middle-lower part of Faggeto Tondo, Umbria (photo M. Nagostinis).

structures. Otherwise, in Acqua Mintina Cave (Sicily),
sulfur grows (Fig. 3F) on a dark material characterized
by organic matter, at the external weathered rocksurface characterized by gypsum and celestine, as
a result of carbonate replacement. Generally, the
observed sulfur deposits are more than 1 cm thick
and present a fine lamination as in the case of Santa
Cesarea Terme (D’Angeli et al., 2017a). Well-developed
sulfur folia have been described by Lugli et al. (2016)
in Acqua Mintina Cave.
As shown in Figure 4, sulfur minerals exhibit linear
corrosive structures (Fig. 4A-B), microscopic boreholes
(Fig. 4C), porous and powdery habits (Fig. 4C-D).
Sometimes it is possible to see filaments, likely
related to biological activity (D’Angeli et al., 2017a).
As a matter of fact, in Santa Cesarea Terme, a still
active sulfuric acid system, we found and collected
interesting biological substances including creamy
white moonmilk deposits, vermiculations, and white
substances floating on the water surface close to
the spots where fluids are upwelling (D’Angeli et
al., 2017b). The role of sulfur-oxidizing and sulfurreducing microorganisms has been demonstrated to
be important in the sulfur cycle (Hill, 1992, 1995;
Canfield, 2001, Mansor et al., 2018). It is well known

that “purple sulfur bacteria” such as Chromatiales
(Chromatiaceae and Ectothiorhodospiraceae) can use
sulfide as sole electron donor and precipitate elemental
sulfur inside or outside the cells, during oxidation
(Imhoff, 2006). Intracellular storage of elemental
sulfur allows their endogenous respiration under
dark and oxidative conditions (cave environment),
whilst it can be used as an electron acceptor during
endogenous fermentation of carbohydrates (Imhoff,
2006 and references therein) in dark anoxic (deepseated) environments.
Significant baryte deposits have been described
in Monte Cucco (Forti et al., 1989), Frasassi (Perna,
1973), Cassano allo Ionio (Catalano et al., 2014), and
Corona ’e sa Craba (Sauro et al., 2014).
In Monte Cucco cave system baryte occurs in
association with fluorite. This paragenesis might
invoke Mississippi Valley-type ore deposition, formed
during large-scale orogenic events (Hanor, 2000). As
demonstrated by Barbieri et al. (1982) the interaction
between Ba-bearing (>7,000 ppm) deep fluids in
contact with phyllites of the basement (Ba exists in
solid solutions with K in minerals like K-feldspar and
K-micas) and deep-seated Triassic evaporites allowed
the deposition of baryte minerals in Tuscany.
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Fig. 9. SEM and EDX analyses of the deposits reported in Fig. 8 A. The SEM image shows an elongated rutile crystal found in
Cavallone-Bove system, Abruzzo (EDX analysis in the yellow dot); B) Rounded crystal of titanite found in the middle branches of
La Grotta, Monte Cucco, Umbria; C) Sphere of titanite, while the background is dominated by a solid solution of alunite-jarosite,
La Grotta, Monte Cucco, Umbria (EDX analysis in the light blue dot); D) The image shows an assemblage of rhombohedral rutile
and baryte crystals found in the lower branches of La Grotta, Monte Cucco, Umbria (EDX analysis of rutile and baryte in the
orange and blue dots); E) Baryte deposits associated with illite, found in the lower branches of La Grotta, Monte Cucco, Umbria;
F) Celestine found in Acqua Mintina Cave, Sicily (EDX analysis in the beige dot); G) Cubic fluorite surrounded by fluorapatite and
hydroxylapatite microcrystalline deposits due to weathering, in the upper part of Faggeto Tondo Cave, Monte Cucco, Umbria (EDX
analysis in the magenta dot); H) Fluorite covered by hydroxylapatite and gibbsite, due to weathering processes, Faggeto Tondo Cave,
Umbria; I) Fluorite in association with goethite, found in the lower branches of Faggeto Tondo Cave, Umbria.

Barium can precipitate only in limited conditions,
such as >10 ppm of Ba content, high salinity ranges
(10,000-30,000 ppm), <200 ppm of sulfates, otherwise
the Ca-sulfate precipitation is favored (Hanor, 2000
and references therein). In SO4-rich environments, Ba
can be mobilized, as barium chloride, only in highly
reducing conditions, when sulfates are completely
reduced (Hanor, 2000; Sauro et al., 2014). Instead,
celestine (SrSO4) might be deposited when fluids with
an extremely high Sr/Ba content (in condition of
high salinity, high SO42-, and low Ba2+ concentration)
reacted with evaporite-carbonate rocks. The most

famous occurrence of celestine deposits in cave, as
described by Wright (1898) and reported in Hill & Forti
(1997), occurs in Crystal Cave (Put-in-Bay, Ohio), but
other celestine deposits associated with gypsum have
been described in Cumberland Caverns (Tennessee),
Flint-Mammoth Caves (Kentucky) and Carlsbad
Caverns (New Mexico) (Hill, 1981; Hill, 1987).
Celestine, in the Italian SAS caves, has been observed,
especially, in the Buso della Pisatela-Rana (Tisato et
al., 2012) as inclusion in volcanic allogenic pebbles,
in Acqua Mintina strictly associated with carbonate
host rock and gypsum deposits, and in Monte Cucco
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Fig. 10. SEM and EDX analyses of phosphates, aluminum-phosphates and hydroxides of Al and Fe. A) It is possible to see the
appearance of a solid solution of goyazite-alunite-jarosite, found in the middle galleries of La Grotta, Umbria (EDX analysis is
reported in the yellow dot); B) Cubic hydroxylapatite crystals found in association with goyazite and alunite-jarosite, La Grotta, Monte
Cucco; C) The picture shows an assemblage of hydroxylapatite-goyazite solid solution (light blue dot) and leucophosphite (orange
dot), La Grotta, Umbria; D) Gibbsite associated with fluorite (EDX in the dark blue dot). A laminated mineral made of Al, F and O,
is visible (EDX in the beige dot); E) Goethite (EDX in magenta dot) is also present in association with hydroxylapatite and fluorite
crystals in La Grotta, Monte Cucco, Umbria. From the EDX of goethite it is possible to observe elements such as As, V, Ti; F) The picture
shows the association of fluorite and goethite in more detail.

system (Forti et al., 1989) in assemblage with baryte
deposits. In Acqua Mintina, celestine likely deposited
when SO4 and Sr-rich fluids, related to sulfuric acid
processes, interacted with the host rock, inducing the
precipitation of SrSO4 and gypsum as replacement
of carbonate. SEM observations on some samples of
baryte from La Grotta (Monte Cucco) show minerals
with perfect crystalline habits (Fig. 9D), indicating
they formed in situ. In fact, barite is highly resistant
in oxidizing environments, and the interaction with
sulfuric acid waters, enhancing dissolution-corrosion
of carbonate rocks, aids in stabilizing its crystallization.
Nevertheless, as visible from EDX analysis (in the
blue dot of Fig. 9), baryte is enriched in Sr, indicating
a solid solution between baryte-celestine. Complete
solid solutions between Ba(SO4) and Sr(SO4) occur due
to the similarity of their ionic radii (1.16 and 1.36 Å for
Sr and Ba, respectively); moreover, the incorporation
of Sr2+ into baryte is facilitated at room temperature
(Hanor, 2000). This occurrence would suggest the
replacement of early baryte with Sr-rich baryte that
might have happened when the temperature of the

mother-solution was close to room temperature, and
the concentration of sulfate was too low to precipitate
Ca(SO4)·2H2O. The rising acidic waters, involved in the
sulfuric acid speleogenesis are normally aggressive
toward carbonates, and the dissolution of the host
rock, due to sulfuric acid, might have increased the
concentration of Sr2+ (stable in saline and high SO42habitat) and the possibility of a secondary substitution
of Ba2+ (in baryte) with Sr2+. In addition, baryte (Fig.
8C-D) and fluorite (Fig. 8E-F-G-H-I) deposits of
Monte Cucco systems exhibit an altered appearance
with rusty colors. Fluorite (Fig. 9G) sometimes
occurs as perfect cubes with weathered surfaces
covered by fluorapatite [Ca5(PO4)3F]-hydroxylapatite
[Ca5(PO4)3(OH)] (Fig. 9G), gibbsite (Fig. 9H) and/or
goethite (Fig. 9I). The spectrum of goethite, grown in
contact with fluorite (Fig. 10 dot in magenta color), is
enriched with peculiar trace elements such as As and V.
Baryte and fluorite deposits have been observed in
Luceram Cave (French Alps), and its association with
vanadium and uranium materials has been found in
Khaidarkan and Ferghana caves (Kirghizistan) and in
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some thermal springs in Hungary (Hill & Forti, 1997).
They are thought to be deposited from hydrothermal
fluids with temperature >150-180°C.
As suggested by Williams-Jones et al. (2000)
fluorite can form when hydrothermal fluids (400°C
characterized by sulfate-rich NaCl-KCl brines)
meet CO2-bearing and sulfate-poor NaCl brines of
external origin. The mixing between REE-fluoridebearing fluids and Ca-carbonate-bearing fluids (or
the interaction with carbonate rocks) is an important
control of REE-fluorocarbon mineral deposition
(Williams-Jones et al., 2000).
Monte Cucco cave system also hosts magnetite
[Fe2+Fe3+2O4]. The stability of baryte-magnetite occurs
in limited conditions characterized by pH ranging
between 10-12 and log fO2 -57, suggesting that
magnetite, probably, precipitated in deep-seated
conditions and reached the cave environment through
the ascending flows.
Interesting is the association of baryte, pyrite [FeS2],
and hematite [Fe2O3] observed in Sant’Angelo Cave
(Cassano allo Ionio) typical of pH ranging between 0
and 4 and highly oxidizing conditions (log fO2 between
-52 and -47) (Hanor, 2000 and references therein),
whereas in Corona ’e sa Craba the study of fluid
inclusions found in baryte suggests their deposition
at a temperature lower than 50°C, only when the
rising reducing fluid became more oxidative (Sauro
et al., 2014).
Of significant interest are the assemblages of
titanite-rutile crystals in Monte Cucco and titaniterutile-ilmenite in Cavallone-Bove caves, shown in
Table 2. The solubility of titanium is very low, and if
transported by water flows, it occurs as a solid phase.
Nevertheless, Ti can be found in the ionic form due to
highly exothermic reactions linked to acid digestion
(HNO3 and/or H2SO4) (Westerhoff et al., 2011). The
important role of sulfur in some replacement reactions
has also been described by Tracy & Robinson (1988)
and Henry & Guidotti (2002). The breakdown of
muscovite flakes releases Fe, Si, Al, and K necessary
to the growth of dark micas [K(Mg,Fe2+)3 AlSi3(OH,F)2]
within ilmenite deposits (Carswell & O’Brien, 1993;
Angiboust & Harlov, 2017). Titanium ions can
precipitate as: 1) spheres of TiO2, 2) aluminosilicates
with a flaky appearance (with absorbed surface iron
and/or in association with kaolinite deposits), and 3)
mixed environmental silicates without aluminum. In
Figure 9, several crystalline morphologies for rutile
(Fig. 9A-D) and titanite (Fig. 9B-C) have been pointed
out, suggesting titanium was in solution and not only
transported as particles by the slowly rising fluid.
Rutile shows needle crystals (Fig. 9A) and perfect
rhombohedral structure (Fig. 9D), whereas titanite
has rounded (Fig. 9B) to spherical appearances.
Rising waters, enriched in H2S, can also produce
an extensive suite of insoluble pH/Eh-dependent
hydroxysulfates and oxyhydroxides (Carbone et
al., 2013) and APS materials of significant value for
extractive and environmental geology (Dill, 2001).
Fe-rich waters precipitate yellow-to red-to brown
materials, while Al-rich fluids form milky-white
precipitates (Bigham & Nordstrom, 2000; Carbone et

al., 2013). Acidity (pH) is one of the most significant
limiting factors in sulfuric-acid solutions, being Fe and
Al pH-dependent (Tombácz et al., 2000). Generally,
Al3+ is stable in quite acid conditions (pH < 5), and
the conservative solute transport values for Fe3+ are
limited in comparison to the species Fe2+. In fact, Fe3+ is
stable at very low pH (<1) and Eh ranging between 0.8
and 1.8, while Fe2+, depending on the potential values
(-0.4 to 0.8), starts to precipitate from very acidic (pH
< 1) to neutral (pH = 7) conditions. In non-sulfuricacid conditions Fe and Al oxides, hydroxides, and
oxyhydroxides typically occur at pH ranging between 5
and 9 (Stumm, 1992). The presence of dissolved SO42in water changes the conservative solute transport
threshold, inducing a drop of pH value (<4.5) and
decreasing the areas of stability for Al3+, Fe3+ and Fe2+.
In this circumstance, Al3+ can stay in solution at pH
< 4.5, whilst the solubility of Fe species is controlled
by jarosite and goethite precipitation (Bigham &
Nordstrom, 2000).
Commonly, Al-rich sulfates precipitate separately
from Fe-rich ones. Even if present in the same
deposits, alunite and jarosite rarely belong to the same
event (Rye et al., 1993; Stoffregen, 1993). Minerals
belonging to the jarosite group normally form at pH
< 2.5, alunite precipitates at pH values of 3-4, and
ferrihydrite [(Fe3+10O14(OH)2] (Kulp et al., 2009) with
microcrystalline gibbsite at pH ranging from 6-8.
(Bigham & Nordstrom, 2000).
Alunite, natroalunite, and jarosite deposits have
been described in several famous SAS systems
around the world (Palmer & Palmer, 1992; Polyak
& Güven, 2000; Polyak & Provencio, 2001). Table 2
shows that the most abundant hydroxysulfate, in
Italian SAS systems, is jarosite. Jarosite formation,
generally, requires more extreme acidity and oxidizing
conditions with respect to alunite. On the contrary
of alunite (easily attributed to hypogene processes),
jarosite is commonly considered a product of
supergene weathering (Dill, 2001), and can replace
alunite when the fluids become more acidic and
oxidizing (Stoffregen et al., 2000). The occurrence of
jarosite deposits has also been documented during
dry summer seasons in sea caves along the coast in
the central part of California (Rogers, 1988; Hill &
Forti, 1997). However, jarosite can also form in highly
oxidizing fluids at temperature ranging between 150200°C, rich in sulfuric-acid.
As reported by Dutrizac & Jambor (2000) and
Stoffregen et al. (2000) jarosite, in surficial conditions,
typically alters to goethite, whereas in low-temperature
metamorphic environments the destruction of jarosite
produces goethite and hematite. Changes in pH (due
to the addition of a buffering agent such as carbonate
rocks) can induce the precipitation of dissolved Fe
(in low concentration), and the deposition of goethite
(Dutrizac & Jambor, 2000 and references therein).
Jarosite abundance increases with decreasing pH,
whereas goethite is stable at pH 3.3-3.6 (Bigham &
Nordstrom, 2000). The source of iron can be related
to the sedimentary deposition of iron-rich formations
along margins of cratons or continental platforms
over extended periods of time (Gross, 1983).
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Aluminum in natural environments is related to
the weathering of various aluminosilicates including
K-feldspar [KAlSi3O8], muscovite, and kaolinite
[Al2Si2O5(OH)4] (Bigham & Nordstrom, 2000). Alunite
can also be due to the interaction between H2SO4
and illite-series at pH 3-4 (Goldbery, 1980). The
studied alunite deposits (Fig. 6) present fine-grained
structures, occurring like pseudo-cubic to bipyramidal
grains (0.7-2.5 µm), deposited as bedded sediments.
Jarosite has been observed both with a pseudo-cubic
(Fig. 6H) or laminar structure (Fig. 4E). The pseudocubic crystals (Fig. 6H) found in Cavallone-Bove
system present evident defects, probably linked to a
complete substitution of previous alunite deposits.
As suggested by Stoffregen et al. (2000), fine-grained
alunite usually forms at quite low temperature.
Bigham & Nordstrom (2000) observed precipitation
of alunite crystals after the mixing of acid mine
waters with carbonate-rich warm (20°C) fluids with
elevated concentration of chloride (700-800 ppm).
Microcrystalline alunite also forms in evaporative
conditions together with silica speleothems in
Australian caves at room temperature (Wray, 2011).
Sulfate in this case derives from pyrite oxidation,
and reaches high-enough concentrations because of
intense evaporation. Copious solid solutions (Fig. 6
and 10A) have been found in the studied samples,
especially those from Cavallone-Bove and Monte
Cucco systems. The most common solid solution
series are alunite-natroalunite, jarosite-natrojarosite,
alunite-jarosite, but interesting are the coupled
substitutions of sulfate (SO42-) with phosphate (PO43)
or arsenate (AsO43-). Hydroxylapatite replacements
can occur in zones of “advanced argillitic” alteration
(Stoffregen et al., 2000), defined by the assemblage
of kaolinite, alunite, smectite (Shanks III, 2012)
typical of environments with pH lower than 4 and
well-described in different hydrothermal ore deposits
(Meyer & Hemley, 1967). Minerals belonging to the
alunite supergroup can have hypogene hydrothermal,
hypogene steam-heated and supergene origin (Dill,
2001). Hypogene hydrothermal alunite is commonly
enriched in PO43-, and cations such as Ca2+, Sr2+, Ba2+
whereas steam-heated alunites lack a complex core
and are characterized by a limited range of alunitenatroalunite solid solutions (Aoki et al., 1993). P- and
Sr-content in alunite deposits reflects the source
of the parent solution (accessory hydroxylapatite,
monazite, xenotime, and alkali feldspar).
We discovered abundant phosphates (i.e., goyazite
and leucophosphite) and solid solutions between
phosphates and sulfates in Monte Cucco systems (Fig.
10A), and Corona ’e sa Craba (vashegyite, berlinite(?),
taranakite), but also fluorapatite-hydroxylapatite
minerals associated with gibbsite, likely related to
subsequent events that induce weathering of primaryacidic deposits.
Hydroxylapatite is stable at pH close to 6, whilst
gibbsite (the final product of phosphate alteration)
occurs at pH > 5 (Dill, 2001 and references therein). In
all the studied cases, we have never observed andalusite
[Al2SiO5] as an alteration product; this means that the
temperature never exceeded 400°C and the widespread
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presence of jarosite suggests the temperature was
always below 200°C (Barth-Wirshing et al., 1990).
In acidic sulfate waters kaolinite and gibbsite (the
last products of aluminosilicate weathering) are not
the most stable phases. Other minerals such as
pickeringite and aluminocopiapite may form (Bigham
& Nordstrom, 2000). Pickeringite and copiapite have
been previously described in cave environments, and
in association with tamarugite (Forti et al., 1995;
1996), in the Alum volcanic cave (Vulcano Island,
Sicily) and with römerite [Fe2+Fe3+2(SO4)4·14H2O] and
coquimbite [Fe3+2(SO4)3·9H2O] in Carlsbad Caverns
(Mosch & Polyak, 1996). Pickeringite, metavoltine, and
tamarugite have been seen in the volcanic-fumarole
related environment of Grotta dello Zolfo (Naples,
Italy) (Franco, 1961), and more recently, with a wide
variety of sulfates in the Cuve de los Minerales on Irazù
Volcano, Costa Rica (Ulloa et al., 2018). Pickeringite
and tamarugite have also been encountered in thermal
caves such as the case of Diana in Romania (Diaconu
& Medesan, 1973; Puşcaş et al., 2013). The sources
of Na+, inducing the precipitation of tamarugite and
metavoltine, can be linked to the upwelling waters,
whilst Mg2+ (pickeringite) to the dissolution of
dolostone (Triassic Dolomia Principale): this would
also explain why we found pickeringite only in the
Calabrian systems.
Bellini (1901) and Lacroix (1907) firstly documented
metavoltine deposits, showing them to be characterized
by yellowish small rosettes with hexagonal crystals, as
those found in Acqua Mintina (Fig. 7D). Hexahydrite
is a stable species in caves; in fact, it has been
recorded in several natural underground environments
worldwide (Freeman et al., 1973; Shopov, 1990;
Martini, 1993; Forti et al., 1995). We found it in
association with pickeringite-copiapite-tamarugiteepsomite-tschermigite in Calabrian thermal spas
and with metavoltine-epsomite in Acqua Mintina
Cave. Tschermigite deposits are explained by Hill
& Forti (1997) by a combined presence of pyrite,
fresh bat guano, and clay minerals, which supply
all the elements needed for its growth (Martini,
1983). Tschermigite has also been observed in the
thermal sulfidic Serpents cave in France where it
occurs together with alunogen [Al2(SO4)3(H2O)12·5H2O]
and jurbanite [Al(SO4)(OH)·5H2O] (Audra & Hobléa,
2007). In the Calabrian thermal spas (Terme Sibarite
at Cassano allo Ionio and Ninfe Cave at Cerchiara
di Calabria), we also found copiapite deposits
associated with gypsum, jarosite and/or pickeringite,
tamarugite, hexahydrite. A feasible explanation for
the presence of copiapite deposits can be linked to the
partial oxidation of effluorescent Fe-sulfate minerals
(melanterite [Fe(SO4)·7H2O], rozenite [Fe2+(SO4)·4H2O],
and szomolnokite [Fe(SO4)·H2O]), forming when a
solution, after the precipitation of soluble iron-sulfate
minerals, becomes progressively more concentrated
in iron (Bigham & Nordstrom, 2000). An upwelling
K-poor and Fe3+-rich acidic fluid can deposit copiapite
(Bigham & Nordstrom, 2000).
At pH higher than 5 Aluminum is insoluble, and if
an Al-rich solution mixes with a fluid with pH higher
than 5, felsőbányaite will precipitate. Felsőbányaite
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(Martini,1993; Shopov, 1993; Hill & Forti, 1997) can
form because of the dissolution of Al-rich shales in
sulfuric acid environments. In Corona ’e sa Craba,
felsőbányaite is associated with alunite, jarosite,
and halloysite 10Å [Al2Si2O5(OH)4·2H2O], thought to
have developed in sub-aerial conditions, when H2SO4
reacted with the host rock and Al-Fe-Mg residues
were released during silicization of dolomite (Sauro et
al., 2014). As a matter of fact, even after the drop of
the sulfuric water table, convective H2S-rich air flow
induced by the thermal gradient could encounter the
O2-rich atmosphere (Ritchie, 1994) and interfere with
insoluble deposits producing aluminum sulfates and
silicates.
The presence of halloysite 10Å deposits in Monte
Cucco caves can also be due to the alteration of
smectite clays following the reaction (3); the free Ca2+
ions, together with Ti, were able to produce titanite.
3) 6 smectite + 12H+ + 2H4SiO4 + 2Al(OH)4 ≥ 12
Halloysite + Ca2+.
Finally, greenalite [(Fe2+, Fe3+)2-3Si2O5(OH)4] characterized
by green to reddish colors has been found in Grotta
che Parla, in Sicily, together with gypsum, calcite,
and dolomite deposits. Greenalite is considered a
part of the kaolinite-serpentine mineral group, and
can be associated with pyrite and with “Mantos” or
stratabound type ore deposits, in the mineralogical
assemblage constituted by greenalite-magnetitesulfide-carbonate-silica (López-García et al., 2011).
Greenalite minerals could be linked to the presence of
volcanic intrusive dikes and Fe-Mn encrustations. In
addition, Montagna Grande represents part of a huge
thrust-belt system overlapping terrigenous deposits
containing pyrite.

CONCLUSIONS
The mineralogical associations described in this paper
reveal new insights into sulfuric acid speleogenesis of
Italy. Cave environments are preferential sites able to
yield clues, no more present at the surface because
of erosion, preserving important information about
the geological processes and landscape evolution. We
focused on 15 cave systems showing each of them
containing peculiar mineral assemblages typical of
sulfuric acid speleogenesis. XRD and SEM results
allowed us to understand how geomorphological
features (cupolas, replacement pockets, feeders,
sulfuric notches, sub-horizontal cave levels, etc.) wellfit with the observed mineralogy, suggesting sulfuric
acid occurrences also for systems never studied in
detail such as Cavallone-Bove, Santa Cesarea Terme,
Acqua Mintina, and Grotta che Parla. Nevertheless,
further investigations (i.e., stable isotopes, trace
elements, dating of alunite-jarosite deposits) deserve
to be done to better elucidate the condition of their
genesis. Gypsum is the most common mineral, as
already explained by Hill & Forti (1997), due to its
capacity to immediately replace carbonate in H2SO4rich environments. Native sulfur deposits have been
observed in almost all the studied systems, but
they are very abundant only in a few caves such
as Santa Cesarea Terme, Cala Fetente, and Acqua

Mintina, where they entirely cover walls, ceilings and
speleothems. Such occurrence would suggest these
systems have had important H2S degassing during the
time. A biogenic or microbially-induced precipitation
of S should be further investigated. Of great interest
are the mineralogical associations found in the
Monte Cucco caves characterized by baryte-fluorite
deposits, likely formed during large orogenic events
(Barbieri et al., 1982; Hanor, 2000). Their subsequent
interaction with H2SO4 allowed the formation of
solid solution between baryte and celestine and
alteration of fluorite in a series of minerals going
from fluorapatite to gibbsite. The presence of rutile
needles and spheres of titanite would testify their
authigenic origin, which means that the titanium
was in solution and not transported as particle by
the upwelling flow. In Monte Cucco caves alunite is
in assemblage with peculiar phosphates like goyazite
and leucophosphite. Other relevant results have been
obtained from Cavallone-Bove caves, where pure white
alunite, yellowish jarosite deposits and bountiful
alunite-natroalunite-jarosite solid solutions are also
phosphate-rich. The abundant presence of PO3-4, in
the core of alunite-jarosite deposits, strongly suggests
hypogene hydrothermal origin of fluids involved in
the formation of aluminium phosphates and sulfates
(Dill, 2001).
Corona ’e sa Craba Cave is the only hypogene
system, described here, to have developed in quartzite
rocks. As well explained by Sauro et al. (2014), the
several stages of rising fluids have been characterized
by a clear evolution of pH, from alkaline-reductive
solutions (allowing silicization of dolomite rocks,
mobilization of Ba ions and deposition of felsőbányaite
and cinnabar [HgS] minerals) to more acidic-oxidative
conditions (inducing the deposition of typical sulfates
and silicates such as alunite-jarosite-halloysite 10Å).
The Buso della Pisatela-Rana (Tisato et al., 2012)
and Grotta che Parla represent sulfuric acid systems
that gain their acidity from the oxidation of pyrite
minerals contained in the host rock, as suggested by
both the lack of a peculiar suite of sulfates and the
presence of greenalite, described (López-García et al.,
2011) in association with ore materials and pyrite.
Finally, yellowish deposits of copiapite-pickeringitetamarugite-hexahydrite have been observed above
the present sulfuric water-level in Calabrian caves,
whereas deposits of metavoltine (a quite rare SAS
mineral) occur in the entrance hall of Acqua Mintina
Cave, demonstrating H2SO4 degassing to produce a
peculiar sulfuric acid association of minerals, already
documented in other famous SAS system around the
world.

ACKNOWLEDGEMENTS
We thank all the people that helped us during all the
field activities to collect these interesting sulfuric acid
minerals, including Angelo Moschetta for the access
to Cavallone-Bove caves, Giuseppe Antonini for useful
discussions and help during field campaigns, and for
the photographic documentation of Cavallone-Bove
caves, Jennifer Macalady and Maurizio Maniero.

International Journal of Speleology, 47 (3), 271-291. Tampa, FL (USA) September 2018

SAS minerals in Italian caves

Luca Poderini during our tours to the La Grotta and
Faggeto Tondo caves in Monte Cucco. Peppino Martire,
Carlo Forace, and all the cavers of the Speleological
group Liocorno that helped us in having contact with
Terme Sibarite spa and to visit Cassano allo Ionio
Caves, Antonio Cesarini and the caver group “Serra
del Gufo”. The Management of Porretta Terme Spa
and Terme di Santa Cesarea are thanked for allowing
entering in the caves, Sergio Pistico for its availability
during the uncountable periods of sampling. We thank
Pietro Valenti, Philippe Audra, Didier Cailhol, Marjan
Temovski, Jean-Yves Bigot that joined us during the
mineralogical sampling occurred in the Sicilian caves,
and Francesco Sauro for the scientific expedition in
Monte Cucco.
Tommaso Balduccio and the Management of
“Gecoin” quarry for the great willingness to carry out
the investigations in the Grotta che Parla Cave, cavers
from ANS “Le Taddarite” of Palermo for the support in
field activities. The access to Grotta dell’Acqua Mintina
was possible thanks to Giovanni Stuppia and Rosario
Ruggieri. Ilenia D’Angeli thanks Penelope Boston and
Mike Spilde for the suggestions and discussions on
cave geology and mineralogy during the period spent
in Albuquerque.

REFERENCES
Angiboust S. & Harlov D., 2017 – Ilmenite breakdown
and rutile-titanite stability in metagranitoids: natural
observations and experiment results. Journal of Earth
and Planetary Materials, 102 (8): 1696-1708.
https://doi.org/10.2138/am-2017-6064
Aoki M., Comsti E.C. & Lazo F.B., 1993 – Advanced
argillic alteration and geochemistry of alunite in an
evolving hydrothermal system at Baguio, Northern
Luzon, Philippines. Resource Geology, 43: 155-164.
Audra P., 2007 – Karst et spéléogenèse épigènes,
hypogènes, recherches appliquées et valorisation
(Habilitation Thesis). University of Nice SophiaAntipolis, 278 p.
Audra P., 2008 – Hypogenic sulfidic speleogenesis.
Berliner Höhlenkundliche Berichte, 26: 15-32.
Audra P. & Hobléa F., 2007 – The first cave occurrence of
Jurbanite [Al(OH SO4)∙5H2O], associated with alunogen
[Al2(SO4)3∙17H2O] and Tschermigite [Al2(SO4)2∙12H2O]:
thermal sulfidic serpents cave, France. Journal of Cave
and Karst studies, 69 (2): 243-249.
http://ww.caves.org/pub/journal/PDF/v69/cave-6902-243.pdf
Audra P., Gázquez F., Rull F., Bigot J.Y. & Camus H., 2015
– Hypogene Sulfuric Acid Speleogenesis and rare sulfate
minerals in Baume Galinière Cave (Alpes-de-HauteProvence, France). Record of uplift, correlative cover
retreat and valley dissection. Geomorphology, 247: 2534. https://doi.org/10.1016/j.geomorph.2015.03.031
Azzaroli A., 1967 – Calcare di Altamura. Note illustrative
della Carta Geologica d’Italia. Formazioni Geologiche,
1: 151-156.
Barbieri M., Masi U. & Tolomeo L., 1982 – Strontium
geochemistry in the epithermal barite deposits from
the Apuan Alps (Northern Tuscany, Italy). Chemical
Geology, 35: 351-356.
https://doi.org/10.1016/0009-2541(82)90011-0
Barth-Wirsching U., Ehn R., Höller H., Klammer D. &
Sitte W., 1990 – Studies of hydrothermal alteration
by acid solution dominated by SO42-: formation of the

287

alteration products of the Gleichenberg latitic rock
(Styria, Austria). Experimental evidence. Mineralogy
and Petrology, 41: 81-103.
https://doi.org/10.1007/BF01168489
Basilone L., 2012 – Unità carbonatiche MesozoicoPaleogeniche. Litostratigrafia delle Sicilia, 24-64.
Bellini R., 1901 – La Grotta dello Zolfo nei Campi Flegrei.
Bollettino della Società Geologica Italiana, 20: 470-475.
Bertolani M., Garuti G., Rossi A. & Bertolani Marchetti
D., 1976 – Motivi di interesse mineralogico-petrografico
nel complesso carsico Grotta Grande del Vento-Grotta
del Fiume (Genga, Ancona). Le Grotte d’Italia, IV (6):
109-144.
Bigham J.M. & Nordstrom D.K., 2000 – Iron and
Aluminium Hydroxysulfates from acid sulfate waters.
Reviews in Mineralogy and Geochemistry, 40: 351-403.
https://doi.org/10.2138/rmg.2000.40.7
Buck M.J., Ford D.C. & Schwarcz H.P., 1994 –
Classification of cave gypsum deposits derived from
oxidation of H2S. In: Sasowsky I. & Palmer M.V.
(Eds.), Breakthroughs in karst geomicrobiology and
redox geochemistry. Karst Water Institute, Special
Publication, 1: 5-9.
Callière S. & Hénin S., 1963 – Minéralogie des argiles.
Masson et C.ie (Ed.), Paris, 356 p.
Canfield D.E., 2001 – Biogechemistry of sulfur isotopes.
Reviews in Mineralogy and Geochemistry, 43: 607-636.
Canganella F., Bianconi G., Kato C. & Gonzales J., 2007
– Microbial ecology of submerged marine caves and
holes characterised by high levels of hydrogen sulphide.
Review in Environmental Science and Bio/Technology,
6: 61-70. http://doi.org/10.1007/s11157-006-9103-2
Carbone C., Dinelli E., Marescotti P., Gasparotto G.
& Lucchetti G., 2013 – The role of AMD secondary
minerals in controlling environmental pollution:
indications from bulk leaching tests. Journal of
Geochemical Exploration 132: 188-200.
https://doi.org/10.1016/j.gexplo.2013.07.001
Carswell D.A. & O’Brien P.J., 1993 – Thermobarometry
and geotectonic significance of high-pressure granulites:
examples from the Moldanubian Zone of the Bohemian
Massif in Lower Austria. Journal of Petrology, 34 (3):
427-459. https://doi.org/10.1093/petrology/34.3.427
Catalano R., Agate M., Albanese C., Avellone G., Basilone
L., Gasparo M., Gugliotta C., Sulli A., Valenti V.,
Gibilaro C. & Pierini S., 2013 – Walking along a crustal
profile across the Sicily fold and thrust belt. American
Association of Petroleum Geologists. Post Conference
Field Trip 4, Palermo. Geological field trips, 5 (2-3):
213 p.
Catalano M., Bloise A., Miriello D., Apollaro C., Critelli
T., Muto F., Cazzanelli E. & Barrese E., 2014 – The
mineralogical study of the Grotta Inferiore di Sant’Angelo
(southern Italy). Journal of Cave and Karst Studies, 76
(1): 51-61. https://doi.org/10.4311/2012ES0284
Ciarapica G., Cirilli S., Passeri L., Trincardi E., Zaninetti
L., 1986 – “Anidriti di Burano” et “Formation du Monte
Cetona” (nouvelle formation), biostratigraphie de
duex series-types du Trias supérieur dans l’Apennin
septentrional. Revue de Paléobiologie, 6 (2): 341-409.
Cucchi F. & Forti P., 1988 – Speleogenetic evolution of
Fiume-Vento karst system (San Vittore Genga-Marche).
International Symposium of Physics, Chemistry and
Hydrology Reservoir of Karst, Kosice, p. 193-199.
D’Angeli I.M., De Waele J., Galdenzi S., Madonia G.,
Parise M., Piccini L. & Vattano M., 2016 – Sulfuric acid
caves of Italy: an Overview. In: Chavez T. & Reehling P.
(Eds.), NCKRI Symposium 6, Proceedings of DeepKarst
2016: Origins, Resources, and Management of Hypogene
Karst. Carlsbad, New Mexico, p. 85-88.

International Journal of Speleology, 47 (3), 271-291. Tampa, FL (USA) September 2018

288

D'Angeli et al.

D’Angeli I.M., Vattano M., Parise M. & De Waele J.,
2017a – The coastal sulfuric acid cave system of
Santa Cesarea Terme (southern Italy). In: Klimchouk
A.B., Palmer A.N., De Waele J., Auler A. & Audra P.
(Eds.), Hypogene karst regions and caves of the world.
Springer, Cham, p. 161-168.
http://doi.org/10.1007/978-3-319-53348-3
D’Angeli I.M., De Waele J., Ieva M.G., Leuko S.,
Cappelletti M., Parise M., Jurado V., Miller A.Z. & SaizJimenez C., 2017b – Next-Generation Sequencing for
microbial characterization of biovermicuations from a
sulfuric acid cave in Apulia (Italy). Proceedings of the
17th International Congress of Speleology, Sydney,
p. 377-380.
Davis D.G., 2000 – Extraordinary features of Lechuguilla
cave, Guadalupe Mountains, New Mexico. Journal of
Cave and Karst Studies, 62 (2): 147-157.
De Waele J., Galdenzi S., Madonia G., Menichetti M.,
Parise M., Piccini L., Sanna S., Sauro F., Tognini P.,
Vattano M. & Vigna B., 2014 – A review on hypogene
caves in Italy. In: Klimchouk A.B., Sasowsky I., Myrloie
J., Engel S., Summers Engel A. (Eds.), Hypogene
cave morphologies. Karst Water Institute, Special
Publication, 18: 28-30.
De Waele J., Audra P., Madonia G., Vattano M., Plan
L., D’Angeli I.M., Bigot J.-Y. & Nobécourt J.-C., 2016
– Sulfuric acid speleogenesis (SAS) close to the water
table: examples from southern France, Austria, and
Sicily. Geomorphology, 253: 452-467.
http://doi.org/10.1016/j.geomorph.2015.10.19
Dill H.G., 2001 – The geology of aluminium phosphates
and sulphates of alunite group minerals: a review.
Earth-Science Reviews, 53: 35-93.
https://doi.org/10.1016/S0012-8252(00)00035-0
Diaconu G., Medesan A., 1973 – Sur la presence du
pickeringite dans la grotte Diana [Băile Herculane
Roumanie]. Travaux de l’Institut de Spéleologie “Emile
Racovitza”, 14: 149-156.
Doglioni C. & Flores G., 1997 – An introduction to the
Italian geology. Lamisco, Potenza, 98 p.
Dutrizac J.E. & Jambor J.L., 2000 – Jarosite and their
application in hydrometallurgy. Reviews in Mineralogy
and Geochemistry, 40: 405-452.
https://doi.org/10.2138/rmg.2000.40.8
Egemeier S.J., 1981 – Cavern development by thermal
waters. National Speleological Society Bulletin, 43:
31-51.
Fabiani R., 1915 – Il paleogene del Veneto. Memorie
dell’Istituto di Geologia della Regia Università di
Padova, 3: 1-336.
Forti P. & Mocchiutti A., 2004 – Le condizioni ambientali
che permettono l’evoluzione di speleotemi di zolfo
in cavità ipogeniche: nuovi dati dalle grotte di Capo
Palinuro (Salerno, Italia). Le Grotte d’Italia, V (4): 39-48.
Forti P., Menichetti M. & Rossi A., 1989 – Speleothems
and speleogenesis of the Faggeto Tondo cave (UmbriaItaly). Proceedings of the 10th International Speleological
Congress, Budapest, 1: 74-76.
Forti P., Panzica La Manna M., Rossi A., 1995 – Il
particolare ambiente della Grotta dell’Allume (Vulcano,
Sicilia). Atti del secondo Convegno Regionale di
Speleologia, Catania, 37: 251-272.
Forti P., Panzica La Manna M., Rossi A., 1996 – The peculiar
mineralogic site of the Alumn Cave (Vulcano, Sicily).
7° International Symposium Vulcanospeleological,
Canary Islands, p. 15-17.
Franco E., 1961 – Su alcuni minerali della Grotta dello
Zolfo (Miseno). Bollettino della Società dei Naturalisti
Napoli, 70: 156-160.

Freeman J.P., Smith G.P., Poulson T.L., Watson P.J.
& White W.B., 1973 – Lee Cave, Mammoth Cave
National Park, Kentucky. National Speleological Society
Bullettin, 35 (4): 109-126.
Galdenzi S., 1990 – Un modello genetico per la Grotta
Grande del Vento. Memorie dell’Istituto Italiano di
Speleologia, II (4): 123-142.
Galdenzi S., 2001 – L’azione morfogenica delle acque
sulfuree nelle grotte di Frasassi, Acquasanta Terme
(appennino-Umbro-Marchigiano, Italia) e di Movile
(Dobrogea, Romania). Le Grotte d’Italia, V (2): 49-61.
Galdenzi S. & Menichetti M., 1995 – Occurrence of
hypogene caves in a karst region: example from central
Italy. Environmental Geology, 26: 39-47.
https://doi.org/10.1007/BF00776030
Galdenzi S., Cocchioni F., Filipponi G., Selvaggio R., Scuri
S., Morichetti L. & Cocchioni M., 2010. The sulfidic
thermal caves of Acquasanta Terme (central Italy).
Journal of Cave and Karst Studies, 72 (1): 43-58.
https://doi.org/10.4311/jcks2008es0056
Goldbery R., 1980 – Early diagenetic, Na-alunites in
Miocene algal mat intertidal facies, Ras Sudar, Sinai.
Sedimentology, 27: 189-198.
https://doi.org/10.1111/j.1365-3091.1980.tb01169.x
Gross G.A., 1983 – Tectonic systems and the deposition
of iron-formation. Precambrian Research, 20: 171-187.
https://doi.org/10.1016/0301-9268(83)90072-4
Hanor J.S., 2000 – Barite-Celestine geochemistry and
environment of formation. Reviews in Mineralogy and
Geochemistry, 40: 193-275.
https://doi.org/10.2138/rmg.2000.40.4
Henry D.J. & Guidotti C.V., 2002 – Titanium in biotite
from metapelitic rocks: temperature effects, crystalchemical controls, and petrologic application. American
Mineralogist, 87: 375-382.
https://doi.org/10.2138/am-2002-0401
Hill C.A., 1981 – Celestine growing in Floyd Collins
Crystal Cave. Cave Researches Foundation, Annual
Report, 23: 9.
Hill C.A., 1987 – Celestine in Carlsbad Caverns. Cave
Researches Foundation, Annual Report, 29: 15.
Hill C.A., 1990 – Sulfuric acid speleogenesis of Carlsbad
Cavern and its relationship to hydrocarbons, Delaware
Basin, New Mexico and Texas. American Association of
Petroleum Geologists Bullettin, 74: 1685-1694.
Hill C.A., 1992 – Isotopic values of native sulfur, barite,
celestite, and calcite: their relationship to sulfur deposits
and to the evolution of the Delaware basin (preliminary
results). In: Wessell G.R. & Wimberly B.H. (Eds.), Native
sulfur-development in geology and exploration. Phoenix,
AZ: Society of Mining, Metallurgy and Exploration,
p. 147-157.
Hill C.A., 1995 – Sulfur redox reactions: hydrocarbon,
native sulfur, Mississippi Valley-type deposits, and
sulfuric acid karst in the Delaware Basin, New Mexico
and Texas. Environmental Geology, 25: 16-23.
https://doi.org/10.1007/BF01061826
Hill C.A. & Forti P., 1997 – Cave minerals of the world
(2nd Ed.). National Speleological Society, Huntsville, AL,
463 p.
Hose L.D., Palmer A.N., Palmer M.V., Northup D.E.,
Boston P.J. & DuChene H.R., 2000 – Microbiology
and geochemistry in hydrogen-sulfide-rich karst
environment. Chemical Geology, 169: 399-423.
https://doi.org/10.1016/S0009-2541(00)00217-5
Imhoff J.F., 2006 – The Chromatiaceae. Prokaryotes, 6:
846-873. https://doi.org/10.1007/0-387-30746-x_31
Jagnow D.H., Hill C.A., Davis D.G., DuChene H.R.,
Cunningham K.I., Northup D.E. & Queen J.M., 2000
– History of the sulfuric acid theory of speleogenesis in

International Journal of Speleology, 47 (3), 271-291. Tampa, FL (USA) September 2018

SAS minerals in Italian caves
the Guadalupe Mountains, New Mexico. Journal of Cave
and Karst Studies, 62 (2): 54-59.
http://ww.caves.org/pub/journal/PDF/V62/v62n2Jagnow.pdf
Klimchouk A.B., 2005 – Conceptualization of speleogenesis
in multy-storey artesian systems: a model of transverse
spelegenesis. International Journal of Speleology, 34
(1-2): 45-64.
https://doi.org/10.5038/1827-806X.34.1.4
Klimchouk A.B., 2007 – Hypogene speleogenesis:
hydrogeological
and
morphogenetic
perspective.
National Cave and Karst Research Institute, Special
Paper 1, Carlsbad.
Klimchouk A.B., 2009 – Morphogenesis of hypogenic
caves. Geomorphology, 106: 100-117.
https://doi.org/10.1016/j.geomorph.2008.09.013
Klimchouk A.B., 2017 – Types and settings of hypogene
karst. In: Klimchouk A.B., Palmer A.N., De Waele J.,
Auler A. & Audra P. (Eds.), Hypogene karst regions and
caves of the world. Springer, Cham, p. 1-39.
https://doi.org/10.1007/978-3-319-53348-3_1
Klimchouk A.B., Auler A., Bezerra F.H.R., Cazarin
C.L., Balsamo F. & Dublyansky Y., 2016 – Hypogenic
origin, geologic controls and functional organization of
a giant cave system in Precambrian carbonates, Brazil.
Geomorphology, 253: 385-405.
https://doi.org/10.1016/j.geomorph.2015.11.002
Kulp E.A., Kothari H.M., Limmer S.J., Yang J.,
Gudavarthy R.V., Bohannan E.W. & Switzer J.A.,
2009 – Electrodeposition of epitaxal magnetite films
and ferrihydrite nanoribbons on single-crystal gold.
Chemistry Materials, 21 (21): 5022-5031.
https://doi.org/10.1021/cm9013514
Lacroix A., 1907 – Sur deux gisements nouveaux de
metavoltine. Bulletin Française de Minéralogie et de
Cristallographie, 30: 30.
López-García J.A., Oyarzun R., López Andrés S. &
Manteca Martínez J.I., 2011 – Scientific, educational,
and environmental considerations regarding mine
sites and geoheritage: A perspective from SE Spain.
Geoheritage, 3 (4): 267-275.
https://doi.org/10.1007/s12371-011-0040-2
Lugli S., Ruggieri R., Orsini R. & Sammito G., 2016 –
Grotta dell’Acqua Mintina, a peculiar geosite with the
smell of sulfur. Proceeding of the 4th International
Symposium on karst in the South Mediterranean area.
Karst Geosites, p. 65-71.
Macalady J.L., Lyon E.H., Koffman B., Albertson
L.K., Meyer K., Galdenzi S. & Mariani S., 2006 –
Dominant microbial population in limestone-corroding
stream biofilms, Frasassi cave system, Italy. Applied
Environmental Microbiology, 72 (8): 5596-5609.
https://doi.org/10.1128/AEM.00715-06
Machel H., 2001 – Bacterial and thermochemical sulfates
reduction in diagenetic settings – old and new insights.
Sedimentary Geology, 140: 143-175.
https://doi.org/10.1016/S0037-0738(00)00176-7
Mansor M., Harouaka K., Gonzales M.S., Macalady J.L. &
Fantle M.S., 2018 – Transport-induced spatial patterns
of sulfur isotopes (δ34S) as biosignature. Astrobiology,
18 (1): 1-14. https://doi.org/10.1089/ast.2017.1650
Manzi V., Lugli S., Roveri M. & Schreiber B.C., 2009 – A
new facies model for the Upper Gypsum (Sicily, Italy):
chronological and paleoenvironmental constraints for
the Messinian salinity crisis in the Mediterranean.
Sedimentology, 56: 1937-1960.
https://doi.org/10.1111/j.1365-3091.2009.01063.x
Martini J.E., 1983 – Lonecreenite, sabietite, and clairite,
a new secondary ammonium ferric-iron sulphate from

289

Lone Creek Fall Cave, near Sabie, eastern Transvaal.
Bullettin Geological Survey of South Africa, 17: 29-34.
Martini J.E., 1993 – A concise review of the cave
mineralogy of Southern Africa. Proceeding 11th
International Speleological Congress, Beijing, p. 72-75.
Martinis B. & Pieri M., 1964 – Alcune notizie sulla
formazione evaporitica del Triassico superiore nell’Italia
centrale e meridionale. Memorie della Società Geologica
Italiana, 4 (1): 649-678.
Martire L., Pavia G., Pochettino M. & Cecca F., 2000 – The
Middle-Upper Jurassic of Montagna Grande (Trapani):
Age, Facies, and Depositional Geometries. Memorie
della Società Geologica Italiana, 55: 219-225.
Menichetti M., 2008 – Assetto strutturale del sistema
geotermico di Acquasanta Terme (Ascoli Piceno).
Rendiconti online della Società Geologica Italiana,
1: 118-122.
Meyer C. & Hemley J.J., 1967 – Wall rock alteration. In:
Barnes H.L. (Ed.), Geochemistry of hydrothermal ore
deposits. John Wiley & Sons, Hoboken, p. 166-235.
Millot G., 1964 – Géologie des argiles. Masson at C.ie
(Ed.), Paris, 499 p.
Minissale A., 2004 – Origin, transport and discharge of
CO2 in central Italy. Earth-Science Reviews, 66: 89-141.
https://doi.org/10.1016/j.earscirev.2003.09.001
Mosch C. & Polyak V.J., 1996 – Canary yellow-cave
precipitates: late stages of hydrated uranyl-vanadate,
uranyl silicate, and iron sulfate minerals (abs.). National
Speleological Society, Salida, Colorado, August 5-9, p. 51.
Onac B.P. & Forti P., 2011 – Minerogenic mechanisms
occurring in the cave environment: an overview.
International Journal of Speleology, 40 (2): 79-98.
https://doi.org/10.5038/1827-806X.40.2.1
Onac B.P., Sumrall J., Tămaş T., Povară I., Kearns J.,
Dârmiceanu V., Veres D. & Lascu C., 2009 – The
relationship between cave minerals and H2S-rich
thermal waters along the Cerna Valley (SW Romania).
Acta Carsologica, 38 (1): 27-39.
https://doi.org/10.3986/ac.v38i1.135
Onac,B.P., Wynn J.G. & Sumrall J.B., 2011 – Tracing
the sources of cave sulfates: a unique case from Cerna
Valley, Romania. Chemical Geology, 288 (3-4): 105-114.
https://doi.org/10.1016/j.chemgeo.2011.07.006
Padalino G., Pretti S., Tamburrini D., Tocco S., Uras I.,
Violo M. & Zuffardi P., 1973 – Ore deposition in karst
formations with examples from Sardinia. In: Amstutz
G.C. & Bernard C. (Eds.), Ores in sediments. Springer
Verlag, Berlin, p. 209-220.
https://doi.org/10.1007/978-3-642-65329-2_16
Palmer A.N., 2007 – Cave geology. Cave Books, Dayton,
454 p.
Palmer A.N., 2011 – Distinction between epigenic and
hypogenic maze caves. Geomorphology, 134: 9-22.
https://doi.org/10.1016/j.geomorph.2011.03.014
Palmer A.N., 2013 – Sulfuric acid caves: Morphology and
Evolution. In: Frumkin A., Shroder J. (Eds.), Treatise
on geomorphology. Elsevier, Berlin, p. 241-257.
Palmer A.N. & Palmer M.V., 1992 – Geochemical and
petrological observations in Lechuguilla cave, New
Mexico (abs.). In: Ogden A.E. (Ed.), Friends of karst
meeting. Proceedings of the Tennessee Tech University,
Cooksville, Tennessee, p. 25-26.
Palmer A.N. & Palmer M.V., 2000 – Hydrochemical
interpretation of cave patterns in the Guadalupe
Mountains, New Mexico. Journal of Cave and Karst
Studies, 62 (2): 91-108.
http://ww.caves.org/pub/journal/PDF/V62/v62n2Palmer.pdf
Perna G., 1973 – Fenomeni carsici e giacimenti minerari.
Le Grotte d’Italia, IV (3): 5-44.

International Journal of Speleology, 47 (3), 271-291. Tampa, FL (USA) September 2018

290

D'Angeli et al.

Pialli G., Barchi M. & Minelli G., 1998 – Results of the
CROP 03 deep seismic reflection profile. Memorie della
Società Geologica Italiana, 57: 1-657.
Piccini L., De Waele J., Galli E., Polyak V.J., Bernasconi
S.M & Asmerom Y., 2015 – Sulfuric acid speleogenesis
and landscape evolution: Montecchio cave, Albegna
river valley (southern Tuscany, Italy). Geomorphology,
229: 134-143.
https://doi.org/10.1016/j.geomorph.2014.10.006
Plan L., Tschegg C., De Waele J. & Spötl C., 2012 –
Corrosion morphology and cave wall alteration in Alpine
sulfuric acid cave (Kraushöhle, Austria). Geomorphology,
169 (170): 45-54.
https://doi.org/10.1016/j.geomorph.2012.04.006
Polyak V.J. & Güven N., 2000 – Clay in the caves of
Guadalupe Mountains, New Mexico. Journal of Cave
and Karst Studies, 62 (2): 120-126.
http://ww.caves.org/pub/journal/PDF/V62/v62n2Polyak-Guven.pdf
Polyak V.J. & Provencio P., 2001 – By-product materials
related to H2S-H2SO4 influenced speleogenesisi of
Carlsbad, Lechuguilla, and other caves of the Guadalupe
Mountains, New Mexico. Journal of Cave and Karst
Studies, 63 (1): 23-32.
http://ww.caves.org/pub/journal/PDF/V63/v63n1Polyak.pdf
Polyak V.J., McIntosh W.C., Güven N. & Provencio P.,
1998 – Age and origin of Carlsbad Caverns and related
caves from 40Ar/39Ar of alunite. Science, 279: 1919-1922.
https://doi.org/10.1126/science.279.5358.1919
Puşcaş C.M., Onac B.P., Effenberger H.S. & Povara
I., 2013 – Tamarugite-bearing paragenesis formed
by sulphate acid alteration in Diana cave, Romania.
European Journal of Mineralogy, 25 (3): 479-486.
https://doi.org/10.1127/0935-1221/2013/0025-2294
Ritchie A.I.M., 1994 – The waste rock environment. In:
Jambor J.L. & Blowes D.W. (Eds), The environmental
geochemistry of sulfide mine-wastes. Mineral Association
Canada Short Course, 22: 131-161.
Rogers W.B., 1988 – Noncarbonate minerals in California
caves (abs.). National Speleological Society Conference,
Hot Spring (South Dakota), p. 1-4.
Rye R.O., Bethke P.M., Lanphere M.A. & Steven T.A.,
1993 – Age and stable isotope systematics of supergene
alunite and jarosite from the Creede mining district,
Colorado: implications for supergene processes and
Neogene geomorphic evolution and climate of the
southern Rocky Mountains (abs). Geological Society of
America Abstract with programs 25, A-274.
Sarbu S.M., Kinkle B.K., Vlasceanu L., Kane T.C. & Popa
R., 1994 – Microbiological characterization of a sulfiderich groundwater ecosystem. Geomicrobiological Journal,
12: 175-182.
https://doi.org/10.1080/01490459409377984
Sauro F., De Waele J., Onac B.P., Galli E., Dublyansky Y.,
Baldoni E. & Sanna L., 2014 – Hypogenic speleogenesis
in quartize: the case of Corona ’e sa Craba cave (SW
Sardinia, Italy). Geomorphology, 211: 77-88.
https://doi.org/10.1016/j.geomorph.2013.12.031
Selli R., 1957 – Sulla trasgressione del Miocene dell’Italia
meridionale. Giornale di Geologia, 26: 1-54.
Selli R., 1962 – Il Paleogene nel quadro della geologia
dell’Italia centro-meridionale. Memorie della Società
Geologica Italiana, 3: 737-789.
Shanks III W.C.P., 2012 – Hydrothemal alteration in
volcanogenic massive sulfide occurrence model. U.S.
Geological Survey Scientific Investigations Report,
11: 12 p.

Shopov Y.Y., 1990 – Development of Bulgarian Cave
mineralogy (1923-1986). Bulgarian Speleology, 2: 2132 (In Bulgarian).
Shopov Y.Y., 1993 – Genetic classification of cave
minerals. Proceedings 11th International Congress of
Speleology, Beijing (1993-1994), p. 101-105.
Stoffregen R.E., 1993 – Stability relations of jarosite
and natroalunite at 100-250°C. Geochimica et
Cosmochimica Acta, 58: 903-916.
https://doi.org/10.1016/0016-7037(94)90514-2
Stoffregen R.E., Alpers C.N. & Jambor J.L., 2000 –
Alunite-jarosite crystallography, thermodynamics, and
geochronology. Reviews in Mineralogy and Geochemistry,
40: 453-479. https://doi.org/10.2138/rmg.2000.40.9
Stüben D., Sedwick P. & Colantoni P., 1996 – Geochemistry
of submarine warm springs in the limestone cavern of
Grotta Azzurra, Capo Palinuro, Italy: evidence for mixingzone dolomitisation. Chemical Geology, 131: 113-125.
https://doi.org/10.1016/0009-2541(96)00029-0
Stumm W., 1992 – Chemistry of the solid-water interface:
Process at the mineral-water and particle-water interface
in natural system. John Wiley, New York, 428 p.
Summers Engel A., Stern L.A. & Bennett P.C., 2004 –
Microbial contributions to cave formation: new insights
into sulphuric acid speleogenesis. Geology, 32 (5): 369372. https://doi.org/10.1130/G20288.1
Taddeucci A., Tuccimei P. & Voltaggio M., 1992 – Studio
geocronologico del complesso carsico “Grotta del FiumeGrotta Grande del Vento” (Gola di Frasassi, AN) e
indicazioni paleoambientali. Il Quaternario, 5: 213-222.
Tisato N., Sauro C., Bernasconi S.M., Bruijn R.H.C. & De
Waele J., 2012 – Hypogene contribution to speleogenesis
in a predominant epigenic karst system: a case study
from the Venetian Alps, Italy. Geomorphology, 151152: 156-163.
https://doi.org/10.1016/j.geomorph.2012.01.025
Tombácz E., Dobos Á., Szekeres M., Narres H.D., Klumpp
E. & Dékány I., 2000 – Effect of pH and ionic strength
on the interaction of humic acid with aluminium oxide.
Colloid and Polymer Science, 278 (4): 337-345.
https://doi.org/10.1007/s003960050522
Tracy R.J. & Robinson P., 1988 – Silicate-sulfideoxide fluid reactions in granulite politic rocks, central
Massachusetts. American Journal of Science, 288: 45-74.
Ulloa A., Gázquez F., Sanz-Arranz A., Medina J., Rull F.,
Calaforra J.M., Alvarado G.E., Martínez M., Avard G.,
de Moor J.M. & De Waele J., 2018 – Extremely high
diversity of sulfate minerals in caves of the Irazú Volcano
(Costa Rica) related to crater lake and fumarolic activity.
International Journal of Speleology, 47 (2): 229-246.
https://doi.org/10.5038/1827-806X.47.2.2198
Vattano M., Madonia G., Audra P., D’Angeli I.M., Galli
E., Bigot J.-Y., Nobécourt J.-C. & De Waele J., 2017
– An overview of the hypogene caves of Sicily. In:
Klimchouk A.B., Palmer A.N., De Waele J., Auler A. &
Audra P., (Eds.), Hypogene karst regions and caves of
the world. Springer, Cham, p. 199-210.
https://doi.org/10.1007/978-3-319-53348-3_12
Westerhoff P., Song G., Hristovski K. & Kiser M.A.,
2011 – Occurrence and removal of titanium at full scale
wastewater treatment plants: implications for TiO2
nanomaterials. Journal of Environmental Monitoring,
13: 1195-1203.
https://doi.org/10.1039/c1em10017c
Williams-Jones A.E., Samson I.M. & Olivo G.R., 2000
– The genesis of hydrothermal fluorite-REE deposits in
Gallinas Mountains, New Mexico. Economic Geology,
95 (2): 327-341.
https://doi.org/10.2113/gsecongeo.95.2.327

International Journal of Speleology, 47 (3), 271-291. Tampa, FL (USA) September 2018

SAS minerals in Italian caves
Wray R.A.L., 2011 – Alunite formation within silica
stalactites from the Sydney Region, South-eastern
Australia. International Journal of Speleology, 40 (2):
109-116. https://doi.org/10.5038/1827-806X.40.2.3

291

Wright G.F., 1898 – A recently discovered cave of Celestine
crystals at Put-in-Bay, Ohio. Science, 8: 502-503.

International Journal of Speleology, 47 (3), 271-291. Tampa, FL (USA) September 2018

International Journal of Speleology

47 (3)

293-305

Tampa, FL (USA)

September 2018

Available online at scholarcommons.usf.edu/ijs

International Journal of Speleology
Off icial Journal of Union Internationale de Spéléologie

Unconfined hypogene evaporite karst: West Texas
and southeastern New Mexico, USA
Kevin W. Stafford*, Jon Ehrhart, Adam Majzoub, Jessica Shields, and Wesley Brown
Department of Geology, Stephen F. Austin State University, Nacogdoches, TX 75962, USA

Abstract:

Keywords:

Diverse karst phenomena occur throughout the Gypsum Plain where the Castile Formation
crops out over ~1800 km2 in West Texas and southeastern New Mexico. Hypergene karst is
extensive and widespread, while traditional hypogene karst manifestations (both caves and
intrastratal dissolution) occur in high frequency in the western outcrop region where surface
denudation has been the greatest so as to induce surficial breaching. Unconfined hypogene
karst occurrences have been recently identified, including two general variations: 1) artesianlike discharge features; and 2) venting structures. Artesian-like discharge features arise at
surficially-breached hypogene caves and through high permeability regions on the margins
of breccia pipes; these occur when aquifer pressures within the underlying Bell Canyon
siliciclastics are sufficiently elevated subsequent to anomalously high precipitation events.
Venting structures associated with condensation corrosion-like processes coupled with
ascending moisture-rich vapor occur as fracture vents and hydration buckles; fracture vents
develop along near-vertical joint sets and hydration buckles form at intermittent zones of high
permeability within the core regions of breccia pipes. All venting structures form highly porous,
low density, secondary sulfate mineralization at the land surface, creating local topographic
highs decimeters to a meter in scale that preclude interception of meteoric waters into these
unconfined hypogene karst features. The Gypsum Plain hosts complex karst phenomena
that present unique engineering challenges as variable geohazard occurrences ranging from
shallow, hypergene caves to deep, complex, hypogene features both formed in semi-confined
and unconfined speleogenetic conditions.
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INTRODUCTION
Evaporite karst development is extensive and
widespread throughout the greater Permian Basin of
southeastern New Mexico and West Texas, including
manifestations ranging from surficial karren and shallow
hypergene karst features to complex and extensive
hypogene karst systems. Over the past decade, the
region has been studied more intensely with increased
emphases on natural resource management because
of extensive petroleum exploration and development
throughout the Delaware Basin (Stafford & Faulkner,
2016). Concerns of geohazards encountered during
infrastructure development and drilling operations
have prompted these recent interests in evaporite
karst manifestations. Therefore, studies to delineate
and characterize these geohazards have enabled
researchers in the region to identify greater variability
within hypogene karst processes affecting Permian
*staffordk@sfasu.edu

evaporites, specifically within the Castile Formation,
than previously recognized (Stafford et al., 2017a,b).
These include traditionally-defined hypogene karst
formed in semi-confined conditions as well as
hypogene karst formed in unconfined conditions as
reported in this manuscript.
The Castile Formation crops out over approximately
1800 km2 in southeastern New Mexico and West
Texas in what is commonly referred to as the Gypsum
Plain (Fig. 1). The Gypsum Plain extends from the
Apache Mountains in the south to the Guadalupe
Mountains in the north with strata dipping gently
eastward throughout the region. The Gypsum Plain
is bounded to the west by outcrops of the underlying
Bell Canyon siliciclastics that are exposed in the
Delaware Mountains and to the east by overlying
residuum of the Salado and Rustler formations of the
Rustler Hills. The region is located on the northern
edge of the Chihuahua Desert with an average annual
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Fig. 1. Location map of the Delaware Basin and Gypsum Plain,
including outcrops of relevant lithologic units and major geology
and hydrologic structures (adapted from Stafford, 2017). Inset map
shows relationship of study area to West Texas, New Mexico and
the greater Permian Basin including the Delaware Basin, Orogrande
Basin (OB), Midland Basin (MB) and Val Verde Basin (VB).

precipitation of 267 mm that primarily occurs as
late summer monsoonal storm events (Sares, 1984);
however, decadal-scale rain events can occur within the
area contributing more than 100 mm of precipitation
over broad areas within less than 48 hours (Stafford
et al., 2017a). Average annual temperature is 17.3°C,
with an average annual low and high of 9.2°C and
25.2°C, respectively (Sares, 1984).
Although the region is arid today, it was significantly
wetter during the Pleistocene (Hill, 1996). Sinkholes,
solution troughs and valleys often exhibit thick
Quaternary alluvial deposits (Bachman, 1980)
which are currently being heavily exploited as water
resources for oilfield and ranching activities. Arroyos
and ephemeral streams exhibit flash flooding during
intense precipitation events; however, the Delaware
River, a tributary of the Pecos River, is the only
perennial stream that bisects the Gypsum Plain.
Surface hydrology throughout the Cenozoic has been
dominated by migration of the Pecos River across the
Delaware Basin providing a persistent, eastwardmigrating potentiometric low for upward flow and
hypogene processes (Thomas, 1972; Stafford et
al., 2009).

GEOLOGIC SETTING
The Delaware Basin, and associated evaporite strata,
resulted from the formation of Pangea during the late
Permian. As North American and South American-

African plates began colliding in the Carboniferous, the
ancestral Tobosa Basin of southeastern New Mexico
and West Texas was divided into the Delaware Basin,
Midland Basin and Val Verde Basin (see inset in Fig. 1)
through block faulting and compression associated
with the developing Marathon Fold and Thrust Belt
(Horak, 1985; Ross, 1986). At this time, the Delaware
Basin was located within 5-10° of the equator on the
western edge of Pangea where effects of the Ouachita
orogenic zone would have created arid conditions
(Lottes & Rowley, 1990). The Central Basin Platform,
which divides the Delaware and Midland basins, was
uplifted, isolating the basins into inland seas with
limited open marine circulation to the Panthalassic
Ocean during the Permian. Most authors (e.g., King,
1942; Scholle et al., 2004; Kirkland & Kirkland,
2018) suggest that during the Guadalupian, marine
connectivity to the Delaware Basin was maintained
through the Hovey Channel which enabled massive
carbonate reefs to thrive around the periphery of the
basin, forming the Capitan Reef system; however, Hill
(1999) suggests that the Guadalupian marine inlet to
the Delaware Basin may have actually been positioned
near the Glass Mountains in what she described as the
Diablo Channel. In both scenarios, contemporaneous
with reef development, shallow water carbonates and
evaporites of the Artesia Group (Fig. 2) were deposited
across the Central Basin Platform and Northwestern
Shelf (Scholle et al., 2004) (Fig. 1). At times of sealevel lows, shelf regions transitioned into sabkhalike depositional settings producing more extensive
interbedded evaporites and siliciclastics proximal
to the Capitan Reef. At maximum Guadalupian
lowstands, eolian sands migrated across exposed
shelfal regions to deposit siliciclastic-rich facies into
the Delaware Basin interior which largely comprise
the Cherry Canyon and Bell Canyon formations
(Scholle et al., 2004) (Fig. 2).
At the end of the Guadalupian, loss of open marine
connectivity by progradational reef growth and sealevel lowering transitioned the Delaware Basin into
a restricted, inland sea with a shift from carbonatedominated
deposition
to
evaporite-dominated
deposition (Adams, 1972; Anderson et al., 1972). This
marked the beginning of the Ochoan, a period of basin
infilling and capping by evaporite strata throughout
the greater Permian Basin, including the Delaware
and Midland basins as well as surrounding shelfal
regions. The Castile Formation represents the earliest
phase of Ochoan evaporite infilling and is limited to
the Delaware Basin where it occurs as laminated
evaporite strata (Anderson & Kirkland, 1966). Castile
strata were deposited within a stratified, brine-filled
basin bound by the Capitan reef and characterized as
laminated to massive gypsum/anhydrite interbedded
with halite, where laminated sulfates represent
seasonal changes in basinal salinity (Anderson et al.,
1972). Sulfate strata laminae consist of couplets of
calcite and gypsum/anhydrite, where calcite laminae
represent less saline or “wet” periods and gypsum/
anhydrite laminae represent more saline or “dry”
periods (Anderson et al., 1972). The Castile reaches a
maximum thickness of 480 meters in the subsurface
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of combined karst processes and climatic
shifts from wetter, sub-humid conditions
of the Pleistocene to arid conditions
of the Holocene (Bachman, 1980; Hill,
1996). Shallow alluvial aquifers occur
throughout the Gypsum Plain where
Quaternary infilling of solution valleys and
ephemeral streams provide storativity.
While the Castile Formation itself does
not host significant water resources,
the underlying Bell Canyon siliciclastic
aquifer system provides groundwater that
is recharged in outcrop to the west of the
Gypsum Plain that migrates beneath the
Fig. 2. Stratigraphic diagram of formations of the Delaware Basin region, including basin,
Castile and provides aggressive fluids for
reef and shelf facies with the Castile Formation highlighted in grey (adapted from Scholle
hypogene speleogenesis (e.g., Stafford,
et al., 2004).
2017a). Lee and Williams (2000) have
in the eastern Delaware Basin but thins to a solutional
modeled the paleo and current hydrogeology of the
margin in the west where it crops out (Kelley, 1971).
Delaware Basin, which indicates that much of the
By mid-Ochoan, Castile strata filled the Delaware
diagenesis of the Permian evaporites is associated
Basin and evaporite deposition extended onto
with ascension of waters from the Bell Canyon and
surrounding shelves and across the Midland
Cherry Canyon aquifers; these aquifers are mixing
Basin. The Salado Formation caps the Castile and
with more deeply-derived ascending fluids, including
is subsequently capped by the Rustler Formation
hydrocarbons from basinal units.
and Dewey Lake Redbeds (Hill, 1996). The Salado
Formation is dominated by chloride minerals,
TRADITIONAL CASTILE KARST
primarily halite, that have been solutionally removed
from outcrop and shallow subcrop regions throughout
Karst research throughout Delaware Basin
the greater basin, but reaches thicknesses of 600
evaporites and specifically the Castile Formation
meters in the subsurface (Kelley, 1971). The Rustler
have identified widespread hypergene and hypogene
Formation was deposited as a series of five major seaspeleogenetic processes. Hypergene karst occurrences
level advances/retreats and is characterized by cyclic
are dominated by surficial geomorphic expression
deposits of carbonate and sulfate strata (Hill, 1996),
of heavy karren development on exposed gypsum
marking the last major episode of evaporite deposition
surfaces as well as extensive solutional sinkhole
for the region. The Dewey Lake Redbeds cap Ochoan
development (Fig. 3A) often associated with wellstrata and consist of transitional, siliciclastic-rich
developed, dendritic arroyo drainage networks.
facies representing the final regression of Permian
While solutional sinkholes usually encompass multiseas and a shift into continental deposition for the
hectare watersheds, associated caves are generally
region (Hill, 1996).
laterally-limited with solutional conduit aperture size
Throughout the Mesozoic and Cenozoic, the
decreasing rapidly away from insurgences. Hypergene
Permian Basin region has largely remained above
caves are dominantly fracture controlled with smallsea-level and dominated by continental processes
scale scallops on wall surfaces (Fig. 3B) attesting to
since Pangea rifting (Horak, 1985), excluding a brief
rapid groundwater recharge along brittle deformation
period of marine transgression in the late Cretaceous.
zones during intense rain events when overland flow
By the end of the Mesozoic, the region was uplifted
and arroyo interception is high. Most hypergene caves
significantly above sea level with stratal tilting of
are limited to a few tens of meters in lateral length
3-5° towards the east/northeast due to Laramide
as humanly passable structures and often exhibit
tectonism (Dickinson, 1981; Hentz & Henry, 1989).
abrupt passage direction changes associated with
The Laramide Orogeny had little additional effect on
interception of fluid flow along conjugate joint sets
the region. Subsequent Basin and Range tectonism
generally oriented at ~N45°E and ~N40°W (Stafford et
in the Neogene down-dropped the far western edge of
al., 2008a).
the Delaware Basin, but exhibited only minor effect
Hypogene karst has been well-documented
on the greater Permian Basin region. However, the
throughout the Castile Formation with manifestations
extensional regime did induce conjugate jointing/
ranging from simple, largely isolated chambers (e.g.,
faulting throughout the Delaware Basin with general
China Mine), to complex, multi-story and laterallyorientations of ~N75°E and ~N15°W (Nance, 1993).
extensive cave systems developed within heavily
Igneous activity associated with late Basin and
folded and fractured bedrock (e.g., Dead Bunny Hole),
Range extension emplaced dike structures within the
to vertically-extensive, single riser-tube features (e.g.,
northern Delaware Basin in the Neogene and elevated
Crystal Cave) to intrastratal brecciation (Stafford et
the regional thermal gradients (Hentz & Henry, 1989).
al., 2008a). These manifestations occur in greatest
The modern geomorphic landscape of the Delaware
abundance on the western edge of the Castile outcrop
Basin, and specifically that of the Gypsum Plain
area where evaporite stratal thickness is heavily
where the Castile Formation crops out, is the result
reduced by surface denudation. These hypogene
International Journal of Speleology, 47 (3), 293-305. Tampa, FL (USA) September 2018
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karst manifestations developed at the boundary with
the underlying Bell Canyon aquifer which is locally
near the land surface (i.e., less than 200 meters)
(Stafford et al., 2008b). Hypogene manifestations
generally exhibit little correlation with local variations
in gypsum texture and commonly cut across
laminated, nodular, massive and selenitic fabrics.
Stafford (2017) identified four major variations on
traditional hypogene karst within Delaware Basin
evaporites based on the dominance of speleogenetic
drivers, including: 1) fluvial-induced hypogene karst;
2) pressure gradient-dominated hypogene karst; 3)
density convection-dominated hypogene karst; and
4) hydrocarbon-enhanced hypogene karst. While
all of these hypogenic variations show evidence of
coupled forced and free convection flow in semiconfinement during formation, each type exhibits
distinct dominance of a major driving component in
the resulting hypogene manifestation.
Fluvial-induced
hypogene
karst
has
been
documented throughout the greater Delaware Basin
region primarily in association with the eastward
migration of the Pecos River throughout the Cenozoic
(Anderson & Kirkland, 1980; Stafford et al., 2009).
Large-scale manifestations include major subsidence

features throughout the central portion of the
Delaware Basin as well as along the eastern edge of
the Delaware Basin where evaporite strata overlie the
buried Capitan Reef. Throughout the Castile outcrop
area, direct evidence of fluvial-induced hypogene
karst is less distinct, but smaller-scale, subsidence
troughs and deeply-entrenched, fluvial valleys are
common and appear to be the primary result of upward
migration of fluids towards a major potentiometric low
in the past, but have been significantly overprinted by
Neogene to recent surficial processes.
Pressure gradient-dominated hypogene karst is
most heavily developed along the western edge of
the Castile outcrop area. Here, high hydrostatic
pressures within the underlying Bell Canyon aquifer
system has produced complex, multi-storey caves
(Fig. 3C), single riser-tube caves, and isolated “vug”
caves, depending on the extent of fracturing locally
within the host rock. It is probable that significant
pressure gradient-dominated hypogene karst exists
throughout the Castile proximal to the underlying
siliciclastic aquifer contact and that a sampling bias
exists in the western outcrop region as a result of
greater surface denudation (Stafford et al., 2008b).
Many of these surficially-breached caves exhibit

Fig. 3. Traditional karst manifestations within the Gypsum Plain, including: A) sinkholes;
B) hypergene caves; C) hypogene caves; D) intrastratal brecciation; E) calcitized evaporites
forming “castile buttes.” People circled for scale (A, E); white scale is approximately 100 cm (C);
black scale bar is approximately 20 cm (D).
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artesian-like discharge following multiple intense
rain events when groundwater recharge into Bell
Canyon siliciclastics to the west creates high enough
pressures to significantly raise the local potentiometric
surface (Fig. 4).
Density convection-dominated hypogene karst
occurs primarily as intrastratal brecciation (Fig. 3D)
both as vertically-extensive breccia pipes and
laterally-extensive blanket breccias (Anderson et al.,
1978; Stafford et al., 2008c). Intrastratal brecciation
results from solutionally-aggressive fluids delivered
either vertically or laterally into preferentially soluble
zones such that the resulting void structure can
no longer support overlying strata. In breccia pipes
within the Castile Formation, ascending fluids create
soluble zones initially as pressure gradient-dominated
karst at the underlying contact with the Bell Canyon
Formation. As void size increases, collapse and
upward stoping occurs, such that density convection
flow within the collapse structure continuously
delivers solutionally aggressive fluids upwards through
the stoping structure thus enabling collapse
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structures up to several hundred meters in diameter
to propagate vertically through the entire thickness of
the evaporite strata. Similarly, blanket breccias form
through updip, lateral migration of ascending fluids,
but are generally associated with dissolution of halite
interbeds within Castile strata such that widespread
collapse occurs along solutionally removed halite
horizons. In contrast to breccia pipes, blanket
breccias are generally only a few decimeters thick but
may extend laterally over several square kilometers.
Hydrocarbon-enhanced hypogene karst broadly
overprints all other hypogene karst manifestations
but includes extensive diagenetic alteration of sulfates
within the Castile Formation. Evaporite calcitization
is common throughout the Gypsum Plain where
light hydrocarbons have migrated updip through the
Bell Canyon and Castile formations, fueling sulfate
reduction (Kirkland & Evans, 1976). Although it is
inconclusive at this point as to whether calcitization
was dominantly produced through bacterial sulfate
reduction or thermochemical sulfate reduction
(Stafford et al., 2008c), the resulting manifestations
include calcitized masses, often referred to as “castile
buttes and masses” (Fig. 3E), as well as extensive
native sulfur deposits that were economically mined
throughout the twentieth century (Lee & Williams,
2000). Hill (1996) and Stafford et al. (2008c) have
documented active degassing still occurring at
several “castile buttes” within the Gypsum Plain,
indicating that these processes are still active in the
region. Evaporite calcitization occurs commonly near
the contact between the Bell Canyon and Castile
formations, but is most often observed and associated
with intrastratal brecciation (Wallace & Crawford,
1992) where these high permeability structures
provided preferential flow paths for upward migration
of light hydrocarbons. In many instances, calcitized
masses that have been exposed at the land surface
through surface denudation continue to expel
hydrocarbon-rich gases, based on discernable odor
and the presence of powdery, secondary gypsum
deposits at degassing locations (Stafford et al., 2008c).

NON-CONFINED CASTILE HYPOGENE KARST

Fig. 4. Satellite imagery of a large sinkhole associated with a known
hypogene cave in the Castile Formation as it appeared on January
22, 2013 (A) and on October 1, 2014 (B) (images from Google Earth,
2017). Local ranchers report that the sinkhole was filled by ascending
waters following intense rain events in September, 2014, and that the
sinkhole remained filled with water for more than a year. This region
is known to host numerous hypogene caves that have stoped to the
surface creating collapse sinkholes that discharge artesian water when
hydrostatic pressure in the underlying Bell Canyon aquifer increases
following intense or prolonged precipitation events.

Although classically-defined hypogene karst forms
in confined to semi-confined hydrogeologic systems,
karst manifestations within the Castile outcrop of the
Gypsum Plain indicate that hypogene karst can form,
or continues to develop, in unconfined conditions.
The examples provided above of classical hypogene
manifestations indicate that numerous karst features
exist within the study area that were formed in semiconfined conditions that have been subsequently
breached by surface denudation and overprinted by
hypergene processes. Artesian discharge through
breached hypogene caves has been documented within
the Gypsum Plain as well as unconfined hypogene
manifestation associated with solutionally-widened
fractures, heavily leached bedrock within subsidence
valleys, and brecciated zones. These unconfined
hypogene phenomena can be largely classified into two
groups: 1) Artesian Discharge; and 2) Venting Structures.
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Artesian Discharge
Many traditionally-defined hypogene features
intermittently exhibit artesian-like discharge that
commonly induces ponding at the land surface
following intense precipitation events across the
region. These intense rain events produce significant
recharge into the Bell Canyon aquifer system and
substantially raise the potentiometric surface across
the Gypsum Plain (Stafford & Faulkner, 2016).
Such an event occurred in late September 2014 and
is attributed to anomalously high precipitation in
September 2013 and September 2014, when 250-400
mm of precipitation occurred within in 48 hours during
each of these late monsoonal season events. Because
the region is sparsely populated and land is largely
privately owned, monitoring wells do not exist within
the area to accurately document this occurrence.
However, Google Earth imagery captured on October
1, 2014 does document widespread ponding of waters
within known hypogene karst features that have been
breached by surface denudation (Fig. 4). While imagery
alone does not prove that ponding was induced by
upward migration of fluids, reports by employees of
the Texas Department of Transportation (TxDOT) in
the area confirm that following the September 2014
large precipitation event water was observed at many
locations discharging from the ground with great
enough force to form minor “artesian springs” with
pressure heads greater than five centimeters above
the land surface (Stafford et al., 2017b). This “artesian
discharge” behavior was reported as occurring at
both known hypogene caves that have been breached
and within broad subsidence valleys where bedrock
is highly fractured. Based on limited evidence
available, it appears that the intense September 2013
precipitation event significantly recharged the Bell
Canyon aquifer system and elevated potentiometric
pressures within it, likely increasing formation of
pressure gradient-dominated hypogene dissolution at
the Bell Canyon/Castile contact. The following year,
September 2014 event, repeated the same general
precipitation pattern and thus induced greater
recharge into the Bell Canyon aquifer system such
that the already elevated potentiometric pressures
were increased and exceeded the land surface. Similar
to reports from TxDOT employees, local ranchers in
the region confirm these observations and indicate
that this type of “artesian discharge” phenomenon
occurs every 30-40 years.
Field observations of hypogene caves that have
experienced “artesian discharge” do not provide
conclusive evidence of ascension of fluids subsequent
to initial porosity formation prior to breaching
because most “artesian” ponding within these features
subsequently drains back through the same flow
paths as potentiometric pressures lower, creating
additional apparent hypergene overprinting. However,
geologic evidence of this groundwater ascension has
been documented in association with brecciated zones
and subsidence valleys where “artesian discharge”
was reported by TxDOT employees. Where road
infrastructure passes through these broad subsidence
valleys in which “artesian discharge” has been

reported, extensive road failure has occurred over the
past few years primarily in the form of general road
sagging and minor collapse. Excavations conducted
at these sites identified that the underlying bedrock
is highly-fractured and leached, such that significant
portions (up to 30%) of gypsum laminae have been
solutionally removed (Fig. 5A). Based on reports of
hydrogeologic conditions in September 2014 and field
observations, shallow intrastratal dissolution occurs
in these regions when potentiometric pressures are
high enough in the Bell Canyon aquifer to propagate
fluids upwards through evaporite strata. Currently,
road failures associated with this intrastratal
dissolution of evaporite laminae are the result of reequilibration within the system as bedrock that was
dissolved and buoyantly supported during shortterm “artesian discharge” conditions compacts
and stabilizes within the “normal” hydrogeologic
regime of the area. Effectively, brief episodes of high
potentiometric pressures induce localized intrastratal
dissolution within shallow bedrock where soluble
fractions are quickly removed from the system through
“artesian discharge” and subsequent overland flow to
ephemeral streams.
At the periphery of breccia pipes, “artesian discharge”
was also documented following anomalously high
precipitation events. Bedrock exposures of breccia
pipes consistently display well-cemented internal
structures (Fig. 5B) that often develop into topographic
highs as a product of surface denudation; breccia
pipes generally contain abundant calcite secondary
cement or are near-completely calcitized (Kirkland &
Evans, 1976). However, at the periphery of breccia
pipes, high permeability zones are common (Fig. 5C)
which is expected based on general conceptual models
of breccia pipe development. In order to further asses
the permeability structure associated with breccia
pipe margins where “artesian discharge” has been
documented, a combination of electrical resistivity
analyses and field excavations were conducted. Direct
Current (DC) resistivity analyses were conducted with
an AGI (Advanced Geoscience Inc.) SuperSting R8/
IP multi-electrode resistivity meter with 56 electrodes
spaced at four meter intervals in a dipole-dipole
array. DC resistivity data was reduced with AGI’s
EarthImager 2D software with smoothed model
inversion and elevation correction from LiDAR (Light
Detection and Ranging) data with a horizontal and
vertical accuracy of 50 cm and 10 cm, respectively
(Ehrhart, 2016; Majzoub, 2017). Excavations were
conducted at DC resistivity sites through standard
backhoe trenching.
DC resistivity data from the transitional zone of
the core of a large, 500-meter-diameter, breccia pipe
illustrate well the high permeability outer boundary
as well as minor regions of increased permeability
within the central portion of the structure
(Fig. 6). DC resistivity imaging confirms the presence
of preferential flow paths at the transitional zone
between brecciated cores and largely unaltered host
rock within the Castile Formation. Because these
transitions generally occur on relatively steep slopes
bounding the margins of topographic highs created by
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Fig. 5. Unconfined karst features associated with artesian discharge: A) intrastratal dissolution and
leaching of gypsum laminae in highly fractured rock within a solution subsidence valley that exhibited
artesian discharge in the September 2014 precipitation event; B-D) breccia pipe permeability variability
including well-cemented breccia near the breccia pipe core (B) and poorly-cemented and permeable
breccia at margins of breccia pipe (C-D). Note extensive insoluble residue in near-surface breccia as
indicated by red clay (D). Scale bars are approximately 25 cm.

differential surface denudation, they do not appear to
intercept significant overland flow and thus are not
being heavily influenced by meteoric processes, but
instead appear to be zones that are only hydrologically
active when potentiometric pressures in the Bell
Canyon aquifer are sufficient to induce artesian-like
conditions. Excavations within these breccia pipes
provide evidence to support DC resistivity analyses;
towards the center of breccia cores, brecciation is
well cemented (Fig. 5B). Excavations at the margin
of breccia pipes identified heavily fractured rock with
solutional widening that appears to have resulted from
sluggish flow regimes (Fig. 5C) including minor nearsurface clay accumulations that appear to be largely
insoluble residues (Fig. 5D) and not typical alluvial
soils found in outcrop throughout the Gypsum Plain.
In addition to artesian-like discharge associated
with anomalously high aquifer pressures within
the Gypsum Plain, sparsely-distributed, lowflow, persistent artesian springs do occur at a
few locations. These springs generally exhibit a
strong “rotten eggs” odor suggestive of a significant
hydrogen sulfide component (Stafford et al. 2008c).
Many of these springs contain abundant colonies of
white, filamentous bacteria proximal to the spring
orifices and actively discharge gas bubbles, likely as
a result of decreasing fluid pressure proximal to the
land surface (Nance & Stafford, 2009). They appear
to retain relatively consistent flow and do not show

significant variation in discharge between extended
periods of drought or periods of intense monsoonal
activity. These features remain effectively unstudied,
but likely represent mixed fluid sources including
hydrocarbon-rich fluids, likely derived from basinal
waters, and fluids ascending from the underlying
Bell Canyon aquifer. More study is needed on these
features to define the fluid sources and unravel the
complexities of these isolated, persistent springs.
Venting Structures
Venting structures include features associated
with both fracture networks and breccia pipes within
the Gypsum Plain and are characterized as minor
topographic highs that often exhibit expulsion of air
with high moisture content. Features are commonly
recognized as topographic ridges within relatively flat
landscapes when associated with fracture networks or
as clusters of domal structures when associated with
breccia pipes. All venting structures are characterized
by heavily recrystallized, highly porous and friable
secondary gypsum at the land surface which largely
comprises and often replaces original gypsum fabrics.
Fracture vents (i.e., venting structures developed
along fractures) generally occur in highly fractured
bedrock with closely-spaced fracture sets. Associated
topographic ridges range from 40 to 150 cm in height
with comparable widths (Fig. 7A, B, E) and exhibit
interfracture regions that form low depressions, often
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Fig. 6. DC resistivity analyses associated with breccia pipe development. Upper image depicts relationship
orthoimagery to a 224-m-long survey (blue line) conducted parallel to a road in Culberson County, Texas (note
that the dashed white line in the orthoimagery marks the approximate transition from the brecciated to the
unbrecciated regions in outcrop). Lower images include DC resistivity profile (RMS 14.2%) and interpretation.
Note that the core of the breccia pipe is highly cemented (Fig. 5B) with high resistivity values, while porous and
permeable zones within and on the margin of the breccia pipe are delineated in dark blue in the interpretation.
Hydration buckles associated with unconfined hypogene karst development were documented towards the
center of the survey region (red stars), while artesian discharge regions were documented at the margins
(green stars) and confirmed in field excavations (see Fig. 5C-D).

floored with cryptogamic soils (Fig. 7E). Superficially,
fracture vents mimic pressure ridges, but true pressure
ridges in the area rarely exceed 10 cm in height and
30 cm in width, but may laterally extend for tens of
meters forming polygonal networks within gypsic
crusts. Most ridges associated with fracture vents do
not exhibit any surficial connectivity or breach points,
but at intermittent intervals small collapse structures
occur through the central crest of the fracture ridge
(Fig. 7D). These breach points intercept verticallywidened fracture planes that appear to extend for at
least tens of meters deep with widths of centimeters
to decimeters based on field borescope observations;
however, most are too narrow for human exploration
or when large enough for human entry only extend
for a few meters before becoming impassable (Fig.
7D). All observed fracture vents that had been
breached exhibit solutional widening with smooth

cuspate morphologies and significant accumulations
of vapor moisture on rock surfaces (Fig. 7C). In
regions where fracture vents with breached crests
have been documented, the underlying Bell Canyon
aquifer is generally within 100 m depth. It is probable
that these fractures propagate downward through
the Castile Formation to the Bell Canyon contact
providing direct connectivity to the underlying
aquifer system.
While fracture vents were not documented in regions
of known or even suspected “artesian discharge” in the
September 2014 precipitation event, it is likely that the
potentiometric surface at that time was significantly
elevated within these fractures. DC resistivity studies
with 56 electrodes were conducted at locations where
fracture vents were documented; however, instead of
acquiring DC resistivity data in a single acquisition
phase, a roll-along survey was conducted with one
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are coupled within decimeters to one meter of the land
surface to highly permeable breccia zones. However,
these occurrences generally form near the crest of
topographic highs created by differential erosion of the
breccia pipes in contrast to the “artesian discharge”
features documented at the margins of the breccia
structures. Shallow excavation into these structures
consistently encountered elevated vapor moisture
and at times secondary gypsum recrystallization
along breccia clast boundaries (Fig. 9C). While
not specifically investigated through DC resistivity
analyses, data collected at breccia-pipe boundaries
to document permeable “artesian discharge” zones
was collected that included minor hydration buckle
phenomena (Fig. 6). As with fracture vents, hydration
buckles generally occur at topographic highs coupled
with localized doming that precludes any significant
interception of meteoric waters to these features.
Therefore, like fracture vents, hydration buckles
appear to be largely associated with moisture-rich
vapor ascension through permeable zones that are
coupled with deeper water sources.

Fig. 7. Fracture vent occurrences of unconfined hypogene karst.
Orthophoto (A) and drone imagery (E) coupled with digital elevation
model (B) show elevated ridges and interfracture lows with
cryptogamic soils that are associated with fracture vents. Normalized
Density Vegetation Index (C) shows higher moisture flux (green)
associated with many of the fracture vents. Vent Cave (D) illustrates
the typical solutional-widening observed when fracture vents are
breached at the land surface.

meter spacing, instead of four meter spacing used for
breccia pipes, in order to better resolve small fracture
widths (Fig. 8). Data from these sites indicate high
permeability, near-vertical fractures that correlate
well with surficial expressions of venting fractures
based on aerial imagery and in-field investigations.
This confirms that unbreached fracture vents retain
the same general morphology and porosity structure
of the intermittently breached features and do extend
to depths of greater than ten meters.
In association with breccia pipes, hydration buckles
(i.e., venting structures developed in association
with collapse breccia) occur in clusters of elliptical,
dome-like structures (Fig. 9A-C) that superficially
appear similar to tumuli (Fig. 9D) but lack open cavity
structures generally found within centimeters beneath
the surface of tumuli. Hydration buckles are generally
composed of highly porous and friable clasts of breccia
that retain semblances of original gypsum fabric and

Fig. 8. DC resistivity analyses associated with unbreached fracture vents.
Upper image depicts relationship of orthoimagery to a 196-m-long survey
(blue line) conducted parallel to a road in Culberson County, Texas (note
the well-defined lineaments in imagery data that are fracture vent ridges).
Lower image shows same spatial area as upper image, but as a digital
elevation model with major lineaments (i.e., fracture vents) marked with
dashed white lines. Middle images include DC resistivity profile (RMS
9.5%) and interpretation. The low resistivity region proximal to the land
surface is interpreted as porous bedrock with mixed indurated gypsic
alluvium, while black dashed lines indicate probable zone of near-vertical
fractures that are associated with unconfined hypogene karst forming
fracture vents.
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Fig. 9. Domal surface structures within the Gypsum Plain include both hydration buckles (A-C) formed
as non-confined hypogene karst and classic gypsum tumuli (D) formed as weathering crusts. Note
smooth domal structure of gypsum tumuli (D) versus more irregular surfaces of hydration buckles (AB) and the distinct difference in internal structures, where tumuli form hollow voids (D) and hydration
buckles are composed of porous, altered gypsum breccia (C). Scale bars are approximately 50 cm.

Venting structures, both fracture vents and
hydration buckles, within the Castile outcrop area
exhibit distinct similarities although they occur as
different geomorphic expressions. These features
consistently exhibit high moisture vapors within near
surface pore space and have extensively recrystallized
sulfate mineralization at the land surface extending up
to a meter into the subsurface. These features appear
to be the result of upward convection of solutionallyaggressive water vapor derived from volatilization of
water from the underlying Bell Canyon aquifer which
condenses on fracture/breccia clasts, dissolving
rock surfaces and increasing porosity similar to that
described for condensation corrosion in other karst
settings (Ford & Williams, 2007). Saturated waters
then likely descend through the pore structure and
are returned to the underlying Bell Canyon aquifer
system. However, water vapor that approaches the
land surface and dissolves near-surface sulfate rocks
quickly evaporates in the arid conditions of the Gypsum
Plain, thus promoting re-precipitation of highly porous
material that is low density with increased volume
and creating buckling associated with the crests
which form fracture ridges and hydration buckles.
Effectively, the near-surface recrystallization of
sulfate rocks subsequently precludes the interception
of surficial water from recharging into these features
thus effectively isolating these unconfined hypogene
features from meteoric processes.

DISCUSSION
Many studies over the past decade have focused on
hypogene speleogenesis ranging from morphological
variability to geological and geochemical environments

associated with formation. In general, discussions
on hypogene karst over the past decade have largely
followed the definition of Ford (2006), where he
defined hypogene speleogenesis as: “. . . the formation
of caves by water that recharges the soluble formation
from underlying strata, driven by hydrostatic pressure
or other sources of energy, independent of recharge
from the overlying or immediately adjacent surface.”
Klimchouk (2007) noted that “Hypogene development
may continue in unconfined setttings, but confined
conditions are the most essential element of hypogenic
speleogenesis.” Because confinement is often
considered essential for hypogene processes, often
semi-confined to confined conditions are implied to
be requisites for hypogene karst to develop as noted
by Mylroie and Mylroie (2009) where they describe
hypogene karst as “. . . dissolution of carbonates and
evaporites in confined or semi-confined settings.”
However, numerous examples of unconfined
hypogene speleogenesis have been documented over
the past decade. The massive cenote-like structures at
Sistema Zacatón reported by Gary and Sharp (2009)
as volcanogenic karstification have been associated
with hypogene speleogenesis where volcanic gases
provide additional solutional aggressivity of ascending
fluids through thick carbonate strata. Land (2009)
documented ascension of waters from the San Andres
artesian aquifer upwards through interbedded
evaporites of the Artesia Group towards the Pecos
River in eastern New Mexico as a mechanism for the
formation of cenote-like structures of Bottomless
Lakes State Park. Schindel et al. (2008) introduced
the concept of hypogene processes associated with
the Edwards aquifer in central Texas in order to
characterize the artesian flow regimes within this
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complex aquifer system that is directly coupled with
hypergene karst porosity in near adjacent regions.
While these only represent a small fraction of the
diversity of hypogene karst manifestations that exist
in unconfined settings, they all include components
of upward migration of fluids through soluble zones
that are at least locally decoupled from immediate
influences of meteoric processes.
Clearly, unconfined karst features associated with
artesian-like discharge within the Castile Formation
of the Gypsum Plain fall within the scheme of
hypogene karst as defined by Ford (2006) and in many
instances represent a continuum of hypogene karst
that originally formed in semi-confined conditions
that continue to be intermittently and hydrologically
active as hypogene caves in unconfined conditions.
Venting structures, both fracture vents and
hydration buckles, similarly exhibit characteristics
of unconfined speleogenesis that are potentially
linked to earlier phases of semi-confined hypogene
development but are currently being modified by
condensation-corrosion processes. While fracture
vents and hydration buckles superficially fit into the
general classification of pressure ridges and tumuli
as examples of weathering crusts described by
Macaluso and Sauro (1996), these features are not
limited to surficial exposures. Instead, these features
are coupled to deeper flow networks that descend
well into the subsurface beyond the range of surficial
crust development and commonly exhibit upward
fluid (moisture-laden air) migration exiting from them,
thus classifying them as unconfined hypogene karst.
Hypogene karst within the Castile Formation of
the Gypsum Plain exhibits complex variability in
manifestations ranging from karst porosity development
that formed in complete confinement to features that
are associated with unconfined conditions. In many
instances, original hypogene structures are heavily
overprinted by hypergene processes when surface
denudation breaches these features, although some
of these continue to exhibit episodic hypogene activity
associated with intermittent artesian-like discharge
conditions. However, unconfined hypogene venting
structures discussed within this manuscript effectively
remain hydrologically isolated from surficial meteoric
processes although they are coupled with the land
surface. Local topographic highs created by ridge
structures developed along fracture vents and domal
structures created by hydration buckles prevent
interception of any significant overland flow into
these features even during intense rain events. While
hydration buckles are related to permeable zones in
breccia pipes created by an earlier phase of hypogene
karst development, fracture vents do not definitively
exhibit patterns of overprinting an earlier phase of
confined to semi-confined hypogene origins. However,
it is probable that these fracture vents are similar to
the transverse flow model of Klimchouk (2009) for
the Piedmont Range of the Crimean Mountains but
continue to exhibit hypogene speleogenesis in the
unconfined settings created by surface denudation
because of the arid conditions of the southwestern
United States.
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CONCLUSIONS
Karst development within the Gypsum Plain is
complex and represents multiple episodes of hypogene
karst development, semi-confined and unconfined, as
well as hypergene manifestations. Variable overprinting
by hypergene processes complicates interpretations
of karst phenomena, while the remote nature of the
area with limited land access to researchers restricts
regional comparison of karst manifestations across
the entirety of the Gypsum Plain and other evaporite
lithologies throughout the greater Permian Basin
region. The unpredictable nature of weather patterns
with anomalously high precipitation events occurring
at decadal scales further hinders direct correlation
of the modern hydrogeologic system to active karst
development.
As research continues within the evaporites of
the Castile Formation, the speleogenetic history
and diversity of karst manifestations continues to
expand in complexity. The unconfined hypogene
karst manifestations reported in this manuscript add
another level of speleogenesis to karst regions where
arid conditions coupled with local geomorphic highs
preclude significant influences of meteoric processes
on surficially-connected hypogene karst features.
As seen in other regions around the world, unique
hypogene phenomena manifest in unconfined settings
as long as these features remain largely decoupled
from overland flow and direct influences of meteoric
processes.
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Abstract:

Keywords:

Recent environmental processes are studied in ʻA’rak Naʻasane Cave at the northern Judean
Desert, Israel. The outer zone of the cave is heavily influenced by the outside environment
through a large entrance, facilitating entry of air flow, fauna and humans, with minor caveforming modifications. Conversely, the inner cave sustains humid and warm conditions,
favoring modifications by condensation corrosion of convective air flow, associated with
deposition of popcorn speleothems at the lower parts of dissolution pockets. The warm
humid air of the inner cave may be associated with an underlying thermal water table. Active
condensation corrosion is decreasing, possibly because of gradual change in the cave
microclimate, associated with falling water table and ventilation. Increasing connection with
the surface is indicated by high collapse domes, rare flood invasion, and a large Trident
Leaf-nosed bat community which spends the winter within the innermost parts of the cave.
Bat guano supports bedrock corrosion and a rich invertebrate fauna, but humans preferred
the outer parts of the cave, particularly for refuge during the second Jewish revolt against the
Romans. Rare occasions of ancient human entry into the inner cave support this scenario
by the small number of artifacts compared with the outer cave. Enigmatic small cairns in the
largest inner hall were probably erected during the Intermediate Bronze Age.
confined cave, cave microclimate, condensation corrosion, bat guano, popcorn speleothem
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INTRODUCTION
Hypogene caves differ from epigene caves both in
speleogenesis and later processes. Those located
under arid conditions that are not invaded by epigene
streams or dripwater, can retain unique environment
due to lack of flowing water, contrasting with upward
flow of heat and vapor. Following erosional breaching,
such caves may develop a special set of features
which reflect both their hypogene heritage and the
increasing connection with the surface.
During recent years, speleogenesis of hypogene caves
underwent increasing research (Chavez & Reehling,
2016; Klimchouk et al., 2017, and references therein).
However, post-speleogenesis processes peculiar
to these caves have attracted less studies. Here we
*amos.frumkin@mail.huji.ac.il

discuss various aspects of ‘A’rak Na‘asane (Fig. 1),
a cave which may serve as an example of possible
post-formational processes. An emphasis was made
to cover various aspects of the cave, including
geology, geomorphology, microclimate, biology and
archaeology.
The cave is located at Nahal Dlayah (Arabic: Wadi edDaliyeh), eastern Samaria, Israel (Long. 35.407476°
Lat. 31.994938°). It is the northernmost large cave in
the Judean Desert region of well-developed hypogene
caves (Frumkin et al., 2017a,b).

GEOLOGY
The cave is developed mainly within hard lower
Turonian (upper Cretaceous) limestone of Shivta
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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at the top of chamber F, Fig. 3b). The quartzolite
commonly protrudes from the surrounding carbonate
rocks due to the quartz durability.
Occasionally, high cupolas and domes reach the
stratigraphically higher Turonian-Coniacian Nezer
Formation, the uppermost formation of the Judea
Group. Its base is a ~3 m thick marl bed, overlain by
thickly-bedded, finely-crystalline dolomite with some
limestone.
The cave is within the Auja Monocline, the
eastern flexure of major anticline of this region
(Fig. 2, 4, and 5). This anticline is a part of the folded
structures of the Syrian Arc (Fig. 1 inset) which started
forming during the Turonian (Shahar 1994). At Nahal
Dlayah, the Auja monocline strikes N-S. Following
the layers of Shivta Formation, the cave passages are
inclined along the dip of the monocline.

SPELEOLOGICAL BACKGROUND

Fig. 1.Location topographic map. Rectangle indicates Fig. 4.

Formation. On the surface it is a cliff-forming unit,
cropping out along the walls of Nahal Dlayah and
forming its sub-vertical cliffs, up to 20 m high (Fig. 2).
The lower member of Shivta Formation consists of
dark-grey limey dolomite. The upper member, in
which most of the cave is developed, consists of thickbedded, mud-supported biomicrite or pelbiomicrite,
and mud-supported to grain-supported biosparite or
pelbiosparite. This rock type includes well-rounded
bioclasts (Begin 1974). The bedrock intersected by the
cave is commonly white, but on the surface outside
the cave it is covered by grey patina. The Shivta
Formation was deposited in an open sea with high
mechanical energy.
The cave intersects several quartzolite lenses and
segmented quartzolite layers, up to ~0.5 m thick
(Fig. 3a), which are typical to the top of Shivta
Formation. The term quartzolite refers to hard and
hardly soluble, coarse to finely crystalline silicified
rock. It preserves marine Turonian fossils perfectly,
such as burial accumulations of Nerinea sp. (e.g.,

‘A’rak Na‘asane is one of many caves in the Judean
Desert which developed under hypogene conditions,
beneath the confining Mount Scopus Group aquitard.
The processes that could interplay to form ‘A’rak
Na‘asane and associated caves were discussed earlier
(Frumkin, 2017a,b), and will be presented shortly here.
The main speleogenetic phase of these caves
occurred during the Oligocene-early Miocene, after
the region emerged above the Eocene sea. During
the initial speleogenetic period the regional relief
was much flatter than today, and Judea Group was
saturated with groundwater. As in other regions of
the Judean Desert, a deep fault underlying the Auja
monocline (Fig. 2, 3) could facilitate upward fluid
migration across heterogeneous strata (Shahar,
1994). Fracturing across the convex-upward part
of the monocline could provide focused upflow of
deep fluids towards the confining regional aquitard
of Mount Scopus Group. The cave developed at the
optimal vertical location, at the uppermost massive,
pure limestone of Shivta Formation. Within the
preferential flow zone below the confinement, the
hypogene water could mix with lateral epigene water
flowing from the truncated anticline west of the cave.
The aquitard cover was partly breached by the regional
truncation surface since the Oligocene, enhancing
vertical permeability.

Fig. 2. ʻA’rak Naʻasane (Red circle, left) entrance in Judea Group limestone at the Auja monocline. The confining Mount Scopus aquitard was eroded
on the left, remaining intact on the right. View to north.
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‘A’rak Na‘asane entrance altitude today is 134 m
asl, but during speleogenesis it was probably closer
to sea level. Since then, the cave has been dewatered
due to the increasing relief.
During the Miocene the groundwater flow was partly
disrupted by the initial formation of the Dead Sea
transform between 18 and 16 Ma (Joffe & Garfunkel,
1987), or closer to 14 Ma (Bar et al., 2016). The
regional groundwater flow shifted towards the Dead
Sea morphotectonic depression, coupled with arching
and uplift of the mountain ridge west of the rift valley.
Upwelling groundwater was mostly diverted to the
new base level of the Dead Sea basin. The Dead Sea
Transform and associated rifting juxtaposed the site
of ‘A’rak Na‘asane along the developing Dead Sea –
Jordan Depression. This newly formed depression
attracted further deep flow as common in rifting zones
(Klimchouk, 2017).
The coupled effect of the deep Syrian Arc fault and
the younger Dead Sea depression faults played a
more important role in ‘A’rak Na‘asane than in other
Judean Desert caves, which formed either along
less-developed monoclines or farther away from the
Dead Sea depression (Frumkin et al., 2017b). Thus,
‘A’rak Na‘asane probably supported focused crossformational upward flow and hypogene karstification
for long-enough time to create the largest maze cave
in Israel (by volume).

a
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Fig. 4. ʻA’rak Naʻasane on a structural map. Contour interval 50 m. Red
circles indicate hypogene caves, with radius proportional to cave length.
Caves are concentrated mainly along the Auja monocline. New Israel
Grid, modified after Fleischer & Gafsou (2000). See Fig. 1 for location.
Israel Transverse Mercator Grid coordinates.

Following the increasing relief between the subsiding
Dead Sea – Jordan Valley and its uplifting shoulders,
the water table dropped below the cave, and fluvial
erosion dissected the surface. The small canyon
of Nahal Dlayah, which flows to the Jordan Valley,
breached the cave, forming a single entrance at the
northern wall of the canyon (Fig. 2). ‘A’rak Na‘asane is
the largest cave in this canyon, which boasts several
hypogene caves (Frumkin 2015) (Fig. 6).
The purpose of this paper is to discuss features and
processes of the later stages of the cave evolution,
following its dewatering and breaching by Nahal
Dlayah. These include geogenic, biogenic and
anthropogenic features which seem to differ from
epigene caves, and thus contribute to understanding
the late history of hypogene caves.

METHODS

b
Fig. 3. a) Quartzolite lense within limestone etched by dissolution in
the cave; b) Nerinea sp. fossils replaced by quartz in a Quartzolite
layer.

A new survey of the cave was performed according
to common speleological survey standards, Grade 5C
(Fig. 7, 8). Most of the surveyed length and volume was
newly discovered in 2017, during the present study,
by careful monitoring of air currents and enlargement
of tight passages.
Temperature, relative humidity and major gases
were measured at selected sites along the cave, on
two visits during December 2017, using temperature,
humidity and gas meters. The visit on December 31 was
accompanied by better calibration of the equipment,
hence its measurements are used throughout the
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a

b
Fig. 5. Geology of ʻA’rak Naʻasane vicinity, modified after Begin (1974). a) Geological
map. Green outcrops of the left half are Judea Group limestones and dolomites.
Olive to brown on central right are remains of the confining aquitard of Mount Scopus
Group. White on extreme right is Quaternary fill of the Jordan Rift Valley; b) Geological
section across the Auja monocline with projected location of A’rak Naʻasane. Elevation
in m above and below sea level. Israel Grid and global coordinates.

Fig. 6. Topography of Nahal Dlayah (10 m contour interval) with projections of
the major caves. A) ʻA’rak Naʻasane; B) Yogev Cave; C) Mugharet Abu-Shinjeh.
Israel Transverse Mercator Grid coordinates.

paper, but December 15 measurements are
also used. Each measurement was taken
once the device value was stable, using UNI-T
UT333-Mini Temperature & Humidity Meter,
and SNDWAY SW-825 PM 2.5, Temperature
and Humidity meter.
In addition, cave air was sampled December
31 2017, and analyzed in the laboratory. Air
samples were collected into vacuumed 3 ml
sampling flasks. Filling of the flask with the
sample air was performed by opening the flask
tap for 2-4 seconds and then closing it in the
sampling location. One sample of atmospheric
air was taken outside before entering the cave
(Fig. 9). The other ten samples were taken in
pairs in the following locations of Fig. 9: 1, 2,
12 (one sample leaked and was lost), 7, and
8. The cave air samples were analyzed for O2
and CO2 contents by Hampadah System in
The Hebrew University of Jerusalem, by the
method described in Hilman & Angert (2016).
Morphologic and sedimentary features
were recorded across the cave by inspection
and photographs. Archaeological survey was
performed across the cave, with emphasis
on its newly discovered parts. The finds were
cleaned and identified in the laboratory by
correlation with similar artefacts. Fauna was
recorded across the ecological niches of the
cave, and arthropod specimens were sampled
for identification in the laboratory.

ARCHAEOLOGY AND HISTORY
OF EXPLORATION
Bedouins from the Ta’amireh tribe looted
the nearby Mugharet Abu-Shinjeh Cave (Fig. 6)
in the early 1960s, and discovered 18 legal
papyri and their clay sealings (bullae) as well
as two gold seal rings from the end of the
Achaemenid Period. The legal documents were
written in Aramaic in the city of Samaria during
the fourth century BCE, and were brought to
Mugharet Abu-Shinjeh by residents of the city
who rebelled against Alexander the Great in 331
BCE and fled the Macedonian reprisals (WinnLeith, 1997; Gropp, 2001; Dušek, 2007).
As a result of these outstanding discoveries,
an expedition to Wadi ed-Daliyeh caves was
organized by the American School of Oriental
Research (ASOR) in Jerusalem. The excavations
were conducted by Paul and Nancy Lapp, during
1963-1964. ‘A’rak Na‘asane was briefly explored
and only partly excavated by the Lapps, who
labelled it “Cave 2”, since their main interest was
in Mugharet Abu-Shinjeh, “Cave 1”. The ASOR
expedition excavated in the outer wing (Fig. 7
Halls A-B-D) of ‘A’rak Na‘asane, and reported
finding large artifact assemblages from two
phases - Intermediate Bronze Age (IBA, 23502000 BCE), and Roman period (2nd century
CE)– as well as more isolated finds from the
Middle Bronze Age (MBA, 2000-1550 BCE), Iron
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Age (1140-586 BCE), and Mamluk period
(1250-1517 CE). The finds were presented
and discussed in the final report of the
excavations (Lapp & Lapp 1974).
The central parts (up to chamber M-N) of
‘A’rak Na‘asane were first investigated and
mapped by the Israel Cave Research Center
(ICRC) in 1980, after renewed looting by the
Bedouins. During the following years, the
ICRC continued the exploration of caves
along the cliffs and slopes of Nahal Dlayah
(Frumkin & Langford, 2015; Frumkin,
2015: 156-171; and lit. cit. there).
The outer segments of the cave, up
to Chamber D, contained numerous
IBA burials that were excavated by the
ASOR expedition; these burials were
accompanied by several burial goods
each (mainly ceramics; Fig. 10a), and
generally resemble burial assemblages
found in other IBA cemeteries of the
central highlands of the southern Levant
(Dever in Lapp & Lapp, 1974). Another
rich assemblage found in Halls B-D of the
cave was attributed to the Bar Kokhba
revolt (132-136 CE). The finds included an
assemblage typically found in the Judean
Desert refuge caves: a bronze coin of the
Bar Kokhba administration (Fig. 11),
apparently from the last year of the war,
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Fig. 8. Selected profiles and cross sections of ʻA’rak Naʻasane, surveyed by Boaz Langford,
Shemesh Ya'aran, Micka Ullman, Vladimir Buslov, ICRC, 2011-2017, Grade 5C.

Fig. 7. Plan of ʻA’rak Naʻasane, surveyed by Boaz Langford, Shemesh Ya'aran,
Micka Ullman, Vladimir Buslov, ICRC, 2011-2017, Grade 5C.

four elbow keys, pottery and glass vessels, two
wooden combs, a decorated bronze handle, a
wooden bowl and leather sandals, among other
finds. In the 1980 ICRC explorations, a hoard
of 16 silver denarii of Trajan and Hadrian was
found, as well as a single tridrachm (Erlich &
Damati 1998), which also belonged to Jewish
refugees who fled to the cave at the end of the
Bar Kokhba revolt (Fig. 11) (Eshel, 1998).
In 2017, the authors, on behalf of the ICRC
at the Hebrew University and the Department
of Land of Israel Studies and Archaeology at
Bar-Ilan University, conducted a renewed
speleological and archaeological exploration of
‘A’rak Na‘asane, following antiquities looting.
A full archaeological report of the 2017
explorations is under preparation.
A significant archaeological find of the renewed
survey was two IBA lamps (Fig. 10b) found in
a remote inner part of the cave (passage R and
underlying voids), further away from all previous
finds from this period in the cave. These two lamps
are the innermost material-cultural remains
found to-date in the cave, and are indicative
of an episodic penetration into the inner cave
segments. Further inside, within the large hall
zz’, ca. 30 man-made small stone cairns (Fig. 12),
each built of several small stones arranged one
of top of the other in a haphazardly manner,
were found. While direct dating of these cairns
seems like an impossible task, the lack of any
indication for recent human penetration into
the inner segments of the cave (from passage R

International Journal of Speleology, 47 (3), 307-321. Tampa, FL (USA) September 2018

312

Frumkin et al.

relation to ritual activities, their nature yet
unknown.
Roman period finds were also uncovered
during the 2017 survey. This small
assemblage was in chambers NA and NB
(Fig. 7), two medium-sized high galleries
not penetrated before, which branch off
chamber C of the outer segment of the cave.
On the northeastern side of this chamber
there is a hidden and very difficult, partly
collapsed passage which was first discovered
in 2017. The passage leads to a series of
upper voids with a total length of 33 m. The
first passage, between boulders and yellow
clay debris, leads to cavity NA (dimensions
9 × 5 m; height 2.5 m). The ground of cavity
NA is covered with boulders; yellow clay
overlying Shivta Formation is exposed along
its western wall. In our survey, an intact
cooking pot and a jug were found in this
cavity. Both pottery vessels have parallels in
archaeological assemblages of the first and
early second centuries CE.
From cavity NA, it is possible to climb a
steep southward slope and pass through
narrow crevices between boulders toward
an upper cavity - NB (dimensions 7x10 m;
maximal height 4 m). This cavity is in fact
the upper level of cavity NA and is full of
rock debris, colored clay and many stratified
layers of Nezer Formation bedrock.
An intact cooking pot and fragments of a
Judean (“Darom”) oil-lamp, both typical to
the period between the two Jewish revolts
against the Romans and the Bar Kokhba
revolt, were found; some beads and few
fragments of pottery from the IBA were
found in this cavity as well.
In summary, the archaeological explorations
conducted at ‘A’rak Na‘asane revealed
evidence of substantial human activity
during the Intermediate Bronze Age and
during the Bar Kokhba Revolt. Few finds
are associated with the MBA, Iron Age
I, Byzantine, Early Islamic and Mamluk
periods as well. The total absence of late
Persian Period remains is intriguing,
indicating that A’rak Na’asane, for reasons
unknown, was not used by the Samaritan
refugees which occupied the near-by, and
Fig. 9. Cave climate and gas measurements, December 2017. a) Measurements
much smaller, Abu-Shinjeh Cave.
on cave map; b) CO2 as a function of O2 on 31 December 2017; c) Variations of
It appears that Jewish refugees fled to
temperature, relative humidity, and gases according to distance along the main cave
passage on 31 December 2017.
the ‘A’rak Na‘asane cave from settlements
onwards) prior to our 2017 survey, and the absence
in the eastern Samaria or from the Jordan Valley
of material remains other than the aforementioned
at the end of the Bar Kokhba Revolt. This was the
two IBA lamps, may imply that this section was
northeastern-most refuge cave used during the
briefly visited by humans sporadically and possibly
Revolt. In contrast to other refuge caves, ‘A’rak
only once, during the Intermediate Bronze Age. While
Na‘asane has an easily reached entrance; the refugees
speculative due to the meager archaeological data,
apparently hoped that the depth of the cave and its
it should be emphasized that the IBA was the only
remote location - away from roads and settlements
period during which people have entered the deepest
- would ensure their safety. The absence of human
segments of hypogene maze caves in the Judean
bones in the cave, as opposed to other refuge caves
Desert (Eshel, 1999; Frumkin, 2015), probably in
(Frumkin, 2015 and references therein), raises
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Fig. 10. Intermediate Bronze Age artifacts from A’rak Naʻasane:
a) pots as discovered (Lapp & Lapp, 1974) near the cave entrance;
b) oil-lamps from the inner part, locality R, discovered during the
new ICRC survey (2017).

the possibility that the Jewish refugees survived
the revolt.

CLIMATE AND CAVE MICROCLIMATE
Annual precipitation is ~200 mm, potential
evaporation ~1800 mm, and mean annual temperature
~21°C. The cave is within the rain shadow, semi-arid
part of Israel. Climate was wetter during the glacial
periods (e.g., Vaks et al., 2003; Lisker et al., 2010)
when the presently dry Jordan Valley east of the cave
was inundated by Lake Lisan.
Measurements inside the cave were taken between
the hours 6:30-19:30, showing a relatively narrow
range of 24°C at the entrance (changing by hour and
season), to 26°C inside the cave (Fig. 9). The relative
humidity rises significantly the deeper one gets inside
the cave, and range from 71.5% at the entrance up to
99.5% at the deepest sections. The floor cover appears
to reflect the humidity levels as it varies from dry at
the entrance to damp and muddy soil at the humid
parts of the cave. There also seems to be a connection
between the presence of bats at the different sections
to the humidity levels in these sections: thousands
of Trident Leaf-nosed bats colonize the deep, humid
parts of the cave, but their presence might also
increase the humidity.
Measured surface air temperature and relative
humidity outside the cave entrance during the present
study, December 2017, varied between 15.5-24°C and
55-70%, respectively. Within the inner parts of the cave

Fig. 11. Finds from the Bar Kokhba revolt, sites B-D near the cave
entrance. 10-16: Part of a hoard of silver denarii of Trajan and Hadrian;
17: tridrachm of Trajan; (Damati & Erlich 1981; Erlich & Damati,
1998); 18: Bronze coin of Bar Kokhba (Lapp, 1974). Scale – 1 cm.

(from chamber t inwards) air temperature and relative
humidity were consistently 25.5-26.1°C and 95.999.5% respectively, with local variations according to
specific conditions such as air flow, condensation and
biogenic activity. Between the entrance and the inner
cave, the values rose gradually (Fig. 9c). High values
were recorded also at the western maze (r-d’’), with
values of 25.7-26.3°C and 93.4-97%, respectively. The
relatively high values of the inner parts of the cave do
not seem to change dramatically across the year, as
indicated by our whole year visits, so the microclimate
in the inner parts is warm, very humid and stable.
Laboratory analyses of oxygen and CO2
concentrations in the cave show that they gradually
change from atmospheric values on the entrance
(O2 = 20.95%, CO2 = 0.05%) to the lowest concentration
of O2 = 20.56 ± 0.05% and the highest concentration of
CO2 = 0.30 ± 0.02% on station 8 (see Fig. 9 for details).
Measurement with an oxygen sensor in additional
locations show that oxygen concentration decreases
to 20.2% in some places. An air current is observed
along the cave voids, particularly in tight squeezes.
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CAVE MORPHOLOGY

Fig. 12. A 20 cm high man-made small stone cairn, built of several
small stones, within the large hall (U).

Active gravity-driven water flow has hardly been
observed. However, at some points the cave walls
are damp. At site g the dampness seems to flow
and accumulate on overhangs of the cave bedrock
wall, forming occasional drips (Fig. 13a). At site y’,
‘popcorn’ deposits are damp, and water drips hang at
the bottom of the overhanging popcorn, occasionally
gathering to form drips (Fig. 13b). The high relative
humidity (~99%) of the air at these locations and the
overall distribution of the dampness, without clear
association to fractures, may suggest that the water is
condensing from the cave air upon contact with cooler
rock surfaces. This will be isotopically and chemically
checked in the future. The bottom of the cave is damp
within most of the cave inner parts, but dry at the
outer segments, within tens of m from the entrance.

The total length of the cave according to the new
survey is 2238 m. Its maximal depth below the
entrance is 52 m. The total cave area is 8331 m2, and
its volume is 35,161 m3. Of this, the major chamber
z-z’ occupies 2077 m2 and 13,643 m3 respectively.
This is the largest passage in the Judean Desert by all
its geometric features. In addition, ‘A’rak Na‘asane is
the largest cave in the Judean Desert by volume.
No rising half tubes or bubble trails were observed.
However, so-called ‘phreatic’ or ‘hypogene’ morphology
is common, including elliptical cross-section of
passages, ‘boneyard’-like tubes, smooth walls,
cupolas, and solution pockets (Fig. 13c,d). These are
encountered in most parts of the cave, although in
some places this morphology is obscured, mainly due
to mechanical breakdown of the ceiling.
In plan view, the cave resembles a rough maze
composed of few large elongated chambers, directed
to azimuth ~120°, intersected by smaller passages
which tend to undulate to various directions. Similar
to other maze caves, ‘A’rak Na‘asane has a small areal
coverage and large passage density. Most passages
reach up to 3 m and rarely 10-15 m in width and
height. Passages commonly occupy one tier and are
not interconnected in complex networks. In certain
places, such as site R, two tiers have developed. The
passages appear to follow bedding planes along their
intersection with fractures. Fractures and bedding
planes are initially of sub-millimeter to sub-centimeter
wide. Some are filled with secondary calcite deposit,
but boxwork features are not well-developed.
Horizontal passages terminate abruptly or gradually.
Rising shafts extend upwards from passages in
some places. Those that extend upwards commonly
terminate abruptly in smooth ceiling cupolas,
commonly within Nezer Formation.

Fig. 13. a) Condensation water on bedrock and on bat urea stalactites; b) Condensation water on cave
popcorn. Picture width ~20 cm; c) Elliptical passage at the outer part of the cave; d) Passage z-z' at the
inner part of the cave, with cupolas.
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Scallops of fast-flowing water were not observed, but
mudbanks (below) probably indicate flooding event(s)
which invaded the cave in the past.

CAVE DEPOSITS
Detrital sediments indicative of fast-flowing water,
such as pebbles are not observed within the cave.
Gravity-controlled dripstones, such as stalactites
or stalagmites are rare. Remnants of stalagmites
were observed at the unroofed part outside the cave
entrance. These may be related to specific subaerial
conditions of the entrance, such as dripline effects
of concentrated flow from the upper escarpment and
soil outside the cave. The most common chemical
deposits are cave ‘popcorn’ and ‘corals’, which will
be discussed below. In some cases, the popcorn is
associated with additional depositional features, such
as bedded, flowstone-like calcite (Fig. 13a,b), bedded
detritus (Fig. 14c), and rim-like deposits. In some
places, few mm- or cm-thick deposits of calcite spar
are observed, partly filling fractures (Fig. 14d).
Bat-guano deposits at the inner parts of the cave
interact with underlying bedrock, dissolving it and
forming corrosion rinds. The minerals formed during
this process have yet to be determined (Fig. 15).
Dry mud banks composed of dark brown terra-rossa
like clays are observed along R-T passage (Fig. 16a).
Horizontal lines on the wall above the mudbanks
indicate the paleo-water level which deposited the
mud banks. The mud banks appear to represent a
relatively recent event in the history of the cave, as it
fills and covers condensation corrosion features, such
as deeply incised cupolas and associated popcorn
(below). The location of the mudbanks deep within
the cave may indicate that the flood water and mud
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entered the cave from above, rather than from the
present entrance. Another, less-likely possibility is
that the mudbanks represent the latest groundwater
stage in the cave, thus filling underwater voids with
phreatic morphology.
Collapse features are rare along narrow passages,
but more common in wider sections and chambers.
The bottom of the largest passage z-z’ is commonly
covered with boulders of up to few m in size. In few
places, large collapse piles indicate partial collapse of
the cave roof, such as at sites F, g, and NA-NB. During
the recent study the collapsed pile of rocks at site NANB was climbed. Roman period vessels together with
IBA remains (above) indicate that the collapsed pile
has not been very active during the last few thousand
years.

CONDENSATION BY CONVECTIVE
AIR CURRENTS
Some collapse domes have ceased collapsing a
long time ago, followed by thermal vapor convective
remodeling. The top of such high domes is closer to
the surface, thus exposing significantly cooler rock
surfaces (compared with cave air), at least during the
winter, allowing convection flow and condensation
corrosion.
Indeed, high humidity and CO2 at the inner high
points of the cave (Fig. 9) suggest that the warm air
of the cave rises to the higher points where cool rock
causes the vapor to condense, absorbing CO2 and
giving rise to condensation corrosion while the air is
cooling. Upon cooling, the air flows down, allowing
additional rise of warm humid air. Eventually, the
thermal-gradient produces condensation ceiling
cupolas, which could lead to its misinterpretation as

Fig. 14. a) Flowstone-like old deposit covered by popcorn-like deposit, both truncated by recent condensation
corrosion at site S; b) Several generations of flowstone-like deposits divided by unconformities, both truncated
by recent condensation corrosion, S; c) Laminar detritus (on bedrock), covered by popcorn-like deposit, upper
part of passage zz’; d) Fractured-filling of calcite covered by popcorn, all truncated by recent condensation
corrosion, T. Picture width 5 cm;
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Fig. 15. Corrosion by bat guano with a reaction rims. a) Guano halfpocket on cave wall under Trident Leaf-nosed bats (Asellia tridens).
Picture width ~80 cm; b) Guano pocket viewed from above; c) Guano
half- pocket with reaction rim.

phreatic in origin (Audra, 2017). Such high dome-like
cupolas appear at few places in the cave, such as the
‘Cathedral’ (g) and dome V.
More common are smaller, deeply incised corrosion
pockets, up to few m in size, developed along ceilings,
walls and in some high parts of the cave, even on
the bottom of passages (Fig. 16a-c). The pockets
and cupolas usually do not have a fissure control or
indications of water input or output. The rocky wall of
the pockets at the inner parts of the cave is commonly
soft and powdery, extending into the wall up to a few
cm, occasionally >10 cm, eventually passing into
hard, unaltered limestone.
The lower parts of the pockets are commonly covered
by cave popcorn or coralloid deposits (Fig. 13b, 14d,
and 16d). The lower popcorn and the upper corroded
pockets are commonly divided by a sub-horizontal
line (Fig. 17a). Some corroded pockets intersect
other pockets including their associated popcorn,

showing generations of pockets, and forming a clear
cross section of the older pocket-popcorn systems
(Fig. 17b-d).
The observed sections show that some popcorn was
deposited over previous layered deposits, composed
in some places of flowstone-like calcite (Fig. 14a,b),
and in others of detrital silt and laminated sediment
(Fig. 14c).
The outer parts of the cave (Fig. 7A,B,C,D) are
presently well-aerated by the dry desert atmosphere.
Dry air flowing into the cave mixes with internal warm
and moist air, decreasing its temperature and relative
humidity. The cave walls at this part have hard
bedrock surfaces.
The passage into the inner parts of the cave has tight
squeezes, restricting ventilation. Condensation is still
active there and can be observed in some places,
while near the entrance the low humidity probably
eliminates the potential of condensation.
The coupled corrosion pockets and associated
popcorn-coralloid deposits are attributed to local
convection air currents. As in the high domes,
the rising warm, humid and buoyant air appears
to condense on high surfaces, absorbing CO2,
subsequently corroding the surface. For condensation
to proceed, this heat has been removed through solidstate thermal conduction and/or by downward flow of
the condensate (Dreybrodt et al., 2005; Dublyansky et
al., 2017).
The cooled air loaded with aerosols flows downwards
and deposits popcorn.
Old flowstone-like deposits observed at the inner
parts of the cave appear to be in close association with
popcorn deposits and corrosion pockets (Fig. 14a,b).
Both types of deposit may indicate a downward film
of condensate, depositing flowstone and popcorn
beneath condensation centers. The abundance
of these deposits may indicate larger amounts of
condensed water in the past, possibly associated
with a nearby thermal water table. No flowstone is
currently being deposited within the cave.

FAUNA
‘A’rak Na‘asane Cave includes several ecological
niches, each niche inhabited by unique fauna
and harbors an assemblage with different species
composition. The ecological niches differ in their
distance from the cave opening, relative humidity,
temperature and in their floor cover structure. The
cave is inhabited by two species of insectivorous bats
(present in different areas in the cave), few species of
detritivores: two species of woodlice, one troglobitic
silverfish, one psocopteran species, collembolas and
about four species of blind troglobitic arachnids of
different taxa, now under investigation, most probably
undescribed species.
The main energy source in the inner parts of the cave
is bat guano. Bat urea on the ceiling supports some
urea stalactites (Fig. 13a; Audra et al., 2017). Trident
Leaf-nosed bats (Asellia tridens Geoffroy, 1813) inhabit
these parts, particularly during the winter, when
their number amounts to thousands. They provide
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Fig. 16. Effects of convectional condensation corrosion and deposition. a) Cupolas and mudbank covering
the lower passage, including dissolution pockets, site S; b) Solutional pockets cutting fractured limestone. Note
calcite deposits (left) and mudbank fill (lower right); c) Pocket cutting a passage; d) Coralloid deposit on popcorn.

guano which is consumed by a rich invertebrate
fauna flourishing on this organic resource. Most of
the cave-rich fauna, as expected, is correlated with
the fresh and moist bat guano. Pellegrini & Ferreira
(2013) showed that species richness and diversity are
positively correlated with moisture, while considering
the cave community associated with bat guano and
the adjacent soil.

Sections A, B, D – these outer sections are
characterized by low (compared with inner sections)
winter temperature and low relative humidity (24.225.4°C and 71.5-87.3%, respectively). The fauna
found in these sections is connected to the fauna
found outside of the cave. These sections are actively
inhabited by Lesser rat-tailed bats (Rhinopoma
hardwickei Gray, 1831), producing a strong odor due

Fig. 17. Effects of condensation corrosion. a) Condensation corrosion in upper wall of passage underlain
by popcorn deposit; b) Dissolution notch with overgrowth of popcorn, undercut by condensation corrosion;
c) Close view of popcorn deposit and bedrock, both truncated by condensation corrosion; d) Truncated coralloids
on corroded limestone.
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to their feces and urine. On 31 December 2017 we
observed an Egyptian fruit-bat (Rousettus aegyptiacus
Geoffroy, 1810) corpse that had been decomposing
for a few weeks at section A (Fig. 18a). This is the
first observation of this species in the cave, out of
more than a dozen visits during the past years. The
presence of this fruit-eating species may explain the
appearance of a small seedling of a non-indigenous
Ficus tree species growing on the wall at the entrance
section.
The dry loose dusty deposit at the bottom of the
outer sections is inhabited by the Egyptian desert
cockroach (Polyphaga aegyptiaca Linnaeus, 1758) in
high abundance (especially in section A). Unidentified
small spiders were active on the bat guano which was
deposited on top of a layer of goat feces. Remnants of
Hymenopterans (ant wings, bee’s body parts), antlions
(Palpares sp. wings) and moths (wings and heads)
were deposited on the floor, most probably uneaten
parts of bat’s prey. Feces of Indian crested porcupine
(Hystrix indica Kerr, 1792) were also present in these
sections. We encountered only small numbers of the
soft tick Ornithodoros tholozani (Laboulbène & Mégnin,
1882) which is known to be abundant in Israeli caves
inhabited by large mammals.
One of the local cave predators found in these
sections is the recently described troglophile pholcid
spider, Artema nephilit (Aharon et al., 2017). Artema
nephilit is distributed in caves along the Jordan Rift
Valley and is one of the largest pholcid spiders in the
world. This spider builds a large, non-sticky silk web
on the ceiling and walls of caves, and has preference
for the entrance and middle parts of caves rather than
the deeper darker section.
The south-western part of the cave, section d-d’’,
is composed of narrow net-like passages with dark,
damp and compact floor cover. Bat guano, porcupine
feces and spines are present on the floor. This section
is different from section D by its higher humidity level
(relative humidity 93.4-97%). This may be associated
with a large wall, situated in the middle of a medium
hall, just before the entrance to the narrow cavities,
which decreases ventilation. Large numbers of
troglobite psocopterans were observed foraging on the
guano, mainly in this section (Fig. 18b); interestingly,
they were absent in the inner parts of the cave
(from section G onwards). A unique brown-reddish
layer, found only in this section, appears to be an
unidentified Cyanobacteria, growing and covering
parts of the walls in a thick layer and in the surface
of cracks as it forms a fine delicate lamella (Fig. 18c).
Section E-F – in these sections we encountered
different conditions of humidity and soil characteristics.
Both temperature and relative humidity are higher
(25.3-25.7°C and 96.4%, respectively) than in sections
A, B, D. Hence, the floor unconsolidated cover is
characterized by less dry powder-like particles than
in sections A, B, and D, however it is not wet or
damp. Few but unique organisms were found in these
sections: an undescribed mite was found dwelling
on the floor cover and underneath small stones,
and in proximity to few specimens of a depigmented
troglobite psocopteran as observed in large numbers
st

at the humid south-western section dd’’. In those
sections there was no deposition of bat guano.
Sections G-M-N – from section G and deeper, the
humidity is higher (temperature 25.7-26.1°C, relative
humidity 95.8-96.6%) and the floor cover is damp.
Along the relatively narrow long section G there is
hardly any bat guano. Few specimens of woodlice and
theraphosid spider were observed in the large hall,
opened widely at t. In the eastern part of this hall,
the high “Cathedral” hall g slopes upwards, having
very humid and wet conditions (temperature 26°C,
relative humidity 98.9%). Here is the first appearance
of the unique faunal assemblage inhabiting the inner
wet parts of the cave. This assemblage appears also
deeper in section R and in the humid large hall z-z’
(especially on rich accumulations of bat guano).
Few hundreds of Trident Leaf-nosed bats appear at
the high chimney-like ceiling of g. These bats have
been estimated to number tens of thousands on our
visits to chamber g-M-N during the winters of 19791980, so their numbers have drastically decreased
at this part of the cave. The guano and associated
Arthropoda assemblage at this part of the cave have
also decreased dramatically from 1980 to 2017.
On the floor of g, large theraphosid spiders and
woodlice are present on the bat-guano pile, together
with Loxosceles spiders, unidentified large troglobite
silverfish of the Nicoletiidae family (Escherich, 1905),
and an undescribed arachnid.
This assemblage
is present at the following sections and is absent
at the previous sections and sections M-N. A few
small pits in the entrance of the “Cathedral” hall
accumulate (condensation?) water, where we found
few collembolas on the water surface. It appears to
be the single locality of this taxon at the whole cave.
Sections R, S, T, U, and V – these sections are
characterized by higher humidity (temperature
25.5-25.8°C, relative humidity 98.1-99.5%) and
the floor cover is wet and muddy. Sections R, S are
relatively narrow passages while sections T, U, V
are an elongated large hall inhabited by ~500-1000
specimens of Trident Leaf-nosed bats (Fig. 18d). This
large passage is the main gathering place, where the
bats presently congregate during the winter. However,
it is not clear whether the bats fly all the way from the
main cave opening, through long and narrow cavities
or otherwise through unknown hidden openings at
the cave ceiling. The floor of the hall is covered by
massive collapsed rocks; between them a thick layer
of guano is deposited, which together with corpses of
bats is enriching the cave with organic resources. Two
species of unidentified woodlice (Isopoda: Oniscidea)
were observed in these sections: one was feeding
on guano (Fig. 18e) while the other was observed
on a bat corpse covered with brown fungi (Fig. 18f).
Theraphosid spiders are abundant in large numbers
in these sections, as well as in other parts of the cave,
one specimen was observed consuming a woodlouse
(Fig. 18g). Large troglobite silverfish (Insecta: Zygentoma)
with long appendages were observed mainly in these
sections as well as in other humid and wet parts of the
cave, foraging near guano, on rocks and on wet muddy
soil (Fig. 18h). Four additional arachnid species were
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Fig. 18. a) Egyptian fruit-bat (Rousettus aegyptiacus) found dead at section A; b) A depigmented psocopteran foraging
on bat guano. Picture width ~0.7 cm; c) A brown-reddish layer, growing on the walls of section DA, appears to be
an unidentified Cyanobacteria. Picture width ~15 cm; d) A Trident Leaf-nosed bat (Asellia tridens) clinging on a wall
at section W. Picture width ~24 cm; e) Three specimens of the abundant isopod species foraging on fresh guano.
Isopodes are among the most important detritivore species in the cave, especially abundant at the deeper sections.
Picture width ~2.5 cm; f) A less common isopod species, observed at the "Cathedral" hall and at section T. Picture
width ~1 cm; g) A large theraphosid spider consuming a woodlouse. Picture width ~2.5 cm; h) An eyeless, troglobite
silverfish found on the humid and deep section, cleaning its extremely long antennae. Picture width ~3 cm.

collected and are being investigated, most of them, if
not all, are undescribed species.

SOURCE OF HEAT
In spite of the tectonic uplift and erosional breaching
modifications (above), the inner cave still supports
humid and warm conditions today (Fig. 9). The inner
cave temperature, ~26°C, is ~5°C warmer than the

subaerial mean annual temperature ~21°C. This
elevated temperature needs to be explained.
The oldest rock outcrop along the Ramallah
anticline is Jurassic, appearing where the anticline
is deeply breached by tectonics and erosion, 35 km
NNE of ‘A’rak Na‘asane. At this point, Hamam el Malih
springs allows access to the deep thermal water of the
Jurassic aquifer. At 34-35°C, Hamam el Malih water is
~10° warmer than nearby fresh epigene groundwater,
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and is considerably richer in solutes (TDS ~3500 mgl-1).
In particular, a large solute enrichment relative to
nearby epigene water is observed in the following ions:
Na, Cl, SO4, K, Br, Sr, Ba, and Li (Siebert et al., 2012).
Although closer to ‘A’rak Na‘asane the deep aquifer
has not been penetrated to our knowledge, there are
many indications that it does occur under the Syrian
Arc structures and its water still rises along the faults
which underlie the monoclines of these structures.
For example, rising of deep, old water along the Auja
Monocline, 22 km SSW of the cave (Fig. 4), is indicated
by low radiocarbon content of ‘Ein Fara water, which
contains 60-70% old flow (Kroitoru, 1987; Frumkin
et al., 2017a), contrasting with younger groundwater
further downstream.
The source of the high temperatures and humidity
in ‘A’rak Na‘asane can hardly be attributed only to
physical, chemical or biological processes within the
cave, as these conditions occur in large volumes of
cave voids, and seem not to vary considerably within
the inner cave, across areas with different physical,
chemical or biological processes. In addition, vadose
drip water has not been observed in the cave, and
dripstones are generally absent.
While the cave is positioned today above the water
table, the most likely source of its humidity and heat
may be rising vapor or solid-state thermal conduction
from the underlying thermal water. Similar flow of
humid, warm air occurs also in many blowholes along
the western shoulders of the Dead Sea transform (e.g.,
cave A16, Schwager & Miron, 1990).
The modern decreasing activity of condensation
corrosion may indicate that intensive condensation
corrosion had been more active during the latest
stages of hypogene karstification when the thermal
water was still closer to the cave.

CONCLUSIONS
A desert hypogene cave can develop unique
microenvironments following its speleogenesis. ‘A’rak
Na‘asane Cave developed two main cave environments.
The outer zone of the cave is associated with the
outside environment because of the large entrance
enhancing ventilation, as reflected by several features:
temperature, humidity, gases, archaeology and faunal
assemblage. This environment has been hospitable
for entry of fauna, as well as refuge of humans, but
has not been morphologically dynamic since the
formation of the cave entrance.
Conversely, the inner cave is very humid and
warm. The high temperature and humidity favor
dynamic modification of the cave and unique faunal
assemblage, but unfavor human use.
The most significant post-speleogenetic development
is condensation corrosion and associated popcorn
deposition. Another process is bedrock alteration and
dissolution under deposits of bat guano, as indicated
by solution pockets and alteration rims (Fig. 15).
The high humid and warm air of the inner cave may
be associated with rising thermal water underlying
the cave. Condensation corrosion at the inner parts
of the cave seems to become progressively inactive

today, possibly indicating a gradual change in the
microclimate inside the cave. The most likely reasons
are falling of the thermal water table and/or increased
ventilation caused by the intersection of the cave with
the subaerial surface and formation of the entrance.
In addition to the present entrance, increasing caveto-surface connection is indicated by collapse piles,
flood water invasion, and possibly by the large bat
community at the innermost parts of the cave, which
may enter the cave by a yet-unknown additional
opening(s).
The warm and humid air inside ‘A’rak Na‘asane
appeals to thousands of Trident Leaf-nosed bats
which spend the winter inside the cave. Their guano
supports a rich invertebrate fauna. On the other
hand, humans found this environment too harsh,
and preferred the outer parts of the cave even under
enemy threat. Rare occasions of human entry into the
inner cave support this scenario by the small number
of artifacts compared with the outer parts of the cave.
The small cairns in the largest hall, possibly erected
during the Intermediate Bronze Age, constitute one of
the more enigmatic phenomena related to past cave
occupations in the southern Levant, and may relate
to symbolically-loaded activities associated with IBA
penetrations deep into maze caves of this region.
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Abstract:

Keywords:

The Upper Geyser Basin in Yellowstone National Park occurs over a siliceous hydrothermal
terrane containing numerous hot springs and geysers. The pool and vent-conduit geometries
of these hydrothermal features share a resemblance to conventional karst features known
from other rock types, suggesting karst processes could be responsible for their origin and/
or evolution. Hypogene speleogenesis is a cave-forming process in which the formation
of caves is decoupled from and occurs independently of surface recharge. The geologic
setting for hypogene speleogenesis typically occurs at the distal end of regional groundwater
systems wherein the hydrogeology is manifested by ascending fluids and/or by geochemical
interactions, and whereby the source of aggressiveness occurs at or below the water table.
Applying the notion of hypogene speleogenesis, we compare with it the aspects of the
hydrogeology, geochemistry, geomorphology, and geological setting of the Upper Geyser
Basin to determine if this process might serve as an effective mechanism for the origin and/
or evolution of these hydrothermal features. Applying karst concepts to these hydrothermal
features may be significant as it could provide new insights into understanding their origin,
function, and evolution.
hypogene, speleogenesis, Yellowstone, geysers, caves
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INTRODUCTION
The Upper Geyser Basin in Yellowstone National
Park (Figs 1 and 2) contains numerous hot springs
and geysers with pool and vent-conduit geometries
that resemble karst features such as rise pools and
vertical cave entrance shafts. The development of
karst features is traditionally associated with the
dissolution of carbonate rocks such as limestone,
dolomite, and marble, whereas the hydrothermal
features in the Upper Geyser Basin occur within
an amorphous opaline silica known as ‘geyserite’
(Jennings, 1971; Braunstein & Lowe, 2001). Silicate
karst is documented from Africa, Australia, South
America, and Europe, while caves formed within
geyserite deposits are known from the Bakony
Mountains in Hungary and their origin is attributed
to the concurrent development of geyserite deposition
and dissolution by alkaline solutions (Gunn, 2004;
Eszterhas & Szentes, 2013). Amphorous silica (such
*kevwbla@ecok.edu

as geyserite) becomes increasingly soluble at high
temperature and pH (Palmer, 2007), conditions which
are common in the Upper Geyser Basin. As such, the
boiling temperatures and alkaline-chloride waters
of the Upper Geyser Basin is appropriate for the
dissolution of geyserite and the development of caves.
The floors of many of the hot spring pools in the
Upper Geyser Basin are visible and their depths can
be measured, but the extent of the vent conduits
remains unknown. However, exploration of the Old
Faithful geyser-vent conduit using a video camera
by Hutchinson et al. (1997) revealed the presence of
chambers at depths of about 14 m. More recently,
geophysical investigations of hydrothermal tremors at
Old Faithful and Lone Star geysers have revealed the
presence of large subsurface cavities laterally offset
from the main geyser vents (Vandemeulebrouck et al.,
2013, 2014). How these cavities and chambers formed
is of interest because of the role they play in geyser
function, as well as how they may evolve over-time.
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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METHOD OF EXAMINATION

Fig. 1. The Upper Geyser Basin shown within Yellowstone
National Park.

Fig. 2. A satellite photograph of the Upper Geyser Basin and its
associated geyser groups.

PURPOSE AND SCOPE
In this paper we investigate the formation of these
hot spring pools, vent conduits, and subsurface
cavities ‘through the lens’ of karst hydrogeology.
This paper includes discussions of (1) the geologic
setting of Yellowstone and the Upper Geyser Basin;
(2) the hydrogeology of the Upper Geyser Basin
and Old Faithful geyser; (3) the geochemistry of
the hydrothermal fluids and sinter deposits; and
(4) the geomorphology of the Upper Geyser Basin
hydrothermal features. From this discussion, we
compare these various characteristics of the Upper
Geyser Basin thermal features with a model of cave
formation known as ‘hypogene speleogenesis’. Through
this approach, we present possible mechanisms by
which these features form and what effect this might
have on geyser function and evolution.

In this study we rely heavily on a review of existing
literature, observations in the field through permitted
off-boardwalk travel, and speculation. All offboardwalk travel was permitted under ‘Yellowstone
Research Permit YELL-2017-SCI-7094’ and was
conducted primarily in the Geyser Hill Group of the
Upper Geyser Basin.
We speculated in a previous review (Blackwood
et al., 2016) that hypogene speleogenesis may be
responsible for the development of these hydrothermal
features because of the favorable hydrogeology and
geochemistry. Since many hypogenic caves are
diagnosed by their morphological features, only after
the kinetics that formed them have ceased, most of our
field surveys are focused on identifying morphological
features within geysers and hot springs. This was
aided with the use of distance measurement devices,
underwater cameras, and FLIR infrared thermal
imagery cameras. Several of the pools and vents were
also mapped or sketched. The morphological features
of interest in our surveys include wall and ceiling
features that are indicative of formation by rising
fluids. We are interested in these morphologies to
see how they might compare to the literature on the
hydrogeology and geochemistry within the model of
hypogene speleogenesis.
Chemical measurements were also collected using
multi-parameter meters with the main interest being
temperature, pH, total dissolved solids, and specific
conductance. These were mainly used to confirm that
the pools being surveyed were (1) thermal and; (2) of
the alkaline type.
We speculated that some of the deep hot spring
pools might have formerly been subsurface cavities,
such as the steam chambers of geysers, but became
unroofed through hydrothermal explosion or collapse.
Therefore, we looked for seemingly extinct geyser
cones within close proximity to hot spring pools.
In this paper we will sometimes refer to vent
conduits and subterranean cavities or chambers as
‘caves’. We mean this in the sense that is concerned
with karst hydrogeology; such that fluids are moving
through pores in a soluble solid material in which
the porosity and permeability has been enhanced
through dissolution to allow for turbulent flow and
the mobilization of dissolved and eroded material
(Ford & Williams, 2007; Palmer, 2007; Alexander,
pers. comm.). Speleology involves the direct observation
of caves, which would be possible if the thermal
fluids were cooled to ambient temperature. However,
direct observation is not currently possible within
the deeper vent conduits of these boiling thermal
features. Our observations during these surveys were
limited by these extreme fluid conditions as well as
our commitment to have as little impact as possible
on these unique geological system.

HYPOGENE SPELEOGENESIS
In this study, we compare various geological
characteristics of the Upper Geyser Basin thermal
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features with a model of cave formation known as
‘hypogene speleogenesis’ to determine if and how
closely these features fit within that model. Hypogene
speleogenesis is a cave-forming process in which
the formation of caves is decoupled from and occurs
independently of surface recharge. The geologic
setting for hypogene speleogenesis occurs at the
distal end of regional groundwater systems wherein
the hydrogeology is manifested by ascending fluids
and/or by geochemical interactions, and whereby
the source of aggressiveness occurs at or below the
water table (Palmer, 2007; Klimchouk, 2011). The
ascension of fluids is driven primarily by hydrostatic
pressure from below, confined by intervening beds
of low-permeability rock, or other sources of energy
such as tectonics or geothermal convection. Fluid
aggressiveness may occur by chemical, physical,
and/or microbial processes. The resulting geomorphic
expressions of hypogene speleogenesis appear as
vertical fluid ascension caves and shafts, cupolas
and domes, irregular rooms, and isolated chambers,
typically at the distal end of regional groundwater
flow systems (Klimchouk, 2011).

STUDY AREA
Yellowstone National Park encompasses an area
of nearly 9,000 km2 in northwestern Wyoming, with
minor extensions into southern Montana and eastern
Idaho (Fig. 1). The park currently sits over a mantle
plume which is estimated to extend to a depth of
600 km, but may extend much deeper with depths
exceeding 1,000 km (Yuan & Decker, 2005; Obrebski
et al., 2011, Tian & Zhao, 2012). The underlying
mantle plume has produced numerous episodes of
rhyolitic-basaltic volcanic activity, throughout the
Snake River Valley and Yellowstone region, as the
North American plate has migrated in a southwesterly
direction for approximately the last 17 million years.
This hot-spot migration has resulted in three calderaforming events within the park boundaries during the
last 2.2 million years (Christiansen, 2001; Yuan &
Decker, 2005; Obrebski et. al., 2011). Nearly 50 postcaldera volcanic events also have been documented
for the Yellowstone Caldera and are associated with
two major resurgent domes known as the Mallard
Lake and the Sour Creek Domes (Christiansen, 2001).
These post-caldera volcanic events, collectively
known as the Plateau Rhyolite, formed the Yellowstone
Plateau which produced a significant effect on the
regional topography and climate (Christiansen, 2001;
Pierce, 2004). The annual precipitation rate, due
to orographic effects of the Plateau, is about 180 200 cm of precipitation per year. Previously, the
Yellowstone Plateau was the site of the largest alpine
glacial icecap in the western United States during the
time of the Pleistocene (Yousif, 2002; Pierce, 2004).
The massive glacial icecap likely had a significant
effect on crustal deformation, as well as volcanic and
tectonic activity of the region. Yellowstone is also one
of the most seismically active areas in the Western
United States with more than 44,000 earthquakes
recorded and occurring at a rate of about 1,500 to
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2,000 earthquakes per year since 1973 (Farrell et
al., 2009).
This combination of geothermal convection, high
annual precipitation rates, crustal deformation, and
active seismicity has resulted in the park being the
most active hydrothermal region in the world with
more than 10,000 hydrothermal features (Rinehart,
1980; Fournier, 1989). Meteoric fluids percolate deep
into the crust where they are heated by the underlying
magma plume, become buoyed by thermal expansion,
and carry dissolved solids to the surface whereupon
they deposit large mounds of siliceous sinter and
travertine around hot springs and geysers (Rinehart,
1980; Knauss & Wolery, 1988; Fournier, 1989;
Hurwitz & Lowenstern, 2014). Travertine deposition is
not associated with the alkaline-chloride waters of the
principal geyser basins, but these do occur outside the
Yellowstone Caldera with the greatest deposits around
Mammoth Hot Springs where caves are also known
to occur (Barger, 1977; Pisarowicz, 2003; Pentecost,
2005). Thermal alkaline-chloride waters, with pH
values ranging from 6.7 to 9.6, are associated with all
of the principal geyser basins as well as the deposition
of siliceous sinter within Yellowstone National Park
(White et al., 1975; Hurwitz & Lowenstern, 2014).
The Upper Geyser Basin, which is the focus of this
study, encompasses an area of about seven km2
within the Firehole River Basin and is underlain by
fractured rhyolites of the Biscuit Basin lava flow
(Bindeman & Valley, 2000). The Upper Geyser Basin
contains the greatest concentration of geysers in the
world, with nearly 300 of its springs known to erupt
as geysers (Bryan, 2008). The lithology of the Upper
Geyser Basin consists of top layer of siliceous sinter (6
m thick), glacially emplaced and consolidated gravels
of rhyolite and obsidian (70 m thick) and underlain by
fractured rhyolite (White et al., 1975; Rinehart, 1980).
The altitude of the geyser basin is approximately
2,200 m above mean sea level, and at this altitude
the boiling point of water is 94°C, and is near-neutral
on the pH scale at about 6.2 (Braunstein & Lowe,
2001; Guidry & Chafetz, 2002). The main sites that
are the focus of this study include Old Faithful and
the Geyser Hill Group.

HYDROGEOLOGY
The hydrogeology of the Yellowstone Plateau occurs
as a mostly meteoric groundwater system in which
water is recharged locally from rain or snowmelt;
a regional magmatic groundwater component is
also present (Fournier, 1989). The contribution of
the magmatic fluids to the groundwater system
appears to be less than a few percent; however, the
interpretation of the stable isotope compositions of
the thermal fluids is difficult due to the dilution of
ascending deep fluids with local meteoric waters and
by subsurface boiling, resulting in the fractionation
of isotopes between steam and liquid (Craig et al.,
1978: Fournier, 1989). The alkaline-chloride waters
are calculated to be in the range of 340 to 370°C
fluids, rich in dissolved CO2, H2S, and with low delta
deuterium values. This suggests that these fluids
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probably originated from deep regional flow paths
where they were either recharged from areas remote
from the geyser basins or by ancient precipitation
from a cooler climate period (Truesdell et al., 1977;
Fournier, 1989; Rye & Trusdell, 2007).
The thermal groundwater reservoirs are recharged
by high rates of precipitation (180–200 cm/year),
heated by the underlying magma plume where fluids
are then buoyed by thermal expansion, and ascend
through an open plumbing system toward the surface
to be discharged at hot springs (Rinehart, 1980;
Yousif, 2002). Within geysers, the process is a bit
more complicated. Hydrostatic pressure prevents the
thermal groundwater from boiling, but phase change
near the water table results in a reduction of hydrostatic
pressure, causing the underlying groundwater to flash
to steam where it may empty itself catastrophically
(Rinehart, 1980). Geyser eruptions are also aided by
the presence of gases, such as CO2, which contribute
to vapor pressure during boiling (Hurwitz et al., 2016;
Ladd & Ryan, 2016). Geophysical investigations by
Vandemeulebrouck et al. (2014) have revealed the
presence of a large subsurface cavity laterally offset
from the main geyser vents at both Old Faithful
and Lone Star geysers, suggesting these cavities act
as ‘bubble traps’ where steam generation occurs. A
constriction within the Old Faithful geyser vent was
detected by Hutchinson (1997) from lowering a video
camera into the geyser vent constrictions appear to
be another essential feature affecting geyser function
within these plumbing systems.
Some geysers erupt with such regularity that
their eruptions can be predicted within ranges of
minutes or hours. Disruptions in intervals between
eruptions are often linked to earthquakes, earth
tides, and changes in barometric pressure, climate,
and anthropogenic influences such as injecting alkali
soaps into geyser vents (Hague, 1889; Hurwitz et al.,
2008, 2014). However, at Old Faithful Geyser, these
factors appear to be statistically insignificant and
geyser variability may be dominated by an interaction
between internal processes and interaction between
other geysers (Hurwitz et al., 2014). Little is known
of the reservoirs beneath the geyser basins, but
geophysical investigations have revealed what appears
to be a complex 200 m diameter network of fractures
and cavities beneath Old Faithful Geyser, extending
to the contact with the underlying rhyolite to a depth
of approximately 70 m (Wu et al., 2017).

and evaporation process around geysers and hot
springs. Non-crystalline (amorphous) silica is about
20 times more soluble than quartz and comprises the
uppermost cave-bearing strata of the principal geyser
basins (Rinehart, 1980; Baunstein & Lowe, 2001;
Guidry & Chafetz, 2002; Palmer, 2007). Geyserite is
deposited around the geysers and hot springs in thin
layers (several cm thick) that are relatively brittle,
but may accumulate to several meters in thickness.
Approximately 352,000 kg of sinter has been
calculated to be deposited in Yellowstone daily (1.32
– 10 g/L) as the thermal waters cool and precipitate
excess silica (Rinehart, 1980; Wood, 1986; Knauss &
Wolery, 1988).
Hot water is a very potent cave forming agent (Palmer,
2009) and the groundwater beneath the geyser basins
is well above the altitude boiling point due to the high
hydrostatic pressures in semi-closed convection over
the magma plume. Sinter deposits and clear-blue
water with pH values >8 are only associated with
the more alkaline springs (Rinehart, 1980; Ball et
al., 1998; Braunstein & Lowe, 2001). The deep hot
spring pools, vent conduits, and subsurface cavities
are best known from these clear-blue waters. Brines
are present at depths of 5,000 m and at temperatures
of 340–370°C. Salinity increases quartz solubility and
it is likely that these brines are a contributing factor
in deep-seated dissolution (Rinehart, 1980).

GEOMORPHOLOGY
The geomorphology of the Upper Geyser Basin
shares a resemblance to traditional karst features in
carbonate rocks. Many of the hot springs resemble
karst springs such as rise pools and blue hole springs
(Figs. 3 and 4). The vent conduits of several geysers
resemble vertical cave entrance shafts. Old Faithful
contains a vent conduit that would fall into this
category.
The plumbing of geysers is mostly unknown,
inasmuch as it is out of view and the extreme
environment is limiting to most conventional methods
of inspection. Where inspected, geysers typically
contain vertical vent shafts, in which water ascends
and from which steam is ejected. Cameras lowered
into geyser vents have revealed the presence of
chambers and constrictions within these shafts,

GEOCHEMISTRY
The Upper Geyser Basin is underlain by silica-rich
rocks such as rhyolite, consolidated obsidian gravels,
and geyserite. Rhyolite is composed of about 70%
quartz, which becomes increasingly soluble with
increasing temperature and increasing pH, levelsoff around 350°C, then declines, forming silicic acid
(H₄SiO₄) (Bennett et al., 1991; Martini, 2000). Obsidian
is composed of the much more soluble non-crystalline
(amorphous) silica, with percent silica nearer 80.
Geyserite, a massive opaline sinter, is formed when
dissolved silica is precipitated during the cooling

Fig. 3. Karst spring in ambient temperature water in the Texas Hill Country.
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Fig. 4. Hot spring in the Upper Geyser Basin in Yellowstone National Park.

and both appear to play an important role in
geyser function (Rinehart, 1980; Hutchinson et al.,
1997). Geophysical investigations utilizing seismic
tomography have revealed the presence of large domelike chambers beneath and laterally offset from the
geyser vents at Old Faithful and Lone Star Geysers
(Fig. 5). These chambers are formed beneath the sinter
layers within the obsidian gravels and appear to play
important roles in geyser function and development
(Vandemeulebrouck et al., 2013, 2014). These
chambers appear to be partially air-filled, allowing
space for steam generation and temporary storage
to occur. As such, where geyser eruptions occur in a
series of thrusts rather than a single thrust, this may
be an indication that the geysers contain multiple
chambers and more complex plumbing systems
(Rinehart, 1980; Vandemeulebrouck et al., 2013;
Quammen, 2016).
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Basin, but focused mainly on Vault Geyser, Heart
Spring, Doublet Pool, Giantess, and Variable Spring;
most of which are located in the Geyser Hill Group
(Fig. 6). Old Faithful received considerable attention
as well, but due to its iconic status, our work there
was very limited. From these features, we collected a
number of photographs which focused on the interior
of the vent conduits and pool walls underwater. The
fluid temperatures of these features ranged between
68–88°C which made further inspection of the conduits
impossible. Ceiling photographs were the most
difficult to collect, but several unnamed fumaroles
were inspected near Dome Geyser, where their ceilings
were more visible. Dimensional measurements were
collected and sketches were made of each of these
features. This process was comparable to standing
at the entrance of a cave and making a map without
actually entering.

Fig. 6. Collecting imagery of Heart Spring near the Lion Geyser Group.

RESULTS

Fig. 5. Conceptual graphic of the steam chamber beneath Old Faithful
Geyser as interpreted from geophysical investigations modified by
Justin Harris from Vandemeulebrouck et al. (2013).

FIELD SURVEY
During this study, most of our field surveys were
focused on identifying morphological features within
geysers and hot springs. We looked at more than 100
hydrothermal features in total in the Upper Geyser

Photographs of the ceilings of conduit vents reveal
ceiling features that seem to indicate a greater amount
of erosion directed at the ceilings. We interpret this as
being caused by ascending thermal fluids.
Photographs of wall features showed a mix of
orientations. Some wall features seemed to indicate
fluid movement going up, whereas other features
within the same pool seemed to indicate fluid
movement going down. Direction was interpreted
mainly from the orientation of rills and scallops. The
long ramp of a scallop occurs on the downstream
side while the short ramp occurs on the upstream
side (Palmer, 2007). The orientation of scallops and
rills in the walls where downward fluid movement is
interpreted was inspected using FLIR infrared thermal
imagery cameras. Here we noticed that the hottest
thermal signatures were occurring on the sides of the
pools where scallops indicate upward fluid movement
and the coolest thermal signatures were occurring
on the sides of the pools where scallops indicate
downward fluid movement. We speculate, based
on our field observations, that it’s possible that the
difference in scallop orientation could be attributed
to the ascending and descending limbs of convection
cells within these hot springs (Figs 7 and 8). However,
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some of these springs are also known to function
as both ‘pulsing springs’, in which the water level
fluctuates rapidly, or as estavelles by draining surface
waters (Rinehart, 1980).
The sketches of the pools and vent conduits are
interesting, but do not reveal enough to provide
any conclusive information at this particular site
with regards to the presence of irregular rooms and
isolated chambers. The sketches are more useful for
noting the locations of wall and ceiling features. The
presence of irregular rooms and isolated chambers
is probably best revealed from seismic tomography
investigations by Vandemeulembrouck (2013).

Fig. 7. Scallops and rills with a directional orientation indicative of
descending fluids into a hot spring.

Fig. 8. A thermographic image of a hot spring showing the hottest
water ascending in the center of the pool.

ANALYSIS AND DISCUSSION
To determine if the hydrothermal system of the Upper
Geyser Basin might be hypogenic, we compare the
system characteristics to the current understanding
of hypogene speleogenesis (Table 1). Specifically, we
review the flow direction of the thermal fluids; their
potential to dissolve silica; pool, chamber, and vent
conduit geometries and morphological expressions,
and; the regional geologic setting. Our investigations
compare accordingly.

Fluid flow direction and the resulting
morphological expression
The dominant direction of these thermal fluids
discharging at Yellowstone is occurring in the vertical
direction as they are heated at depth and buoyed
toward the surface by thermal expansion (Rhinehart,
1980). Because ‘upward’ is the dominant direction of
these fluids, the resulting morphologies interpreted
within the vent conduits and subterranean cavities
are indicative of modification by ascending fluids. The
most obvious example of ascending fluids is the steam
and water that is ejected from the geyser vents ten of
meters into the air. The vertical vent conduits of the
geysers could have been formed by processes such as
tectonic activity, but the modification of the shafts by
hot alkaline fluids ascending vertically at high speeds
is obvious and undeniable.
Source of fluid aggressiveness
The corrosive agents in the siliceous materials
underlying the Upper Geyser Basin are hot alkalinechloride fluids. Since the meteoric waters that recharge
the system obtain their corrosive potential below
the water table, we interpret this as an appropriate
mechanism which fits within the hypogenic model.
The extensive deposits of siliceous sinter are an
indication that dissolution is occurring within the
thermal groundwater system. It is reasonable to
assume that the saturation state of the fluids is in
a constant flux between meteoric recharge events
and the mixing with thermal fluids is resulting in the
dissolution and chemical modification of hot spring
pools and vent conduits. As unsaturated waters enter
from the surface, mixing with the saturated thermal
waters they may form an under-saturated solution
with increased dissolution potential. Mixing corrosion
is an effective mechanism for cave formation and
is recognized as the primary mechanism for the
formation of flank margin caves in carbonate rocks
of the Bahamas, described by Mylroie & Mylroie in
Klimchouck et al. (2017).
The subsurface cavities identified near Old Faithful
and Lone Star geysers by Vandemeulebrouck et
al. (2014) might also be modified by the mixing of
under-saturated meteoric water, but the dome-like
structure associated with the Old Faithful chamber
may be the result of condensation corrosion.
Condensation corrosion has been suggested as an
effective mechanism of dissolution in thermal caves
in the Amargosa Desert by Dublyanksy et al. (2016).
Within the steam chambers of active geysers, such
as the subsurface cavities at Old Faithful and Lone
Star geysers, air space is known to exist where superheated liquids flash to steam (Adelstein et al., 2014).
The thermal waters within the steam chambers might
be expected to be saturated with dissolved silica,
but during the phase change from liquid to steam,
silica will precipitate out of solution and unsaturated
condensates would form on the ceiling of the steam
chamber and may dissolve silica by condensation
corrosion. However, if the silica that precipitates
out of solution is not taken back into solution or
expelled from the system during eruption, it might
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Table 1. Table comparing and contrasting traditional hypogene speleogenesis to the Upper Geyser Basin of Yellowstone National Park.
Traditional Hypogene Speleogenesis

Evidence for Hypogene Speleogenesis in the Upper Geyser
Basin of Yellowstone National Park.

Occurs at the distal end of regional
groundwater systems within soluble
material.

Groundwater is largely part of a local meteoric system with
minor contributions from regional magmatic systems. Occurs
in siliceous material that becomes increasingly soluble in
alkaline fluids at high temperatures.

Hydrogeology

Manifested by ascending fluids.

Groundwater is buoyed by thermal expansion over a mantle
plume, ascends vertically through an open plumbing system,
and is discharged at hot springs. In geysers, these fluids are
discharged vertically at high velocities in the form of steam
and liquid water.

Geochemistry

Source of fluid aggressiveness occurs at
or below the water table.

Water is heated to well above the altitude boiling point by an
underlying mantle plume. Recharging meteoric fluids increase
in alkalinity while circulating within the groundwater system.

Vertical fluid ascension caves and
shafts, cupolas and domes, irregular
rooms and isolated chambers.

Limited observations and geophysical surveys indicate
the presence of vertical fluid ascension caves and shafts,
cupolas and domes, and what appear to be irregular rooms,
and isolated chambers.

Geologic Setting

Geomorphology

accumulate within the geyser plumbing and clog the
system. If unsaturated waters are able to return to the
system, as have been observed in video footage within
Old Faithful geyser (Hutchinson et al., 1997), they
might mix with the saturated thermal fluids within
the steam chambers to form an under-saturated
solution to dissolve precipitates of silica and prevent
accumulation and clogging within the system.
The development of the steam chamber at Old Faithful
by condensation corrosion could be significant in the
function and evolution of the geyser. As the chamber
expands, it may require more steam to fill it and more
time to fill it with steam. We speculate that this could
be partly responsible for the increasing intervals
between eruptions since the 1950’s. According to
Hurwitz et al. (2014), the intervals between do not
appear to be affected by barometric pressure, earth
tides, or earthquakes in any statistical significance.
However, a few very large earthquakes did have an
effect on eruption intervals. Hurwitz also noted that
the response of intervals between eruptions to external
forces is relatively small and geyser variability may
be dominated by an interaction between internal
processes and interaction between other geysers. We
further speculate that if the chamber breaches the
surface, it might result in the formation of a deep hot
spring pool; suggesting that some hot spring pools
could share a similar origin and may be related to
extinct geysers. We investigated this hypothesis and
located a suspicious feature in the Lion Geyser Group
near Heart Spring, but due to burial by sinter from
neighboring geysers, we could not make a conclusive
determination without a damaging and invasive
excavation. A similar feature was located in the Norris
Geyser Basin in a separate but similar study by the
authors (Blackwood et al., 2017).
Due to the hydrogeological and geochemical
characteristics, the geomorphology of many of the
hydrothermal features within the Upper Geyser Basin
share a resemblance to karst features known in
carbonate rocks. The presence of irregular rooms and
isolated chambers was more difficult to determine from
our limited observation point. Here we rely mainly on

an interpretation of subsurface cavities detected using
seismic tomography by Vandemeulembrouck (2013).
However, the surveys conducted of wall and ceiling
features within hot springs and geysers indicates a
strong ascending component with a resemblance to
common hypogene cave morphologies (Klimchouck et
al., 2014, 2017).
Recharge and Setting
The only characteristic of this hydrothermal system
that does not fit neatly within the hypogenic model is
that of the mode of recharge within the geologic setting.
The traditional model for hypogene speleogenesis
requires that the groundwater be part of a regional
system, but the fluids in the Upper Geyser Basin
appear to be part of a predominantly local meteoric
circulation with only a minor contribution from
regional magmatic sources. However, we do not think
the criteria for a regional system is as necessary here
at Yellowstone as it is in the traditional hypogenic
karst regions. The geologic setting for hypogene
speleogenesis occurs at the distal end of regional
groundwater systems wherein the hydrogeology is
manifested by ascending fluids and/or by geochemical
interactions and whereby the source of aggressiveness
occurs at or below the water table” (Klimchouk,
2011). In the traditional model, it is necessary that
the fluids be decoupled from local surface recharge
because the dominant direction of those fluids is
downward. Hypogene speleogenesis relies heavily on
the hydrogeological mechanism of ascending fluids,
typically driven by hydrostatic pressure, to produce
the classic hypogene morphologies, which occurs
at the distal ends of regional groundwater systems.
However, because the fluids at Yellowstone are rising
above a mantle plume by thermal expansion, we
argue that the regional setting is irrelevant because
the mechanism of ascending fluids is occurring locally
and allowing the hypogene morphologies to dominate
and express themselves. A similar argument is made
by Mylroie & Mylroie in Klimchouck et al. (2017) with
regards to flank margin caves in the Bahamas as
hypogenic caves.
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SUMMARY
Based on the strong similarities in hydrogeology and
geochemistry, with supporting interpretations of the
geomorphology; many of the hydrothermal features
of the Upper Geyser Basin fit neatly into the model
of hypogene speleogenesis as the process responsible
for the formation of the deep hot spring pools, vent
conduits, and subsurface cavities and chambers.
The regional setting is not consistent with the
traditional model of hypogene speleogenesis which
relies on the ascension of fluids by hydrostatic
pressure. However, the vertical integration through
an open plumbing system situated over a mantle
plume may make the regional setting unnecessary
at this location. Upon entering the subsurface, the
meteoric waters are mixed with alkaline thermal
fluids which increase the dissolution potential. Since
these hydrothermal features depend mainly on rising
alkaline fluids and heat derived from depth, their
origin and evolution can be attributed to hypogene
speleogenesis or to the modification by hypogenic
overprinting.
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Abstract:

Keywords:

Noble gas and water isotope compositions of regional groundwater were investigated along two
transects in the Konya Closed Basin (KCB) of central Turkey. According to the 3He/4He versus
Ne/He plot of samples, crust (up to 86%) and mantle (up to 26%) appear to be the primary
and secondary sources of dissolved He in groundwater, respectively. After the beginning of
both transects where the flow domain is confined, both 3He and 4He accumulate steadily
in groundwater. Thereafter, the intermediate recharge from the surface in the unconfined
part of regional flow system disrupts the steady accumulation trend of 3He and 4He. Effect
of intermediate recharge on regional groundwater is also indicated by the spatial variations
in specific conductance, temperature, water isotopes, and tritium signals. At the last part of
the flow domain where the system becomes confined again 3He and 4He start to accumulate
in the eastern transect whereas they continue to decline in the western transect probably
because of degassing to atmosphere through thinner confining unit. The 4He accumulation
rates based on radiocarbon ages and 4He concentrations along both transects between the
mountain flank and Obruk Plateau are in agreement with literature values but differ from each
other. The accumulation rate along the eastern and western transects are 4.93 × 10-11 cm3
STP/g•year and 1.99 × 10-10 cm3 STP/g•year, respectively. These values reveal that the 4He
accumulation rates may differ at least four times at different parts of a single aquifer, which
are located 30 to 60 km apart. It is understood that any groundwater age-dating attempt by
4
He requires a firm pre-assessment of spatial 4He accumulation rates. He isotope signal in the
groundwater of KCB proves the mantle and/or crustal gas input into the carbonate aquifer in
which an on-going hypogenic karst development has been suspected.
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INTRODUCTION
Noble gases (He, Ne, Ar, Kr, Xe, and Rn) are released
into the environment mainly from atmosphere,
mantle and crust. Since noble gases are not involved
commonly in chemical reactions, their isotopic
signals can be used to identify various natural
processes (e.g., Rozanski, 1992; Solomon, 2000).
The use of noble gases in geochemistry started in
early 1900s, mostly for geochronological applications
(e.g., Ozima & Podosek, 1983). Later on, in 1970s,
following the establishment of data on their solubility
in water, they have been used in hydrogeological and
hydrogeochemical studies. Today, noble gases (e.g.,
He, Ne, Ar, Kr, and Xe) are widely used for estimating
the recharge temperature, dating (based on tritiumtritiogenic helium-3 ratios) and characterization of
the groundwater flow in large aquifer systems. Among
*nnozyurt@gmail.com

all noble gases, helium isotopes (i.e., 3He and 4He) are
particularly useful in geological and hydrogeological
applications because of their characteristic endmember signals of the sources of atmosphere, crust
and mantle (e.g., Solomon, 2000). Many researchers
attempted to use He for determining the groundwater
travel times (e.g., Andrews & Lee, 1979; Torgersen,
1980; Andrews et al., 1982, 1985; Torgersen & Ivey,
1985; Balderer & Lehmann, 1989; Mazor & Bosch,
1991, 1992; Bottomley et al., 1990; Fu et al., 1990;
Ballentine et al., 1991; Stute et al., 1992; Marty et
al., 1993). Observations on groundwater’s helium
concentration along the regional flow path in the
Bunter Sandstone, England (Andrews & Lee, 1979)
and in the Great Artesian Basin, Australia (Torgersen
& Clarke, 1985) showed good correlation between
the groundwater’s He content and travel time.
However, as Solomon (2000) indicates, “Although the
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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concentration of He and C/hydraulic ages are
well correlated, it has also been observed that the
He accumulation rate is generally significantly
larger than what can be explained by the release
from U and Th decay within the aquifer. The
excess He is attributed to input from crustal rocks
and from the mantle (e.g., Andrews et al., 1982;
Torgersen & Clarke, 1985; Torgersen & Ivey, 1985;
Stute et al., 1992; Marty et al., 1993)”. Moreover,
as Solomon (2000) points out “quantifying the
release rate and external input of 4He are typically
the largest challenges in the quantitative use of
4
He as a groundwater dating tool”. Therefore,
there is a need for additional data on helium input
from the crust and mantle at different parts of the
world.
Konya Closed Basin (KCB) in central Turkey,
hosting a large confined/unconfined aquifer
system with groundwater travel times up to 40,000
years (e.g., Bayari et al., 2009a), was selected as a
field site to observe the variation of dissolved noble
gas concentrations along regional groundwater
flow path (Ozyurt & Bayari, 2015). Results indicate
a strong contribution from crust and mantle while
atmospheric input is of secondary importance.
Strong mantle and crustal gas input also explains
the source of extensive carbon-dioxide dissolved in
groundwater that leads to gigantic collapse doline
formations developed in carbonate rocks (Bayari
et al., 2009b) and shed light on the importance of
emerging hypogene karst development theory in
the KCB (Ozyurt & Bayari, 2014, 2015).
4

14

THE STUDY AREA
Konya Closed Basin (KCB), located in central
Anatolia (Turkey), is one of the major (>50,000 km2)
endorheic basins in the world (Fig. 1). The mean
elevation increases from about 900 m at the Salt
Lake up to 2,000 m at the water divide along Taurus Fig. 1. Characteristics and noble gas sampling points of the study area (modified
Mountains at the south. Currently, a semi-arid after Bayari et al., 2009b).
climate, with estimated mean annual precipitation of
Groundwater in Neogene aquifer is the primary
450 mm and potential evapotranspiration of 1,400 mm
water resource in KCB. The aquifer is fed mainly from
dominates the KCB.
the Taurus Mountains located at south from where
A simplified tectono-stratigraphic sequence in
the groundwater flows towards to the terminal Salt
the KCB includes, from bottom to top a) PaleozoicLake at north (Bayari et al., 2009a, b). The regional
Mesozoic aged basement rocks, b) Paleogene, c)
groundwater flow system in between the main
Neogene and d) Plio-Quaternary rocks (Fig. 2).
recharge and discharge areas is confined from top by
The Paleozoic-Mesozoic is represented mainly by
fine-grained Plio-Quaternary lake bottom sediments
carbonate rocks exposed in the Taurus Mountains at
except in the halfway where it becomes temporarily
the south and in the Obruk Plateau which separates
unconfined along the E-W trending Obruk Plateau of
the KCB into northern and southern sub-basins.
carbonate rocks. Time of travel of groundwater from
The Paleogene rocks comprise detrital, carbonate,
the foot of Taurus Mountains towards the Salt Lake
evaporitic and volcanic rocks while the Neogene
takes more than 40,000 years, based on radiocarbon
sequence involves mainly lacustrine-detrital and
dating, which is also supported by hydraulic ages
lacustrine-carbonate sediments. Terrestrial Plio(Bayari et al., 2009a).
Quaternary sediments are made up mainly of alluvial
The Obruk Plateau is abound with obruks. Obruk
fans and detrital lake deposits. The Plio-Quaternary
(e.g., UNESCO, 1972) is the Turkish name of gigantic
lake deposits are practically impermeable and cover
karst collapse dolines with depths and diameters
the surface of northern and southern sub-basins.
reaching >200 m and >300 m which have been
The underlying Neogene lacustrine carbonate-rich
formed by the dissolution of carbonate rocks by the
rocks with well-developed karst constitute the main
extensive hypogenic carbon-dioxide input. According
freshwater aquifer in the basin.
to Bayari et al. (2009b), “presence of volcanogenic
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Therefore, considering the horizontal flow distance
of about 120 km between the main recharge and
discharge areas, the sampling depths in all wells
do likely represent the same or close flow lines
in the aquifer. Samples were collected from the
wellhead by using the submerged pumps. Pumps
were operated for a period to ensure that “fresh”
groundwater is pumped out from the aquifer.
Stability of temperature and specific conductance
of groundwater are used to determine the arrival
of fresh groundwater at the wellhead.
Duplicate samples for noble gas analyses were
collected in copper tubes clamped at both ends.
Samples for major ions, stable water isotopes and
tritium analyses were taken into double-capped
polyethylene bottles filled under water in a bucket
to prevent air entrapment. Noble gas and tritium
samples were analyzed at Noble Gas Laboratory
of IAEA at Vienna. Measurement errors of the
noble gas analyses range from 0.8% (Ne) to 4.5%
(Xn). Stable water isotopes of oxygen (δ18O) and
hydrogen (δ2H) were analyzed at Sirfer Laboratory
of University of Utah with an overall analytical
uncertainty of 1‰ V-SMOW for δ2H and 0.1‰
Fig. 2. Generalized geological cross-section of the study area (modified after
V-SMOW for δ18O. Major ion concentrations
Bayari et al., 2009b).
were analyzed by high performance ion
elements (i.e., Li and F) and remarkably high dissolved
chromatography at the Water Chemistry Laboratory
carbon dioxide (log PCO2 = 10−1 atm) in groundwater,
of Hacettepe University. Detection limits of major ions
hydrothermal springs with elevated He contents (e.g.,
are better than 0.001 mg/l and the electro-neutrality
R/Ra = 4.77) and with highly enriched-13C of total
of the analyses are better than 5%. While all major
dissolved inorganic carbon (δ13C TDIC = −1.12‰
ions have been analyzed only Li and F concentrations
V-PDB) in the regional groundwater and presence
are presented in this paper. In-situ hydrochemistry
of widespread carbon dioxide discharges constitute
measurements and results of laboratory analyses are
apparent evidence for the hypogenic fluid migration
given in Table 1.
into the Neogene aquifer where enhanced dissolution
due to mixing between the shallow-fresh and deepRESULTS AND DISCUSSION
saline groundwater gives rise to obruk formation”
(Figs 1 and 2). Recent data on noble gases dissolved
Characterization of groundwater along transects
in regional groundwater supports the “geogenic” (i.e.,
Specific conductance (i.e., electrical conductivity
both crust and mantle) origin for the dissolved carbonat 25°C, SEC) and temperature of groundwater
dioxide input that leads to formation of these megagradually increase along the groundwater flow path
scale karst depressions (Bayari et al., 2009b). Many
up to intermediate recharge zone in the Obruk Plateau
of the obruks are located along a 70 km-long NW(marked by KCB 5 and KCB 9 in Table 1) where many
SE trending belt which appears to mark the suture
of the obruks are located. Then, SEC and temperature
zone between Tauride-Anatolian and Sakarya Zone
slightly decrease after the Obruk Plateau because of
tectonic blocks of the Anatolian Plate. Thus, formation
intermediate recharge that occurs in this area.
of obruks seems to be associated with the pointwise
All groundwater samples are located along the global
upwelling of carbon dioxide along this belt from the
meteoric water line in the δ18O versus δ2H graph (Fig. 3).
deep-rooted magmatism, which fed the Quaternary
KCB 7 is the most isotopically enriched groundwater
volcanic activity.
among all samples. This water represents partly
evaporated shallow groundwater which is recharged
DATA AND METHODS
mostly by a stream draining the shallow lakes located
at the lower altitudes of the northern flank of Taurus
Samples from 10 deep wells along the eastern
Mountains. The isotopic composition of this sample
(samples 1 through 6 except, 3) and western transects
is closer to the long-term mean composition of GNIP
(samples 7 through 11) that extend from the flank of
(Global Network of Isotopes in Precipitation) Ankara
Taurus Mountains (i.e., the main recharge area) to Salt
station (GNIP ID: 1713000) which is located at 900 m
Lake (i.e., the main discharge area) were collected on
a.s.l. at about 150 km northeast of the Salt Lake
August 2011 to determine the noble gas, stable water
(Fig. 3). Stable isotope composition recorded at this
isotopes (oxygen-18, deuterium) and tritium content
station represents the precipitation falling on lower
of the groundwater along the regional flow path (see
elevations of KCB. Samples of two transects form
Fig. 1). All sampling wells were drilled previously by
two separate groups on the δ18O versus δ2H plot.
farmers extend at least up to 100 m depth from surface.
Isotopic compositions of the eastern transect samples
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Table 1. Characteristics of groundwater samples.
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Fig. 3. Stable isotope scatter plot of groundwater samples.

337

geochemical model that is based on a “geogenic” CO2
component with δ13C = 0‰ V-PDB and 14C = 0 pmc.
After testing all likely end-member sources, they come
up with the conclusion that a “geogenic” (i.e., crustal
and/or mantle) gas input must occur to explain the
high dissolved carbon-dioxide concentrations and the
associated 13C signal in groundwater. The 14C and
3
H signals agree along the regional flow path and
the 14C ages calculated for the downstream of Obruk
Plateau account for the effect of atmospheric carbondioxide input supplied by the intermediate recharge.
Groundwater’s radiocarbon ages are correlated well
also with the hydraulic ages which increase by the
increasing distance from the main recharge area,
Taurus Mountains (Bayari et al., 2009a).

are more depleted than the samples of western
transect probably because of the lower mean recharge
temperature at higher elevations. As seen from the
Discrimination of gas sources
relief on Figure 1, samples of eastern transect are
Measured 4He, Ne, Ar, Kr, and Xe gas compositions
recharged from higher elevations compared to the
and 3He/4He ratios of the samples collected along
samples of western transect. Bayari et al (2009a)
both transects are given in Table 1. Measured
found that the groundwater’s δ18O value at the flank
dissolved gas concentrations have not been corrected
of Taurus Mountains (main recharge area) is lower
against the excess atmospheric component. This is
to more than 2% near the Salt Lake (main discharge
because first, any correction scheme should be based
area). The radiocarbon ages of groundwater ranges
on some assumptions which may not be validated
from recent to about 40,000 years before present (i.e.,
and secondly, all samples along the both transects
1950) at the mountain flank and near the Salt Lake,
originate from the same recharge area where excess
respectively. Therefore, such a drop in δ18O content
air inclusion should be the same for all samples if
is in agreement with an expected mean annual
exists at all.
groundwater recharge temperature drop
of 6-8°C between Holocene inter-glacial
and Pleistocene glacial climates.
However, a similar trend is not observed
along transects of this study. The
mismatch between the δ18O and δ2H data
sets of Bayari et al (2009a) and this study
is probably associated with the different
well/filter depths sampled particularly at
the end of transects. In other words, the
shallower the filter depth, the younger the
groundwater which has more enriched
δ18O signal.
Tritium values along both transect Fig. 4. Tritium content of groundwater along the flow transects.
vary similarly between 0.06 TU and 5.45 TU (see
Besides excess air involvement, degassing to
Table 1). In both transects, highest tritium contents
atmosphere may occur during groundwater circulation
are observed in samples, which are close to main
(e.g., Mazor & Bosch, 1992) or sampling. To investigate
recharge area. Then, tritium content rapidly decreases
the presence of degassing, the ASW (Air Saturated
down to the detection limit of liquid scintillation
Water) values are compared to measured gas
counting, within 20-30 km from recharge area
concentrations (see Table 1). The ASW values are
(Fig. 4). A slight increase in tritium content at western
calculated for 10°C and 1,000 m, which are the recent
transects shows up beyond the Obruk Plateau as a
recharge temperature and mean recharge elevation of
result of young recharge that occurs in this area. The
the Neogene aquifer.
regional groundwater flow is practically tritium free
A graph of ASW normalized noble gas contents
except, samples KCB 1, 7, 10, and 11 that possess
except 4He is given in Fig. 5. A copy of graph with 4He
young recharge. Such tritium isotope signal supports
is given as inset in the same figure. As seen from the
the model of a confined groundwater flow system with
graph, in some of the samples all noble gasses are
considerably long residence time in the KCB.
plotted below the ASW line whereas in some samples
Radiocarbon age-dating has been conducted by
only Ne or Ar is plotted above the ASW. Gasses plotted
Bayari et al (2009a) on groundwater samples collected
below the ASW clearly indicate that outgassing during
from the wells located nearby the sampling locations
the sampling or in the aquifer has affected the original
used in this study. Radiocarbon dates gradually
dissolved gas composition. Ne and Ar compositions
increase along the regional groundwater flow path
above ASW may be associated with the errors that
from recent at the mountain flank to about 40,000
occurred at some stage of the overall analytical
years near the Salt Lake. Bayari et al (2009a) used a
process. The ASW normalized 4He plots on Fig. 5
International Journal of Speleology, 47 (3), 333-342. Tampa, FL (USA) September 2018
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Fig. 5. ASW-normalized noble gas contents.

indicate that the samples have 4He concentrations
ranging between 5 to 50 times of ASW. In other words,
even if some of the initial dissolved gas contents of
the samples are lost, the very high 4He content of the
samples apparently imply presence of He sources
other than the atmosphere.
A scatter plot of Ne/He versus log 3He/4He is used to
discriminate the gas sources in the samples (Fig. 6).
For all samples, the likely sources of gasses (i.e.,
end-members) are atmosphere, crust and mantle.
Atmosphere is the major source of dissolved Ne in
groundwater (e.g., Solomon, 2000) so that increasing
Ne/He ratio implies increasing amount of atmospheric
component in the sample. Samples with no or
negligible atmospheric component has a Ne/He ratio
around zero. Unlike Ne, dissolved He may originate
from one or any combination of the atmospheric,
crustal and mantle sources. However, 3He/4He ratio
can be used to discriminate the source of dissolved
He. 4He produced mainly in crust through U-Th series
decay and 3He is released mainly from mantle and from
radioactive decay of 3H. The typical 3He/4He ratios of
atmosphere, crust and mantle are 1.38 × 10-6 (Clarke
et al., 1976), between 10-9 and 10-7 (typically 2.0 × 10-8,
Mamyrin & Tolstikhin, 1984) and between 1.1 × 10-5
and 1.4 × 10-5 (Ozima & Podosek, 1983), respectively.
Available data do not allow to decide on whether the

source of helium is upper mantle or lower mantle. On
the other hand, the Ne/He ratio of air saturated water
at 10°C (ASW at 10°C) is 4.34. Figure 6 shows that
the sample KCB 7, located at the beginning of western
transect has the highest atmospheric gas contribution
as implied by its high Ne/He ratio which is very close
to atmospheric equilibrium ratio (i.e., ASW at 10°C).
Sample KCB-7 appears to be fed from a nearby stream
originating from a dam located 14 km upstream and
the mean annual recent recharge/air temperature
of 10°C may be assumed. Therefore, a Ne/He value,
which is identical to that of ASW, is expected for the
sample KCB-7. Leftward deviation of the sample KCB7 from the ASW point may be due to outgassing during
the sampling because relatively high degassing of He
compared to Ne would reduce the Ne/He ratio. The
ASW normalized 4He contents (see Table 1 and inset
in Fig. 5) seem to have affected by the varying degree
of outgassing because the horizontal scattering of the
samples on Fig. 6 resembles the vertical scattering of
4
He on the inset of Figure 5.
The samples other than KCB-7 show much limited
atmospheric but remarkably high crustal and
mantle components. Second highest Ne/He ratio
among all samples is observed in KCB 1, which
represents the groundwater in mountain flank at the
beginning of eastern transect. It appears that, once

Fig. 6. Distribution of samples among likely end-members.
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the groundwater is isolated from atmosphere in the
recharge area, increasing mantle and crustal gas
input along the regional flow path reduces the Ne/He
ratio and the 3He/4He signal evolves depending on the
helium isotope inputs. Fig. 5 indicates an input from
crust, which is stronger than mantle input because
the samples like KCB 2, 4, 8, 9, 10, and 11 are plotted
towards the crustal end-member. However, a mantle
contribution cannot be neglected either.
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Absolute discrimination of crustal and mantle
helium components is complicated if all possible
sources (i.e., atmosphere, mantle and crust) contribute
to the dissolved gas composition of groundwater.
In general, the following binary mixing equations
(Equation 1 and Equation 2) are used to determine
the atmospheric and subsurface (i.e., crustal and
mantle) gas contributions:

 Ne 
 Ne 
 Ne 
⋅ VSubsurface + V Atm   (1)
⋅ VSubsurface + 
⋅ V Atm = 




 He Subsurface
 He  Atm
 He Sample

(

where, the atmospheric Ne/He ratio is 4.34 for ASW
at 10°C, subsurface Ne/He ratio assumed equal to 0
because of negligible Ne production in the subsurface,
V is the percent contribution to sample from subsurface
(VSubsurface) and atmospheric (VAtm) sources. Calculated
atmospheric He contributions are presented in Table

)

1. Highest atmospheric gas component is calculated
as 85 % for KCB-7 sample.
Rest of gas content other than atmosphere are split
into mantle and crustal components on the basis of
Equation 2.

 R 
 R 
 R 
⋅ VMantle + 
⋅ VCrust = 
⋅ (VMantle + VCrust )  (2)




 Ra Mantle
 Ra Crust
 Ra Sample
where, R is the 3He/4He concentration ratio, Ra is the
atmospheric 3He/4He ratio (1.38 × 10-6 cm3 STP/g), V
is the percent contribution to sample from mantle and
crustal sources.
The 3He/4He ratios of the crust and mantle (i.e.,
MORB) are characterized by typical R/Ra ratios of
0.05 and 8, respectively. The R/Ra ratios calculated
for the KCB samples vary between 0.88 (KCB-4) and
2.13 (KCB-11). As seen from the values in Table 1, both
crustal and mantle sources contribute to the helium
content of the groundwaters in KCB. The mantle gas
contributions vary between 2 and 26% among all
samples of the transects studied. In the confined part
between Taurus Mountains and the Obruk Plateau,
the helium gas concentrations increase linearly.
According to R/Ra values, the mantle He input
gradually increases from 2 to 19% along the western
transect whereas, in the eastern transect, the mantle
He concentration first increases from 18 to 21% the,
then declines to 10% probably because of degassing
to atmosphere.
Since the mantle and crustal helium isotopic
compositions in the KCB are not known exactly
general literature values of these end members are

used to calculate the contributions. Hence, the results
given above represent locally meaningful values.
Evolution of helium isotopes along the regional
groundwater flow path
Figure 7 shows the evolution of 3He and 4He
concentrations along the western and eastern
transects of regional groundwater flow path. Isotope
concentrations increase steadily from the mountain
flank to Obruk Plateau under the confined flow
conditions along both transects. In the Obruk
Plateau, between eastern transect samples KCB 4
and 5 and, western transect samples of KCB 9 and 10
the flow system becomes unconfined and is open to
intermediate recharge from surface. At the end of the
confined flow section between mountain flank and
Obruk Plateau, both 3He and 4He reach their highest
concentrations at sites KCB 9 (in western transect)
and KCB 4 (in eastern transect). Measured 3He and
4
He concentrations along western transect are much
greater than those observed along eastern transect
(about 4.5 times greater for 3He, 2 times greater
for 4He). This shows that there may be substantial
differences between the 3He and 4He crustal/

Fig. 7. Variation of dissolved He isotopes along the regional groundwater flow path.
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mantle inputs into the groundwater in different
parts of a single aquifer system. Obviously, such
spatial variations would complicate the use of 4He
as a groundwater dating tool (e.g., Solomon, 2000)
because of the spatially varying He isotope input
rates. For example, according to Bayari (2009a) the
radiocarbon ages of groundwater around sites KCB 4
(4He = 10.70 × 10-7 cm3STP/g) and KCB 9 (4He = 22.41
× 10-7 cm3STP/g) are about 18,000 and 14,000 years,
respectively. At the beginning of these transects 4He
concentrations of recent groundwater are 1.93 × 10-7
cm3STP/g at KCB 1 and 0.57 × 10-7 cm3STP/g at KCB 7.
The corresponding radiocarbon ages at these sites
are about 200 and 3,000 years, respectively. These
numbers indicate 4He accumulations of 8.77 × 10-7
cm3STP/g between sites KCB 1 and 4 of eastern
transect and 21.84 × 10-7 cm3STP/g between sites KCB
7 and 9 of western transect in a period of 17,800 and
11,000 years, respectively. Hence, the corresponding
4
He accumulation rates for eastern and western
transect calculated as 4.93 × 10-11 cm3STP/g•year
and 1.99 × 10-10 cm3STP/g•year, respectively.
Figure 7 indicates that He isotope concentrations
to the downstream of Obruk Plateau decline steadily
along western transect but, first decrease and
then slightly increase in the eastern transect. In
general, this variation of He isotope concentrations
is in agreement with the variation of dissolved
volcanogenic elements like Li and F (Fig. 8). Like He
isotopes, the Li and F ion concentrations gradually
increase up to KCB9 and KCB4 sampling points.

Beyond these points, the Neogene aquifer in the
Obruk Plateau becomes temporarily unconfined and
the Li and F concentrations appear to have diluted by
the intermediate recharge. The dilution of He isotope
concentrations after the sites KCB 9 (on western
transect) and KCB 4 (on eastern transect) should also
be due to the intermediate recharge in the Obruk
Plateau. The flow domain becomes confined again to
the downstream of sites KCB 10 and 5 where no local
recharge to groundwater occurs. Here, both 3He and
4
He concentrations at site KCB 6 of eastern transect
shows a slight increase. However, a similar trend
is not observed at site KCB 11 of western transect
where both 3He and 4He concentrations continue to
decline. Such a declining gas composition may be
due to degassing to atmosphere through a thinning
confining layer in this part of flow domain.
The SEC value of groundwater along eastern
transect after the Obruk Plateau recharge zone
(samples KCB 5 and 6) does not decrease as expected
from a dilution by relatively “young” recharge and the
3
H data (e.g., KCB 6) does not indicate an apparent
young groundwater contribution. Therefore, it is likely
that the decreasing He concentrations at the end of
eastern transect may be due mainly to degassing to
atmosphere. On the other hand, decreasing SEC and
increasing 3H values (samples KCB-10 and 11) at the
end of the western transect suggest that the dilution by
relatively “young” recharge –along with the degassing
to atmosphere- is more likely to be responsible for the
decreasing He concentrations.

Fig. 8. Variation of Li and F concentrations along the regional groundwater flow path.

Eventually, the use of 4He as a groundwater agedating tool seems to be practically limited as long as
robust information regarding the local 4He release
rate exists. Data presented in this study shows
that the 4He accumulation rates may be at least
four times variable among sites located 30 to 60 km
apart. Temporal variations in the He accumulation in
the Neogene aquifer may be due to i) some tectonic
effects like buried faults zones with high permeability,
ii) 3-dimensional variations in the permeability of
aquifer/aquitard units, iii) presence of upwelling fluid
spots at deeper parts, iv) spatially variable degassing
to atmosphere due to varying thickness of confining

layer, v) spatial variations in the concentrations
of He-producing elements in the crust. Available
information in the KCB is not sufficient to make a
robust assessment on the factors affecting temporal
dissolved helium variations in the groundwater.
He isotopes as evidence of hypogenic
karst development
Karst systems are important water and oil/
gas reservoirs because of their extreme porosity
and hydraulic conductivity development. Until
recently, development of karst has been attributed
primarily to epigenic dissolution (i.e., dissolution by
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acidic waters percolating from surface downwards).
Biogenic carbon-dioxide dissolved in root-zone water
is regarded as the main source of acidity required
for epigenic dissolution. However, a recent paradigm
shift in theory of karst development (e.g., Klimchouk,
2015) suggests that hypogenic karst development may
be as common as epigenic karstification. Therefore,
there is considerable global effort to demonstrate to
what extend hypogenic processes have been effective
in development of karst in any particular area in the
world. In this context, the obruks in KCB appear
as potential candidates of a unique hypogenic
karst development (e.g., Waltham, 2015). Bayari
et al. (2009a) used geologic, tectonic, geophysical,
hydrochemical and carbon isotope data to propose a
hypogenic karst development model for the formation
of large scale collapse dolines in the KCB. However,
none of the evidences -including 13C TDIC signal
around 0% V-PDB are entirely convincing for the
source of upwelling deep-seated carbon-dioxide
model as the main driver of hypogenic karstification
in the KCB. Instead, He isotope signal obtained
from regional groundwater samples unequivocally
indicates a combined crustal and mantle source for
the deep-seated gas input into the aquifer. Therefore,
a hypogenic karst development model driven mainly
by crustal and partly by mantle carbon-dioxide seems
very convincing and complements the likely hypothesis
that the development of obruks is the result of the late
Quaternary volcanism which is extinct or in dormant
phase presently.

CONCLUSIONS AND OUTLOOK
Evolution of noble gas and water isotopes content
along two transects of regional groundwater flow path
in the Konya Closed Basin (KCB) of central Turkey
revealed several facts. According to the 3He/4He
versus Ne/He plot of samples, crust and mantle
appear to be the primary and secondary sources of
dissolved He isotopes in groundwater. The 3He/4He
versus Ne/He plot appears to be a simple but effective
tool for discriminating the dissolved gas sources in
groundwater.
At the beginning of both transects where the flow
domain is confined, He isotopes accumulate steadily
in groundwater. Then, the intermediate recharge from
the surface in the unconfined part of regional flow
system disrupts the steady accumulation trend of He
isotopes. Effect of intermediate recharge on regional
groundwater is also indicated by the variations in
specific conductance, temperature and water isotope
and tritium signals.
The 4He accumulation rates based on radiocarbon
ages and 4He concentrations along both transects
between the mountain flank and Obruk Plateau are
different in the eastern (4.93 × 10-11 cm3 STP/g•year)
and western transects (1.99 × 10-10 cm3 STP/g•year).
These values reveal that the 4He accumulation rates
may differ at least four times among parts of an aquifer
30 to 60 km apart from each other. Such variations
may be due to spatially variable helium input and
degassing to atmosphere both of which are affected
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by the geological/hydrogeological heterogeneities. It
is understood that any groundwater age-dating by
4
He requires a firm understanding of the processes
affecting the spatial rates of 4He production and
accumulation.
Finally, He isotope signal in groundwater seems
to be a useful tool also to prove the mantle and/or
crustal gas input into the carbonate aquifers where an
on-going hypogenic karst development is suspected.
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Abstract:

Keywords:

The backslope of a sandstone cuesta in the Broumov Highland (Czechia) is cut by a complex
network of canyons. Long sections of canyons have thick boulder fills which are difficult to
reconcile with simple rock fall and talus development scenario. Boulder caves occur within
these fills and their lowermost parts are drained by streams that evacuate fine loose sandy
material produced by weathering and mechanical erosion. These boulder fills are explained
as largely in situ, residual features, left after subsurface selective disintegration of rock
mass, mainly joint-guided, and removal of grains by underground water. Evacuation of fines
leaves voids into which overlying blocks subside but the voids may be spacious enough
(largely because the rock blocks are so large) to connect into penetrable caves. Results of
an analogous process may be observed along canyon walls where more densely jointed
sandstone compartments develop into roofed slots. Additional evidence for an important
role of subsurface processes is provided by closed depressions in the inter-canyon areas.
A model of canyon evolution is offered, alternative to the existing models implying surface
fluvial erosion or retreat due to spring sapping. Its applicability is limited by the thickness of a
sandstone package but the origin of canyons a few tens of metres deep (up to 100 m or so)
may be explained.
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INTRODUCTION
Subterranean voids due to rock dissolution,
collapse features into the voids and narrow canyons
are among distinctive karst features, typifying many
karst areas in the world. Long considered endemic
to highly soluble calcareous and gypsum rocks, they
are increasingly recognized in siliceous rocks as well,
mainly within regularly jointed sandstones (Wray,
1997; Young et al., 2009; Wray & Sauro, 2017).
However, their dissolution origin, while proved without
doubt at some sites, is not necessarily applicable to
all real-world examples. Hence, while the concept of
silicate karst has gained international recognition
(Ford & Williams, 2007), the somewhat vague and
poorly defined term of pseudokarst (Eberhard &
Sharples, 2013) is still in use. Despite ambiguity, it is
agreed that it is particularly pertinent to geomorphic
features, both surface and underground, similar
to those in the karst areas proper but of different
origin. The challenge is to identify processes at work,
responsible for the emergence of these features and
*piotr.migon@uwr.edu.pl

a task of particular interest seems to be an inquiry
whether rock dissolution is the only mechanism which
can initiate and guide the evolution of subterranean
voids and their surface manifestations. In this context,
Bruthans et al. (2012a, b) advocated subsurface
removal of loosened sand along fracture zones at
depth to account for the origin of narrow clefts within
rock cities (see also Migoń et al., 2017), whereas
Duszyński et al. (2016) pointed out an important role
of sand evacuation from inside the jointed sandstone
mass in inducing block tilting, sagging and collapses.
In this paper we continue this line of research,
investigating geomorphology of the canyon network
that typifies the backslope of a prominent sandstone
cuesta escarpment of the Broumov Highlands
(northern Czechia) (Fig. 1). In fact, the area, also
known for its numerous picturesque rock outcrops
and apparently non-karstic caves, has long been
presented as a ‘classic’ pseudokarst terrain (Vítek,
1979; Demek et al., 2006), although more informed
investigations into the mechanisms of formative
processes were almost lacking. Reconnaissance work
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Fig. 1. Study area. The Broumov Cliffs are the front part of a cuesta of NW–SE extension.

casted some doubts if the canyons, many boulderfilled to the point of inaccessibility, can be simply
explained as products of fluvial erosion and rock slope
collapses alone. Hence, more systematic survey was
attempted and an alternative hypothesis tested. This
hypothesis stated that some sections of the canyons
owe their origin to initially subterranean removal of
sand and subsequent subsidence of the overlying
rock masses into emerging voids.
This hypothesis-driven research is reflected in the
structure of this contribution. First, the context is
set through the literature review of the origin of two
most characteristic landforms of the area, i.e., boulder
caves and canyons. This is followed by more detailed
presentation of the study area and methods used,
including their limitations. The main part of the paper

starts with presentation of two distinctive landforms
found within the canyons – boulder caves and tributary
slots to the main canyons, and then focused on larger
features – the canyons themselves and their diversity.
This approach is adopted in order to be matched
by the discussion section, in which we upscale our
interpretation from smaller to larger landforms.
Supplementary observations come from inter-canyon
areas. This field and DEM-based evidence allows us
to discuss the validity of our alternative hypothesis
and to propose an evolutionary model for further
testing. In this way, although field data have been
collected in one specific area, the model may possibly
be of wider relevance and application, adding to the
better understanding of peculiarities of sandstone
geomorphology.
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LITERATURE REVIEW
Boulder caves – origin in the light
of existing literature
While large, wide open spaces under overhanging
singular boulders, usually termed rock shelters,
are not considered as caves, interconnected voids
between many boulders, big enough to be penetrable
by humans, are often included into classifications
of non-karstic caves (e.g., Vítek, 1980). The most
comprehensive approach was offered by Bella (2011),
who distinguished a group of ‘caves due to accumulation
of fallen and slid rock blocks and boulders’ (our
translation). This description is consistent with the
assumption that boulder caves are synonymous with
talus caves, implying that their origin is linked with
the delivery of boulders from the upper slope due to
mass movements and their unordered deposition.
This interpretation of boulder caves is widely present
in the voluminous Czech literature about non-karstic
caves in sandstone terrains, including the Broumov
Highland (Vítek, 1979, 1980). Both caves directly
under rock cliffs and further away, within valley
bottoms, were explained in this way. However, Bella
(2011) also remarked that these caves may be enlarged
due to removal of fine fraction by streams flowing in
the valley bottoms, under the boulders. This scenario
was also acknowledged by Striebel (1995, p. 48) who,
beside ‘boulder caves’ from rock falls, distinguished
‘erosion boulder caves’ and explained them as follows:
‘If a rock slide occurs within a narrow, water-carrying
gorge, the creek is first blocked by boulders. It erodes
these boulders by finding a new way and forms watercarrying cavities and caves’. Somehow similar in
origin seem to be ‘purgatory caves’ (Halliday, 2004) –
a term apparently endemic to US usage and not really
present in international literature. They are presented
as equivalents of ‘gorge bottom caves’.
However, not all boulder caves can be equated with
talus caves, understood as genetically linked with rock
slope failures. Sjöberg (1987) hypothesized that large
cave systems within broken outcrops of basement
rocks in Sweden were produced by high-magnitude
earthquakes which accompanied the postglacial
isostatic rise of Scandinavia. In granites, known to be
subject to selective deep weathering, more complex,
two-phase history of some boulder caves is envisaged
(e.g., Shaw, 1980; Striebel, 1995, 2008; Vidal Romaní
& Vaqueiro Rodrigues, 2006; Eszterhás, 2009). In the
first phase, separation of the rock mass into solid
compartments (corestones) and loose sandy-gravelly
regolith (grus) occurs. This is followed by removal of
grus by running water and shallow mass wasting, so
that voids in between the residual boulders become
open. In specific situations the cumulative length of
interconnected chambers may reach a few tens of
metres (Striebel, 2008).
Canyons – pathways of evolution
Canyons – vertically-sided valleys being tens up
to hundreds of metres deep – belong to the most
distinctive features of sandstone terrains (Young &
Young, 1992). Whereas the presence and morphology
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of these forms are generally controlled by the patterns
of discontinuities (Gregory, 1950), their genesis and
evolutionary pathways appear far more complicated.
Ideas presented so far were based mainly on the study
of spectacular landforms typifying the landscape of
the Colorado Plateau (e.g., Laity & Malin, 1985;
Howard & Kochel, 1988; Laity, 1988). A growing
interest in the topic in the 1980s resulted in a
concept of the dominant role of groundwater flow and
seepage erosion (Laity & Malin, 1985; Laity, 1988).
Accordingly, where sandstone is highly permeable
and well-jointed and the dip of the strata is less than
4° (a common situation within the Navajo Sandstone
of the Colorado Plateau), seepage-related phenomena
become the fundamental mechanism of evolution
of canyon networks. In such a geological situation,
the water easily percolates through sandstone until
it reaches an impermeable layer. At the lithological
contact water flows horizontally, with the hydrological
gradient, finally emerging at the cliff face as a ‘seepage
zone’. The enhanced weathering in the lower part
of the rock wall leads to the development of deep
alcoves (e.g., Campbell, 1973). At the critical point
an overhang collapses and the valley head retreats.
The colluvium quickly disintegrates into loose sand
as the sandstone loses its firmness during impact
(e.g., Schumm & Chorley, 1966; Laity, 1988). Such
comminuted material is easily removed by erosional
processes and wind action so that the canyon does
not become buried. The typical features of canyon
morphology due to sapping are huge amphitheatrical
heads lined with vertical rock walls, very steep
valley sides, which are straight in plan showing
clear adjustment to the vertical joints, as well as
distinctive parallelism of subsequent tributaries
(e.g., Gregory, 1917; Laity, 1988). The development
of canyons due to groundwater flow is considered
to consist of two phases. At first, canyons increase
in length when the valley head is actively retreating.
Later on, the canyon widens by collapses from
valley sides when the catchment area becomes too
little to effectively recharge the groundwater system
(Laity, 1988).
Although sapping canyons gained the greatest
scientific interest, they should be perceived as rare
rather than typical erosional features in sandstone
(Young & Young, 1992). In fact, canyons are
usually developed by stream erosion which acts
predominantly along the surfaces of discontinuities,
leading to their widening by successive collapses
from the valley sides (Young & Young, 1992). The
resultant morphology is starkly different from the one
being the effect of groundwater processes. Erosional
canyons may be much more open (Young & Young,
1992) or characterized by long and narrow channels,
such as the western tributaries of the Escalante River
(Colorado Plateau) described by Laity & Malin (1985).
In the latter case the reason for the dominance of
surface runoff over groundwater sapping is possibly
the greater dip of the strata (Laity, 1988). Another
typical feature of the Colorado Plateau – very narrow
‘slot canyons’ – are also believed to be the result
of stream erosion along joints in localities, where
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sandstone is not very well cemented but strong
enough to form vertical walls.
It needs to be underlined that in the newest literature
the distinction between sapping and stream erosion
genesis of canyons is believed not to be so clear. For
example, Lamb et al. (2006) showed that the retreat
of the amphitheatre-headed canyons may not be the
sole result of seepage erosion, but plunge pool erosion
may also play an important role.

with Hájkova rokle and Hruškova rokle as the main
arteries, each receiving many short tributary troughs
and slots and dividing into several branches in the
headwater parts.

STUDY AREA
The study area is located in northern Czechia, in
the central part of the Sudetes mountain range that
constitutes the north-eastern rim of the Bohemian
Massif and straddles the Czech/Polish border (Fig. 1).
Geographically, it lies within the extent of the
Broumov Highland (Broumovská vrchovina, in
Czech). Geologically, this part of the Sudetes is a
large intramontane trough filled by thick successions
of Permian, Lower Triassic and Upper Cretaceous
sedimentary rocks, deposited in terrestrial (Permian
– Triassic) and marine environment (Cretaceous).
The Cretaceous succession consists of alternating
sandstone and mudstone/marl beds, the former
occurring in packages exceeding 100 m thick (Tásler et
al., 1979). Sandstones are predominantly quartzose,
medium- to coarse-grained, with minor admixture
of partly weathered feldspar and kaolinitic cement.
Regular orthogonal jointing and the presence of largescale cross bedding are characteristic features of the
Middle Turonian sandstones which are of particular
interest in this paper.
The Middle Turonian sandstones crop out in the
eastern part of the Broumov Highland and being
apparently much more resistant to weathering and
erosion than the underlying Permian, Triassic and
Cretaceous beds, they form a prominent cuesta
escarpment known as the Broumov Cliffs (Broumovské
stěny). The cuesta has NW–SE extension, following
the strike of the Middle Turonian beds, with the
frontal slope facing NE and the backslope inclined to
SW. The dip of strata is 10–25° whereas the general
inclination of the backslope at interfluves is about 5°.
The thickness of the sandstone caprock is c. 80 m
and the height of rocky precipices at the cuesta front
reaches 40–50 m. Jointing pattern is very regular,
with two principal directions being 40–45° and 130–
135° (Stejskal et al., 2012). The former are clearly
reflected in the topography, delineating rock fins
projecting from the sides of the canyons and elongated
depressions on the cuesta backslope, whereas the
latter partly coincide with the alignment of the main
canyons (Fig. 2).
The backslope of the cuesta is dissected by a network
of canyons, organized in two main separate systems
(Fig. 3). The northern system of Hlavňovský potok
includes the trunk valley that runs east to west, thus
diagonal to the general inclination of the Broumov
Cliffs backslope, three major tributary canyons:
Kovářova rokle (Czech rokle = gorge, canyon), Písková
rokle and Nemecká rokle, and several smaller valleys.
The southern system is less regularly arranged,

Fig. 2. Alternating sandstone fins and linear depressions perpendicular to
the canyon axis, delineated by NW–SE trending joints, are characteristic
for the cuesta backslope. A) aerial view (red square show the location of
features shown on Fig. B) (Source of image: © Google Earth); B) eastern
side of the Kovářova Gorge.

DATA SOURCE AND METHODS
This study is based on field and desk research, using
high-resolution digital terrain model (DTM). Despite
the nominally high resolution of DTMs, it failed to
capture geomorphological details of the canyons and
interfluves (see below), and field work was necessary. It
involved landform recognition and mapping within the
main and tributary canyons, penetration of side slots,
and verification of terrain models returned by DTMs.
It is important to underline that the canyon maze on
the cuesta backslope is all within forest vegetation,
locally so thick and dense that it is non-penetrable. In
addition, in valley floors trees and undergrowth grow
directly on large (often >5 m long/high), chaotically
distributed boulders, hiding geomorphic details from
sight. In a number of places, safety reasons precluded
visits to certain parts of the gorges. Thus, a complete
ground coverage of the area was not possible.
Morphometric analysis was conducted using
LiDAR-based Czech DTM of 1 m resolution – Digitální
model reliéfu České republiky 5 generace (DMR 5G)
and SAGA-GIS 6.3.0 software (Conrad et al., 2015). It
included calculation of Morphometric Protection Index
(MPI), which is an equivalent to the positive openness
parameter (Yokoyama et al., 2002), and Terrain
Ruggedness Index (TRI) (Riley et al., 1999). The MPI
parameter, which considers the relative relief in the
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Fig. 3. Canyon network on the backslope of the Broumov Cliffs cuesta. Longitudinal and cross profiles of selected canyons
are shown on Fig. 9. Green rectangle indicates the position of Figure 11.

surrounding of a cell by analysing the vertical angle
between points, was used in order to identify deeply
incised and narrow (hence, protected) gorge sections
(some sections of which were impossible to access).
Desk work also included semi-automatic delineation
of selected gorge floors, which was achieved by using
the criterion of local maximum height 1.5 m above
theoretical stream lines. As a result, it was possible
to present spatial variability of floor roughness,
represented by TRI values. TRI is expressed as the sum
of change of elevation between the central cell and its
eight neighbours and we assumed that boulder fills
may give specific signatures, different from those for
either flat alluvial floors or narrow sections bounded
by rock walls. The model also helped to recognize
closed depressions of various size and depth.

VALLEY FLOOR BOULDER CAVES –
OCCURRENCE AND CHARACTERISTICS
Boulder (talus) caves have been reported from
several places in the Broumov Highland and two
largest caves of this kind are located within valley
floors (Kopecký, 1990), although none in the specific
canyon area reported in this study. Teplická Cave, a
few kilometres west of the town of Teplice nad Metují
(see Fig. 1), is 1,065 m long in total and described in
the following way: “It is a complex of narrow passages
alternating with more spacious chambers surrounded
by huge (max. 10 m in size) sandstone blocks
overlying the original valley bottom in a thickness of
max. 25 m. The bottom of the cave is an active stream
channel or a flood-water channel with sandy fluvial
deposits and rock debris. In places, cave corridors
are formed in two or three levels one above another”
(Kopecký & Jenka, 2013, p. 9). It occupies a section
of the valley floor c. 250 m long. Another sizeable
cave, Pod Luciferem Cave within the front scarp of
the Broumov Cliffs cuesta, just south of the canyon
area, is 400 m long and has a valley floor setting

too. Kopecký & Jenka (2013, p. 11) remarked that
“The subterranean stream flows across a rocky cave
bottom but occasionally disappears, sinking to sand,
debris and coarse talus”. No specific comments about
the origin of the two caves were offered, apart from the
general statement that they both originated in “blocky
talus”, without specifying the origin of the talus.
Although systematic survey of underground
spaces was not the part of this study, boulder
caves were frequently encountered while performing
geomorphological mapping of the backslope canyons.
The best known cave of this type is Kovárna in the
Kovářova Gorge. It is composed of a large chamber,
c. 10 x 8 m in dimensions and more than 5 m high,
with blind clefts radiating from the chamber. The roof
is provided by tall sandstone towers, tilted towards
the valley and leaning against one another (Fig. 4A).
The cave chamber is located exactly in the axis of the
gorge and the stream goes through it, disappearing
into sandy floor. Going downstream, however, one
has to climb up a step a few metres high, so there
is no consistent downstream slope of the cave floor.
A much smaller, but morphologically similar boulder
cave is located in the axis of Písková Gorge. This one
too is drained by a stream, which descends over 3 m
high rock step under the roof of several large boulders.
In the southern canyon network, two fairly large,
penetrable boulder cave systems occur in the floor of
the Hruškova Gorge (Fig. 4B). The upper one is almost
immediately downstream from a distinctive head of the
canyon section and consists of a series of chambers
and passages at several levels with the total length
of a few tens of metres. The lower one is located in
the middle section of the gorge and, although smaller,
it too represents a maze of voids at different levels.
Another large boulder cave is located in the tributary
canyon to the Hájkova Gorge. The system of chambers
allows penetration down to the canyon floor, which
is covered by extensive sandy sheets, deposited by a
small stream which flows beneath the boulders. The
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width (1–15 m) and slope. Some of
these provide easy connection and
access to the inter-canyon surfaces,
others are littered with boulders,
whereas others terminate against
vertical rock walls (Fig. 5A-C).
Of particular interest in this study
are the narrowest passages (<5 m
wide), which we term slots. They are
of two kind: continuous and open
to the inter-canyon surfaces, and
blind. Furthermore, slots of each
kind may be roofed or not. The rear
walls of blind slots provide evidence
that these linear features are indeed
controlled by tightly spaced joints
whereas the lateral walls follow joint
surfaces, locally showing ferruginous
surface crusts. Roofs, in turn, are of
two kind too (Fig. 5D-F). They may
consist of solid overhanging rock
Fig. 4. Examples of caverns. A) Kovárna in the Kovářova Gorge, due to leaning of a rock tower; B)
and this happens when some vertical
entrance part of a boulder cave in the upper part of the Hruškova Gorge; C) cave openings within
joints terminate in upward direction
the massive boulder fill in the middle section of the Kovářova Gorge.
and the overlying rock compartment
most impressive cave, almost entirely beneath one
is simply more massive. In other cases, roofs are
huge boulder, extends over a distance of more than
provided by loose boulders wedged between the side
10 m.
walls. Such boulders may be singular or occur in
The number of boulder caves in the canyon floors
piles, stacked one upon another.
is likely to be higher but their penetration was not
Roofed slots have been found in multiple places with
always possible. For example, in the lower part of
the Broumov Cliffs canyonland. Instructive examples
the Kovářova Gorge it was possible
to identify an entrance to an
apparently large chamber from a
footbridge across the boulder fill to
the Marianská Cave and to several
other systems from the valley side
trail (Fig. 4C).

SLOTS – ROOFED AND
UNROOFED
The backslope canyons of the
Broumov Cliffs do not have straight
rims, broadly parallel to the extension
of a canyon. Instead, the canyon sides
are modelled into alternating narrow
ridges (fins) projecting into the
canyon and intervening depressions
(Fig. 2). This repetitive pattern
reflects strong structural control and
the presence of a distinctive NW–SE
joint set, perpendicular or diagonal
to the strike of the canyons. Field
examination reveals that spacing of
joints within this set is not uniform
but varies from less than 1 m to
more than 10 m. The latter accounts
for the occurrence of massive
compartments (bastions), terminating
with vertical walls more than 30 m
high. More densely jointed bands are
preferentially weathered and eroded,
turning into depressions of different

Fig. 5. Geomorphological diversity of slots perpendicular to the canyons. A) open, empty slot;
B) boulder-filled slot; C) blind slot (notice small size of rock compartments at the end of the
slot, compared to the massiveness of the walls); D) slot roofed by solid rock, as evidenced by
the continuity of cross-bedding; E) slot roofed by a boulder that felt into the slot (notice vertical
orientation of bedding planes); F) slot roofed by loose boulders.
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occur in the headwater parts of the Nemecká Gorge,
in its eastern section (Fig. 6). Close to one another
three slot features are present. Access to the gorge is
provided by c. 150 m long depression, which halfway
down turns into a 30 m cleft, with a 2.5 m rock step in
the bottom and a roof made of a few big boulders (A on
Fig. 6; also Fig. 5F). Further down a parallel, 7 m long
passage goes into the sandstone cliff and continues
as a narrow, impassable cleft under the roof of more
massive sandstone compartment (B). Finally, slightly
upstream one finds a 12 m long, partly roofed slot that
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ends blind (C). A large boulder cave in the gorge floor
(D) complements the inventory at the site (Fig. 7). In
the same gorge, one of the longest roofed slots, c. 50
m long, occurs near its exit, on its right-hand valley
side, high above the valley floor. Another locality to
see boulder-roofed slots is the lower section of the
Hájkova Gorge, especially its eastern slope. Rounded
boulders are suspended at different heights above the
slot floor, from less than 1 m (thus forcing to crawl
beneath them) to 3-4 m high. Both open and blind
slots are present.

Fig. 6. Location sketch of a group of slots in the upper part of the Nemecká Gorge. Letter codes A–D explained in the text. Note that the
scale is approximate.

BACKSLOPE CANYONS
Geomorphic diversity
Canyons incised into the backslope of the Broumov
Cliffs cuesta are very diverse in terms of length,
longitudinal profile, geometric pattern, cross-sectional
characteristics (width, depth, slope inclination),
landform inventories and hierarchy (Fig. 2, 8). Both
relatively simple patterns (Kovářova Gorge) and
compound networks with multiple tributary canyons
(Liščí Gorge) exist, indicating that the history of the
network must have been fairly complex. It seems
significant that the northern gorges seem not be
beheaded at the cuesta rim, in contrast to the
systems of Hájkova Gorge and Liščí Gorge. The depth
of canyons varies from 20 m in headwater parts to
more than 50 m in the lower reaches. Each canyon is
drained by a stream but channel landforms are poorly
developed, discharges are invariably very low and the
flows rather sluggish, except immediately downstream

of waterfalls. The flow alternates between being visible
at the surface and hidden below the boulders.
Longitudinal profiles of canyons are very uneven,
with distinctive steps (knickpoints). They are
particularly evident in the upper part of the northern
system, where they separate rather gentle upper
sections from steeper, more irregular middle and
lower sections. The height of these steps reaches 10 m
and they correspond to vertical rock walls across the
canyons, with waterfalls (Fig. 9). By contrast, in the
southern system the most distinctive steps, again with
waterfalls, separate the tributary canyons of Hájkova
Gorge and Liščí Gorge from the Hruškova Gorge. A
distinctive knickpoint is present in the Hruškova
Gorge itself (at 600 m length), marking the transition
from a shallow trough upstream to the deep, boulderfilled section downstream.
Cross profiles are variable too, both within one
gorge and if adjacent gorges are compared (Fig. 9).
In the Kovářova Gorge one can distinguish between

International Journal of Speleology, 47 (3), 343-359. Tampa, FL (USA) September 2018

350

Duszyński et al.

However, field work revealed that the actual meaning
of V-shaped cross-sections is different from what
might be expected. They do not indicate significant
bedrock downcutting going hand-in-hand with slope
lowering processes. These valley sections are typified
by massive boulder fills of the valley floor and the
lower slopes, with vertical bedrock outcrops (walls,
fins) only in the upper slope.

Fig. 7. Inside the boulder cave in the upper part of the Nemecká Gorge
(D on Fig. 6). Note an active stream at the bottom of the chamber.

wide-floored sections at the upper and lower end and
V-shaped sections in between (Fig. 9A). The latter
correspond with uneven long profile and thick boulder
fill of the valley (see next section). The Nemecká
Gorge, in turn, is quite consistently V-shaped along
its length (Fig. 9C). The presence of flat-floored and
more upstream V-shaped reaches is also evident in
the Hájkova Gorge (Fig. 9E). The Liščí Gorge and its
side canyons are predominantly V-shaped (Fig. 9D).

Boulder-filled sections and their geomorphometric
signatures
Boulder-filled sections of the canyons are the
most intriguing components of canyon morphology
and special attention was paid to them. Although
one might prefer a simple explanation that the fills
are cumulative products of numerous rock falls
from canyon walls, this scenario is not very likely.
Occasional rock falls may have occurred as attested
by infrequent scars and blind arches, but in general,
canyon rock walls lack widespread evidence of rock
slope failures. Sandstones in these localities tend
to disintegrate grain-by-grain whereas large rock
masses show backward rather than forward toppling.
In addition, boulders making the fills are often fairly
rounded, lack fractures expected from impact on the

Fig. 8. Selected geomorphological features of the backslope canyons.

ground, and large size of voids in between them is
hardly compatible with the effects of rock fall in rock
of rather moderate intact strength. Unfortunately,
detailed field mapping of boulder fills was not
possible due to safety issues and restricted visibility
in densely forested canyon bottoms, but penetrations
of marginal parts of these sections revealed certain
characteristics. Boulders are from 1–2 to 8–10 m long,
with occasional giant compartments more than 15 m
long. Voids in between them are 2–3 m high at least,
often interconnected to form maze caves described
before. Thickness of the fill may be estimated to range

from a few to more than 10 m, extending onto the
slopes. Stream flow is usually observed at the bottom
of the fill.
In addition to field observations, high-resolution
DTM allowed us to extract some specific signatures of
these sections. As indicated in the previous subsection,
boulder fills correspond to the most irregular parts
of canyon longitudinal profiles and V-shaped crosssections. They are well visible on graphs showing the
downstream change of Morphometric Protection Index
(MPI) which both reaches high numerical values, up
to 1, and – most of all – shows considerable variability
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(in excess of 0.4) over very short distances (Fig. 9).
Finally, the range of Topographic Ruggedness Index
(TRI) between 0.5 and 1.5 corresponds fairly well with
the known occurrence of boulder fills (Fig. 10).
These two lines of information are the basis to
show the distribution of boulder fills in the canyons
(Fig. 8). They occupy approximately 35 per cent of
the length of the Kovářova Gorge, 16 per cent of the
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Písková Gorge length, 70 per cent of the Nemecká
Gorge length, 20 per cent of the Hájkova Gorge length
(only the section downstream of the confluence of
headwater ravines is considered), and 23 per cent of
the Hruškova Gorge length. Only in the Liščí Gorge
the percentage of boulder-filled section is negligible.
These figures indicate that the presence of boulder
fills is a significant feature of the canyons.

Fig. 9. Longitudinal and cross profiles of backslope canyons compared with the variability of the Morphometric Protection Index (see Fig. 3 for
locations and text for explanation). A) Kovářova Gorge; B) Písková Gorge; C) Nemecká Gorge; D) Liščí Gorge; E) Hájkova Gorge; F) Hruškova
Gorge. Green bars indicate sections of canyon floors with thick boulder fills.
International Journal of Speleology, 47 (3), 343-359. Tampa, FL (USA) September 2018
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GEOMORPHOLOGY OF INTER-CANYON
AREAS
Although considerable parts of inter-canyon areas
show subdued, nearly planar relief (Fig. 2), these
surfaces show diverse morphology too. This is best
seen in the proximity of the canyons, where fins
continue as progressively lower humps of exposed
sandstone bedrock until they completely merge
with the surrounding surface. Likewise, depressions

become shallower in respect to fins (which maintain
more or less uniform altitude of the top surface) and
eventually disappear too. In specific places, such as
between the headwater parts of the Kovářova and
Písková gorges, humps and depressions continue
across the local water divide. Narrow joint-guided
passages allow to cross these labyrinths of elevations
and hollows. By contrast, large areas between the
Hájkova Gorge and the Liščí Gorge show negligible
relief.

Fig. 10. Variability of Terrain Ruggedness Index along the length of canyon floors. TRI values in the range of
0.5 – 1.5 correspond with the presence of boulder fills.
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More insight into geomorphology of the inter-canyon
areas is offered by the map showing the presence of
closed depressions, generated from the high-resolution
DTM (Fig. 11). Two main observations are offered.
First, floors of many side slots and passages host
closed depressions, occasionally occurring one after
another. Although field check indicated that some
of these hollows are not really closed and there are
narrow passages connecting with the main canyon (e.g.,
Fig. 11, site A), the dimensions of these depressions
far exceed the width of a very narrow connecting
slot. This suggests that surface connectivity between
interfluve areas and the main canyons is limited, the
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hollows are effective sinks, and relatively little water
and sediment transfer continues overland, via the
narrow slot. Second, in various places on interfluves
shallow (~1 m deep) hollows occur. In the field they
can be occasionally identified through waterlogging or
marshy vegetation. They may occur irregularly, but
in certain places they form a grid pattern, revealing
adjustment to bedrock discontinuities (Fig. 11, site
B). From a hydrological perspective they are sinks on
seemingly planar water divide surfaces. Less regular
is the distribution of closed depressions between
the lower sections of the Kovářova, Písková and
Nemecká gorges.

Fig. 11. Closed depressions in the inter-canyon area between the Hájkova Gorge and the Hruškova Gorge. See text for
explanation of ‘A’ and ‘B’.

DISCUSSION – TOWARDS AN EVOLUTIONARY
MODEL OF BOULDER-FILLED CANYONS
Rock fall hypothesis
Two key observations emerge from data presentation.
First, boulder fills are distinctive and significant parts
of the canyon system within the cuesta backslope,
not really accounted for in previous reports from the
area. Not only are they prominent because of their
spatial dimensions, but we propose that they convey
an important message about the evolution of the
system. Second, boulder caves cannot be successfully
explained without considering their geomorphic
context and setting, hence the evolution of fills and
caves is intimately linked.
The existing literature seems to explain boulders
within canyons and other types of valleys in rather
simple way, as products of rock falls from canyon
walls. Likewise, boulder caves are almost universally
equated with talus caves, and the model of origin due to
selective removal of fines, developed for granite caves,

was not really transferred to sandstones. Indeed,
the review of voluminous literature about sandstone
pseudokarst has not revealed information about
an origin of boulder caves other than due to mass
movement (see Vítek, 1980; Bella, 2011). Accepting
rock fall origin for in-valley boulder accumulations the
following scenario is implied. A canyon is cut down by
fluvial processes, then widened to produce a flat floor
and lining rock faces. Rock fall from the latter, induced
by whatever triggers, supplies boulders to the canyon
floor and produces talus which may occasionally fill
the entire canyon bottom. Piccini (1995) and Piccini
& Mecchia (2009) invoked rock fall as an essential
process contributing to the origin of deep shafts in
quartzite on tepui mountains in Venezuela. In their
model, subterranean cavities produced by seepage
and piping grow upward through successive roof
collapses, as testified by boulder accumulations on
the floors of the shafts. The shafts may then extend
laterally, following major joints, to combine into the
network of canyons close to the rims of the tepui.
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Subsequent collapses of intervening quartzite towers
produce boulder fills in the canyon floors.
However, while not neglecting the occurrence
of occasional rock falls and slides in the canyons
of the Broumov Cliffs, it does not seem likely that
catastrophic rock slope failures are responsible for
the widespread boulder fills. The reasons to question
the rock fall scenario are the following:
• boulder fills, although widespread, tend to occur
in certain sections of the canyons rather than
being randomly distributed along the length of
the canyon. This is most striking in the Kovářova
Gorge which can be divided into three sections,
with the middle one being one continuous boulder
fill, 550 m long;
• there are sections of canyons which have an
extensive boulder fill and yet lack continuous
lining rock walls. The middle-upper part of the
Hájkova Gorge is an example;
• in some canyons, for instance in the Hruškova
Gorge next to the confluence with the Liščí Gorge,
evident talus at the angle of repose occurs but
this is attached to the canyon sides and does not
cover the flat floor;
• rock fall from sandstone cliffs usually results
in considerable disintegration of boulders upon
impact, the consequence of only moderate intact
strength of sandstone (e.g., Schumm & Chorley,
1966; Goudie et al., 2002; Migoń et al., 2005).
There is little evidence that this happened here.
Boulders making the fill are monolithic and

rounded, with few dissecting fractures. Movement
of rock blocks and boulders, if it occurred, was
more likely to be slow;
• rock fall scars on canyon walls are infrequent
and sharp edges are sporadic. Round shapes are
much more common.
Consequently, rock fall origin for caves within
the boulder fill does not seem relevant either. Big
voids and labyrinthine networks of chambers and
corridors are not expected in moderately strong rock
(as the local sandstone is), if boulders were to crash
following massive, instantaneous failures. Therefore,
an assumption present in publications focused on
the caves themselves (Vítek, 1980; Kopecký, 1990;
Kopecký & Jenka, 2013) that they are talus caves
due to rock fall, may be questioned. Interestingly, the
presence of an active stream in the cave lower storeys,
although reported, was not considered an important
part of the evolutionary story.
Subsurface origin
The above presented facts and considerations lead
to the proposal of an alternative scenario that seems
more applicable to the field situation. In this respect,
narrow slots within the rims of the canyons appear
particularly helpful, providing indirect evidence of
what may have happened with the sandstone rock
mass within the present day valley floor and hence –
what the likely origin of extensive boulder fills within
canyons may be. Therefore, we first consider the
probable evolutionary pathway of roofed slots (Fig. 12).

Fig. 12. Model of the development of roofed slots due to preferential weathering of more densely jointed sandstone compartments and removal
of weathering products in the subsurface.
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The presence of slots is structurally controlled. They
have developed within zones of very dense vertical and,
less often, horizontal jointing that does not continue
within the neighbouring sandstone compartments
(see Fig. 5A, C). The sections of sandstone densely
intersected by discontinuities were consequently
the zones of preferential groundwater flow. Meteoric
water infiltrating sandstone eroded the material along
joint surfaces, grain-by-grain. It is possible that the
detachment of individual minerals was preceded by
chemical deterioration of cement and grain contacts
due to a long reaction with water. Such a phenomenon,
known as arenisation, has been described in a
number of papers dealing with the evolution of quartz
sandstone and quartzite terrains (e.g., Martini, 1979;
Jennings, 1983; Wray, 1997; Wray & Sauro, 2017).
The underground removal of sandy detritus has led to
formation of sandy sheets and cones at the outlets of
slots. Such accumulations are common at the base of
presently developing slots and vertical fissures (Fig. 13)
and were recently described beneath the rock walls of
the neighbouring Stołowe Mountains (Duszyński et al.,
2016). The consequence of subsurface erosion is the
in situ disintegration of sandstone rock mass, which,
once solid, becomes divided into joint-bounded blocks
and boulders of various dimensions. Continuous
erosion leads to complete disintegration of the
smallest compartments and the remaining material
subsides into emerging voids, occupying lower and
lower positions in an evolving slot. After a long (but
undetermined) period of time the slot becomes nearly
empty, with singular boulders at its bottom and the
largest ones stacked between the lateral walls. More
massive parts of sandstone often form roofs of the
slots, testifying to the development of such forms
from beneath (Fig. 5D). Occasional rock falls from the
roof and slab detachment from case hardened vertical
walls contribute to the enlargement of slots, but the
importance of these processes appears secondary.
This scenario is similar to the one proposed by Piccini
(1995) in respect to the deep shafts within quartzite
table mountains in Venezuela, although there are two
differences. First, Piccini (1995) emphasizes the role of
roof collapses into expanding voids, whereas gradual
subsidence and sagging is proposed here. Second,
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shafts are singular features, perhaps located at major
joint intersections, whereas slots are linear features.
Bearing this in mind, we now reconsider the likely
evolutionary pathway of larger landforms – the
canyons themselves (Fig. 14). If the boulders filling
the canyon floor are not of rock fall origin, as was
explained before, and surface runoff is negligible in
the area, other mechanisms must have been involved.
It seems reasonable to suggest the following scenario.
The zones of the present day canyons were subject
to preferential groundwater flow. They might have
been related to some structural controls or initial
topographical patterns, but no firm answer can be
provided now. Rain water was percolating through
the sandstone, leading to enhanced weathering and
erosion along joint surfaces and degradation of the
internal structure of the rock. To some extent, this is
a self-reinforcing process, as explained by the concept
of reactive infiltration instability (Ortoleva et al., 1987).
With time, flushing increases, weathering accelerates
and voids (fractures, bedding planes) enlarge, focusing
erosion along specific pathways. The sandstone
becomes more and more disintegrated and the least
resistant compartments turn into loose sand, removed
by small streams flowing at depth. The continuous
removal of material from beneath and the resultant
subsidence of larger sandstone compartments
explains the origin of extensive networks of voids
and passages between the boulders. The concept
assumes, therefore, that the development of canyons
is not related to stream incision and successive
collapses of blocks from valley sides. The material
filling canyon floors should rather be considered as
an in situ remnant of sandstone rock masses that
were subject to intensive subsurface drainage and
have thus become intensively disintegrated. The
present position of boulders in the canyon floor – tens
of metres beneath the rims of the valley side walls –
indicates how effective the process must have been.
The legitimacy of the presented model is supported
by two other lines of evidence. First, the inter-canyon
areas abound with closed depressions (Fig. 11). Their
presence indicates that there must be another way
of draining the area than surface runoff. Subsurface
flow seems the only reasonable alternative. Water
originating from the inter-canyon areas most
probably supplies the canyon system. Second,
the canyons in the study area locally lose their
continuity and this is the case of the upper part
of the Hruškova rokle. The uppermost part of the
canyon is a well-developed valley that after c. 350
m from the head merges with the surrounding
surfaces. No valley form can be followed for the
next 200 m and then the canyon appears again,
beginning with a distinctive valley head, with
a spring. If the overland flow was the canyon
formative mechanism, such a phenomenon would
not be possible. Subsurface drainage is the viable
explanation.
The development of the above model does not
imply that all canyons or their sections evolved
in this way. Long sections of canyon floors have
Fig. 13. An example of recent sand deposition next to the outlet of a fracture
negligible boulder fills (Fig. 8, 9). Rather, the
zone evolving into a slot (field notebook for scale).
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evidence is presented to support the statement that
the evolution of canyons in sandstone terrains may
be complex and various development scenarios may
be applicable in different places. Likewise, it is not
to deny the role of episodic mass movements from
the valley sides, such as rock falls or toppling. They
surely contribute to the evolution of canyons in the
Broumov Highland, but the field evidence suggests
that their geomorphic role is minor.
The model presented here is an alternative to two
concepts of canyon evolution present in the literature.
It neither includes the crucial role of river incision nor

does it imply the retreat of the canyon head due to
groundwater sapping. The comparison with the latter
case is particularly interesting because it proves that
the action of underground water flow may support
both catastrophic and non-catastrophic development
of canyons. The seepage zone at the canyon rear walls
of the Colorado Plateau causes episodic collapses
(e.g., Laity & Malin, 1985; Laity, 1988), whereas
in the Broumov Highland the underground water
leads to slow decay of sandstone and the removal of
residuum. In fact, none of the canyons terminates
with a distinctive head cut.

Fig. 14. Conceptual model of canyon deepening and lateral enlargement due to subsurface removal of fine material
and sagging/subsidence of more massive compartments into emerging voids.
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CONCLUSIONS AND OUTLOOK
There is growing evidence worldwide that subsurface
processes play an important part in the geomorphic
evolution of sandstone terrains (Young et al., 2009;
Bruthans et al., 2012b; Wray & Sauro, 2017). Both
dissolution and mechanical disintegration/removal of
fines may be involved, accounting for a wide range
of landforms. However, regarding underground
morphologies the focus was mostly on large shafts
and cave systems such as those present in quartzite
mesas of Gran Sabana, Venezuela (Piccini, 1995;
Piccini & Mecchia, 2009; Sauro, 2014) or those
genetically related to mass movements (Margielewski
& Urban, 2003, 2017; Lenart et al., 2014). Boulder
caves were relatively neglected and usually explained
as by-product of talus accumulation. In this paper,
we use extensive field evidence from a canyon
network incised into a sandstone cuesta backslope
to develop a hypothesis of complex origin of massive
boulder fills within the canyons. Subsurface rock
mass disintegration and selective removal of grains
by underground water are the core components of
the evolutionary scenario. Thick boulder fills are
explained as residual features rather than products
of rock fall from canyon walls. Selective removal of
fines leaves voids into which overlying blocks subside
but the voids may be spacious enough (largely
because the rock blocks are so large) to connect into
penetrable caves. Following Bruthans et al. (2012a),
the removal of material from beneath can be easily
demonstrated for open and blind slots incised into
the canyon walls but we claim that this pathway of
evolution can be upscaled to the major landforms
in the area – the canyons. In this way, a model of
canyon evolution is offered, alternative to the existing
models implying surface fluvial erosion or retreat due
to spring sapping. Its applicability is limited by the
thickness of a rock package and vertical distance
to local base level, which control the efficacy of
groundwater flow. Thus, in the Broumov Highland
the origin of canyons a few tens of metres deep (up
to 100 m or so) may be explained in this way, but in
areas with thicker sandstone packages and more local
relief, deeper canyons may possibly develop according
to this scenario.
The model requires further testing and refinement,
both in the study area and elsewhere. First, we are
unable to address the timing and rates of the processes
involved and hence, bracket the timescale of canyon
evolution. An additional complication is imposed
by major environmental changes which occurred in
the Broumov Highland during the Quaternary. For
instance, it may be hypothesized that subsurface
processes were significantly reduced during the cold
intervals of the Pleistocene, when permafrost occurred
and may have sealed subsurface drainage routes.
Second, hydrochemical studies of stream waters
draining the canyons may shed some light on the
effectiveness of silica dissolution under contemporary
conditions, helping to constrain the timing of landform
evolution. Third, a new look at boulder-filled canyons
elsewhere would be a worthwhile exercise since, as
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demonstrated in this paper, rock fall hypothesis is not
necessarily universally applicable.
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Abstract:

Keywords:

Seven silica biospeleothems from Cueva Charles Brewer, Chimantá Plateau, Venezuela have
been successfully U-Th dated despite very low U and high detrital Th concentrations. Growth
rates are low, between ~100 to ~800 µm/ka, and are greater closer to water level. Dates in
unaltered material are in good stratigraphic order, but secondary silicification may compromise
the U-Th system, yielding unreliable sequences of ages. Detritally-enriched layers correlate
with global climate cycles of the Late Quaternary, in particular the cooler, drier phases of MIS
5d, 5a, and 4. SEM studies indicate that the peloidal material is made up of silica nano-particles
assembled to form hollow tubules ~1 µm in diameter. Secondary silicification inside and outside
the tubules fills most of the pores. Barite crystals are deposited close to the silicified core material.
Chemical analyses suggest that the white peloidal material is deposited by stream-generated
foam, while the silicified material and dark core material are closer to rock composition.
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INTRODUCTION
The tepuis of Venezuela are home to an extraordinary
suite of caves developed in PreCambrian arenites, and,
like many of the other caves, Cueva Charles Brewer
(Chimantá Plateau, Churí tepui, 05°14'51.63"N,
06°01'36.68"W, 2100 masl, Fig. 1) hosts many silica
speleothems, several types of which have been shown
to be biologically mediated. In overt recognition that
biological activity is the prime agent governing their
deposition, they have been dubbed “biospeleothems”
(Brewer-Carías, 2005; Chacón et al., 2006; Aubrecht
et al., 2008, 2012). In 2010 we reported the first
attempt to U-Th date one of these (Lundberg et al.,
2010), the results encouraging us to engage in further
dating efforts. A relatively less successful dating effort
(Sauro et al., 2013) was attributed to the altered and
eroded nature of the samples. Here we report on the
next phase of this research, where seven samples of
biospeleothem from Cueva Charles Brewer (CBC) have
been successfully dated, and studied under scanning
electron microscope.
Background to the region
The background geology, speleogenesis, and
environments of the region have been well treated
*joyce.lundberg@carleton.ca

elsewhere and are not repeated here. The geology of
the region is briefly summarized in Lundberg et al.
(2010) and Aubrecht et al. (2012). More complete
accounts can be found in Briceño et al. (1990), Briceño
& Schubert (1990), Gibbs & Barron (1993), Mecchia
& Piccini (1999), Doerr (1999), Santos et al. (2003),
Piccini & Mecchia (2009), and Aubrecht et al. (2011).
The caves, their speleothems, and most of the known
research at the time are summarized at length in
Aubrecht et al. (2012). Further readings can be found
in Piccini (1995), Piccini & Mecchia (2009), and Sauro
(2014). Climate, ecosystems and Pleistocene changes
are described in Schubert & Fritz (1985), Curtis et al.
(1999), Pennington et al. (2000), Van der Hammen &
Hooghiemstra (2000), Rull (2004), Rull (2005), Nogué
et al. (2009), Rull et al. (2010), and Zinck & Huber
(2011 and references therein).
The speleothems
Aubrecht et al. (2012) present a very detailed survey
of speleothems from several caves of the Venezuelan
tepuis. Most of the speleothems are siliceous; some are
formed by inorganic precipitation (such as precipitation
from ceiling drips to form silica stalactites, or from
flowing water to form silica flowstone, or by deposition
from aerosols onto cobwebs), but the majority show
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Fig. 1. Location of Cueva Charles Brewer, Chimantá Plateau,
south-eastern Venezuela.

evidence of microbial mediation (Carreño & Urbani,
2004; Aubrecht et al., 2008, 2012). Biospeleothems
generally accrete in a stromatolitic manner and
Aubrecht et al. (2012) consider them to be true
stromatolites. Most have extraordinary shapes by
comparison with speleothems from limestone caves.
They come in several forms, the distinctions between
forms not always clear-cut. Aubrecht et al. (2012)
suggest three main categories: 1) “black corals” – a
very good name to describe these multi-branched
forms that look similar to evaporitic popcorn, but
are very dark in colour; 2) “dolls” (or “muñecos”) –
a vaguely columnar form that usually has a white
base and a narrower, dark-brown tip (unfortunately,
Aubrecht et al. describe them as “mushroom-shaped”
– an adjective that immediately becomes confusing
with the next category); and 3) “champignons” – ballshaped white speleothems.
In this present study, we focus only on the biologically
mediated speleothems – the “biospeleothems”, and on
those with the simplest shapes, most likely to show a
clear pattern of growth. Although the external forms
may vary, Aubrecht et al. (2012) observe that most of
the depositional material in the biospeleothems can
be grouped into two categories: 1) dense, columnar
stromatolitic material, of clear or brown opal; and 2)
porous, laminated peloidal microbialite material. We
examined both materials, but focussed our dating
efforts on the peloidal material.

METHODS
Samples were sectioned with a thin lapidary saw.
Due to the delicate nature, these materials cannot
be polished (as is common to clarify the internal
structures of calcite speleothems). The peloidal
material can relatively easily be drilled out or even
scraped out with the fine scalpel. Because the dense

opaline material is so very hard, it is considerably
more difficult to drill, requiring a very good quality
thin diamond disc to avoid contaminating the sampled
powder with metal dust from a drill bit. U-Th dating
was done at Carleton University, Ottawa, Canada,
using thermal ionization mass spectrometry (TIMS),
following the methods outlined in Lundberg et al.
(2010). At almost every step, processing of these silica
speleothems was considerably more problematic than
for calcite speleothems. Because the speleothems grew
so slowly, samples had to be drilled in narrow bands
along growth lines, but growth lines are hard to see in
this very white material. The dissolution step requires
the added precautions of using HF acid. During the
mass spectrometry stage, the extremely low uranium
contents of most samples severely limited the
precision attainable from counting statistics, while at
the same time, the very low U/Th ratio and relatively
high detrital thorium content limited the efficiency
of thorium ionization. Ages were calculated using
standard decay equations (e.g., Ivanovich et al., 1992)
and activity ratios calculated using half-lives from
Cheng et al. (2013). Ages were adjusted for detrital
contamination using the standard crustal silicate
activity ratio 230Th/232Th of 0.83 ± 0.42 (e.g., following
Cruz et al., 2005).
Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) were done at the
Nano-imaging Facility of Carleton University, Ottawa,
Canada. Chemical analyses were done commercially
by Activation Labs, Ancaster, Ontario, Canada.
As an easy way of testing the extent of secondary
silicification, hardness was tested using a hardness
pick set from MineraLab LLC, Arizona.
Statistical processing was done using the free
software package PAST (Hammer et al., 2001). X-ray
imaging of the small samples was done on a Siemens
Dentotime machine in Westboro Family Dentistry,
Ottawa.

RESULTS
The samples and the dating results
Seven samples were taken, six of them of the
champignon type (TH, AMP, SH, ICB, FA, ON), and one
of the doll type (FR). Appendix 1 presents the isotopic
measurements and the ages. The ages are given first
as the original calculated age and the 2 sigma absolute
errors, and then as the age adjusted for detrital
thorium content. In the text below, ages are quoted
as calculated ages with adjusted ages in parentheses:
e.g., “45 ± 2 (35 ± 4) ka” indicates a calculated age of
45 ka but adjusted for detrital content to 35 ka.
All the champignon-type samples were collected
from the same area, from the thinly-bedded geological
unit (one of the units rich in biospeleothems) which
we call “The Mushroom Farm”, above a bedrock shelf
about 8 m above stream level, some 70 m upstream of
Cascadas Chumaceiro and some 200 m downstream
of Cascadas Tovar (Fig. 2). This level probably never
encounters flood waters directly, but it is within
the zone of foam aerosol generated by the waterfalls
(Aubrecht et al., 2012, p.107).
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whether a sample is still active, and especially in
this case, where no active drips are associated with
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the any of the samples. However, as these silica
biospeleothems become altered over time, we observe
that they generally change in colour, from pure white
to more yellow, as well as in hardness, from <2 to >6.

Fig. 2. A) Cueva Charles Brewer, survey of entrance series, showing sampling locations; B) Sketch cross section of the main sampling area,
“The Mushroom Farm”; C) Photograph of the Mushroom Farm wall. The figure is pointing to the sample called Sliced Ham.

Trailer Hitch
This sample, Trailer Hitch (TH, Fig. 3), was chosen
because it looked fresh, showed no signs of erosion,
had a simple shape (thus was likely to demonstrate
a simple growth sequence) and was probably still
growing. The site is ~11 m above stream level, and ~3 m
above the shelf that gave access to these samples.
The sample is 6 x 4 cm, attached to the surface
by a 3-cm wide stalk. It grew underneath a slight
overhang, but, as with all the biospeleothems, was
not associated with any drip point. All samples in
the vicinity have the same basic curved shape, the
growth layers showing concentric accretion. The core
that is exposed in cut section (Fig. 3B) is about 1 cm
wide, of off-white, slightly hardened silica (hardness
of 2-3). The outer material is extremely fragile, porous,
friable silica (hardness value <2, the lowest number
available by this method of testing). The diameter from
the core to the outer edge along the dated transect is
28 mm.
The external morphology of this sample and others
in the vicinity, the internal growth lines and the X-ray
image suggest a somewhat complicated history. Figure
3A shows several small “nubs” of white accretion in
the vicinity – baby champignons that presumably
will develop from their initial simple pimple shape to
become like Trailer Hitch. The champignons around
Trailer Hitch all have the same basic features: the
point of attachment is narrow, accretion occurs
preferentially on the downward-facing surfaces and
asymmetrically, while the surface facing upwards
accumulates a slight dis-coloration from detritus.
However, the X-ray image of Trailer Hitch (inset to
Fig. 3B) reveals a core of somewhat denser material
in a very convoluted shape (white in the image),

and the rest of the sample is a uniform grey. The
relatively simple growth lines exposed in the section
(Fig. 3C) do not appear to follow the convolutions of
the core.
The assumption that flood waters probably never
reach this shelf is based on the elevation above stream
level, the very fragile nature of the samples – they are
so delicate that particles slough off with even the most
careful of touch – and the absence of evidence for
fluvial erosion. The absence of any obvious supply of
water (either from drips or from flood waters) implies
that the detritus is all air-borne fallout (from aerosol
or from fine dust).
The material has exceptionally low uranium content
(0.01-0.13 ppm U) and high detrital thorium content
relative to the corresponding uranium concentration
(230Th/232Th activity ratios are all under 10). The
238
U/232Th activity ratios are low but the extra 234U
from the high 234U/238U values allow us to measure
meaningful ages. Assuming continuous growth, the
dates show extremely slow growth from ~200 ka
– marine isotope stage (MIS) 7 – through ~120 ka
(MIS 5) and ~27 ka (MIS 2-3). All samples have high
232
Th relative to U and so all are adjusted for detrital
content. Propagating the growth curves to the outer
edge yields 0.7 ka using the non-adjusted dates,
and 5.2 ka with the adjusted dates, supporting our
interpretation that this sample was still active at the
time of collection. With 24 mm of accretion in ~200 ka,
the average growth rate is only ~130-140 μm/kyr.
The core of this sample has only slight secondary
silicification, yielding the relatively robust date of
209 ± 9 (201 ± 13) ka. The other two samples used
to calculate the growth rate have moderate detrital
content, and the adjustment does not significantly
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alter the growth curve. However, the sample taken
close to the stalk, TH4, has the highest detrital
content, such that the calculated age of 65 ± 0.5 ka
adjusts to 46 ± 11 ka. This date helps to constrain the
growth lines shown in Figure 3C.
Amphora
Amphora (AMP, Fig. 4) was taken as a companion
to Trailer Hitch, but ~15 m downstream. It is about
the same size (~5 cm tall), and the same shape, in
the same growth position just underneath a small
overhang (Fig. 4A), and at about the same elevation
above the ledge, but, because of the slight geological
dip here (about 1.5⁰ to the south) it is about 0.5 m
closer to river. It was also presumed to still be active
at the time of sampling. The cut section (Fig. 4B)
reveals the concentric growth layers. The X-ray image
(inset to Fig. 4B) reveals the internal small, narrow,
asymmetric core of more dense material extending
from the point of attachment to one side of the sample.
A more diffuse region of somewhat more dense
material extends a little more towards the centre of
the sample (Fig. 4C). Similarly to Trailer Hitch, the
majority of Amphora is very soft (hardness <2) and
the core a little more yellow and silicified (hardness
of 2-3).
The first four dates from the edge inwards are in
stratigraphic order and yield an age at the outermost
edge of 6.5 ka from non-adjusted dates, and 5.0 ka
from adjusted dates, supporting that the sample was
likely still active at the time of collection (but with a
rather wide 95% confidence interval). The growth rate
for this portion is 350-400 µm/kyr.
The dates closer to the core do not continue this
stratigraphic trend. AMP 5 at 30 mm yields only 44 ± 0.5
(39 ± 3) ka. AMP 6, very close to the core and including
the narrow cracks (which are not proper hiatuses
but may have been sites of water penetration) gives
63 ± 0.4 (62 ± 1) ka. If we assume that the two innermost
samples were subject to alteration/silification (AMP
6 is close to the slightly more dense material shown
in the X-ray image; Fig. 4B), then the dates do not
reflect the time of the original deposition. As a very
rough estimate of the age of the core, the growth line
propagated to the core suggests that deposition may
have started around 120 ka. The dates suggest that,
although this looks very similar to Trailer Hitch, it
probably grew much faster (nevertheless, at only some
2-4 cm growth in 100 kyr, all of these biospeleothems
seem to have very low growth rates compared with
most calcite speleothems).
The next two samples were bigger, but not overtly
silicified, champignons: Sliced Ham (SH), and Ice
Cream Bomb (ICB).

Fig. 3. Trailer Hitch. A) In situ, before sampling; B) Scanned section
showing location of dates and, inset, X-ray image; C) Sketch to show
features apparent on the cut section. The internal morphology of the
more dense core material is added; D) Dates plotted in relation to marine
isotope curve (the marine isotope stages are shown as numbers)
(Bassinot et al., 1994) and position on transect.

Sliced Ham
Sliced Ham (Fig. 5) is again from the Mushroom Farm
site, about 3 m below Trailer Hitch and Amphora (i.e.,
closer to the water, ~8 m above the stream), and again
chosen because it looked fresh and probably active.
The sample is 10 x 12 cm in cross section and about
25 cm wide. It is very white throughout (but with
detrital dusting on the upper surface), and, although
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it also has a hardness of <2 throughout, is slightly
less delicate than the first two. The section was cut a
little to the right of the point of attachment. The core
does not show any discoloration or silicification. (This
sample was too big for the X-ray machine, so details
of the internal morphology are not available).
Two of the dating attempts failed completely (SH2
and SH6) and SH7, the date closest to the core, is
unreliable because the thorium run was of very poor
quality, with low counts and short duration. The four
dates from the outermost 44 mm are in stratigraphic

Fig. 4. A) Amphora in situ (marked by the arrow). The stalk can be
clearly seen here. The larger champignons above the sample can be
seen to have the yellow colour associated with older material that has
had secondary silicification; B) Annotated scan of cut section showing
dated layers, and, inset, X-ray image; C) Sketch of features apparent
on cut section, with internal morphology of dense core added (the
obvious dense core shaded in orange and the more diffuse core in pale
yellow); D) Dates of Amphora plotted in relation to marine isotope curve.

Fig. 5. Sliced Ham. A) In situ, before sampling; B) Annotated scan
to show morphology and sampling. Image has been processed to
exaggerate colour to reveal growth lines; C) Dates of Sliced Ham
plotted on marine isotope curve.
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order, growing from 114 ± 2.5 (102 ± 9) ka to 73 ± 0.6
(67 ± 4) ka, at a growth rate of ~750-850 µm/kyr. The
sample therefore apparently stopped growing at ~50
ka (although in the field it looked just as fresh as the
first two samples). Propagating this growth line to the
core indicates that the sample probably started to
grow at ~155 ka.
Ice Cream Bomb
Ice Cream Bomb (ICB, Fig. 6) was sampled as a
companion to Sliced Ham, being about the same size
and about the same shape. It grew ~9 m above stream

Fig. 6. A) Ice Cream Bomb in situ; B) Annotated section showing
dating samples; C) Dates in relation to marine isotope curve.

level (below AMP and TH but a metre above SH), and
is the same hardness as Sliced Ham, <2 throughout,
and no core silicification is apparent.
The growth curve propagated (using the first seven
dates, omitting ICB-8) gives an estimate of time of
initiation at ~210 ka, and the sample apparently
stopped growing at ~90 ka. The growth rate is ~500
µm/kyr. The date closest to the core, ICB-8, gives a
date out of sequence, some 50 kyr younger than the
growth curve would indicate, a possible indication
of alteration close to the core. The smaller 234U/238U
values relative to other samples may have been a
contributing factor in the less reliable ages.
Fallen Angel
The sample Fallen Angel (FA, Fig. 7) was a large
piece (roughly globular, ~14 x 15 cm) that had fallen
naturally to the floor amid the many collapse boulders,
and smashed open. Figure 7 shows that the outermost
surface is not an intact layer; rather, the piece had
been eroded to expose the internal growth layers. Since
the broken surface can be re-fitted together easily
and shows no corrosion, we presume that the erosion
occurred before the piece fell from the wall. The outer
exposed surfaces are all very delicate (hardness of <2)
shedding silica particles at the slightest touch. The
growth layers in the outermost couple of cm are brittle
(hardness 2-3) and easily separated. The majority of
the piece, from the outermost 2 cm to the core, is very
hard, increasing from a hardness of 4-5 to 7 at the
centre. This sample is more yellow than the previous
samples. The growth layers are relatively obvious
outside of the central, hard mass.
Dating of the relatively hard layer 12 mm in from
the outer edge (FA12) yielded 247 ± 6 (235 ± 12)
ka. Another sample from the same layer (FA12R),
taken to test reproducibility within one layer, yielded
244 ± 7 (235 ± 12) ka – the same date within error.
That the 12 mm layer gives the same dates implies
that both parts of the layer experienced the same
history. It would be unlikely for chemical alteration to
proceed at the same pace throughout different parts
– so the interpretation is that this date does indeed
represent the time of deposition.
The sample taken from the very hard and silicified
centre of the piece (FA57) yielded a date of 140 ± 2
(117 ± 16) ka. Having established, from the previous
four samples, that dates on the porous material tend to
be in stratigraphic order, and that growth rates range
up to ~800 µm/kyr, the core of this sample might be
expected to be closer to ~300 ka. However, we also
noted from experience with the previous four samples,
that dates towards the harder cores are sometimes
too young to fit the growth curves. We conclude
that the process of silicification, which has to postdate the original deposition, compromises the U-Th
system such that the date reflects some combination
of the original time of deposition and the period over
which secondary silica gradually infilled the pores to
create this extremely hard material. This suggests
that attempts to date material with secondary infill
silica are unlikely to be successful – thereby limiting
considerably the potential for studying older samples.
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Fig. 7. A) The two pieces of Fallen Angel re-assembled. (Note that this is not in growth orientation: the side on the table was the upper
side; B) Dated samples. This sample is naturally more yellow than the previous samples and this scan has no image processing.

The last date attempted was on the very soft
outermost layer: FA7 yielded the extremely unlikely
age of 426 ± 33 (414 ± 39) ka. This result is harder
to explain. The erosion of the outermost material
exposing the inner growth layers most likely took
place while the sample was still in situ. We have
seen several examples of biospeleothems still in place
but showing signs of erosion (the small sample to
the left of Amphora in Figure 4A is an example). We
suggest that chemical alteration after death of the
filamentous microbe component (see below), possibly
from condensation water, is most likely the cause of
this much older-than-expected date.
The Onion
The Onion (ON, Fig. 8) was picked up in the early
explorations of the cave and information about the
original site was not recorded. It is the same sample
as shown in Aubrecht et al. (2008) Figure 6B, and
Aubrecht et al. (2012) Figure 84C (p. 89) but the
location of the detrital coating suggests to us that it is
similar to the other small champignons and its growth

position was as shown in our Figure 8. Much of the
outer surface has been damaged through handling
over the years: Figure 8 shows the original outer
edge (reconstructed from photographs of the piece
before damage). It does have a similar overall shape
to the other champignons, but the internal structure
is more complicated in that it appears to be made of
three zones: i) the typical chalky outer peloidal zone;
ii) separated by a wavy black “line”, the inner, harder,
tan-coloured zone; and, finally, iii) the central, very
hard, dark, stromatolitic (Aubrecht et al., 2008)
zone. The outermost couple of mm are delicate, with
a hardness <2, but the next 17 mm are harder, at
2-3. Inside the black “line” at 19 mm the hardness
increases to 5-6.
Two dates were done from the outer zone: these
were in stratigraphic order, at 68 ± 1 (65 ± 3) ka and
78 ± 1 (76 ± 2) ka. Two were done from the inner zone:
although separated by 12 mm and several distinct
growth layers, these gave exactly the same ages,
at 158 ± 1 (156 ± 2) ka and 158 ± 1 (155 ± 3) ka.
Obviously only two dates in good stratigraphic order

Fig. 8. The Onion. A) Scan of the remains of the original piece with the original outer surface reconstructed, the three zones marked, and the
dates. (This sample has more natural colour than the other champignons, so this scan has not been image processed); B) Detail of core and
black “line”. The piece cut out for SEM is shown and the horizons of barite crystals (see explanation below, in text) shown with arrows; C) Dates
in relation to the marine isotope curve.
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does not allow for great confidence in the growth
curve, but, if we assume that the growth rate from the
outer two dates applied to the whole sample, then the
sample stopped growing at ~50 ka, started at ~130
ka, and the black “line occurred ~85 ka in MIS 5b.
However, if we interpret the dates from the silicified
region as discussed above (i.e., as the combination
of the original deposition time and the timing of the
secondary alteration), then the inner part must be
older than at least ~160 ka. The convoluted shape of the
inner core suggests that it may have been deposited in
stromatolitic form (sensu Aubrecht et al., 2008).
The inner zone appears to have at least four
distinct orange bands (Fig. 8A). These may simply
be growth lines, but they are strongly reminiscent of
liesegang bands – the bands of diagenetic coloration
typically seen in sandstones marking migration
fronts of alteration. The black “line” is particularly
interesting, and its like has not been observed in the
other champignon samples. Figure 8B shows that it
feathers into the overlying porous chalky material
underneath it (like moss agate) in a multi-lobed, fractal
pattern, indicating that it formed subsequently to the
primary accretion.
Fred the Chicken
The final sample dated for this study is the only one
that is not of the champignon type. Fred the Chicken

(FR, Fig. 9) is one of the mushroom shaped, “doll”
or “Muñecos” forms (Aubrecht et al., 2008). It was
sampled in situ some 200 m downstream of Cascada
Vanessa (Fig. 2A). The gross morphology (Fig. 9A
and B), that it grows vertically upward (rather than
downward) from a narrow stalk and opens out to
more bulbous form, and that it has emergent narrow
bulbous tips of dark brown hard material, already
suggests that this type of speleothem has a different
history to the mushroom types. However, the outer,
chalky, white material looks the same as the other
champignon forms.
The cut section (Fig. 9C) reveals the stromatolitic and
complex internal morphology: the point of attachment
is a narrow stalk that does not include the darkbrown core material; the core is made up of darkbrown opaline material in tortuous botryoidal forms,
which extends upwards into the narrow emergent tip;
this is blanketed with layers of paler, more porous
peloidal material. Most of the outer surface of Fred is
a little harder than the other samples dated (although
still less than 2 on the hardness scale), so it was not
expected to be young. A few mm in from the edge, the
material has a hardness of 2-3, the tan-coloured inner
zone is 4-5 and the core is 5-6. Samples for dating
included: FR2, 75 ± 1 (62 ± 8) ka, from the white outer
zone, FR4 (which failed) and FR5, 124 ± 2 (95 ± 21) ka
from the tan-coloured inner zone, and FRCT, 312 ± 4

Fig. 9. A) Fred, the Chicken in situ (marked with arrow) growing upwards from the sandstone shelf; B) External appearance of soft, bulbous white
peloidal material, but with emergent dark brown tip, of very hard opal; C) Internal morphology showing complex stromatolitic core and sampled
layers; D) Dates in relation to marine isotope curve.
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(306 ± 7) ka, from the tip of the emergent dark-brown
core. FR2 and FR5 had high detrital thorium relative
to uranium, with 230Th/232Th activity ratios of 2-3
(although all were low by normal dating standards,
the average for the other samples was 16).
Figure 9D shows the dates in relation to the marine
isotope curve. The dates on the outer layers indicate
a growth rate of ~300 µm/kyr, and that the sample
stopped growing at ~50 ka (i.e., MIS 4). The outer
layers apparently started to grow somewhere around
MIS 5d or 5e (the extreme correction required for FR5
limits precision). Even if we are confident that the date
on the core represents the actual time of deposition
rather than the time of secondary alteration, it is not
clear from the dates whether growth was continuous
from the core to the outer edge (at a considerably
lower rate), or whether there was a hiatus.
Growth rate and elevation above water level
The first four samples, all taken from the Mushroom
farm, show a significant relationship between elevation
above water level and growth rate, in that growth rate
is considerably higher closer to water level (Fig. 10),
and therefore, we presume, closer to the supply of
foam aerosol.

Fig. 10. Growth rates for the Mushroom Farm samples plotted against
elevation above water level.

Growth rate and global climatic cycles.
The growth rates for all the samples, and a slice
from each scan to show the morphological details, are
plotted together in Figure 11, in relation to the marine
isotope curve. Glacial periods are known to have been
globally cooler, drier and windier (Bradbury et al.,
1981; Hughen et al., 2006; Rull et al., 2010), and thus
might be expected to cause reduction or even cessation
of deposition. Evidence for this is limited: ON and FR
did stop growing in the Early Wisconsin glacial period,
but AMP and TH remained active throughout the
whole glacial period. Thus, no relationship was found
between growth rates and age of sample.
However, the impact of global cycles seems to be
apparent in the detrital layers. Detritus accumulates
more obviously on the uppermost surfaces of the
samples, thus lines of more concentrated detritus
can be traced from the upper side around to the main
body of the sample. Detritus-rich layers could be
caused by an increase in dust supply with a constant
growth rate and/or by reduction in growth rate with
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Fig. 11. The six samples growth period and growth rate plotted beside
the marine isotope curve. The coloured slices show the features of the
samples from edge (paler in colour) to core (usually darker in colour).
Visible lines with higher detrital content are marked with vertical dashed
lines inside the colour boxes, the thicker the line, the more significant
the feature. Apparent correlations of detrital events between samples,
and with marine isotope stages are marked with long-dashed lines. Note
that the dark-coloured cores of samples AMP and FR, in MIS 5, are
not detrital events. Note also that the slower the growth rate, the lesser
the confidence with which events are positioned and correlated (e.g.,
TH). No relationship can be seen between growth rate and Quaternary
time, i.e., changing climatic conditions of the glacial-interglacial cycles.
However, there does appear to be a reasonable relationship between
detrital events and global climate stages, with many of the detrital
events associated with cooler, drier phases MIS 6, 5d, 5b, and 4.

no change in dust supply. Glacial periods are likely
to involve both mechanisms (the more arid conditions
reducing growth rate and providing more dust).
In Figure 11 the more obvious detritus-rich
layers are marked, with lines of varying importance
indicative of the density of detritus – the less solid and
less thick representing less obvious lines. (Note that
the darker colours of the cores are not detrital events).
No relationship can be seen between growth rate and
Quaternary time, i.e., changing climatic conditions
of the glacial-interglacial cycles. However, within the
limitations of the dating error, Figure 11 does show
that the more obvious detrital layers seem to line up
across samples, and with the marine isotope curve,
focusing on the four globally cooler periods of MIS
6, 5d, 5c, and 4. Therefore we conclude that there
is reasonably good correlation of detrital events and
global climate cycles (despite the notable absence,
in the only two samples that were still active at the
time of collection, of any significant detrital layer
associated with MIS 2 glacial period). This result is
in keeping with our earlier dating project from this
cave where we (Lundberg et al., 2010) correlated dark
zones in the sample called Rinon with glacial periods.
Scanning Electron Microscopy
Studies using scanning electron microscopy (SEM)
were used to compare our samples with those studied
by Aubrecht et al. (2012), and in order to investigate
the processes of primary deposition and secondary
silicification.
Materials exposed at outer surfaces
We looked at two kinds of biospeleothems: the
champignon forms, with exposed pure white chalky
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peloidal material on all external surfaces; and the doll
forms, generally showing the chalky material only on
the lower surfaces, and a hard, dark brown opaline
material exposed on the upper branches/tips.
a) Surfaces with chalky, white, peloidal material
SEM elucidates some of the internal structures of
the peloidal material (Fig. 12). At the scale of ~100 µm,
it is made up of loosely-packed peloids (comparable
with the images in Aubrecht et al., 2012, p. 100).
Higher magnification (Fig. 12B) reveals details of the
loosely-packed elongate vermiform fragments, each of
which is made up of silica nano-particles (~0.1-0.2
µm) arranged around a central open tube (like curved
straws, but made up of agglutinated silica nanoparticles rather than paper; Fig. 12C). The external
diameter of the tubules is 1.93 ± 0.17 µm, and the

internal diameter is 0.96 ± 0.30 m. There is no
evidence of anything occupying the tubules. Several
filaments can be seen to be interspersed throughout
the upper 100 µm or so. These are probably collapsed
fungal filaments (Aubrecht et al., 2008, 2012).
While the peloidal material for both the champignon
form and the doll form seem to be about the same,
there are subtle differences. In addition to the
ubiquitous vermiform tubules, the white peloidal
coating on the surface of Fred (the doll form) had
more evidence of filaments (likely fungal). The outer
layers of Fred also were encrusted to a greater or
lesser degree with random fragments such as bits of
the tubules, silt particles, and detrital flakes (Fig. 13).
These differences may relate to the difference in age of
the outer layer rather than a fundamental difference
in the process of accretion: Trailer Hitch is probably
still actively accreting, but Fred probably stopped
accreting ~50 ka.
b) Surface with dark brown material
The surface of the dark brown tip of Fred shows
structures not unlike the peloidal material (Fig. 14A),
but it is not delicate to the touch, and in detail is
more variable than the peloidal material. This porous
material is comparable with the images of the “Black
Coral” forms imaged by Aubrecht et al. (2012, p. 20).
This surface has many areas with no clear features,
randomly-shaped quartz grains (presumed to come
from arenization of the cave walls – Sauro et al.,
2013), filaments and random bits of debris (Fig. 14B),
such as parts of diatoms (Fig. 14C). It has a few areas

Fig. 12. SEM images. A) General view of the outside surface of
Trailer Hitch, showing the loose, porous arrangement of the roughly
ovoid peloids (of the order of 100-300 µm long), each made up of
aggregates of vermiform tubules; B) Closer view of Trailer Hitch with
several filaments (likely fungal) interspersed between the vermiform
tubules; C) Detail of the white coating of Fred, showing the hollow
tubules made up of silica nano-particles, each of the order of only
0.1-0.2 µm, assembled around a cylindrical mould (~1 µm diameter)
(presumed to have been filamentous microbes, no longer living).

Fig. 13. A) and B). Two views of the white peloidal coating of Fred,
showing many filaments (probably fungal hyphae), and what appear
to be random fragments of vermiform tubule pieces, silt particles, and
detrital flakes stuck together. This is the outer layer of Fred, which
probably stopped actively accreting ~ 50 ka, so it may be that more
dust than silica has been added since.
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that show vermiform tubules clearly (Fig. 14D) but
these are rare. Although very different in external
colour, these tubules are not significantly different in
dimension from those in the white peloids (external
diameter is 1.95 µm ±0.70, and internal diameter
is 0.70 ± 0.21 µm: neither diameter is significantly
different from the white peloidal tubules, with p of
0.43 and 0.19 respectively).
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It is surprising that this surface is located very close
to the material from the uppermost 1-5 mm of the tip
of Fred dated at ~300 ka, and yet the surface does not
look highly silicified. The tubules look about the same
as the ones from Trailer Hitch that are presumed to
still be actively accreting. It is for this reason that the
chronology on the dark-brown, hard, core material
must be judged with some wariness.

Fig. 14. Outer surface of dark-brown tip of Fred. A) General view of the hard but porous material;
B) Region with random detrital(?) fragments, some silt clasts, and small acicular crystals of unknown
composition (~2-4 µm long) scattered around. C) Diatom embedded in detrital(?) particles, a few
vermiform tubules, and several of the acicular crystals; D) Region with vermiform tubules.

Material in the inner zones: zones of alteration
a) Process of secondary infilling/silicification
SEM images of the sub-surface peloidal layer of
The Onion (the layer dated at ~74 ka) show that
the material is similar to the soft, white peloidal
material of Trailer Hitch and Fred (Fig. 15A - compare
this with Fig. 12C). It is still porous, but with some
evidence of secondary deposition of silica that result
in tubules that are still hollow but a little thicker, and
the individual nano-particles are not as clear. The
deposition appears to be both on the inside and the
outside of the tubules – the external diameter of the
unaltered peloidal material versus the slightly altered
material is 1.93 (±0.17) and 2.47 (±0.30) respectively,
a significant difference (p = 0.001), while the
internal diameters are 0.86 (±0.30) and 0.53 (±0.17)
respectively, also significantly different (p = 0.03). The
process of silicification produces bulbous surfaces
on the tubules, as the original nano-particles are
augmented (Fig. 15B). This is the first stage of opal
re-crystallization from opal-A into opal-CT (Aubrecht
et al., 2008a, 2012). Between the outer and the inner
zone of The Onion, induration gradually increases
through the tan-coloured inner zone (Fig. 15C shows
reduced porosity and less evidence of the original
tubules) to the darker-coloured zone with almost
complete secondary induration (Fig. 15D).

b) Barite crystals
Part of the process of alteration appears to include
deposition, amidst the peloids, of tabular, bladed
crystals that are bright on SEM images (Fig. 16).
All the bladed crystals gave an EDS signature of
barium sulphate (barite), with ~50% Ba by weight,
~10% S and ~25% O. These seem to be restricted in
distribution to partings between layers, and we saw
them only close to the boundaries of altered and nonaltered zones. The material shown in Figure 16 from
the broken tip of Fred – the inside surface of the white
coating in contact with the brown core – has lots of
bright elongate crystals within the general matrix of
peloids and non-descript fragments (including pieces
of diatom – Fred was the only sample in which we
found diatoms), embedded at random angles. They
are up to ~300 µm long and ~30 µm wide.
The other material in which we observed barite
crystals is in the vicinity of the black “line” of The
Onion, between the two dates of ~76 ka and ~156 ka
(the section extracted for SEM study is shown in Fig
8). The barite is not in the black “line” itself, rather it is
concentrated in two horizons: the boundary between
the white peloidal material and the black “line”; and
along the brown horizon within the tan-coloured
material (marked with arrows in Figure 8B). Here the
barite is not in well-formed loose crystals – rather it is
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Fig. 15. Sequence of alteration, from The Onion. A) Detail of the white outer zone, made up of porous
tubules (of opal-A) but with some evidence of thickening, where the original silica nanoparticles are no
longer individually apparent (compare this with Fig. 12C above); B) Detail of the silicification process creating
bulbous surfaces (of opal-CT) on the tubules as the space gradually infills; C) The harder material of the tancoloured inner zone with fewer pores and barely discernable tubules; D) The dark-coloured material with very
little of the original structure discernable (the white patches are barite – see discussion below).

constrained within pores. Figure 17 shows domains
of barite crystals scattered about in the pores. Barite
is white, but the dark colour of many specimens and
these orange-coloured bands in the Onion probably
come from small amounts of iron (cf Hill & Forti,
1997, p. 201). The black “line” itself appears to be
fully silicified and dense, showing very few features
under SEM.
The dark brown core material
The fully silicified core material shows very little
in SEM imaging unless the material is etched first.

This reveals a few remnant pores and something of
the original internal complexity (Fig. 18). Aubrecht et
al. (2012, p. 93-96) present many images similar to
this, of etched stromatolitic core material, and they
attribute the shapes to filamentous microbe casts.
In Figure 18B the bulbous shapes of the opal-CT
spherules inside the pores can be seen. Compare this
with the images in Figure 15B and C of the partlysilicified part of The Onion. The process of silicification
thickens the tubules, accreting onto the original silica
nano-particles and exaggerating variations, eventually
joining up into contiguous laminae, of botryoidal form.

Fig. 16. Fred, the inner surface of the white peloidal material in contact with the brown core tip. A) General view showing the tabular-bladed crystals
of barite distributed at random amongst the peloids; B) Detail of the barite crystals; C) Barite crystal amid dust fragments, and bound with filaments.

Trace element Chemistry
In order to help elucidate the most likely source
of material causing accretion of the biospeleothems,
we measured minor and trace elements of both the
speleothems and potential source material. Since the
water supply does not come from cave drips, other
sources include the in-cave stream, the foam and

associated aerosol created at waterfalls (especially
during high water conditions), condensation water,
and possibly some ground-water percolating slowly
through the rock.
The data on water chemistry from Churí tepui are
from Aubrecht et al. (2012) and summarized in Table 1.
They noted that water chemistry is not very constant,
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Fig.17. The Onion. A) General view of the barite domains close to the
black “line”; B) Detail of the barium sulphate amidst the silicified but
still porous material. The original tubules are still clear.

varying with time, season and location (so these few
data are simply indicative of general properties). Data
from the CBC underground stream show generally
low values for dissolved compounds (for comparison,
our analysis of the CBC underground stream, taken
during low flow conditions, yielded 0.40 ppm Si and
0.03 ppm Fe), and dripping water in CBC (which is
generally not associated with biospeleothem growth)
has rather higher values.
In order to test for the most likely source of material
for the biospeleothems, we sampled the in-cave stream
water, and collected the foam left on surfaces since the
last flood event, which produced a brown liquid. We
could not collect any condensation water, nor could
we collect any of the aerosol. We presume that the
aerosol must be similar in composition to the stream
and the foam (bearing in mind that the foam and
aerosol are much more abundant in flood conditions,
when rain may flush out the surface swamps, and
that the in-cave stream composition in low flow
conditions may therefore not be so similar to the
foam). The data in Table 1 show that the surface creek
and the swamp drainage waters had generally higher
values than the cave waters. We also tested the rock
and the three types of speleothem material observed
during this study – namely the white peloidal material,
the pale-yellow silicified material, and the dark core
material. Table 2 presents the major components
(other than silica) of our samples, expressed as a
percentage of the total.
Cluster Analysis on the data in Table 2 (Fig. 19A)
separated Foam, Stream and Peloidal Speleothem
into one group (with Foam and Peloidal Speleothem
closest), and Pale-yellow Silicified Speleothem, Darkbrown Speleothem Core, and Rock into another group

Fig. 18. The dark-brown core material from Fred. A) Without etching,
very few features can be seen, other than a few remnant pores;
B) A region etched in HF acid, shows pores and some structures;
C) Detail of etched region – formerly a clump of tubules.

(with Rock and Core closest to each other). Principal
Component Analysis confirmed these groupings
(Fig. 19B).
These groupings suggest that there might be
two sources for the different components of the
speleothems. The origin of the peloidal material is most
likely to be the aerosol from the foaming stream. This
is supported by our observation that growth rates in
the Mushroom Farm area seem to be correlated with
proximity to water. In addition, Aubrecht et al. (2012,
p. 102), on the observation of the ubiquitous fine
aerosol and that the majority of the biospeleothems
seem to be close to water, suggested that the aerosol
may well be an important source. This, however, does
not hold for the material with secondary infilling of
opal and the dark core material. These would appear
to have a source of water that is more characteristic
of the rock composition. Looking at the results of the
test, reported in Brewer-Carías and Audy (2010), and
Aubrecht et al. (2012, p. 99), on potential capillary
transportation throughout a section of “doll”, we
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Table 1. Summary of potentially relevant water chemistry data from Aubrecht et al. (2012).
pH

Si ppm

Fe ppm

PO4_P ppm

Underground stream CBC (n = 5)

2.9

0.12

0.08

0.08

Dripping water CBC (n = 2)

3.9

1.82

0.02

0.07

Surface creek Churi (n = 3)

4.1

0.27

0.13

0.10

Swamp Churi (n = 2)

5.6

0.24

0.13

0.24

see that the dye was easily transported throughout
the peloidal material in only 1 day. These capillarity
tests showed that the dye travelled from the base
vertically upwards and did not bleed sideways,
implying non-random, parallel routeways, rather
than simple granular porosity. We suggest that the
secondary silicification develops as rock-pore-water is
drawn from the stalk of the biospeleothem through
these routeways. These arenites have considerable
variation in porosity, permeability, lithification and
hardness (apparent in field observations, and noted in
Aubrecht et al., 2012, p. 56-71), and rainfall over the

tepuis is very high (3351 mm per year: Galán, 1992),
so it would not be a stretch to envisage capillarity in
the speleothem slowly drawing pore water from the
rock through the material. The implications of these
observations are discussed below. Note that we were
not able to collect any condensation waters, and thus
could not test the hypothesis put forward by Aubrecht
et al. (2012, p. 101-103), that condensation waters
may also be a source of silica for the speleothems. We
presume that the condensed water has acquired its load
of solutes mainly from the rock; thus our supposition
that rock is one of the sources is still applicable.

Table 2. Data on chemistry expressed as percentage of total (for elements other than silica, which is not measured in the trace elemental analysis package).
% Composition (omitting Si)

Ca

Al

Na

Fe

K

Mg

Ba

Sr

Underground Stream

53.01

Foam

58.54

2.31

6.70

1.45

25.54

6.41

0.10

0.26

8.54

12.10

6.44

5.27

6.61

0.75

Rock

0.18

6.53

67.46

6.22

10.35

2.02

2.80

2.80

0.05

66.62

17.45

4.76

0.00

3.08

6.35

2.92

1.16

Pale-yellow Silicified Speleothem

9.88

44.46

9.39

24.70

7.90

2.96

0.13

0.07

Dark-brown Speleothem Core

4.71

61.53

5.43

19.91

4.71

1.81

1.32

0.07

Peloidal Speleothem

Fig. 19. Results of cluster analysis (A) and principal components
analysis (B) on the chemistry data. (“Spel.” refers to “speleothem”).

DISCUSSION
The observations on the SEM results along with
the chemistry results suggest that there are at
least two processes in operation in the production
of the biospeleothems studied, and they seem to be
sequential in time.

The first process is that the white peloidal material
is deposited in the form of nano-particles of silica,
probably from the aerosol foam, arranged around
narrow filament moulds, which perhaps are, as
Aubrecht et al. (2012) discuss, a Nostoc-type
cyanobacterial colony. The filamentous microbes grow
outwards slowly as the nano-particles smother them,
in a stromatolitic manner. The nano-particles making
up the peloidal material are of pure white silica. The
production of the “black coral” and the brown tips
of the “dolls” is probably a similar process of biomediated precipitation onto filamentous microbes,
and, since the tubules on the surface of the brown
tip of our “doll” sample are of similar morphology and
dimension to those in the white peloidal material, the
species is likely the same. However, the very different
colours and compositions suggest a different source.
Perhaps rock dust is mobilised and mixes with the
aerosol supply to the “dolls” and “black coral”, or else
the supply of water to the doll tips comes largely from
rock-derived water.
The second process is secondary lining, with opaline
material of composition closer to that of the rock,
on all available micro-surfaces within the texture of
the tubules making up the peloids. This eventually
reduces porosity and permeability, closing most of the
pores. The primary deposition is clearly a biogenicallymediated process. However, the secondary infilling
process is more likely simply a passive, physicochemical one, probably from capillary draw of seepage
waters from the rock. From the observations we have
made, the dark-coloured core is the final end stage
of the secondary infill process, the white, yellow, tan
and dark-brown materials all having started with
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the same tubules. However, we note that the dark
core material seems to have a much more distinct
boundary than the white-yellow-tan gradation, and is
usually marked by a distinct edge of very dark, very
dense material. Note that this conclusion is supported
by SEM observations, and may explain why some of
the dates are difficult to interpret. We have observed
that infilling events compromise the sequence of
dates such that older material with secondary infilling
often gives a younger age than material which has
not been infilled. However, this does not seem to
apply to the darkest material. We have, as yet, dated
only two samples of the dark core material, and both
are the oldest dates yet produced from these caves
(the tip of Fred at 306 ± 7 ka, MIS 9, and the middle of
Rinon at 390 ± 33 ka, MIS 11– reported in Lundberg
et al., 2010). Obviously more study is warranted.
This study was largely focused on the peloidal
champignon forms and our results do not necessarily
explain the dark stromatolitic materials of the
other forms.
There is some evidence that alteration may have a
third stage, in which iron- and barium-rich waters
make the wavy orange bands (e.g., in The Onion). We
have not studied these bands in detail, but, if they
are leisegang bands, then this may represent a form
of chromatography, the coloured bands marking
migrating fronts of iron-rich and barium-rich waters.
We did not see any evidence of barite in the core
material; if our interpretation is correct, then the
migration process requires interconnected pores
– thus explaining the absence of barite in the dark
dense core material. In Fred, the distribution of barite
suggests a migration pathway under the white layer
along the impermeable core.
The progression in morphology from a simple
white coating of peloidal material on a rock surface
to a stalked champignon form (or to any other form)
implies focusing of accretion into one spot. We do not
know the trigger for increased growth of filamentous
microbes in one spot, but Sauro et al. (2013) note
that the biospeleothems of Auyan Tepui seem to be
associated with edges of rock blocks and suggest that
condensation-evaporation processes are mediated by
air flow. Whatever the trigger, it is apparent that once
the filaments start to grow, attracting their load of silica
nano-particles, they continue to elongate outwards.
We suggest that outward expansion into globular
shapes is a result of simple dichotomous branching
of the filaments from the initial narrow starting point,
influenced by gravity, and sometimes biased in one
direction by air flow. While some of the champignon
forms do have a small core of more dense material,
there is no evidence that a core is a prerequisite
for accumulation of peloidal material. Rather the
evidence suggests that the core is a post-depositional
feature. The small “nubs” of white accretion beside
Trailer Hitch (Fig. 3A) have no suggestion of an
initial, thin, pencil-shaped form. The larger samples
studied (Ice Cream Bomb, Fallen Angel, Sliced Ham)
appear to have no core. Therefore we conclude that
champignons do not require an initial stalk. Note that
our very limited study of “doll” forms does not allow
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us to extend this conclusion to any of the other types
of speleothem.
The speleothems chosen for this study were
relatively young. The dating of these samples indicated
considerable variation in the slow growth rates,
from ~100 µm/kyr up to ~800 µm/kyr. The largest
samples we dated were about 12 cm in diameter; yet
considerably larger champignons can be observed in
the cave. Assuming the maximum observed growth
rate (800 µm/kyr), a sample of 30 cm diameter is
likely to be older than ~375,000 years old, but the
same sample at the more moderate growth rate of 300
µm/kyr might be a million years old and thus well
out of the range of U-Th dating. Of course, conditions
such as the rate of supply of aerosol will have changed
considerably in that time. The modern elevation
above river level was presumably not the same in the
past since the river is actively downcutting, and the
waterfalls retreating by headward erosion. However,
the implication is that the caves may be of considerable
age and that some parts of the caves may have been
stable for a very long time (obviously, that is not true
for the many parts of the cave that are quite delicate,
with very fresh fracture surfaces and actively spalling
sheets). Many of the speleothems simply fall off under
their own weight, some are destroyed by headward
erosion of the waterfalls, or by roof/wall collapse,
but some of the largest ones (we observed samples
of at least a metre in diameter in nearby caves) are
potentially extremely old.
Lithification of these biospeleothems may be very
complex. Although the peloidal material gave dates in
good stratigraphic order, implying that the material
has not been altered, porous material obviously can
behave chemically as an open system. Secondary
cementation is evidence of this. However, secondary
dissolution is also possible – see Figure 82G in
Aubrecht et al. (2012, p. 87) – and the resultant
dissolution hollow could itself be filled some time later
by younger silica cement. Therefore, interpretation
of the dates on materials which have experienced
secondary infilling must always be treated with
caution. In old, silicified material the dates should be
proven to be in stratigraphic order (e.g., see Lundberg
et al., 2010). Nonetheless, we are now aware that the
resultant ages may be more an indication of the timing
of alteration rather than the timing of the original
deposition. This has implications for the potential of
these materials for paleoclimatic reconstructions – in
general limiting such potential reconstruction (albeit
broad or low-resolution) to the younger, unaltered
material.

CONCLUSIONS
1. U-Th dating of these silica biospeleothems
is shown to be successful, but with considerable
limitations:
• The U contents are very low;
• The detrital contamination is high relative to U
concentration, and causes two problems: The very
high 232Th signal compromises the efficiency of
the TIMS measurement of the radiogenic thorium
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fraction; and large adjustments may be required
to correct the calculated age for presumed initial
230
Th, with ensuing very high error bars on the
resultant age estimates.
Since growth rates are generally very low, samples
need to be taken in very narrow slices, and,
since growth layers are sometimes convoluted, it
may be difficult to ensure that sampling is truly
constrained to the same growth layer.
Sampling is easy in the soft material but very
difficult in the fully silicified cores. Diamond bits
need to be of very good quality to ensure that
the bit material itself does not contaminate the
sample.
The secondary infill process probably compromises
the U-Th dates, unless both the deposition and
the alteration were in quick succession or a long
time ago. Dating of the fully silicified material
may not be reliable unless successive layers can
be shown to be in stratigraphic order. Therefore,
dating older material requires more replication to
increase confidence.
In practical terms, chemical processing of silica
requires the use of facilities set up for use of HF
acid, which may be a limitation in some labs.

2. The results from dating these six samples show
that:
• Growth of the champignon forms and of the
outermost layers of the doll forms follows simple
linear trajectories;
• The unaltered parts generally yield dates in good
stratigraphic order;
• Most of the secondary silicification seems to date
to older than ~150 ka – implying that the original
deposition of these speleothems is older than the
U-Th dates, and that secondary changes are slow
and occur over the timescale of about one glacialinterglacial cycle or more;
• While it was not possible, because of the very slow
growth, to pinpoint changes in growth rates, the
distribution of detritally-enriched layers seems
to correlate well with global climate cycles of the
Late Quaternary, in particular the cooler, drier
phases of MIS 5d and 5a.
3. SEM studies indicate that:
• The white material (of the champignon
biospeleothems and the outer layers of the doll
forms) is initially deposited as an open porous,
peloidal, material which is mechanically very
delicate. In detail it is made up of nano-particles
of silica that assemble around curved “tubules”,
which were probably filamentous microbes;
• The uppermost dark-brown surface of the doll
form (which looks active, but was not proven
to be active by the dating) has similar tubules,
but includes many more complex regions with
unidentified silicate materials, and a lot more
dust;
• The secondary silicification process first cements
the nano-particles together to create a more solid
“tubule”, and then gradually coats every available

surface, inside and outside the tubules to create
thick bulbous tubes, and then to infill most of
the pore spaces with laminated opal, leading
eventually to a very dense, very hard material.
Evidence of the original tubule morphology is only
then made apparent by etching;
• Part of the alteration process is the deposition
of barite crystals in pores. Although the barite
we observed was in close association with the
silicified core material, it is not clear whether
the deposition of barite is independent of, or
concomitant with, the silicification. The wavy,
barium-iron-rich orange bands suggest some
form of migration.
4. Chemical analyses suggest that:
• The white peloidal material is distinct from the
yellow silicified material and the dark-brown core
material, implying that the secondary process of
silicification involves a different source;
• Cluster analysis and PCA indicate that foam (and
stream water, the source of the foam) is the most
likely source for the white peloidal material, while
the more coloured speleothem material is closer to
rock composition. We suggest that the alteration
process occurs from capillary flow, through the
porous peloidal material, of rock-derived waters
(either rock pore water or condensation water
which has dissolved rock).
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Appendix Table A1. U-Th concentrations, isotope ratios, and dates.
Sample

Age (ka) ± 2 s

Age ka (adj)
±2s

U ppm
(±2 s)

AMP1

26.1 +0.3,-0.3

23.4 +1.7,-1.7

0.0309(3)

0.0143(1)

0.219(3)

1.068(13)

4.880 (52)

7.00 (7)

5.18(6)

AMP2

35.1 +0.3,-0.3

31.8 +2.0,-2.0

0.0095(1)

0.0065(1)

0.286(2)

1.702(22)

5.945(65)

7.48(5)

6.46(7)

AMP3

47.1 +0.6,-0.6

42.3 +3.0,-3.1

0.0168(2)

0.0143(1)

0.369(4)

1.790(27)

4.855(69)

6.40(6)

5.40(7)

AMP4

76.4 +1.0,-1.0

69.8 +4.4,-4.5

0.0189(2)

0.0183(1)

0.542(5)

2.100(22)

3.877(32)

6.58(5)

4.57(4)

AMP5

44.0 +0.5,-0.5

39.6 +2.7,-2.8

0.0226(2)

0.0160(1)

0.347(3)

1.550(16)

4.462(47)

6.64(4)

4.92(5)

AMP6

63.0 +0.4,-0.4

61.7 +1.0,-1.1

0.2417(12)

0.0533(5)

0.467(2)

1.983(8)

4.243(8)

27.31(27)

4.87(1)

SH1

73.1 +0.6,-0.6

66.8 +3.9,-4.0

0.0403(2)

0.0215(1)

0.516(3)

1.185(7)

2.299(10)

6.73(4)

2.60(1)

SH3

82.7 +1.1,-1.1

69.8 +7.9,-8.4

0.0186(2)

0.0203(1)

0.565(5)

1.323(15)

2.340(21)

3.68(3)

2.69(2)

SH4

106.5 +2.0.-2.0

99.1 +5.8,-6.0

0.0228(1)

0.0157(1)

0.674(8)

1.613(19)

2.394(13)

7.10(8)

2.88(2)

SH5

114.8 +2.4,-2.4

102.6 +8.8,-9.2

0.0231(2)

0.0243(1)

0.705(9)

1.589(22)

2.255(37)

4.60(3)

2.74(4)

238

232

Th ppm
(±2 s)

230

Th / 234U
(±2 s)

Th /
U (±2 s)

230
238

U / 238U
(±2 s)

234

232

230
Th /
Th (±2 s)

234
U / 238U
initial (±2 s)

SH7

101.0 +1.6,-1.6

88.4 +8.3,-8.8

0.0189(1)

0.0208(1)

0.650(7)

1.520(17)

2.340(14)

4.20(4)

2.78(2)

ICB1

104.2 +1.3,-1.3

101.1 +2.8,-2.9

0.0114(2)

0.0060(1)

0.679(5)

2.796(48)

4.120(67)

16.21(12)

5.19(8)

ICB2

124.6 +1.6,-1.6

114.8 +6.7,-7.0

0.0163(2)

0.0242(1)

0.760(6)

2.786(34)

3.667(42)

5.70(4)

4.79(6)

ICB3

126.9 +2.2,-2.1

125.4 +2.9,-2.9

0.0106(2)

0.0030(1)

0.774(8)

3.360(59)

4.343(67)

35.70(48)

5.78(9)

ICB4

149.8 +3.5,-3.4

149.0 +3.9,-3.8

0.0179(2)

0.0027(1)

0.853(11)

3.561(53)

4.175(35)

71.42(95)

5.85(5)

ICB5

166.7 +2.4,-2.4

165.3 +3.2,-3.1

0.0261(2)

0.0064(1)

0.899(7)

3.254(32)

3.619(28)

40.56(34)

5.19(4)

ICB6

152.7 +2.5,-2.5

151.7 +3.0,-3.0

0.0331(2)

0.0045(1)

0.851(7)

2.700(24)

3.172(23)

60.59(54)

4.34(3)

ICB7

175.9 +1.9,-1.9

174.8 +2.5,-2.4

0.0761(4)

0.0091(1)

0.902(5)

2.224(11)

2.465(7)

56.58(27)

3.41(1)

ICB8

149.0 +1.3,-1.3

147.9 +1.9,-1.9

0.0597(3)

0.0088(1)

0.837(4)

2.492(11)

2.978(8)

51.43(38)

4.01(1)

FA7

426 +32,-27

414 +39,-34

0.0861(4)

0.1299(11)

1.161(11)

2.288(21)

1.971(6)

4.60(5)

4.23(1)

FA12

247.1 +5.5,-5.3

235 +12,-12

0.0949(5)

0.0644(3)

0.963(6)

1.320(6)

1.370(6)

5.91(3)

1.74(1)

FA12R

243.7 +7.1,-6.7

231 +14,-14

0.0958(5)

0.0748(4)

0.971(9)

1.428(12)

1.470(3)

5.55(5)

1.94(1)

FA57

140.4 +1.9,-1.9

117 +14,-16

0.0993(5)

0.1093(7)

0.760(5)

1.061(7)

1.395(4)

2.93(2)

1.59(1)

TH1

28.6 +0.2,-0.2

26.0 +1.6,-1.6

0.0301(2)

0.0120(1)

0.238(2)

1.021(7)

4.296(14)

7.79(5)

4.57(2)

TH2

125.8 +0.9,-0.9

113.7 +7.3,-7.8

0.0277(2)

0.0308(2)

0.748(4)

1.757(8)

2.350(7)

4.81(2)

2.93(1)

TH3

209.3 +8.6,-8.0

201 +13,-12

0.1277(8)

0.0953(5)

0.961(14)

1.989(19)

2.069(27)

8.10(7)

2.93(4)

TH4

64.8 +0.5,-0.5

46 +10,-12

0.1353(7)

0.2527(21)

0.474(3)

1.399(8)

2.950(7)

2.27(2)

3.34(1)

ON5

67.9 +1.3,-1.2

64.8 +2.8,-2.8

0.1118(7)

0.0309(2)

0.488(7)

1.176(9)

2.408(30)

12.94(9)

2.71(3)

ON12

78.0 +.5,-0.5

75.6 +1.8,-1.8

0.2090(11)

0.0427(2)

0.541(3)

1.231(6)

2.276(5)

18.29(8)

2.59(1)

ON23

157.6 +1.2,-1.2

156.0 +2.1,-2.0

0.5180(26)

0.0457(2)

0.808(3)

1.138(3)

1.409(3)

39.22(10)

1.64(1)

ON35

158.1 +1.3,-1.3

155.4 +2.7,-2.7

0.3152(16)

0.0431(2)

0.804(3)

1.085(3)

1.349(3)

24.05(6)

1.54(1)

FR2

75.2 +0.5,-0.5

61.9 +7.5,-8.2

0.0314(2)

0.0566(3)

0.535(3)

1.980(11)

3.703(11)

3.34(2)

4.34(10

FR5

123.9 +1.8,-1.8

95 +18,-21

0.0661(4)

0.1179(6)

0.726(6)

1.298(11)

1.787(7)

2.21(2)

2.12(1)

FRCT

312.5 +3.7,-3.6

305.7 +7.2,-7.3

1.0320(52)

0.9994(73)

1.121(3)

2.730(8)

2.435(2)

8.56(5)

4.47(1)
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Abstract:

The Cyrilka Cave is the second longest pseudokarst cave and the longest crevice-type
cave in Czechia. Developed within the headscarp area of a deep-seated landslide, the cave
became a focus of scientific research in recent years when new passages were discovered.
Structural analysis provided a general tectonic plan of the cave, as well as more detailed data
on geometry and kinematics of the relaxed rock massif. The primary structure of NNE- to
ENE-striking bedding is broken by a system of NNE-striking fissures interconnected by two
continuous ENE-striking dextral fracture zones. Abundant signs of recent sinistral strike-slips
within the rock massif represent a bold structural feature of the cave. Along with DEM imaging
and a detailed survey of the cave, 2-D and 3-D ERT measurements completed an image
of the main predispositions and revealed the internal structure of the slope deformation.
These measures also detected unknown crevices above the existing headscarp, which
indicate the retrograde evolution of the landslide. Methodologically, we used the 3-D electrical
resistivity tomography in the incoherent sedimentary flysch rocks for the first time. Based on
radiocarbon dating of the stalactite core, the minimum age of the cave is up to 19,900 ± 280
cal BP, which is the oldest age detected in the area of the Outer Flysch Carpathians so far;
we thoroughly discuss further indirect evidence indicating a probable Late Pleistocene age of
the cave.
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INTRODUCTION
The Cyrilka Cave is one of the most famous
pseudokarst feature in Czechia. At 552 m in length, it
is the longest crevice-type cave in Czechia according
to the classification proposed by Vítek (1983) and
the second-longest pseudokarst cave (after the
Teplická Cave: 1,065 m). Crevice-type caves belong
to the category of caves originated by the gravity
disintegration of rocks (Bella & Gaál, 2013). As Vítek
(1983) states, crevice-type caves are mostly produced
by the movements of large blocks of compact rock
masses arising as cracks (widened along tectonic
contacts or bedding planes) and clefts (not of tectonic
origin). Margielewski and Urban (2003) consider the
crevices to be free space between two rock blocks when
at least one of them is affected by slope movement.
According to morphogenetic classification (Urban &
*jan.lenart@osu.cz

Margielewski, 2013; Margielewski & Urban, 2017),
the cave belongs to the category of intermediate caves.
The Cyrilka Cave has been known for centuries. Due
to its specific genesis, morphology and environment,
it has attracted the attention of many scientists.
The first accurate map of the cave was published in
1953 (Tučník, 1953). Since then, the cave has been
extensively studied, extended and mapped. The New
Part of the cave was discovered in 1976, increasing
the length from 165 to 375 m (cf Foldyna, 1968 and
Wagner et al., 1990). More recent surveys increased
the length to 511 m and depth to 16 m (Wagner
& Lenart, 2012) and 535 m in 2013 (Lenart et al.,
2013). The scientific studies undertaken include
cave microclimates (Wagner et al., 1990; Lenart,
2012), landslide development including the role of
groundwater (Baroň & Kašperáková 2007), the use of
the TM-71 optical-mechanical crack gauge (Klimeš et
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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al., 2012), geology and hydrochemistry (Malinčíková,
2013, 2015) and the genesis and evolution of the cave
(Lenart et al., 2014).
Although the range of the research is quite extensive,
yet problems there unresolved as those related to the
tectonic predispositions of the cave genesis, velocity
and detailed way of its development as well as the
absolute age of the cave.
The main goals of the present study are: (i) to
present the results of a new speleological mapping
carried out between 2010 and 2013; (ii) to deepen
the knowledge about the structural setting of the
cave, especially about its structural predisposition,
geometry and kinematics; (iii) to reveal the internal
structure of the deep-seated landslide (DSL) in the
cave site; (iv) to detect possible unknown underground
crevices upslope from the cave by the use of electrical
resistivity tomography; and (v) to delimit the absolute
age of the cave with the help of the radiocarbon
dating strategy. The method of the 3-D electrical
resistivity tomography is applied for the first time in
the incoherent sedimentary flysch rocks.

LOCATION, GEOLOGICAL AND
MORPHOLOGICAL SETTING
The Cyrilka Cave is situated in the north-eastern
part of Czechia in the Moravskoslezské Beskydy
Mountains (Fig. 1A), which belongs to the Outer
Western Carpathians, formed by flysch Mesozoic
(Late Jurassic) to Paleogene/Neogene (Early Miocene)

sedimentary rocks. During the Lower and Middle
Miocene Alpine orogeny phases, these sediments
were folded and thrust onto the foredeep in the
northern direction, forming several nappes (Menčík
et al., 1983). The Cyrilka Cave is situated in the
culmination portion of the Silesian Unit flysch nappe
on the Radhošť Ridge (Fig. 1A), which is formed by
the Godula Formation (Upper Godula beds). The
sedimentary strata consist of thick-bedded (2–4 m)
sandstones or conglomerates alternating with very
thin-bedded (up to 20 cm) claystones or siltstones
(Menčík et al., 1983) with glauconitic admixture
and clayey-ferrous cement (Malinčíková, 2013). The
Radhošť Ridge is important for the appearance of
the Pustevny Sandstone, an informal member of the
Godula Formation, characterized by thick-bedded
green-grey greywacke or arkosic sandstone (Eliáš,
2000). During the Miocene, the rocks were disrupted
by joints and faults (Menčík et al., 1983).
Morphologically, the Radhošť Ridge is asymmetric.
Because of the slight strata south-east dip (9°–35°),
the ridge forms an escarpment with the northern short
and steep scarp slopes and southern long and gentle
dip slopes. The Cyrilka Cave is situated on the eastern
slope, which is strongly affected by the development
of a frontal complex of DSL, involving spreading,
translational and rotational movements (Fig. 1B).
This complex affects at least two valleys. There are
three main localities with clearly distinguishable
topography typical for a DSL. The northern DSL
with diffuse headscarp is developed from below the

Fig. 1. Regional setting: A) SRTM model of the wider area; B) High-resolution LiDAR-derived Digital Terrain Model of the Czechia
provided by the State Administration of Land Surveying and Cadastre (DMR5G) with a spatial resolution of 1 m and the maximum
error in altitude reaching 0.3 m in forested areas; highlighted area of clear topographic response to gravitational movement;
C) DEM generated from direct topographic measurements with cave contours and measuring lines of ERT profiles.
International Journal of Speleology, 47 (3), 379-392. Tampa, FL (USA) September 2018
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unnamed peak (1,077 m a.s.l.; Fig. 1B), reaching the
bottom of the valley. The side margins are clearly
developed in addition to slid blocks in the upper part
of the deformation where the Mořské oko landslidedammed lake is formed. According to the clearly
visible lineaments on the LIDAR image, the blocks
are separated along the NE–SW, NNE–SSW and
ESE–WNW directions. The main body is 0.8 km long
as well as wide. Other initial forms of gravitational
processes are visible above the headscarp more to
the north, and there is a similar situation set up
in the western part, where the gravitational trench
with the entrance into the Cyrilka Cave occurred.
More to the south-west, the complex continues with
less visible gravitational forms towards the second
distinct DSL, which occupies the left-oriented slopes
of an unnamed deeply incised valley. Again, the
undulating topography helps to reveal slid rock blocks
separating along the N–S, E–W and SE–NW directions.
The main body is 0.9 km long and 0.5 km wide. The
whole complex of gravitationally affected massif
terminates in the opposite slope of the same valley
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where the wedge-shaped rockslide is developed. The
slid rock mass below the steep and rocky headscarp
includes the Šampiónka crevice-type cave (length: 15 m,
depth: 7 m).

A BRIEF DESCRIPTION
OF THE CYRILKA CAVE
The Cyrilka Cave is developed mostly below the
shallow trench with several pseudokarst sinkholes
and rocky depressions filled with debris (WGS84:
49.4861N, 18.2636E).
The Cyrilka is the longest crevice-type cave in Czechia
and is 552 m long and 16 m deep (Figs. 2 and 3). The
cave comprises three morphologically distinguishable
levels developed at a shallow depth. The middle level
includes more than 90% of underground passages,
which are regularly shaped in geometry—high but
narrow, with ceilings formed by lower bedding planes
or wedged boulders, and a floor formed by a mixture
of debris and clayey mud. The passages are in some
places widened into larger chambers.

Fig. 2. Longitudinal profile of the Cyrilka Cave: A) Crevice within the New Part; B) Entrance; C) Bedding Chamber; D) Flat undisrupted ceilings formed
by sandstone bed; E) Narrow crevices within the Old Part; F) The bottom of the cave. Photos: A, C, D, and F – J. Lenart; B – O. Lenart; E – V. Škarpich.

The majority of the passages follow a NNE–SSW
orientation, parallel with the strike of the slope. The
only exceptions are two ragged passages following
two ENE–WSW fracture zones, which divide the cave
into three morphologically and genetically different
segments (Fig. 3). Each of them has undergone
a different gravitational evolution with different
morphological results (see Lenart et al., 2014). The
overall horizontal arrangement of the cave system is
fan-shaped, with the tip at the southern termination.
The detailed lithology exposed inside the cave is
still poorly investigated. The dominant mediumgrained sandstones with clayey-ferrous cement are
altered by incoherent and intensively weathered
coarse-grained sandstones or even conglomerates
in the upper floor of the cave. The clayey-ferrous
cement typical for medium-grained sandstones is
supplied there by the calcareous cement which fills
the larger pores (Malinčíková, 2013). Additionally,
according to the analyses by M. Šťastný (content of
CaCO3 according to the method of Konta, 1967), the

calcareous admixture constitutes up to 16% of the
coarse-grained sandstone sample. This composition
probably resulted in the formation of small sodastraw-like stalactites in the New Part of the cave.
During the mapping of the terminal parts of the cave,
we found two other sites with this type of speleothems
in similar positions. Such speleothems were also
described in lithologically similar crevice-type caves
in Poland (Urban et al., 2007a, b) and Slovakia
(Imrich et al., 2007; Majerníčková et al., 2005). In
contrast, Malinčíková (2015) investigated the possible
calcareous precipitation in the Old Part of the cave
with negative results. She recognized only dissolution.

METHODS
Speleological mapping
The cave was remapped between 2010 and 2013
using a Leica Disto A3 range-finder with a Disto-X
component using PocketTopo software and drawn in
CorelDRAW. Several passage cross-sections (Fig. 3)
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and a N–S longitudinal profile of the cave (Fig. 2) were
constructed. In the most uptodate survey, the overall
length of the cave is now 552 m and the depth is 16 m.

Fig. 3. Recent cave plan by J. Lenart (2012) with cross-sections.

Structural analysis
Applied structural analysis is mainly based on the
geometric data of fractures, faults and bedding and
kinematic analysis of fault and fractures in order to
assess the cave structural control in terms of genetic
interpretation.
Measured in dip direction / dip angle format for
planes and trend/plunge format for lines, all structural
data have been shown in the lower hemisphere of
Lambert equal area projections. Statistical analyses
used for the determination of the contour density
on projections were adopted from Fisher (1953).
During the measurement, the extensional and shear

fractures were recorded to explain the structural
control and genesis of the cave. The direction of
movement was recognized from slickenlines and other
features on fault and fracture surfaces. The shear
sense of movement was inferred from Riedel shears,
tension cracks, other minor fractures, synkinematic
quartz fibres and marker offsets (Riedel, 1929;
Petit 1987). Due to gravitational deformation and
associated rotations of rock blocks within the cave,
a dynamic analysis of fault slip data was avoided.
The strike expression of all structural features is
bi-directional, but we used uni-directional marking
for simplification.
Electrical resistivity tomography
The internal structure of sandstone-dominated
flysch rock was investigated by means of electrical
resistivity tomography (ERT). The survey was
performed in order to: (i) reveal the internal structure
of the DSL in the area of the Cyrilka Cave and its
vicinity and (ii) find possible unknown underground
crevices upslope from the Cyrilka Cave (above the
main headscarp) and northwards from the cave near
the Pustevny settlement, under a shallow depression.
The ERT is a two- or three-dimensional geophysical
technique. Measurements are based on direct current
passing through a pair of grounded electrodes to
the subsurface, and on measured potentials on a
pair of potential electrodes. According to Ohm’s Law
and the geometric factor (k-coefficient), the apparent
resistivity (ρa) is then calculated. The geometric factor
is a parametric description of the geometry used for
the measurement (electrode array, electrode spacing)
(Ward, 1990; Griffiths & Barker, 1993; Loke &
Barker, 1996; Loke, 1999; Milsom, 2005). With the
use of inverse modelling (least square inversion) and
other optimizations (finite element modelling, finite
difference modelling), resistivity pseudosections are
calculated from the apparent resistivity values. The
final inverted resistivity models are displayed as
tomographic sections (Res2D/3Dinv; Loke, 1999).
For the investigation of the Cyrilka site, both 2-D
and 3-D surveys were performed (see the localization
of the profiles in Figs. 1B and 1C). A broader area
of the dissected ridge was examined by five parallel
2-D ERT profiles of lengths from 71 to 87 m and 1 m
electrode spacing, by one 315 m long profile with a 5 m
electrode spacing and by two real 3-D ERT grids with
dimensions from 35 × 35 to 35 × 125 m and 5 × 5 m
electrode spacing. The Dipole-Dipole electrode array
was chosen on the grounds of its higher depth range
and due to its sensitivity to vertical structures.
Later, different profiles with Wenner-Schlumberger
configuration were performed, namely, due to its
stronger resistance to the geoelectrical noise. The
effective depth range of this array is thus also rather
higher, and the array is sensitive to both vertical and
horizontal structures. Unfortunately, the profiles
obtained by different methods can hardly be compared.
The 2-D data were processed with Res2Dinv
software (Geotomo Software) with the use of finiteelement optimization and a default dumping factor.
The RMS error cut-off of the modelled data was set to
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a maximum 60%, whereas the maximum RMS error
of the whole inverse model was 13.8%, which can be
considered as a reliable result under the conditions
of the flysch bedrock. The topography was involved
within the inversion process.
The real 3-D measurements were processed in the
Res3Dinv software (Geotomo Software) and visualized
in Surfer (Golden Software). Default inversion
parameters and optimizations were used. The final
3-D inverse resistivity models (pseudoblocks) are
displayed as horizontal slices as well as vertical
sections in both the x-axis and y-axis directions.
Radiocarbon dating
In the New Part of the cave, several positions with
small soda-straw-like stalactites have been recorded.
Two samples were collected in order to obtain the
minimum age of the cave. Sample C1 (length 5 cm,
width ~1 cm) was collected from the group of
stalactites in the Chamber with Stalactites, as
localized on Fig. 3. Sample C2 (length 6 cm, width
~1 cm) was taken from the Mammoth Passage in the
New Part (Fig. 3). At first, SEM images were obtained
with the help of the scanning electron microscope
Zeiss Supra 35 equipped with an energy dispersive
X-ray spectrometer (EDS) produced by EDAX. SEM
and EDS analyses were performed in the Laboratory
of Engineering Materials and Biomaterials Research
of the Silesian University of Technology, Gliwice,
Poland. All the EDS analyses were qualitative only.
The speleothems were subsampled to find layers
containing calcite, based on the SEM results.
Radiocarbon dating of one sample (C1 - GdA-5458),
was performed in the Gliwice Radiocarbon Laboratory
(Poland). The sample was prepared according to the
protocol reported by Piotrowska (2013). The surface
of the calcite crystals was dissolved in 0.5 M HCl,
then the residue was rinsed with demineralized water
and dried in 65ºC. The carbonate was reacted in a
vacuum line with concentrated H3PO4. The evolved
CO2 was separated cryogenically and transferred to
a graphitization unit. The automated AGE equipment
was used (Wacker et al., 2010). The measurement
of the 14C concentration was performed with use
of the AMS technique by DirectAMS, Bothell, USA
(Zoppi, 2010).

RESULTS
Structural setting
In several parts of the cave, there is a lack of data
due to the intensive gravitational rotation of rock
blocks, the talus-type character of the cave or the
unrepresentative character of the cave morphology.
With the exception of such parts, the structural
measurement and its interpretation were carried out
across the entire cave. Since the genesis and further
development of the cave is directly connected with
gravitational processes, practically all measured values
are partly influenced by gravity-driven translations
and rotations. The results of structural measurement
and analysis are shown in the structural scheme of
the Cyrilka Cave in Fig. 4A.
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The primary layered rock structure is characterized
by NNE- to ENE-strike bedding planes dipping solely
towards ESE to SSE and points to a general WNW- to
NNW-oriented vergence (Fig. 4B).
An analysis of all measured fractures revealed
a clear structural pattern of mostly NNE-striking
fractures steeply dipping to WNW. The NNE direction
represents the most distinct strike of the extensional
fractures varying from N to NE (Fig. 4C). Secondarily,
perpendicular to the main subset, WNW-striking
fissures are expressed within the cave structural
model.
The shear fracture maxima are represented by
N(NE)-striking and by the less pronounced ENE- to
E-striking directions (Fig. 4D). Almost solely NNEstriking dip-slip structures represent abundant and
extensive brittle features observed in the cave. Strikeslip movements are characterized by ENE- and NNEstriking dextral shear fracture zones and NNW- to
NNE-striking structures of a sinistral character.
These main fissure zones are interconnected by
dextral shear fracture zones—the ENE-striking righthanded strike-slip system linking fissures in the New
Part of the cave (DP34, DP39, DP42, DP66 in Fig. 4A)
and the ENE-striking dextral zone in the Old Part of the
cave (DP2, DP14, DP72, DP73). The left-handed and
fissure interconnections are more abundant but of a
smaller spatial extent—the sinistral fracture linking
in the Back Part (DP23, DP28), the sinistral zone in
the New Part (DP54) and the fissure interconnection
in several parts of the cave (DP4, DP8, DP18, DP49).
Electrical resistivity tomography survey
Based on the measured ERT profiles (Figs. 5 and 6),
the results can be divided into the following parts:
(i) investigations of the internal structures of the
DSL with the Cyrilka Cave and (ii) investigations of
the vicinity of the known cave (upslope and north of
the cave).
Figure 5 shows the six 2-D profiles. Profiles 1 and 2
were performed across the shallow terrain depression
north of the known cave. A twometerthick layer of
very high resistivities (~8,500 ohm-m) indicates the
weathered mantle. The lower sections in both profiles
exhibit much lower resistivities (~300–1,000 ohm-m).
However, there is one exception in the central parts of
both resistivity models just below the shallow terrain
depression, where the zone of low resistivities extends
up to the surface.
Profiles 3, 4, and 5 were performed almost
perpendicular to the main direction of the landslide
headscarp, as well as to the direction of underground
passages following the NNE-striking system of
mainly extensional fractures. The highest resistivity
values appear within the upper 2.5 m in all three
profiles (~3,000–8,000 ohm-m). The deeper zones
are characterized by significantly lower resistivities
(~300–1,000 ohm-m). Different resistivities are visible
within the area of the landslide headscarp and below it.
Several transitions between high- and low-resistivity
zones indicate the intensive disruption of the massif
which corresponds to the location of the Cyrilka Cave
(~2,000 ohm-m/~10 ohm-m). Moreover, the depths
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Fig. 4. Structural scheme of the Cyrilka Cave: A) Map scheme of cave tectonic control; B) Analysis of bedding planes; C) Fracture analysis;
D) Kinematic analysis of fault slip data; plotted in Lambert equal area lower hemisphere projections; Fisher’s method of contour density
distribution (Fisher, 1953); n – number of measurements; cave plan by Lenart (2012).
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of the transition zones (10–15 m) also meet with the
depths of the cave passages. The high-resistivity
zones are further widespread below the landslide body
(below the trench and further within the displaced
rock blocks, ~6,000 ohm-m). The slope disruption
below the headscarp line is the most visible on profile
5. Moreover, on profiles 3, 4, and 5, the isolated highresistivity zones with a short transition into low-
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resistivity zones are located below the slope which is
situated above the existing landslide headscarp.
Profile 8 was significantly longer than the previous
ones, and the electrode spacing was higher, which led to
the lower resolution through the profile. Nevertheless,
the vertical zone of low resistivity extending up to the
surface is again visible at approximately 110 m of
the profile.

Fig. 5. Results of 2-D ERT measurements. Orientation of the profiles is marked in Fig. 1.

Concerning the 3-D ERT measurements, we
performed two 3-D grids (6 and 7), undertaken above
the Cyrilka Cave and its surroundings (Fig. 6). The
results of the smaller grid 6 show the horizontal depth
slices as well as the vertical slices in the form of cross
sections and longitudinal sections. The horizontal
depth slices reveal three parallel discontinuous zones
of high resistivities (~2,000 ohm-m) located 3–10 m
below the surface, separated by low resistivities. In
the 10 m depth, these transitions fade away and the
lower resistivities prevail. Note that stripes of lower
resistivities (~300 ohm-m) within the uppermost
slice change into stripes of high resistivities within
the deeper slices. The vertical longitudinal sections
(X-Z and Y-Z planes) then show a distinct contrast
between high and low resistivities between 8–10 m.
Unfortunately, the measurement was affected by a
19.1% RMS error.
The results of the 3-D ERT grid 7 reveal slightly
different features. The northern part of the profile,
without any known caves, is represented by very high
resistivities within the uppermost depth slices. In
contrast, the middle part of the profile exhibits low
resistivity. Between the depths of 4 and 6 m (below
2 m, alternatively), relatively chaotic transitions

between resistivities occur. Transition zones are then
poorly visible below a depth of 6 m.
The southern part, which captured the known
passages of the Cyrilka Cave, is represented by high
resistivities within the upper depth slices, but also by
resistivity transitions at greater depth.
A 19.9 ka old stalactite
SEM images and corresponding EDS analyses were
obtained separately for the C1 and C2 samples to
decide the proper radiocarbon dating strategy for both
speleothems. The core of the C1 speleothem consists
of a Ca containing mineral, presumably CaCO3
(Fig. 7A). The outer shell of the C1 sample is built
of many different minerals containing Ca, K, Al, Si,
Mg and Fe elements (Fig. 7B). The EDS analyses for
the C2 sample revealed that layers of the speleothem
are built of aluminium and oxygen or silica- and
oxygencontaining chemical compounds (Fig. 7C, D),
probably Al2O3 and SiO2. The outermost carbonate
part of the C1 sample core was selected as the most
appropriate for radiocarbon dating.
The obtained 14C age of the C1 sample was 17,610
± 60 BP. This age was likely affected by the presence
of dead carbon, whose proportion was impossible to
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Fig. 6. Results of 3-D ERT measurements. Orientation of the profiles is marked in Fig. 1.

assign based on the presented data. However, Urban
et al. (2015) reported a review and an extensive
dataset for the Polish Outer Carpathian non-karst
caves, and, following their paper, the dead carbon
proportion (DCP) of 15% was used. Correspondingly,
we assumed that the true 14C age of the speleothem
was 1,350 ± 250 years younger. This correction was
applied, and the result was calibrated using the
IntCal13 curve (Reimer et al., 2013) and the OxCal
v.4.3 software (Bronk Ramsey, 2009). The calibrated
age was 19.90 ± 0.28 ka BP.

DISCUSSION
Tectonic control of cave development
In the area of the Western Carpathians, studies
dealing with the tectonic control of cave environments
have been provided by Margielewski and Urban
(2003), Pánek et al. (2010), Briestenský et al. (2011),
Lenart et al. (2014), Szczygiel et al. (2015) or Littva et
al. (2015). Some of these studies have linked tectonic
models with crack displacement monitoring assessing
contemporaneous slope deformation activity (Klimeš
et al., 2012; Stemberk et al., 2017). Although a brief
tectonic model of the Cyrilka Cave has already been
made by Lenart et al. (2014) and Lenart (2015), these
studies do not cover the detailed structural analysis.

In a thrust-related structural setting, we may expect
two basic types of extensional fractures, both dipping
normal to bedding. The first joint set (J1) is usually
parallel to the bedding strike, and the second joint
set (J2) strikes perpendicular to this direction (Price,
1966; Ramsay & Huber, 1987). In the Cyrilka Cave,
the NNE-striking extensional fractures have proved to
be the most distinct joint set. Based on the structural
position and the bedding character, this set has been
regarded as a J1 joint set in the case of the tectonic
origin of extensional structures.
The general tectonic model of the Cyrilka Cave is
characterized by a system of NNE-striking extensional
fractures interconnected by two distinct approximately
E-striking dextral fracture zones. More abundant
but less spatially extended, sinistral structures are
oriented between NNE to ENE directions. Dip-slips
represent mostly NNE-strike normal structures.
Due to gravitationally induced translations and
rotations of rock blocks within the cave, kinematic
data have not been used for paleostress analysis.
Moreover, the mutual time scheme of possible
deformation events would be hard to assess because
of rare or even missing cross-cutting relations on
fracture surfaces. However, predominantly subsidiary
fractures of R and PT type were identified on fracture
surfaces as kinematic indicators. As experimental data
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slope deformation, which is in concert with
findings introduced by Klimeš et al. (2012).
Geomorphic evolution within the slope
As the rock layers are inclined 9°–35° to
the SE or SSE within the Cyrilka Cave site
(Baroň and Kašperáková, 2007; Malinčíková,
2013; Lenart et al., 2014), in conformity with
the slope dip, the rigid beds are prone to the
subsequent, or even consequent, translational
movement along the plastic shale layers. The
origin of several chambers within the cave or
even of the whole gravitational deformation
(e.g., Baroň and Kašperáková, 2007) is usually
explained by these processes (e.g., Bedding
Chamber in the Back Part or Chamber with
Stalactites in the New Part). However, we
speculate that some chambers remained as
a free space after the vertical collapse of beds
into a gravitationally relaxed space, not after
the widening of the walls. Except for the talustype part near the entrance, the rest of the cave
system is strictly a crevice-type. The origin of
particular segments and their organization are
explained in Lenart et al. (2014).
The crevice-type caves are often predisposed
by the fracture zones/faults (Margielewski
& Urban, 2003; Lenart et al., 2014). Two
previously identified fractures trending E–W
and ENE–WSW divide the cave into three
morphologically different segments (Lenart
et al., 2014; Fig. 3). However, concerning the
tectonic predisposition of the whole system, the
most pronounced is the NNE–SSW direction.
Looking at the map of the cave (Fig. 3), the
western passage is remarkably straight, as it
is the border crevice between the relaxed slope
with cave crevices and the undisturbed massif
above it.
Fig. 7. EDS analysis and SEM images of stalactite samples: A) The outer layer of
Further consequences are visible in the
the core of the C1 sample; B) The outer layer of the C1 sample; C) The outer layer
LIDAR data (Fig. 1B), where we clearly see that
of the C2 sample; D) The core layer of the C2 sample; qualitative EDS spectrum
on the graph equals an average for the area marked with red rectangle on the
the fracture zone identified within the cave
SEM image, photos of samples by J. Lenart.
manifests itself north and south from the cave
site by several trenches and linear depressions.
show, R0 and PT type of minor fractures are formed
Based especially on the field experience from flysch
exclusively in intact rocks (Petit, 1987). Therefore,
environment (Pánek et al., 2011a; Tábořík et al.,
the simultaneous exertion of the variable stress
field is supposed to be a more likely scenario than
an alternation of different reactivation phases during
the formation of the specific structure of the rock
massif. This assumption is additionally supported by
a similar freshness and degree of weathering of most
of the fractures assessed by approximate comparative
observation. Nevertheless, within the cave, it is
possible to observe also certainly younger structures
(Fig. 8) than those discussed above. As inferred from
the offset markers and geometry of the cave passages,
the later gravitational opening of many passages took
place by slip movements in the opposite directions
compared to conditions under which the pre-existing
brittle structure of the massif had been created.
These reactivations resulted in the present failure
structure, characterized by distinct propagation of
Fig. 8. Fresh striations imprinted in clayey mud on the ceiling as an
evidence of recent gravitational movement (photo by M. Kašing).
contemporaneous sinistral movements within the
International Journal of Speleology, 47 (3), 379-392. Tampa, FL (USA) September 2018

388

Lenart et al.

2017; and others), we have attempted to interpret and
discuss the results of ERT measurements (Figs. 5 and 6):
(I) All profiles exhibit relatively low resistivities
in their lower sections, which probably indicates
undisturbed or only slightly disturbed flysch bedrock.
(II) Where the zone of low resistivities extends up
to the surface (profiles 1, 2, and 8), the presence of
a water–saturated or highly disrupted fracture zone
(fault zone) is probably indicated. This might be a
continuation of the fracture zone recorded within
the cave (Fig. 4A). This zone is also represented by
the superficial displays. The related terrain forms a
shallow elongated depression (Fig. 1C).
(III) The same feature is probably connected with
the continuation of the line of the landslide headscarp
(Fig. 1C).
(IV) However, the low resistivities indicate the
existence of a fracture/fault without the opening of
crevice-type caves. This is in contrast with the other
ERT profiles, which exhibit transition zones between
high and low resistivities representing the response
of a free space filled with air within the crevices (Figs.
5 and 6), as reported by Tábořík et al. (2017). These
crevices are in some places organized very close to
each other and are seen in the ERT profiles as larger
high-resistivity zones (mainly profile 5). We do not
identify each specific crevice.
(V) Profiles 3, 4, 5, 6, and 7 exhibit the highest
resistivity values within the upper layer. This is a
reflection of blocky colluvium (very well expressed
within the terrain by debris or even huge boulders
above the cave), which is interrupted only at the bottom
of the trench by the water-saturated finer colluvium.
This is the effect of the subsequent deposition of the
fine material below the landslide headscarp.
(VI) The rapid transitions between the low and
high resistivities, chiefly on profiles 5, 6 and 7, could
indicate underground crevices or even cave corridors,
on the 3-D grid 6 depth slice (Y-Z plane) arranged
in parallel. The transition zones correspond to the
superficial configuration of the landslide terrain.
They are located below the ground surface trench and
below the headscarp.
(VII) Looking at profile 5, one of the transition
domains is situated below the ground surface,
upslope of the existing headscarp. This finding
could not only indicate caves that are unknown so
far but it also reveals the gravitational relaxation of
the flysch massif behind the recent headscarp and
mainly behind the detected fracture zone. This result
could indicate a retrogressive gravitational evolution
of the slope behind the fracture zone, which originally
predisposed the slope failure (Lenart et al., 2014).
(VIII) On 3-D grids 6 and 7, the stripes of lower
resistivities (~300 ohm-m) within the uppermost
slices change into stripes of high resistivities within
the deeper slices, which can be explained by the
subsidence of rocks (debris, boulders) above the
underground passages (high resistivities ~2,000
ohm-m) and subsequently by the subsidence of
the terrain above it. The formed depressions are
then filled by fine sediment saturated with water
(low resistivities).

(IX) The vertical longitudinal section of grid 6 (X-Z
and Y-Z planes) then demonstrates the depth of the
disturbance within the slope, practically revealing
the depth of the sliding surface as between 8–10 m
(distinct contrast between high and low resistivities).
Because the maximum depth of the cave is 16 m and
the crevices are opened shallow below the surface, we
do not expect more deeply situated accessible crevices.
(X) Although 3-D grids 6 and 7 both overlap each
other, their results are relatively difficult to compare.
More relevant seems to be the smaller 3-D grid 6,
because the results obtained from it compare well
with 2-D profiles 3 and 4. Most likely, due to an
electrode spacing of 5 m (more than the mean width
of passages/crevices), the cave is not recognized
satisfactorily on 3-D grids.
Both the 2-D and 3-D ERT methods revealed a similar
geophysical image of the subsurface environment, but
we did not compare the results in deep detail, which
would require far more extensive analysis and testing.
Although some results of the ERT measurements
suggest a retrogressive gravitational evolution of
the slope behind the main fracture zone, the actual
movements between particular rock blocks are
complex, various and difficult to predict. According
to the movements within one of the crevices,
recently measured values indicate a very slow closing
(0.2 mm/10 years) of the cave passage (Klimeš et al.,
2012). Additionally, Foldyna (1968) described the
complicated movements of rock blocks based on a
comparison of cave maps. We assume complex and
hardly determinable movements of particular blocks
within the whole DSL.
Cave genesis and age
Although Tučník (1953) published the first accurate
map of the cave and its detailed description, he did
not propose any conclusions about the genesis of the
cave. The first person who connected the development
of this type of cave with mass movements was Novosad
(1956). However, he emphasized the role of periglacial
frost weathering during the Pleistocene cold stages
in the cave’s development. Kunský (1957) considered
similar caves to be relaxed space after great ice wedges.
Additionally, Demek (1963) explained the genesis of
such caves based strictly on the development of ice
wedges during the cold periods. Foldyna (1968) also
adopted this explanation and defined the following
three-stage development of the caves: (i) tectonic
jointing of the massif, (ii) development of the ice wedges
under the periglacial climate and (iii) continuation
of the relaxation of the massif during the humid
Holocene. These three stages were further elaborated
on by Wagner et al. (1990), who proposed that the
jointing occurred during the Tertiary, whilst the ice
wedges developed from the youngest Pliocene through
the entire Pleistocene. Other than the role of the ice
wedges, Wagner et al. (1990) also published a theory
about ice lenses between the sedimentary layers,
which acted as a sliding surface. They also admitted
the influence of gravitational movements of the
rocks, which are predisposed by the existence of thin
plastic layers of shales. They considered the plastic
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deformation of the shales to be caused by changes in
their consistency during the permafrost melting. The
third phase is represented by the Holocene shaping
of the caves, i.e., (i) mechanical weathering, (ii) slope
processes (creep) and (iii) anthropogenic influences.
Since the 1990s, there has been a significant
change in the understanding of the crevice-type cave
genesis and researchers specifically focused on the
gravitational origin of these caves (Baroň et al., 2003;
Margielewski & Urban, 2003, 2017; Klimeš et al., 2012;
Lenart et al., 2014). These authors postulated the
development of crevice-type caves during the humid
phases of the Holocene. Minimum ages were obtained
from small stalactites from the crevice-type caves in
the Polish Carpathians using radiocarbon and U/
Th-series dating and palynology (Urban et al., 2015)
and correspond to the Early Preboreal, the BorealAtlantic transition, the Atlantic Phase, the Early
Subboreal, the Subboreal-Subatlantic transition and
the 11th century (after Starkel, 1977; Margielewski,
2003, 2006; Margielewski et al., 2010). Although the
calibrated age 19.90 ± 0.28 ka BP obtained from the
Cyrilka Cave is the oldest age detected in the area of
the Outer Flysch Carpathians so far, some crevicetype caves in the United Kingdom have been dated by
U-series to over 350 ka (Farrant et al., 2015).
When we assume that the speleothem dated from the
Cyrilka Cave could only grow after the gravitational
release of the underground space, the obtained age
should be counted as the minimum age of the cave.
However, on the other hand, the dead carbon stored
for a long time in the calcareous cement of the rock
can shift the obtained age more to the past and the
real age of the speleothem would be lower. According
to the dating strategy, the obtained age is equal to
the maximum age of the speleothem. To resolve
the discrepancy between the maximum age of the
speleothem and the minimum age of the cave, we
should further consider the indirect evidence pointing
to the cave’s age.
Because the origin of the cave is linked to the
development of the DSL, we can use ages from dated
landslides from the flysch of the Outer Carpathians
to estimate the ages of related crevice-type caves.
The 14C data of dozens of landslides from the Polish,
Czech and Slovak Outer Flysch Carpathians mostly
reveal ages belonging to the humid Holocene phases
(Margielewski, 2003, 2006; Pánek et al., 2011a, 2013).
However, are these ages appropriate for landslide
formation? The ages are mostly obtained from
organic material (wood, needles, detritus, leaves or
organic mud) in peat bogs, trench infills or landslidedammed lakes. We do not know whether this material
could have been redeposited later. Although Pánek
(2015) accepts this dating approach as reliable, it is
still only the minimum age that is revealed by this
method, which may often detect only a reactivation
of the landslide instead of the true age of the original
landslide event. Moreover, data obtained from
speleothems reveal minimum ages only.
When we consider the possible chronic evolution
of landslides with reactivations (Pánek et al., 2011b,
2013) and the development of crevice-type caves
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mostly within the upper parts of landslides, especially
near the headscarps or even above them (Lenart et
al., 2014; Margielewski & Urban, 2003), we arrive at
the conclusion that the age of the landslide formation,
especially the headscarp area with caves, could be
much higher than the minimum ages obtained from
peat bogs, trench infills or landslide-dammed lakes.
Conversely, crevice-type caves could be younger due
to the gradual gravitational opening of crevices above
the older headscarp.
When discussing the Cyrilka Cave age, we must
take into account the latest investigations:
(i) Urban et al. (2015) dated speleothems from
similar caves in Poland. The oldest growth of aragonite
flowstone occurred in the Upper Vistulian (Upper
Pleniglacial; 16 ka 14C cal BP after DCP correction).
They believe that most of the caves were formed at the
end of the Pleistocene or Early Holocene and that their
growth continued throughout the Holocene, which is
documented by 32 dated samples. We believe that the
caves must have been formed some time before the
establishment of the speleothems, especially in the
case of the stalactites and stalagmites. Flowstones
on the walls could have grown together with the
gravitational widening of the crevices. However, the
stalactites or stalagmites situated some distance
from the marginal walls must have risen into an
underground space previously released by a slow
or sudden opening or even by the collapsing of the
underlying rocks. Unfortunately, the authors do not
report the exact position of dated speleothems. The
19.90 ± 0.28 ka BP old stalactite from the Cyrilka Cave
grew from the ceiling of the Chamber with Stalactites.
We suppose that the chamber originated from both
the ongoing gravitational spreading and collapsing.
It is practically impossible to decide which process
formed the space for the growth of speleothems in the
first place.
(ii) Pánek et al. (2014) documented large landslides
from the marginal slopes of the Outer Flysch
Carpathians in Czechia. The 14C ages belong to the
humid Interpleniglacial of the Last Glacial (~ 36 and
51–56 cal. ka BP). Again, the oldest age is obtained
from the organic limnic peat, which overlaps another
landslide diamicton. Thus, the original failure could
again be older.
(iii) The finding of the troglophilous fly Crumomyia
parentela alpicola (published by Roháček, 2014)
in the entrance portion of the Cyrilka Cave could
indirectly indicate the age of the cave. This subspecies
is considered to be a glacial relict and exhibits several
morphological adaptations (more reduced eyes,
shorter wings) to the cavernicolous milieu compared
with known populations (Roháček, 2014). The same
author believes that these modifications were evolved
due to a “long isolation of the population in the cave”.
With respect to the gravitational origin of the cave,
the minimum ages obtained from the speleothems
deposited in the crevice-type caves, the possibility
that landslides were already active during the Last
Glacial only 17 km away and the recent existence of a
troglophilous fly population which was isolated in the
cave for a long time, we believe that the Cyrilka Cave
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could be older than previously assumed, possibly
even of the Late Pleistocene age.

CONCLUSIONS
Although the Cyrilka Cave has been known for
many years, it became an important focus of research
during the last few years. The cave reveals specific
conditions of a disrupted landslide body and plays a
significant role as a source of knowledge regarding the
predispositions, development and evolution of deepseated landslides and related crevice-type caves.
The structural analysis has extended the current
knowledge about the morphological pattern of the
cave and suggested a geometric and kinematic model
illustrating a specific structure within the rock
massif, which allowed the development of subsequent
gravitational movements. Interrupted by a system
of NNE-striking fissures interconnected by two
continuous ENE-striking dextral fracture zones, the
primary structure of the rock massif is characterized
by NNE- to ENE-striking bedding planes. The
propagation of recent sinistral strike-slips within the
rock massif is a distinct structural feature within
the cave.
There were several dozen metres of new passages
discovered by cavers between 2010 and 2013, and the
geophysical measurements revealed other sections
with possible undiscovered underground passages.
The same measurements showed the significance
of the NNE–SSW-oriented fractured zone to the
evolution of the cave. Some of the unknown crevices
were probably revealed by ERT behind and upslope of
the headscarp line. It could also reveal the retrograde
evolution of the landslide. Methodologically, we
first used the real 3-D ERT measurements in the
incoherent sedimentary flysch rocks and proved its
ability to capture the crevices and fracture zones.
The calibrated radiocarbon age of the outermost
part of the carbonate stalactite core was 19.90 ± 0.28
ka BP as the oldest datum obtained from a crevicetype cave in the Outer Flysch Carpathians so far.
Even though this number represents the minimum
age of the cave formation, because of the dead carbon
influence, it is also the maximum age of the analysed
speleothem.
Based on a review of previous studies, including the
latest results from the Outer Western Carpathians,
we thoroughly discussed the problems related to the
cave’s age and evaluated the possibilities of the Late
Pleistocene origin of the cave.
For its natural, scientific and historical importance,
the authors recommend the protection of the cave and
its surroundings as a national monument.
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Sweden has thousands of caves cut into the bedrock, two thirds of which occur in the
crystalline bedrock, and hence represent pseudokarst phenomena. The formation of these
caves can only be understood in terms of paleoseismics. In this paper, we review the parallel
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INTRODUCTION
The Swedish Speleological Society has a database
including 2871 classified caves (SSF, 2018). Out
of those, 410 (14.3%) refer to true karst caves, 309
(10.8%) refer to shore caves (including “tunnel caves”),
and the vast majority of sites (1919 or 66.8%) refer
to block and fracture caves. This is an effect of the
fact that Swedish bedrock predominantly consists of
crystalline bedrock, especially gneisses and granites.
The word “pseudokarst” has a somewhat unclear
definition. It implies, however, that it is not a question
of dissolutional weathering, but coastal erosion (shore
caves), bedrock fracturing (the cave formation of
which has been termed quite differently; viz.: granite
caves, bedrock caves, boulder caves, block caves,
block heaps, etc) and scree deposits.
In this paper we review the evolution of observing,
documenting and understanding such pseudokarst
caves and scree accumulations in Sweden. Previous
standard references were by Sjöberg (1994a, b),
Mörner (2003) and Mörner & Sjöberg (2011).
The Swedish speleological society (Sveriges SpeleologFörbund, SSF) was formed in 1966 by Leander Tell. It
issues a journal named “Grottan” (The Cave), has a
publication series named “Svenska Grottor” (Swedish
Caves) and a database “Grottdatabasen” (SSF, 2018).
In 2007, SSF hosted the Baltic Speleological Congress
on the Island of Gotland (Gustafsson, 2007), and in
*morner@pog.nu

2011, it hosted the Second International Conference
on Granite Caves (Mörner & Sjöberg, 2011).
Figure 1 shows the distribution of caves registered
in the SSF database (SSF, 2018). Table 1 gives the
distribution of numbers and lengths of pseudokarst
caves in Sweden: the majority are less than 25 m long
and the longest 2,633 m long. The lengths of the 10
longest pseudokarst caves are given in Table 2.
Fracture caves and block caves are formed by
tectonic processes and typically consist of fracture
patterns and angular blocks with sharp edges, as
illustrated in Fig. 2. Tunnel caves (Sjöberg, 1986a,
1990) are formed by littoral erosion as illustrated in
Fig. 3.
Leander Tell is regarded as the “Father of Swedish
Speleology” with a benchmark book (Tell, 1955),
followed by other books (Tell, 1962, 1969) and a number
of cave catalogues (Tell, 1963, 1966, 1970, 1974).
Caves have, of course, been observed far back in
history. In the early 17th century, King Karl XI was
carried up to a shore cave hanging in the mountainside
at 120 m a.s.l. in Ångermanland (Fig. 4), where the
rate of uplift has been at its maximum. During his
travel to Lapland, Carl von Linné visited this cave
and several other caves along the Bothnian coast
(Linnaeus, 1732). Caves were often hiding places
for robbers and malicious people. In pre-historic
times, however, they seem to have been avoided for
mythological reasons, rather than used for habitation
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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or other cultural activities. Only occasionally do we
find ancient tools in Swedish caves.

Table 2. List of the 10 longest pseudokarst caves in Sweden.
County

Length
(m)

Bodagrottorna

Hälsingland

2,633

Hölickgrottan

Hälsingland

1,340

Småland

610

Hälsingland

520

Strångbergsgrottan

Jämtland

510

Gillberga gryt

Uppland

500

Ö. Klövbergsgrottan

Södermanland

362

block cave

Frugrottan

Södermanland

320

fracture/
block cave

Töllsjögrottan

Västergötland

300

talus cave

Stora
Trångbergsgrottan

Västmanland

250

talus cave

Name of cave

Almekärrgrytet
Örnnäset

Type of
cave
fracture
cave
fracture
cave
fracture
cave
talus cave
fracture/
block cave
fracture/
block cave

caves”, “granite caves” and “talus caves” (it should
be noted that the word “boulder” has been used in
Sweden for big blocks without respect to presence or
absence of rounding).
Because Swedish geological mapping is divided into
a solid rock branch and a Quaternary branch, caves
and loose block heaps happened to fall in between
those units, and therefore were largely ignored in the
geological mapping. Instead, the study of Swedish
block caves came to be driven by the spirit and
curiosity of individual persons like Bergsten (1943),
Agrell (1981, 1982), Isacsson (1982, 1990), Sjöberg
(1987a, 1994a), and Mörner (2003).
Fig. 1. Distribution of 2871 caves (red dots) registered in the Swedish
cave database (SSF, 2018). The caves named refer to the six caves
in the “gallery” examples plus two MVT sites discussed in the text.
Table 1. Distribution of pseudokarst caves (in total 2054) with respect
to their length.
Length in m

Number

>2500

1

1000-2500

1

500-1000

4

250-500

4

100-250

25

50-100

38

25-50

144

10-25

463

<10

1323

Deformational till and bouldery moraines
In a very few cases boulder heaps can be explained
as “deformation till” in the sense of Dreimanis (1969)
and Mörner (1973). This concept has been generally
ignored in Swedish Quaternary geology, however.

FRACTURE CAVES AND BLOCK CAVES
There are numerous caves in the Precambrian
crystalline bedrock of Sweden associated with
fractures and block tectonics. There are also heaps
of huge blocks, within which there are caves. These
structures have nothing to do with weathering
and dissolution, but refer to broken up fragments
from the bedrock surface. They are all examples of
“pseudokarst”, although they usually have been
termed “fracture caves”, “block caves”, “boulder

Fig. 2. A typical seismotectonic cave consisting of huge angular
blocks torn out of the bedrock due to a major paleoseismic
event in postglacial time. Only a seismic event is capable to
move these huge blocks anti-gravitationally upwards (which is
the case here, as it is in many other cave sites).
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Some De Geer moraines (terminal end moraines)
consist of big boulders and have become known as
“bouldery moraines”. The majority of “pseudokarst
caves” in Sweden have nothing to do with icemarginal till accumulations, however. Neither have
they anything to do with “glacial tectonics”.
In a few cases, however, bouldary moraines of a
proposed seismic origin have been described by De
Geer (1938, 1940) and Mörner (1990), suggesting that
the bedrock surface was broken up into loose blocks
by earthquakes when still in subglacial position
(Mörner, 1978, 2017b, c).

Fig. 4. A shore cave (“Kungsgrottan”) is hanging in the steep slope
of Mt. Skuleberget at a level of +120 m, which is the level of the first
Littorina sea level peak at 7000 C14-yrs BP. This implies a minor
retardation in the rapid shorelevel displacement (relative uplift),
providing time enough for a littoral cave to be eroded.

Fig. 3. The Räckebergskyrkan tunnel cave located at an elevation of
180 m a.s.l. It is the largest and highest elevated tunnel cave in Sweden.
It can be regarded as an example of a tunnel cave.

Bedrock fracturing, seismotectonics
and paleoseismology
Open bedrock fractures, granite caves, boulder
caves, block caves and block heaps imply fracturing
of the former surface of the crystalline bedrock. In
association with glaciation and deglaciation, the
Scandinavian bedrock became smoothly polished
and striated (Mörner et al., 2008, Fig. 9). Therefore,
fractures and faults in this glaciated bedrock
surface provide evidence of postglacial fracturing.
This fracturing of previously solid bedrock must be
understood in terms of seismotectonics (Mörner,
1978, 2003; Sjöberg, 1987a, 1994a). Today, Sweden
is a country of low to moderately-low seismic activity.
At the time of deglaciation, however, Sweden has, in
the last decades, turned out to be an area of highseismicity (Mörner, 1991, 2003). Therefore, there is no
longer any geodynamic problem in referring Swedish
“pseudokarst” phenomena to seismotectonics (Mörner
& Sjöberg, 2011). This applies not only to the deglacial
phase (e.g., Mörner, 1991, 2003) but also to the Late
Holocene (Mörner, 2007, 2009, 2017b).

From parallel concepts to unified theory
The earliest observation of postglacial fracturing
and interpretation in terms of earthquake origin come
from De Geer in 1879 (De Geer, 1940, p. 124). De
Geer observed that big angular blocks were sometimes
concentrated in the end-moraines. He termed such
moraines “seismic moras”.
In 1929, von Post published interesting data from
Säffle in SW Sweden. Old drawings (dated 1915) from
the clay pit of Älvängen record extensive sedimentary
deformations in the form of folds and faults (von Post,
1929). The site was later revisited by Mörner (Mörner,
2003, p. 256).
Bergsten (1943) was the first to demonstrate that
the block cave of Torekulla was a product of tectonics.
A similar view was expressed for the Trollegator
(Trollgatere) cave site (Mårtensson and Nilsson, 1971;
Bergsten, 1976). Other observations and suggestions
of a seismotectonic origin were given by Agrell (1981,
1982), Sjöberg (1987a), and Isacsson (1990).
In 1994, Sjöberg took his PhD at the institute of
Paleogeophysics & Geodynamics at Stockholm
University on a thesis entitled “Bedrock caves and
fractured rock surfaces in Sweden: occurrence and
origin”. He identified six possible causes to the
cave formation: (1) glacial tectonics, (2) freeze and
thaw processes, (3) methane venting, (4) postglacial
unloading (and stress release), (5) hydrofracturing,
and (6) seismotectonics. The external examiner (Dr.
Douglas Grant from Canada) said: “I think you have
identified all possible processes, and I cannot think of
any others”. In his thesis, Sjöberg (1994a) evaluated
the possible processes against the characteristics of
53 pseudokarst caves distributed over almost the
whole of Sweden. The result is given in Table 3. It
shows that seismotectonics is the most probable
origin for 52 sites (and possibly for the remaining one
site, too). Therefore, seismotectonics emerged as the
most probable origin of the Swedish fracture caves,
block caves or boulder caves, whatever name we may
use for these pseudokarst caves in the crystalline
bedrock, or within heaps of loose angular blocks.
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This was a major step forward in the understanding
of Swedish non-karstic cave formation. It marked a
paradigm shift in Swedish speleology.
Table 3. Sjöberg’s semi-quantitative analyses of possible mechanisms
behind the formation of 53 Swedish fracture and block caves (Sjöberg,
1994a).
Process

Impossible

Possible

Probable

Glacial tectonics

37

15

1

Frost deformation

30

20

3

Methane venting

40

11

2

Stress release

10

29

14

Hydro-fracturing

10

30

13

Seismotectonics

0

1

52

A paradigm shift in Swedish seismology
In the 1950s and 1960s, the Fennoscandian Shield
was generally assumed to be of exceptional stability.
Shoreline diagrams by Nilsson (1968) in Sweden and
Hyyppä (1966) in Finland were claimed as evidence
of this stability. However, Mörner (1979, 1980) and
Donner (1980) demonstrated that those diagrams are
no longer tenable.
In the 1960s, two major steps forward were made:
(1) the repeated levelling identified irregularities
(Asplund, 1968; Mörner, 1977a), and (2) C14-dated
shorelines identified the presence of tectonic faultlines where the uplift isobases were bent (Mörner,
1969, 1977a).
In the 1970s, there were several important events:
(1) the project on “postglacial earth movements”
was initiated in 1973 as a part of the International
Geodynamics Project (GDP), (2) because of the
achievements within the project (Mörner, 1975), the
international GDP group asked Mörner to organize
an international conference in Sweden, (3) this
conference was held in Stockholm in 1977 together
with a field-excursion through southern Sweden
(Mörner, 1977b, 1980), (4) Mörner (1977c) reviewed
uplift irregularities and traces of possible paleoseismic
events in Sweden (it seems that this was the first time
the word “paleoseismic” was used), (5) Lundqvist and
Lagerbäck (1976) published the first account of the
Pärve Fault in northern Sweden, (6) Mörner (1978)
published the first account on paleoseismics in the
Stockholm area, (7) Mörner became the leader of
the INQUA Neotectonics Commission and started
issuing the Neotectonics Bulletin, which became
an international source for the evolution of the
understanding of neotectonics and paleoseismics.
The Bulletin came out in 19 annual issues from 1978
to 1996. Mörner (1985) summarized available solid
rock evidence, geomorphic evidence, sedimentological
evidence and geophysical evidence indicating
paleoseismic events in postglacial time. Additional
observational data followed from sedimentary data
(e.g., Mörner & Tröften, 1993; Tröften, 1997), block
cave generation (Sjöberg, 1994a) and bedrock faulting
(Lagerbäck, 1990; Mörner, 1990).
In 1991, Mörner presented a mechanism for
the interpretation of the observation that the
deglacial period was characterized by frequent highmagnitude seismic events, whilst the present period

is characterized by low to moderately low seismicity.
He proposed (Mörner, 1991) that the rate of glacial
isostatic uplift with rapid extensional forces in the
vertical, radial and tangential dimensions initiated
the high seismicity during deglaciation when the rate
of uplift peaked and amounted to tens of cm per year
(0.5 to 1.0 mm per day). This is illustrated in Fig. 5.

Fig. 5. Uplift of the Fennoscandian shield in the last 13000 years with
contours in hundreds of meters of total uplift (from Mörner, 2003),
giving rise to extension in the vertical, radial and tangential directions
(Mörner, 1991).

In 1999, we felt ready for an international
demonstration and discussion of our field data on
seismotectonics and liquefaction (Mörner et al., 2000).
An international excursion was organized (Mörner,
1999). It gave a thorough profile across the whole
of Sweden from Umeå in the north to Båstad in the
south. The excursion was attended by 40 specialists
from all over the globe. The discussions were very
fruitful, and lay the ground for extended analyses
(Mörner, 2003).
Our working methodology was novel in the
combination of fault data, sedimentary data,
liquefaction structures, turbidite levels, varve
chronology and tsunamite data (Mörner et al., 2000;
Mörner, 2003, 2011). Magnetic grain rotation was
also documented (Mörner & Sun, 2008).
A unified picture takes form
As an outcome of the description of the Boda cave by
Sjöberg (1994a), we were able to force the nuclear waste
handling organization to finance a major research
project on the Boda cave and related phenomena in
the surrounding areas (Mörner et al., 2003).
A group of international experts (Professor Franck
Audemard from Venezuela on liquefaction, Doctor
Sue Dawson from Scotland on tsunami deposits and
Professor Andrej Nikonov and Doctor Dmitri Zykov
from Russia on block motions and seismicity) joined
our research group at the Institute of Paleogeophysics
& Geodynamics at Stockholm University in 2000-2001.
The Boda cave was investigated and documented in
detail. Thanks to the varve chronology, the creating
earthquake could be dated at varve year 9663 BP
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(Mörner, 2003, 2013a, 2016a). It was linked to a major
liquefaction event deforming sediments over an area of
at least 80x40 km. It also set up a tsunami wave of at
least 12.5 m height that was recorded over an area of
125x30 km. A turbidite was spread over the seafloor
over a distance of 210x40 km right in the annual
varve of varve-year 9663 BP. Simultaneously, fracture
caves and block caves were created and recorded over
an area of 50x50 km. The primary fault has a scarp
height in the order of 10-20 m. All this speaks clearly
of a causation earthquake of M > 8 (Mörner, 2003),
later fixed at M 8.5-8.6 (Mörner, 2017a).
The Boda cave investigation (Mörner et al., 2003)
probably represents one of the most well-documented
paleoseismic events in the world. It is thus the “core
stone” for the formation of a unified picture of the
mechanisms, characteristics and distribution of
paleoseismic events in Sweden (Mörner, 2003; 2013b;
2016b, 2017a).
International anchoring
The above-mentioned international excursion in
1999 marked an important step in our formulation
of the concept of a high-seismic activity in Sweden in
former times (Mörner, 2003).
As a part of the 33rd International Geological
Congress in Oslo in 2008, we organized an excursion
on Paleoseismicity and Uplift of Sweden in two parts:
A, from Umeå to Stockholm, and B, from Stockholm to
Båstad (Mörner et al., 2008; Sjöberg, 2008). It marks
another key point in our studies.
In 2011, Mörner & Sjöberg (2011) organized and
hosted the Second International Conference on
Granite Caves in 2011. It offered another occasion
to direct the limelight on Swedish fracture caves
and block caves. The guidebook (op. cit.) provides a
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representative illustration of various forms of “granite
caves” in Sweden.

SCREE DEPOSITS
In his study of pseudokarst caves in Sweden,
Sjöberg (1994a) included “caves in collapsed rock
walls” as his “type 2” caves, and identified 21-23 of
them. In the present SSF database, there are 33 scree
accumulations registered. The distinction between
talus deposits successively accumulated over time
and the sudden breaking-off and falling down of huge
rock masses is sometimes a fine one. In the first case,
it is a matter of time and gravity. In the second case,
there must be a release force, which seems logical to
ascribe to seismic ground shaking (at least, nowadays,
when this process has become well documented all
over Sweden).
The sites Pyhävaara, Slåtterdalsgrottan and Ulorna
(Sjöberg, 1994a, Figs. 26, 27, and 29), indeed, seem
to represent momentous breakings-off of huge rock
volumes, which are likely to have been triggered by
paleoseismic events. The movement of the Pyhävaara
scree can be directly connected with the Lainio Fault
movement (Lagerbäck & Witschard, 1983), which
strongly supports the conclusion of Sjöberg (1994a).
In association with the 9663 BP paleoseismic event
in the Hudiksvall area, huge scree masses were
detached at Blackåsberget and Storberget (Mörner et
al., 2003, p. 109-111), hosting caves. A characteristic
feature observed was that the scree accumulations at
the foot of the scarps were not located at the logical
(gravitationally straight-down) position, but lay tens of
meters outside, as though moved by an extra ground
shaking motion (i.e., paleoseismics). The Blackåsberget
rock scarp and scree are shown in Fig. 6.

Fig. 6. The Mt. Blacksåsberget bedrock scarp is traversed by slope-parallel fractures with a big-boulder scree
accumulation beneath, hosting caves (modified from Mörner et al., 2003; Sjöberg, 1994a). The scarp is high
and steep and strongly fractured (left). The scree has not just fallen down gravitationally, but also been moved
tens of meters laterally (blue arrows to the right) due to earthquake forces.

The Eastern Klövberget caves occur in a huge scree
deposit (Fig. 7). Here we are able to demonstrate
that the entire mass moved in one big scree unit,
the movement of which is most likely to have been
initiated by a strong earthquake. The simultaneous
mass movement is indicated by the preservation of
the original fracture patterns in the scree masses
(Fig. 7). According to Mörner & Sjöberg, (2011; Stop 6

of the Local Excursion) this may imply a novel model
of proving that a scree moved as one huge unit in
response to an earthquake.
It should be stressed that numerous scree
accumulations, some of which may contain block
caves, represent successive gravitational talus
movements of rock fragments, and are of an aseismic
origin.
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Fig. 7. The Eastern Klövberget caves occur in a huge scree accumulation (from Mörner & Sjöberg, 2011). Because the fracture pattern can
still be identified in the scree masses, the entire scree must have moved in one huge mass. This is indicative of a paleoseismic origin.

METHANE VENTING TECTONICS (MVT)
Björklund (1990) was the first to suggest that
methane venting might have something to do with
the fractured bedrock observed both in Finland and
Sweden. It was followed by general discussion of
this concept (Mörner, 1993), and a comprehensive
study of granitic caves in Sweden (Sjöberg, 1994a).
Both authors appreciated the possibility of this
mechanism, but neither was then able to present
any clear observational facts. Definite evidence came
with the study of the Boda Cave (Mörner, 2003) and
the comprehensive presentation on Methane Venting
Tectonics (Mörner, 2017b, c).
Mörner recognized at least 13 sites in Sweden, and
1-2 sites in Finland of methane venting tectonics
(Mörner, 2017b, 2017c). Out of the 13 Swedish sites,
10 date from the late glacial period (with 4 from the
9663 BP event) and 3 from the Late Holocene.
Figure 8 illustrates our interpretation of methane
venting tectonics triggered by the 9663 BP earthquake,
and the deformational structures recorded at the site
of deformation at the Boda Cave (Mörner at al., 2003;
Mörner, 2017b).
North of Hudiksvall, lies the Skålboberget site
(Mörner et al., 2003, p. 105-109; Sjöberg, 2009;
Mörner, 2017a-c; ). It refers to a 25 m high cone
(with a base of about 110x170 m at an elevation of
+32 m) consisting of angular blocks, and with gigantic
blocks at the top (with volumes in the order of 8,000 m3).
A minor cave at the base includes rounded beach
boulders (Fig. 9), indicating that the cone formation
occurred after the uplifting beach was at sea level at
3200 BP (Mörner, 2003, p. 105-109), because there

Fig. 8. Map of the Boda Cave surface (a) with 13 minor centres of
deformation (red dots), the mode of initial expansion followed by
contraction (b) and model (c) of interaction between seismic ground
shaking and methane venting (from Mörner et al., 2003; Mörner, 2017b).
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are no traces of marine abrasion of the cone itself.
A 12 m high tsunami wave was generated in direct
association with the bedrock deformation (Mörner &
Dawson, 2011; Mörner, 2017c). The tsunamite layer
was dated at older than 2,411 ± 50 cal. yrs BP. The
venting of methane affected the lake environment,
and most C14-dates were strongly affected by dead
carbon (Mörner, 2017c), with the largest deviation
being 18412 ± 378 cal. yrs BP instead of 2900 BP
(the time of the event). This contamination provides a
good confirmation of dead carbon from the methane
venting. The methane venting tectonic took place
when sea level was at +26 m, which occurred at 2900
BP (Mörner, 2017c, p. 9).
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400,000 m ) at the level of +15 m (Mörner, 2017c).
This level (with a lot of fine structures documented
in 2018) corresponds in age to about 2800-3000 BP
(Mörner, unpublished).
2

Fig. 10. Kvarnberget, a 25 m high cone of huge blocks hosting caves
(from Mörner & Sjöberg, 2011; Mörner, 2017a, b). At the top of the block
cone there are some gigantic blocks (a). The cone is surrounded by
depressions (b), which, via an 800 m long and 10-15 m deep canyon
cut into clay deposits, end in a huge delta at +15 m. This implies that
the methane venting episode took place at about 2900 BP.

SHORE CAVES

Fig. 9. The Skålboberget site represents the deformation at an
explosive methane venting (from Mörner et al., 2003; Mörner, 2017b).
The cone of blocks is 25 m high, and has some gigantic blocks at
its top (a). The block cone contains several caves; one at the base
contains rounded littoral boulders (b), indicating a deformation in
Late Holocene time when sea level had fallen to +26 m at 2900 BP.

Kvarnberget refers to a site south of Stockholm,
which can only be understood in terms of violent
methane venting (Mörner, 2017b, c). It was first
observed by Sjöberg (2009), structurally investigated
in detail by Mörner (Mörner & Sjöberg, 2011) and
fully presented in Mörner (2017b, c). Later field
studies in 2018 (Mörner, unpublished) have further
pinpointed the age determination at about 2900 ±
100 BP.
Kvarnberget is a 25 m high cone of blocks broken
loose from the solid bedrock beneath. The block cone
is full of minor caves. At the top there are two gigantic
blocks (Fig. 10). The cone is surrounded by erosional
troughs continuing in a 10-15 m deep river canyon cut
in clay deposits, which ends in a huge delta (of about

Shore caves are another type of pseudokarst. They
are formed by littoral wave actions, and have little or
no relation to seismotectonics. Hence our discussion
is brief.
De Geer (1902) and Lindström (1902) were both
pioneers in the study of shore caves. Whilst De
Geer correctly understood that shore caves were
predominantly formed by stones and blocks moved
by the littoral wave action, Lindström advocated
streaming water. Munthe (1920) gave a general
account on the occurrence of “shore caves” (Swedish:
strandgrottor) in Sweden.
The “tunnel-cave” (Sjöberg, 1986a) is a special type of
shore cave abraded along a single sub-vertical fracture
(Fig. 3). The caves have a typical well-rounded crosssection. In a number of papers, Sjöberg addressed
the occurrence and formation of these caves (Sjöberg,
1981, 1982, 1983a, b, 1984, 1985, 1986b, c, 1987a,
1991, 1994b). He found that the formation of these
caves needed fractures that were directed toward
the sea (with a long relative fetch) and the prevailing
winds. Furthermore, the volume of abraded rock
was, at the time of formation, depending on sufficient
access of abrading material in the form of washed till.
In northern Sweden, the rate of uplift is still very
fast: up to 10 mm/yr with an exponentially increasing
rate back in time (Mörner, 1979). This means that
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littoral erosion can only have had a short duration
of activity at a single elevation when passing through
the shore zone. Nevertheless, Sjöberg (1982, 1983b,
1984, 1987a, 1991, 1994b) reported numerous
tunnel caves hanging in the hillsides inland, far above
present sea level (Fig. 4). They seem to date from the
Littorina Sea period of the Baltic and to represent
minor retardations in the relative sea level rise, due to
the effect of eustatic oscillations (Mörner et al., 2008).
At Lidberget, south of Umeå, there are at least five
good examples of littoral caves (Sjöberg, 1982, 1991).
They are concentrated at 90-110 m above sea level,
and are associated with an extensive fracture system
(Mörner et al., 2008, Fig. 26), formerly filled with
dykes of dolerite (Sjöberg, 1983b).
Some caves and abraded depressions may have
got their primary erosion by water-flow under high
hydrostatic pressure along fractures and bedrock
irregularities in subglacial position (Mörner,
2003, p. 238).

Fig. 12. Map of the sub-surface caves and passages of a total length of
2633 m (from Mörner et al., 2003). The caves have been followed 25 m
down, but the roots of the cave seem to go down 100-150 m.

CAVE EXAMPLES
After the above theoretical review of Swedish
pseudokarst caves, we now turn to a representative
“gallery” of some of the cave structures actually
recorded.
The Boda Cave
The Boda Cave at Iggesund represents a former
bedrock hill deformed into a seemingly chaotic
field of angular blocks (Fig. 11). The sub-surface
contains a system of cave passages of a total Fig. 13. Mode of deformation as recorded in two cross-profiles (from Mörner
length of 2,633 m. The cave system was skilfully et al., 2003). It shows the interaction of an extension force deforming the old
mapped by Alf Sidén. His map (Fig. 12) agrees bedrock surface into blocks moved upwards and outwards, followed by a
perfectly well with our air photography (Fig. 11) as contraction force with blocks falling back
further discussed in Mörner et al. (2003). Though the
The cave system goes down 25 m below the surface.
surface may look chaotic (Fig. 11), a closer analysis
The root fractures of the cave system seem to reach
reveals that much of the surface remains more or less
at least 100-150 m below the surface, however,
in place (as seen in glacial striae and rock veins). This
judging from our deep drillings. The surface gives an
indicates that the deformation took place in two steps;
impressive view of huge angular blocks where one
first a nearly “explosive” extensional deformation, and
side is a smoothly polished bedrock surface from
second a falling-back contraction as illustrated in
the pre-deformational glacial surface (Fig. 14). This,
Fig. 13. This mechanism (Mörner et al., 2003) also
too, is a characteristic criterion of Swedish bedrock
seems to apply to most of the other bedrock block
block caves. Figure 15 shows a bedrock disc trapped
caves in Sweden.
in an open fracture, vividly illustrating the mode
of deformation: extensional fracture opening and
throwing out of the disc, followed by a subsequent
contraction trapping the disc when it fell back.
From the violence of deformation recorded at the
Boda Cave, one might suspect that it was formed close
to the epicentre of a high-magnitude earthquake. This
is not the case, however. The epicentre lies 12.5 km to
the NE. Therefore, methane venting tectonics is likely
to have been an additional or primary process (Fig. 8),
as further discussed in Mörner et al. (2003) and
Mörner (2017b).

Fig. 11. The Boda cave as seen from the air: a hilltop transformed into
a large field of huge, angular blocks from the underlying crystalline
bedrock (from Mörner at al., 2003).

Alf’s Gryt
Alf’s Gryt is another bedrock cave formed by the
9963 BP paleoseismic event (Mörner et al., 2003). The
sub-surface cave includes deltaic deposits of sandy
silt with grits, sucked into the cave when extensional
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Fig. 16. Alf’s Gryt; a cave formed at the 9663 BP paleoseismic event (from
Mörner et al., 2003; Mörner, 2017b). A bedrock area of about 60 × 70 m was
fractured into blocks, which were moved anti-gravitationally upwards (top profile
and lower right). This forced sediments to become sucked into the cave and
deposited in a deltaic manner (lower left).

Fig. 14. The surface of the Boda cave area (from Mörner et al., 2003;
Mörner, 2017c); partly a chaotic block field (below) and partly huge
blocks fractured loose from the bedrock and “vibrated” more or less in
position (above).

(1994a), with some additional notes in Mörner (2003,
2017c, d). It was formed at a paleoseismic event at
10160 varve years BP. Fig. 18 gives a view of the
block deformation. Explosive methane venting seems
– totally or partly – to have been involved (Mörner,
2017c).

Fig. 17. Mehedeby (from Mörner, 2003; Mörner & Sjöberg, 2011). The
bedrock is cut up into large blocks with the fracture pattern still visible.
Caves occur underneath and between the blocks.

Fig. 15. A bedrock disk stuck right in its falling-back motion by a
contraction fracture (from Mörner et al., 2003). This provides firm
evidence of an extensional opening followed by contraction. To throw
a piece of rock up into the air can only be achieved by a violent
seismic event.

forces lifted and fractured the roof (Fig. 16). Violent
methane venting tectonics may have been the driving
force (Mörner, 1017c).
Mehedeby
Site Mehedeby (Sjöberg, 1994a) refers to a bedrock
hill totally fractured into huge angular blocks (Fig. 17).
This can only have been achieved at a major
earthquake. An age of about 10,000 varve years BP
was assigned (Mörner, 2003, 2017c, d).
Gillberga Gryt
Gillberga Gryt refers to a fracture and block cave
about 100 m long. It is described in detail by Sjöberg

Fig. 18. Gillberga Gryt (Sjöberg, 1994a; Mörner, 2003) deformed by
an earthquake at about 10160 BP. The deformation produced a heap
of big blocks with quite large caves underneath.

Trollberget
This site was investigated quite recently (Mörner
2017b, c). It consists of huge angular blocks broken
loose from a previous smooth bedrock surface, well
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striated and polished by glacial motions (Fig. 19). No
doubt, it represents a severe deformation in postglacial
time, maybe at around 10200 varve years BP. It seems
to be a quite clear case of explosive methane venting
tectonics (Mörner, 2017c).

Alternatively, Mehedeby, Gillberga Gryt, Trollberget
and a few others may have been formed all at once at
major paleoseismic event occurring at about 10000
varve years BP and amounting to M 8 to M >8 (Mörner,
2017d).

Fig. 19. Trollberget (from Mörner, 2017c); a site of quite violent bedrock deformation hosting several subsurface caves. The old glacially polished bedrock surface is well visible on the loose blocks, providing solid
evidence that the deformation must have taken place in postglacial time.

Pukeberg
This is quite an interesting site (Sjöberg, 1994a;
Mörner & Sjöberg, 2011). The cave and its surrounding
area were recently investigated in detail (Mörner,
2017e). It seems obvious that it was formed by a
combination of earthquake forces and methane venting
tectonics (Mörner, 2017c). The age of deformation is
estimated at about 10300 varve years BP.
The Pukeberg cave lies inside a hill that was solid
and glacially well polished at deglaciation, but is now
totally deformed into huge blocks and open fractures
(Fig. 20).
The mode of deformation is well recorded in Fig. 21.
An initial opening of fractures allowed a well-rounded
erratic block of 60 cm diameter to fall into the cave
below. A subsequent partial contraction of the fault
fractures now no longer allows a block of that size
to pass.
Other sites
The bedrock block caves illustrated above just
represent a selection of available sites. Several other
sites are discussed in Sjöberg (1994a). Torekulla
Kyrka and Trollegater, for example, are block caves of
very similar type to those of Boda (Fig. 11), Gillberga
(Fig. 18) and Trollberget (Fig. 19).

Fig. 21. The mode of deformation at Pukeberg (Sjöberg, 1994a; Mörner,
2017e); extension opened the fractures so that a 60 cm round erratic
block could fall down into the cave below, followed by
contraction so that the fractures above the cave are now far
narrower than the size of the erratic block.

COMPARISONS

Fig. 20. Pukeberg (from Mörner, 2017e); a glacially formed solid bedrock hill is
now strongly faulted and fractured with individual blocks moved laterally.

Block and fracture caves of a seismotectonic
origin have been described in Finland
(Mörner, 2010). In recent years there
have been several reports on paleoseismic
fracturing of the crystalline bedrock in
northwest Russia (e.g., Rodkin et al., 2012;
Shvarev & Rodkin, 2017; Gorbatov et al.,
2017; Nikolaeva et al., 2018). Cooper &
Mylroie (2015a, b) described “large fractures,
and upon failure, large talus blocks, assisting
pseudokarst cave development“ from the
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northeast of USA. An international comparison of
potential records of methane venting tectonics (MVT)
is given in Mörner (2017b, c).

CONCLUSIONS
After the preceding reviews of Swedish cave history
and the evolution of paleoseismic understanding, we
can now sum up some of the main conclusions with
respect to the origin of fracture caves and block caves
in Sweden:
• Sweden has an excellent database of speleological
objects (SSF, 2018). The vast majority of sites
(1919 or 66.8%) refer to fracture caves and block
caves.
• The fracture caves and block caves (also known
as boulder caves, bedrock caves or granite caves)
have taken some time to be understood. With the
thesis by Sjöberg (1994a), a seismotectonic origin
became the most logical explanation. With the
Boda Cave Project it became indisputable (Mörner
et al., 2003).
• Methane venting tectonics has recently been
proposed as the causational process of some heaps
and cones of angular boulders (Mörner, 2003;
2017b, c). The most surprising thing with some
of those block caves and block concentrations is
that they took place in Late Holocene time, with
four events occurring at about 3000 BP.
• We trust we have now successfully joined the
concept of fracture caves and block caves in
Sweden with the concept of a high paleoseismic
activity in deglacial time as well as in Holocene
time into a unified theory, where we claim that
the majority of those caves were formed by
seismotectonic processes and sometimes by
methane venting tectonics.
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Abstract:

Keywords:

Acarines are well-documented as formative elements in the biocenosis of soils. However,
their role in the construction and weathering of siliceous speleothems has received very
little attention in previous research. The present study describes different groups of cavities
(nesting/molting sites) excavated by these organisms in the surface of siliceous speleothems
that are deposited in the fissures between various granite boulders in Southern Spain. There
is evidence that there are immature stages that would survive the heat and drought of summer
in the form of small larvae, or euedaphic nymphs, in the soil. This study provides the first
description of how this particular variety of organism, typical of the ecosystems established on
this type of speleothem, develops a specialized ecological niche that concurrently mobilizes
and modifies a significant portion of the polymineralic grains that form the primary stage of
the speleothem.
acari, bioconstruction, granite boulder, quaternary, siliceous speleothem
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INTRODUCTION
Acarines are among the most ancient of terrestrial
animals, with fossils dating from the beginning of the
Devonian period, some 400 million years ago (Norton
et al., 1988). Presently, they constitute a highly diverse
group distributed extensively around the world. The
wide variability of the environments in which they
are found results in the high diversity of the species.
Our main point of interest lies in the role of mites as
modifying elements of siliceous speleothems, and in
the study of these organisms as common components
of the biocenosis of cavities formed in magmatic rocks
around the world (Vidal et al., 2015). Nevertheless,
the data obtained in the present study for this specific
locality cannot be generalized to other caves in
pseudokarstic environments, given that the species of
acarine and the type of burrows it creates are highly
particular, and mentions of them do not exist in prior
research. While it is true that different mites of varying
species occur on siliceous speleothems associated
with felsic magmatic rock caves in other locations in
the world, currently citations referencing them are
rare (Vidal Romani et al., 2015). However, there are
numerous mentions that do exist for limestone or
even quartzite caves (Lundberg et al., 2010). In any
case, these mentions solely include these organisms
as a part of the inventory of troglofauna in the
*lopezgalindojob@gmail.com

endokarst; their influence in the development of these
deposits is rarely considered. Generally, the surface of
speleothems is used by mites as a physical support for
their movements as part of their normal activity in the
subterranean environment, but the cases presented
here demonstrate how acarines also clearly interfere
with the speleothems’ development, causing changes
to their superficial morphology. Additionally, the life
cycle of these organisms is closely linked to dampness
and ambient temperature, and therefore, they can aid
in reconstructing the formational stages of this type
of deposit.
But not only acarines are part of this microecosystem,
there are also other organisms such as bacteria,
cyanobacteria, fungi, testate amoebae, diatoms,
collembolans, etc. Some of them produce organic
acids during their metabolism, which could facilitate
the dissolution of quartz, which will be argued in the
discussion section. As for the precipitation of dissolved
silica, this takes place thanks to fundamentally two
processes: one chemical by supersaturation, due to
evaporation (Wray, 1997); and another biological in
which SiO2 precipitates on some microorganisms or
is incorporated into their organic structures (Kröger
et al., 1999).
This type of speleothem can be formed in the
partially-open fissure systems of felsic rock massifs,
developing in caves of varying dimensions, ranging
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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from a few centimetres to dozens of meters in size. The
defining characteristic of these caves is their protection
both from runoff and the direct impact of raindrops.
The presence of water in the subterranean system
is caused by tiny infiltrations (seeping or trickles)
in smaller cavities and/or, in the case of cavities of
greater dimensions, is a result of the condensation
of atmospheric moisture present in the cave (Sauro,
2013; Vidal et al., 2015). These siliceous deposits are
composed of three types of elements: (1) inorganic,
due to physico-chemical disaggregation of the rock
(detritic fraction); (2) biological, corresponding with
the microorganisms which live in the underground
environment and their fossil remains; and (3)
biomineral (Westall & Cavalazzi, 2011), that is, the
minerals formed by the interaction between the
inorganic mineral substratum and metabolic products
generated by troglobionts. In magmatic rock caves,
SiO2 is the essential component of some biominerals
(e.g., biogenic silica forms the frustules of the diatoms
and the plates of the testate amoebae).
The present study describes the detection of mites
and/or their remains and evidence of their everyday
activity. These include fragments shed during molting
as well as the burrows excavated by these organisms,
exceptional for their uniqueness among acarines.
These niches are circular, micrometric and pierce
the polymineralic grains of the primary speleothem.
Furthermore, they feature a type of cover sealed with
silk threads. All samples in this study correspond
with the siliceous speleothems formed in the fissures
between large granite boulders in Las Jaras, near the
city of Cordoba in Southern Spain.

GEOLOGICAL AND GEOMORPHOLOGICAL
CONTEXT
The samples of siliceous speleothems, in which
these types of organisms and burrows appear, were
taken from the post-Hercynian granite which forms
the Cerro de Pedro López (Fig. 1), a rocky hill adjacent
to the residential area of Las Jaras, situated some 15
km northwest of the city of Cordoba, Spain (Fig. 1).
This location was one of the sampling points of a
more general project (López-Galindo, 2013) that
aimed, as one of its objectives, to compare this type
of speleothem in the north and south of Spain under
different climatic conditions. In this case, the study
area is restricted to the granite intrusion of Las Jaras
because it is in this location that this unique species
of mite appears. This area displays a Csa temperate
climate, with hot dry-summers, an average annual
precipitation of 760.7 mm and an average annual
temperature of 15.68ºC. Its vegetation is typical of
Mediterranean forest, although the stone pine (Pinus
pinea L.) is the dominant species due to reforestation.
The granite described in this zone belongs to the
Villaviciosa de Córdoba-La Coronada Magmatic
Alignment, located in the northern part of the OssaMorena Zone on its border with the Central Iberian
Zone (Apalategui et al., 1990) (Fig. 1A). It displays
a medium-grained hypidiomorphic texture, and in
the southern part of the intrusion, the host rock is
comprised of Cambrian sediments, which feature a
small metamorphic aureole in the area of contact.
The form of the intrusion and the lack of tectonic
structures indicate post-Hercynian granite, whose

Α

Β

Fig. 1. A) Las Jaras geological location map (modified from Geological units of the Iberian Peninsula CC BY-SA 3.0); B) General view of the Cerro
de Pedro López.
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specific texture, becoming aplitic on the edges, would
suggest a rock formed at a shallow depth through rapid
cooling. Its principal components, which will later
make up the small polymineralic grains of the primary
speleothem, are perthitic orthoclase, quartz, biotite
and zoned plagioclase; as accessory minerals: zircon,
apatite, and fluorite; and as secondary minerals:
kaolin, sericite, chlorite, epidote, sphene, allanite, and
carbonate (Ramírez et al., 1973). These granites form
very gentle reliefs and are the constituent elements of
the residual rocky hills that crop out from a layer of
sandy regolith. The spheroidal weathering has divided
these granites into boulders, causing castle koppies
like the one showed in Fig. 2A. Every fracture or
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alcove located among these boulders is susceptible to
display this type of speleothem, especially when they
are protected from the direct impact of raindrops and
insolation. However, these cavities are of decimetre
dimensions so they are exposed to varied amounts of
sunlight (photic conditions) (Fig. 2B). These twilight
zones have a high degree of relative humidity for a
period of time but hot and dry conditions in the long
Mediterranean summer. The siliceous speleothems
can appear indistinctly on the ceiling, wall or floor
of the cavity (Fig. 3). They can also be present in a
large array of cavity types, from the large caves sensu
stricto to small joints, including all kinds of tafoni and
rock shelters.

Α

B
C

Fig. 2. Α) Castle Koppie located in the area called Las Jaras (Córdoba, Spain); B) Siliceous speleothems deposited in the
crevices between the granite boulders; C) Primary speleothem partially covered by opal (scanning electron microscope).

MATERIAL AND METHODS
The siliceous speleothems, in which the
aforementioned mites and remnants of their activity
appeared, were all systematically sampled from the
cavities between the granite boulders (Fig. 2B) of the
hill Cerro de Pedro López (Fig. 1B). The samples were
taken at the end of August corresponding with the first
rains of the hydrological year and with the beginning of
the descent from the high summer temperatures. The
number of samples and their location in the granitic
intrusion were randomly established according to
the characteristics of each outcrop. It was decided
to take a total of 19 samples, distributed in 7 points
of the hill. The location was then established using
GPS, the different outcrops and speleothems were
photographed, and specimens of both the host rock
and the deposits were collected. The samples, placed
in individual bags, were duly marked with the name
of the place of origin, a serial number corresponding

to each sampling location, and a letter determining
the order of the samples taken. Subsequently, any
relevant peculiarities were noted, such as the date
of sampling, the date of last precipitation, as well as
the position in the cave where they were taken (wall,
floor or ceiling), including a locational sketch. Lastly,
to prevent their physical deterioration, the samples
were suitably protected in specimen containers
for their transport to the laboratory. Following the
field sampling, the boxes of samples were properly
classified according to the different outcroppings
and sampling locations and stored under the initials
LJ (Las Jaras) in the University Institute of Geology
Isidro Parga Pondal at the University of Coruña, in
Spain. The speleothems were subsequently studied in
the laboratory using a Nikon SMZ 1500 stereoscopic
light microscope equipped with a Nikon DS-Fi1 digital
camera. This allowed the samples to be viewed in their
natural colour, and the areas of highest interest to
be selected for both a thorough examination with the
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SEM (JEOL JSM 6400) and an elementary chemical
analysis via backscatter X-ray imaging (Vidal-Romaní
et al., 2013).

RESULTS

Siliceous speleothems
A wide variety of very small siliceous speleothems,
with maximal dimensions measuring in the
centimetres, were sampled in the studied area. They
have a detrital and polymineralic internal constitution
and host different life forms on their surface. Some of
them are partially covered with opal that overlies the
polymineralic grains (Fig. 2C) and the microorganisms,
or their remains, encountered in its progression.
All of the sampled speleothems belongs to two
main morphogenetic groups (Fig. 3): (1) speleothems
produced by water surface flow, (2) speleothems

originated by condensation/evaporation. In the first
group, the mineral deposits are flowstone type (Fig. 3C),
showing a certain control by the flow direction; in
the second group, the speleothems grow in any
direction from the ceiling, wall or floor of the cavity
and they display different morphologies such as
coralloid speleothems (Fig. 3A), false stalactites (Fig. 3B),
false stalagmites (Fig. 3D) and gours (Fig. 3E). All of
them are not formed by dripping or stagnation (LópezGalindo, 2013), but by condensation/corrosion and
silica diffusion from the host rock porosities.
Under an initial examination by stereomicroscope,
some of the samples, mainly the labelled as LJ-5D
and taken from the underside of one of the granite
boulders that make up the castle koppie of Fig. 2A,
display a series of unique acarine-built cavities, on
which this work focuses.

Α

B

C

D

E

Fig. 3. A) Coralloid speleothem; B) False stalactites; C) Flowstone; D) False stalagmites; E) Gours.

Exuviae and cavities
The aforementioned groups of acarine-built cavities
were found in a subset of the studied samples,
specifically those displaying a superficially sandy
texture, appearing together on a honeycomb-patterned
niche (Fig. 4A) on flowstone speleothems with
associated microgours and cylindrical speleothems
(Fig. 3C). These niches, elaborated by some species
of arachnids, display a type of cover with a protective
surrounding ridge created by a combination of silk
threads and sand grains (Fig. 4B). The hole can be
either covered or open, allowing a view into its interior
where organic remains can occasionally be seen.
There are various groups of between 5 and 40 cavities
each, tightly packed together in a similar direction and
formed on the most sunken areas of the speleothem.
Each one of these niches, of a semi-circular contour,
has interior dimensions ranging between 294 to 347

microns along the major axis and between 183 to 245
microns along the minor. The edges, which project
notably from the surface of the speleothem, have a
thickness of 32 to 96 microns. The side met by the
cover occasionally rises to form a ridge, which can
be bifurcated, reaching up to 320 microns in height
(Fig. 4C). The remains of a very fine and delicate
material, torn in the middle, are occasionally visible in
the interior of these cavities (Fig. 4E) and, when viewed
in natural colour through the stereomicroscope, they
have a pearly appearance on its outer side and black
on the inner.

5. DISCUSSION
Macroscopic and microscopic observations of the
speleothems allow us to outline a genetic model and
to better understand the role of microorganisms,
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F
Fig. 4. A) Nesting site of acarines excavated in the primary speleothem; B) Cavity with cover sealed with silk threads,
and acarine molt in its interior; C) Acarine-built cavities with bifurcated ridges; D) Life cycle of Eutrombidium rostratus
(modified from Evans et al., 1961); E) Remains of a very fine and delicate material in the interior of the cavities;
F) Single claw articulated with the pretarsus in the form of a hook.

particularly of mites. The following genetic stages can
be identified:
Detrital Stage: Speleothem formation begins with
rainwater that slowly drips on the surface of the outcrop
and partly infiltrates the rocks’ fissure system until
reaching the cavities. As it travels, it collects a series
of heterometric, polymineralic grains that are carried
in the form of suspension (slurry) and subsequently
deposited along the walls, floor or ceiling of the cave
(Fig. 3), forming granular detrital accumulations
(primary speleothems) with porous texture. Because
of the fact that these speleothems grow under these
small cavities, in the event of strong rainfalls, they
remain protected by high energy surface flows that

could erode them and impede chemical precipitation
(Vidal et al., 2010).
Biotic Stage: In this small type of cavity, where
sunlight is partially received, life begins to colonize
this previously inhospitable site, starting with
photosynthetic organisms, cyanobacteria, algae and
lichens that require low light conditions (Whitton,
1992; Moulds, 2007; Walker & Moral, 2011). These
are succeeded subsequently by forms of greater
complexity, in this case, consumers such as testate
amoebae, collembolans, and acarines that evolve the
ecosystem towards a state of greater maturity. The
appearance of organic remains leads to a bloom of
fungi and bacteria, which work to decompose and
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transform the matter. Until now, many researchers
had recognized the predominantly microbial origin of
siliceous speleothems (e.g., Forti, 1994; Urbani, 1996;
Léveillé et al., 2000; Willems et al., 2002), but only
a few had provided information on their microbial
composition (Wray, 1999; Aubrecht et al., 2008;
Northup et al., 2011, 2013; López-Galindo, 2013;
González et al., 2013; Ghezzi et al., 2017).
Mineral Stage: On this medium, populated by
organisms that live in the porous system, the
fundamental next step in the development of
speleothems with opal-A is the silica dissolution
contained in the minerals, particularly quartz and
feldspars that make up the felsic rock (Vidal et al.,
2010). However, the dissolution of quartz is known
to be minimal unless pH levels reach values higher
than 8 (Krauskopf, 1967), which is not expected
for rainwaters flowing on these rock surfaces. The
living organisms described in the previous stage,
thus, could come to the forefront of the process.
According to some authors (Beckwith & Reeve, 1969;
Silverman & Munoz, 1970; Surdam & MacGowan,
1987), they could carry on the biological dissolution
of quartz, through the action of their metabolicallyproduced organic acids. The role of organic matter
and microorganisms in triggering quartz dissolution
has also been suggested by Hiebert (1992) and Barton
et al. (2009). In standard conditions with neutral
pH, they could dissolve the quartz eight to ten times
faster than pure water (Bennett et al., 1988; Bennet,
1991). Nevertheless, Wray & Sauro (2017), supporting
themselves in different studies (Silver, 1962; Fein &
Hestrin, 1994; Wiegand et al., 2004; Huber & García,
2011), affirm that because of the great difficulties in
setting up reproducible experiments due to problems
of filtration of organic acid-rich waters, there is still
not a clear understanding on the real effects of these
organic compounds on quartz solubility. Likewise,
Lavoie et al. (2010) confirm that the involvement of
microbes in the formation and weathering of silica
speleothems is an area open to study.
In any case, the silica hydrogel SiO2·nH2O,
organically or inorganically produced, moves over the
speleothem until, as evaporation increases (Wray,
1997), it precipitates in the form of amorphous opal
(Fig. 2C). This opal covers, to varying degrees, the
surface of the polymineralic clasts accumulated in
the first stage and can fossilize any living organisms
and their remains developed in the second stage. In
subsequent stages with elevated moisture levels, in
which the circulation of water through the fissure
system is reactivated, the amorphous silica, being
more soluble than the crystalline quartz (Alexander
et al., 1954) and easily weathered by the biochemical
activity of bacteria, algae, fungi and lichens (Ehrlich
& Newman, 2008) re-forms into an opal gel that
reprecipitates and covers the surface of the speleothem
in thicker layers (López-Galindo, 2013). After this,
acarines contribute to the mechanical bioweathering
of the rock, being able to modify the speleothem
surface, while increasing its porosity and creating
specific patterns (Fig. 4A) at the microscale. However,
there are no evidences that they would contribute to

the chemical mobilization of silica for constructing
the speleothem.
Mites carve their niches in the amorphous silica
substrate in a similar way that some species of
arachnids create their trapdoors. Among all the
hollows found, there is a group of five, in which two of
the acarine molts (ecdyses) are observed. One of them
belongs to a specimen who left one of the uncovered
niches (Figs 4B and 5B) and the other is in a small
space between one of the speleothems and the edge of
another of these holes (Fig. 5A).
Normally the observable characteristics of these
specimens would be decisive in their identification;
however, as seen in Table 1, no species exists in prior
research that displays each and every one of the noted
characteristics. This supports the idea that the mite
in question could be a new, previously undescribed
species.
On the one hand, examining the first of the
aforementioned ecdyses, a single claw is observed on
one of its legs, articulated with the pretarsus in the
form of a hook (Fig. 4F). Although acarines are normally
characterized by a pair of claws and/or a central
empodium (Krantz, 1986), many species display
modifications to these structures as adaptations to
different varieties of habitats. Several species of the
genus Eutrombidium are monodactyl; moreover, some
organisms of this genus are known for digging holes
in the soil for egg-laying or to perform their molting.
Furthermore, the development of particular instars
during the life-cycle of some species of this genus
takes place in the soil. The adult female lays her eggs
in small holes, where the pre-larva develops. Later, it
becomes a larva that emerges in search of food and
then buries itself in the soil again to form a nymphochrysalis, which afterward develops into a nymph.
It re-emerges and buries itself once again, where it
converts into an imagochrysalis. Finally, at the end of
its development, it leaves the burrow as an imago, or
adult (Fig. 4D) (Evans et al., 1961; Evans, 1992). On
the other hand, Eutrombidium do not have the capacity
to secrete silk threads; whereas, acarines from the
family Rhagidiidae are characterized by this ability,
and are also known to make nests in the soil for their
molts. Furthermore, the majority of the species of
this family are characterized by season-dependent life
cycles and, in a few species, the populations survive
the heat and dryness of summer as small larvae or
euedaphic nymphs in the soil (Zacharda, 1978). In
the case of the honeycomb-patterned niches (Fig. 4A),
found in the speleothems in the present study, it is
visible that some remain closed while others are open
and empty. One of them displays signs of being opened
by the immature acarine that occupied its interior,
and just outside it, a molting phase takes place. This
is a peculiar shedding in which the tegument splits
along a circular line of dehiscence from one side of the
organism to the other, outlining all its body (PérezÍñigo, 1993) (Fig. 5B). The time in which the samples
were taken, at the end of summer, could indicate that
it was a species from the Rhagidiidae family, just at
the end of an aestivating stage. Furthermore, the
remains that appear here have a single claw (Fig. 4F),
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Fig. 5. A) Acarine ecdysis. Detail: collembolan scale attached to the body of the mite; B) Line of circular dehiscence that splits the tegument
and permits the molt. Setae and dermal glands.

which is not a trait of this family. Another possibility
is that it was the remains of a nymph of an oribatid
mite (oribatida) as most of them have a single claw in
immature stages, but acarines of this family could not
have excavated this type of burrow in the substrate,
nor have secreted the silk threads that form the
seal for its cover. Taking all of that into account, it
could follow that these mites find themselves in these
niches in search of food or for other purposes, without
being responsible for their excavation. However, this
last appears improbable, given that the size and form
of these cavities are perfectly fitted to the body of the
animal.
If the arrangement of these niches (Fig. 4A) is
considered, it can be hypothesized that they could
be a nesting site. In that case, the fine and delicate
material found in some niches (Fig. 4E) would
possibly be the chorion of an acarine egg. Starting as
eggs in the soil, different instars in the ontogeny of the
mite develop over time. Egg laying takes place in an
area called the “nest”, where the female can remain,
displaying a type of aggressive behaviour that can
be interpreted as defense or protection of her eggs.
Indeed, this could be the reason for the presence of

the second mite, located between a speleothem and
one of the niches of the nesting site. Moreover, a
collembolan scale is visible on one of its legs, as seen
in Fig. 5A, which would confirm predation as one of
the alimentary habits common among these acarines.
Summers and Witt (1972) affirm that when predation
takes place, the remains of prey can adhere to the
body of the acarine for some time.
Other observable characteristics on the surface of
these molts are: (1) the setae, which, while not
permitting the reconstruction of its chaetotaxy, do
confirm it as acarine ecdysis, and (2) the dermal
glands (Fig. 5B), which together with their duct open
through a pore at the surface of the cuticle. In some
types of mites, each gland consists of a pair of large
glandular cells and several smaller cells that form
the glandular duct. The function of these glands
could be for secreting the cement layer of the cuticle
several hours after the molt, participating in the
formation of the wax layer; or lubricating the body
surface of the acarine. More recently, these glands
have been considered the place where the secretion
of sexual, alarm and aggregation pheromones occur
(Leal et al., 1989).

Table 1. Observable characteristics of the studied individuals and the types of organism that could present them.
Fam. Rhagidiidae (some species)
Genus Eutrombidium (some species)

Silk

Molting nests

x

x

monodactyl

x

Oribatid nymph

CONCLUSION
The acarines, described in this article, modify the
surface of siliceous speleothem, in cavities within
granite rocks, leaving features previously undescribed
in literature. This is the first time a study has been
made of this variety of deposits and its relationship
with the organisms involved in its bioconstruction and
bioweathering. While, unfortunately, a more accurate
identification of the acarine species associated with
these remarkable burrows has not been possible, the
importance of the discovery of these niches, as well as
the fact that these mites likely constitute a previously

x
x

undescribed species, must be emphasized. Although
it is normal to observe the presence of acarines and
their remains on speleothems, it is the first time that
a certain variety of organism, from among all those
that inhabit this microecosystem (bacteria, amoebas,
algae, fungi, lichens, collembolans, etc.), has been
discovered to construct a series of receptacles,
piercing the speleothems and mobilizing a portion of
the polymineralic grains which make up the primary
speleothem. There is, thus, a great difference in the
ways in which space, on these siliceous deposits, is
exploited. The majority of these organisms live on the
surface of the speleothem, often sheltered in small
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holes; whereas others, such as the testate amoebae,
spend their lives travelling around the speleothem,
taking advantage of the slow movement of water or
encysting during dry periods; and some mites, like
those described in this article, are able to excavate
niches in the speleothem in order to complete their
life cycles.
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Kenneth George Grimes grew up on a beef cattle
property near Proston, Qld, the youngest of a large
family. His early schooling was by correspondence until
he was 9, followed by boarding school in Toowoomba
for primary and then Brisbane Grammar School. At
‘Grammar’ he so disliked the inner city environment
he was determined to work in the bush. As a result he
studied geology and geomorphology at the University
of Queensland on a cadetship from the Queensland
Department of Mines, graduating with a BSc (Hons)
in 1968. He undertook further studies in 1973 – 79
mainly in geography and geomorphology. At UQ he
took up caving with the University of Queensland
Speleological Society (UQSS), joining such luminaries
as Henry Shannon, Dave Gillieson, Tony Sprent and
Michael Bourke.
From 1969 to 1991 he was a Geologist in the
Regional Mapping Section of the Geological Survey
of Queensland (GSQ) where he was assigned to the
joint BMR-GSQ team that was charged with the
task of mapping the Mesozoic and Cenozoic deposits
of the Carpentaria and Karumba Basins of north
Queensland. As part of that team, Ken undertook fieldwork throughout northwest Queensland, the Gulf
country and Cape York Peninsula from 1969 to 1973.
Ken made a major contribution to the interpretation
of the Cenozoic geology and landscape development
of the region by extending the use of duricrust
stratigraphy, which had been developed by Brian
Senior and others in south-western Queensland. He
introduced the concept of cyclicity to the depositional
and weathering regimes throughout the Queensland
Cenozoic. Subsequent weathering geochronological
studies are in general agreement with the scheme
that he developed. It was this work that fostered his
interest in pseudokarst.
Ken went on to apply his expertise to mapping
Cenozoic deposits and regolith in central and
southern Queensland. In the 1970s, this included the
sapphire-bearing deposits of the Rubyvale area and
the sand masses of the Fraser Coast region, including
Cooloola and Fraser Island. He was one of the coauthors of Queensland Geology (Day et al, 1983. GSQ
Publication 383), a companion volume to the 1976
1:2.5M Queensland Geology map.
In 1985, Ken’s interest in karst combined with
his skill in mapping Cenozoic deposits led to his
*susanqwhite@netspace.net.au

involvement in research on the Tertiary Riversleigh
fossil sites with Mike Archer and others. Ken made
an important contribution through his ability to
distinguish Cenozoic carbonate deposits from the
Cambrian limestones on aerial photographs and
in the field, thereby expanding the search area and
leading to the discovery of several significant fossil
vertebrate sites.
As early as 1973 he produced a report on Ashford
Cave in far northern NSW, in which he subtly refuted
any suggestion that it might replace (in either
scientific or recreational terms) the Texas Caves, were
they to be flooded by a dam. In 1978 Ken prepared a
significant paper on the geology and geomorphology
of the Texas Caves in SE Queensland, published
by the Queensland Museum. This work benefited
significantly from work done on the caves by UQSS
and much of Ken’s fieldwork was done in association
with that society (which became defunct about the
mid 80s).
Through most of the 1980s, he had a roving brief
as a Cenozoic specialist attached to the various GSQ
mapping teams. He became the department’s expert
on the Cenozoic and there are very few Queensland
geology maps, which do not bear his name. Although
subjected to friendly banter about ‘mapping dirt’ by
the ‘hard rockers’ that dominated the teams, his skill
in subdividing the otherwise blank areas of the map
sheets was nonetheless valued as an essential input
to any project. When it came to banter, Ken could give
back as good as he received, but was always ready
to share his knowledge and, apart from the many
maps, reports and papers that he contributed to,
his geological legacy in Queensland lives on in the
influence he had on those who adopted and continued
to use his approach to mapping the Cenozoic. His
scheme for regolith unit compilation was used for the
Geoscience Australia’s 1:1M digital surface geology
map of Australia (2009).
Having grown up on a grazing property, Ken was a
natural bushman and this served him in good stead
working as a young geologist in Cape York Peninsula,
far from assistance if anything went wrong. In later
years, he could be relied on to turn up to rescue
colleagues who found themselves in difficulties, such
as hopelessly bogged, hung up in some wash-out or
with a flat battery or mechanical problems. Therefore,
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Ken Grimes on sandstone karst at Jervis Bay in New South Wales (photo: R.W. Young).

it was somewhat embarrassing for him, when mapping
on Fraser Island in the mid-1970s, his vehicle became
bogged in a creek at low tide. The hapless vehicle was
submerged by several high tides before it could be
retrieved, eventually towed out by a landing barge! In
the pre-GPS days and using black-and-white, smallscale aerial photographs, Ken was a skillful navigator
through the featureless bush that characterises much
of the Cenozoic in outback Queensland. Although
tending to be quiet in the office, Ken was a good
companion around the camp-fire with his dry wit, and
his culinary skills with the camp-oven were legendary.
It was a great loss to GSQ when Ken left in 1990,
and moved to western Victoria with Janeen. This
move however did have some advantages; he was
able to specialize more on karst and had limestone
and volcanic caves close by. His consulting expanded
with more cave and karst work in various places:
Naracoorte SA, lots of places in Victoria, Tasmania,
and Christmas Island to name a few. His interest
in volcanic caves grew and he has been involved in
exploration, documentation and working out the
processes involved in basalt cave formation. He
was involved in a major study with Robert Wray,
Andy Spate and Ian Houshold on the sandstone
pseudokarst of northern Australia, a very under
studied but fascinating area.
As he loved outdoor activities (but NOT competitive
sport!) he joined the bushwalking and caving clubs at
the University of Queensland where he met Janeen
and they married in late 1970. As a member of the
various caving clubs, UQSS, and later VSA, CCV,
and CEGSA, he has been a stalwart speleologist.
He received the Edie Smith Award in 2009 for his
outstanding service to Australian speleology over many
decades. He was involved in Australian Speleological
Federation as convenor of the Surveying and Mapping
Standards Commission of the Australian Speleological
Federation, and was Queensland co-ordinator of the
Australian Karst Index for the period 1975-1991.
He has been a co-editor of Helictite, the Journal of
Australasian Speleological Research since 1999. He
was also a Fellow of the Australian Cave & Karst
Management Association. Many of us have copies of
the well-illustrated field guides for various cave and

karst meetings in western Victoria and SE South
Australia. We have also listened to his interesting and
well illustrated talks at ASF conferences and other
meetings.
He has published many papers and reports on caves
and karst and was a widely respected speleologist
especially, but not exclusively in the Cainozoic karst,
volcanic and pseudokarst areas. In particular these
include Australian cave & karst areas in general,
karsts of eastern and northern Australia, tropical
karren and microkarren, tropical island karst, karst
hydrology, karst in less consolidated limestones
including syngenetic karst, pseudokarst terminology,
lava caves and has written or edited a series of Field
Guides to the karst & pseudokarst of southeastern
South Australia and western Victoria. In 2012 he
wrote for and edited the Helictite volume on the
Proterozoic Northern Territory Judbarra / Gregory
Karst, which contains Australia’s longest cave system.
He has published extensively on the karst in the dune
limestones of southern Australia. As a Research
Associate in the Environmental Geoscience group at
Latrobe University, he was very generous with his
time and assistance to post graduate students.
He was a member of GSA and since coming to
Victoria has been a corresponding member of the
Geological Heritage subcommittee with a very real
interest in the geological heritage of the volcanism of
western Victoria. His talks to the Victorian Division,
delivered wearing his ‘volcanic’ beanie, were greatly
appreciated.
Ken was also a very accomplished artist. He always
drew; in the margins of books and on the walls and
furniture of the old homestead. His cartoons were
brilliant and included his quirky sense of humour;
some of the recent ones can be seen on the Hamilton
Field Naturalists website! He was a keen photographer.
Ken was a wonderful person who had the ability
to communicate his vast knowledge and wisdom
to people right across the spectrum of scientific
understanding; an eminent, witty and a very active
cave explorer and thinker. He was very generous with
his time and knowledge to visitors to the lava and
limestone cave areas of western Victoria and various
geologists needing advice. We all valued him as a great
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friend, very generous with his knowledge, information
and well-drafted cave maps which he made freely
available to all.
Ken was killed on 17 August by a falling tree on
their property near Hamilton, Victoria, while clearing
a couple of jammed fallen trees. I still have difficulty
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believing we have lost so suddenly such a good
friend and huge contributor to the understanding
of the natural world. Ken’s presence will be missed
enormously by the entire speleological and geological
community, and especially those of us who have
worked closely with him.

International Journal of Speleology, 47 (3), 417-419. Tampa, FL (USA) September 2018

International Journal of Speleology

47 (3)

421-423

Tampa, FL (USA)

September 2018

Available online at scholarcommons.usf.edu/ijs

International Journal of Speleology
Off icial Journal of Union Internationale de Spéléologie

Robert A.L. Wray (1966 – 2017)
Robert W. Young
I write this memoir of Robert Wray in two states of
mind: first and foremost is the pleasure of commenting
on his scientific achievements, but there is also the
sadness at the far too early death from a debilitating
illness of a former student and close friend. My contact
with him began in my university office in Wollongong
28 years ago, when he came seeking formal training
in geomorphology, which until then had been an
increasingly pleasurable hobby as his first degree
had been Commerce. It ended when I presided at his
funeral in a church filled with family, friends and
colleagues who had come to pay tribute to this man of
great talent and generous personality. During those
years I supervised both his B.Sc (1st Class Honours)
and Ph.D theses, encouraged his teaching career, and
co-authored a dozen scientific articles with him. Thus,
although his scientific work has received well-earned
international acclaim, this is very much a personal
memoir of his achievements.
The decision to put his major effort into studying
the development of karst landforms in quartz-rich
rocks, which began with his Ph.D thesis, was entirely
his choice; I had suggested the very different thesis
topic of long-term landscape history, on which we
later did co-operate in a series of papers. It was not
so much the topic of the thesis that was innovative,
for Robert was well aware of the Australian examples
described a decade earlier by J.N. Jennings and of
those later described by me: it was rather the level
of analysis to which Robert lifted this field of study
that was outstanding. His considerable experience
of karst in limestone gave him a ready eye for seeing
essentially similar features in the quartz sandstones
of the Sydney Basin, and I remember well the
somewhat chastening experience of being his pupil
in the field on several occasions. In 1997 the greater
part of his Ph.D thesis appeared in A global review
of solutional weathering forms on quartz sandstones,
which set the bench mark for further studies, not
only in its detailed account of morphological diversity,
but also in its treatment of the varied combination of
processes which formed them. To write a global review
was certainly a bold venture so early in his career,
yet it was based on his already thorough grasp of the
relevant literature worldwide.
Other parts of the thesis, together with results from
subsequent research, were published in a series of
papers dealing with specific aspects of quartzose
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karst. Three of these appeared in the same year
as the Global review. Quartz dissolution: karst or
pseudokarst? was a contribution to the ongoing
dispute over whether the term karst should be limited
to situations where chemical dissolving of rock was the
dominant process, or, as Jennings had argued, could
be applied where such action was the critical process
in the shaping of landforms. Then came two papers
dealing with speleothems that occur in many caves
in the sandstones of the Sydney region, and based on
detailed microscopic analysis. The first was Opal and
chalcedony speleothems in quartz sandstone, written
mainly for a national audience, which appeared in the
Australian Journal of Earth Sciences; the second, The
formation and significance of coralline speleothems
in the Sydney Basin, addressing a wider audience,
appeared in Physical Geography. An even more
general audience, especially of archaeologists, was
addressed in 2008 through a paper co-authored with
Andy Spate on Capules and other geomorphological
phenomena, published in Rock Art Research.
The paper with Spate was also indicative of a major
shift in the geographical location of quartzose karst
addressed in Robert’s work, from the temperate lands
of southeastern Australia to the tropical lands of
the northern part of the continent. He had become
increasingly interested in the mode of the movement
of water through sandstone, and in the late 1990s he
began field studies, partly with me, in the sandstones
of the subhumid tropical lands of central Queensland.
The focus of his work there was on the extensive
springs in the Carnavon Range that were first reported
by the noted explorer Thomas Mitchell during a
major expedition in 1845-46. Phreatic drainage
conduits within quartz sandstone: evidence from
the Jurassic Precipice Sandstone, Carnavon Range
summarized the results of Robert’s observations and
mapping over several field seasons of the movement
of water through these sandstones that are far more
permeable than the sandstones he had previously
observed near Sydney, and that gave him new insight
into the effects on hydraulic conductivity exerted
by lithology and structure. His work in the tropics
culminated in a field study over 3 months in 2008 of
the wonderful sandstone tower landscapes and caves
in a huge area between central Queensland and the
Kimberley region of Western Australia. Co-authored
with Ken Grimes, Andy Spate and Ian Houshold, the
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Robert Wray at Cradle Mountain in Tasmania (photo: R.W. Young).

highly informative 85 pages and brilliant illustrations
of Karst and pseudokarst in Northern Australia,
created a new standard for the study of sandstone
landforms in Australia. Unfortunately this report
done for the Commonwealth Government has never
been published. But far more serious was that the
later stages of the expedition saw the onset of the
progressive decline of Robert’s health.
His research was by no means limited to Australia,
for he made a series of invited field trips to study and
offer advice on the magnificent Danxia sandstone
karst of southeast China. In co-operation both with
local researchers and other invited experts from
overseas, he contributed to a greater understanding
of the processes, constraints and erosional timescales
of these fascinating landscapes. And, although his
health was already waning, it was essentially Robert’s
initiative when we wrote together Some Danxialike landscapes of Northern Australia. His Chinese
experience was again applied to Australia when
Hayden Washington and he wrote an important paper
on the geomorphology and geoheritage value of the
sandstone pagodas in the Blue Mountains west of
Sydney, which added significantly to the material
that he and I had written a decade earlier in The
geomorphology of sandstones in the Sydney Region.
Moreover, he showed great skill in drawing together
wide-ranging material when writing The Gran Sabana:
the world’s finest quartzite karst? for Geomorphological
landscapes of the world edited by Piotr Migon.
Because of his exceptional expertise on sandstone
weathering, he was repeatedly invited to contribute
overviews of this whole field of research. When my
wife Ann and I revised our book Sandstone Landforms
in 2009, we asked him to write the greatly extended
section on weathering, for he had long surpassed our
understanding of it. In 2004, with Stefan Doerr, he
wrote the entry on Pseudokarst in the Encyclopedia of
Geomorphology published by Routledge, and in 2013
he wrote the entry on the same general topic for the
Treatise on Geomorphology published by Academic
Press. But all of these contributions were surpassed
by his final paper, An updated review of solutional
weathering processes and forms in quartz sandstones
and quartzites. Although the original review in 1997
was an outstanding piece of work, it too has been

surpassed by this wonderful new review written 20
years later; and for this we are all greatly indebted to
Francesco Sauro, for without his extremely important
contribution and initiative, the revised review would
never have been finished.
While Robert’s reputation rests overwhelmingly
on his studies of karst in quartzose rocks, he also
made important contribution in other aspects of
geomorphology. He contributed to a series of papers
with me, my wife Ann, and David Price who carried
out the essential TL dating, on alluvial deposition
along streams in southeastern Australia, and
applied his very considerable remote sensing skills
in Palaeochannels of the Namoi River floodplain. He
also added much to a study of crevasses and caves
caused by block gliding, rather than weathering, in
sandstones south of Sydney. Robert demonstrated his
grasp of geomorphology in general when co-authoring
with me several papers on the long-term evolution
of landforms in Australia. It was a very productive
period for us in reaching an international audience;
in 1999 we published The longterm development
of river valleys: evidence from the passive margin of
Southeastern Australia in the Japanese Journal of
Geomorphology, and in the next year Contribution to
the theory of scarpland development in the Journal
of Geology. The latter was an unexpected outcome
of our trip to study the hydrological conductivity of
sandstones in central Queensland, which endorsed the
pioneering work on scarplands by the great German
geographer Alfred Hettner. Our final co-operative
effort was written when Robert was already largely
confined to a wheelchair and finding any sustained
effort to be increasingly difficult. Most appropriately
for our swansong, it was about sandstones. It referred
to an internationally important geomorphologist, and
it dealt with interesting sites in Australia: it was Rock
control in sandstone landforms: a tribute to Eiju Yatsu
with Australian examples. For me this was a fitting
closure to 25 years of rewarding co-operative work
and genuine friendship. Robert was a highly talented
scientist who happily ventured into a wide range of
research topics, yet was always painstaking in his
handling of detail.
The postscript to this memoir must be an
acknowledgement of the wonderful support that Robert
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received from his colleagues at University College in
Wollongong, and especially from his wife Jayne, both
in the good years of very active companionship and
even more so in the hard years of his physical decline.
Robert’s chronological speleological milestones
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