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Abstract: White-nose syndrome is an emerging infectious disease that has led to a
dramatic decline in cave-hibernating bat species. White-nose syndrome is caused by the
newly described fungal pathogen Geomyces destructans, which infects the ear, muzzle,
and wing membranes of bats. Although the exact mechanism by which the fungus causes
death is not yet understood, G. destructans leads to a high mortality rate in infected
animals. While the primary mechanism of infection appears to be bat-to-bat transfer, it is
still unclear what role human activity may play in the spread of this pathogen. Here we
evaluate the effectiveness of decontamination protocols that can be utilized by
speleologists to reduce the likelihood of spreading this dangerous pathogen to naive
bats or uninfected hibernacula. Our results show that pre-cleaning to remove muds and/
or sediments followed by the use of commercially available disinfectants can effectively
remove G. destructans from caving fabrics. Alternatively, immersion in water above
50 °C for at least 20 minutes effectively destroys the fungal spores. These results have
allowed the development of a decontamination protocol (http://www.fws.gov/
WhiteNoseSyndrome/cavers.html) that, when appropriately followed, can greatly
reduce the likelihood of the human mediated transfer of G. destructans from an

infected to uninfected site.

INTRODUCTION

In 2006 the bat population in Howe Caverns, a
commercial cave in New York, USA, contained a large
number of dead or dying bats (Blehert et al., 2009). A
common link between all of the dying bats was that they had
a white, powder-like substance around their muzzles, ears,
and wing-membranes; this white substance caused the
disease to be named White-nose Syndrome (WNS). WNS
is believed to cause a greater than 70% mortality rate (range
30 to 99%) in bat populations of infected hibernacula
and has been associated with a mass bat die-off in the
northeastern US, with an estimated 5.5 million deaths
(USFWS, 2012). To date, eighteen states have either
confirmed WNS [demonstrating bats with histological
evidence of a WNS infection: (Meteyer et al., 2009)] and/
or bats that test positive for the presence of the etiological
agent, the fungus Geomyces destructans. These states are
Connecticut, Delaware, Kentucky, Maine, Maryland, Mas-
sachusetts, Missouri, New Hampshire, New Jersey, New
York, North Carolina, Ohio, Oklahoma, Pennsylvania,
Tennessee, Vermont, Virginia, and West Virginia. The
fungus is also now affecting bat populations in Canada,
including the provinces of New Brunswick, Nova Scotia,
Ontario, and Quebec. As of December 2011, more than two
hundred bat hibernacula have been affected by WNS, which
has resulted in a significant decrease in cave-hibernating bat

populations in the Northeast (Kunz and Tuttle, 2009). At
the current rate of both mortality and spread, WNS is likely
to cause the regional extinction of the little brown bat
Myotis lucifugus within the next twenty years (Frick et al.,
2010).

Koch’s postulates were recently satisfied for G. destruc-
tans (Lorch et al., 2011), demonstrating that G. destructans
was the sole agent of WNS. While this paper demonstrated
that G. destructans could be spread directly through bat-to-
bat contact, airborne movement of the pathogen was
inconclusive, and the role of fomites was not investigated.
Whatever the mechanisms of transport, Chaturvedi et al.
(2010) demonstrated that a single strain of G. destructans
was responsible for WNS in over one hundred bats from
geographically diverse regions. These investigators used
random amplification of polymorphic DNA (RAPD) to
demonstrate that all tested isolates had identical RAPD
patterns using differential primer sets. Further evidence
suggests that G. destructans may be an introduced
pathogen is provided by the discovery of morphologically
and genetically similar Geomyces strains from France
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(Puechmaille et al., 2010). This European fungus has since
been confirmed in three additional countries: Germany,
Switzerland, and Hungary (Wibbelt et al., 2010). However,
DNA sequencing across a range of genes will be needed to
confirm that this strain is the source of the WNS epidemic.
The high mortality rates caused by WNS in the US have
not been observed among European bats infected with G.
destructans. Although the susceptibility of European bat
species to WNS has not been fully evaluated, they do
demonstrate different hibernation patterns, which may
reflect the influence of past epidemics on the populations
(Puechmaille, personal communication, 2010).

Past epizootics demonstrate the role human activity can
play in the spread of animal pathogens, including foot-and-
mouth disease virus (Savill et al., 2006) and the chytrid
fungus Batrachochytrium dendrobatidis (Daszak et al.,
2000). In these epidemics, human activity has contributed
to the spread of the pathogen, while altered behavior and
disinfection have been shown to limit or prevent its
dissemination (Savill et al., 2006, Webb et al., 2007). At
this time, we have no understanding of G. destructans
viability in the environment or how many fungal cells or
spores are sufficient to infect a bat or colonize a cave
environment. Until this information is available, it is
critical that decontamination protocols are used to
eliminate the possibility of WNS spread by human activity.
In this paper we assess potential physical and chemical
methods to decontaminate the fabrics and materials used
by speleologists. Our results demonstrate that safe and
effective methods of disinfection are possible to limit the
anthropomorphic spread of G. destructans.

MATERIALS AND METHODS

FungaL STRAINS AND GROWTH CONDITIONS

The following strains were obtained from the American
Type Culture Collection (ATCC; Manassas, Virginia):
Geomyces pannorum var pannorum (ATCC 16222), Asper-
gillus brasiliensis (née niger, ATCC 9642) and Penicillium
pinophilum (ATCC 9644). These species were grown in
Geomyces media (40 g dextrose, 10 g peptone L) to which
2% agarose was added as a gelling agent for solid media.
Geomyces destructans was obtained from a little-brown bat
collected in Hell Hole Cave, West Virginia, sent to the
SCWDS and confirmed by cell morphology, PCR, and an
invasive histology diagnostic of WNS. Growth was carried
out at room temperature (RT) for all strains except G.
destructans, which was grown at 7 °C. Mueller-Hinton agar
for disk-diffusion assays was obtained from BD Difco/BBL
(Franklin Lakes, New Jersey).

SPORE SUSPENSIONS

Conidiospores (spores) from all fungi were harvested
from fungal plates in liquid Geomyces media using the
American Society for Testing and Materials protocol G21-
09 (ASTM, 2002), with 0.1% sodium dioctyl sulfosuccinate
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(DSS) as a wetting agent. DSS was tested for toxicity
against each of the fungal strains and demonstrated no
inhibitory effect on growth or spore germination. Spore
suspensions were counted using a hemocytometer and
resuspended in liquid Geomyces media to a stock concen-
tration of 1 x 10° spores mL™'. Once made, all spore
suspensions were stored at 4 °C and used within four days.

SURVIVAL ASSAYS

Three assays were carried out on spore suspensions
to determine spore killing (sporicidal) or fungal growth
inhibition (fungistatic) activity of treatments. All assays
were carried out in triplicate and the average of each
treatment was recorded.

Sporocidal assay — Suspensions of spores at 1 x 10°, 1 x
10* and 1 x 10° spores mL ™' were filtered onto a 25-mm-
diameter 5.0 um PFTE membrane (Cat # LSWG02500,
Millipore, Billerica, Massachusetts; Geomyces spores are
~17 mm O) using a sterile glass membrane filtration unit
(Millipore Cat # XX1002502). While still in the filtration
unit, the membranes were exposed to chemical treatment
for ten minutes, washed three times with 10 mL sterile
distilled water, then aseptically removed and placed on
culture media for growth. Following all treatments, the
membrane plates were incubated until colonies were
observed: up to six days for G. pannorum and nine days
for the slower growing G. destructans. Germination/
outgrowth rates were calculated as the number of colonies
divided by the total number of viable spores applied;
viability was determined from untreated controls.

Disk diffusion assays — Approximately 1 x 10* spores of
G. pannorum or G. destructans were streaked across the
entire surface of either a Mueller-Hinton or Geomyces-
media plate. The agar plate was allowed to dry until
surface moisture was no longer evident, and a 6 mm sterile
Whatman paper disk (Whatman, Piscataway, New Jersey)
soaked in a single test chemical was placed directly on the
plate, using aseptic techniques. Plates were allowed to
incubate until confluent fungal growth was observed, and
the diameter of the zone of inhibition was measured. To
examine the effectiveness of disinfection on G. pannorum in
the presence of other materials, a top agar containing
Geomyces media, 1% agar, and 2% of the test material
(organic material, muds and sediment) was added. This top
agar had been autoclaved and was poured over the surface
of Geomyces-media plates to a depth of 2 mm. Testing was
then carried out using the standard disk-diffusion assay.
The organic material, mud and sediment (weathered
sandstone) was obtained of a Kentucky cave within the
Ste. Genevieve Formation.

CHEMICALS TESTED FOR POTENTIAL EFFECTIVENESS
AGAINST GEOMYCES SPP.

Lab grade chemicals were obtained from Sigma-Aldrich
(St. Louis, Missouri). The off-the-shelf chemicals were
obtained from local retail stores. Household bleach
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(Clorox, 6% HOCI) was diluted 1:10 (0.6%) prior to use in
all the assays described. The chemical formulations for
products evaluated were obtained from publically available
material safety data sheets (MSDS). Initial screening was
carried out using the disk diffusion assay (Bauer 1966) on
both Mueller-Hinton and Geomyces media plates.

HEAT TREATMENTS OF SPORES
Dry-Air Treatments

Suspensions of 10°-10* G. pannorum or G. destructans
spores were placed on membrane filters as previously
described, placed in sterile petri dishes and exposed to air
temperatures of 50 °C, 60 °C, 70 °C, 80 °C, 90 °C, or 100 °C
for fifteen minutes. The membrane filters were then placed
on Geomyces media and incubated at 7 °C for three weeks.

Submersion Treatments

One mL of a 3 x 10° per mL spore suspension of G.
pannorum or G. destructans was placed in conical centrifuge
tubes and immersed in water at 30 °C, 40 °C, 50 °C, 60 °C,
or 70 °C for twenty minutes. A 100 uL aliquot of the
suspension was spread on an SDA plate and incubated at
7 °C for forty days, with colony numbers, in a randomly
placed 4 x 4 cm grid, recorded at days seven and forty. All
heat treatments were done in replicates of three.

Autoclaving

Preparations of G. pannorum and G. destructans spores
and hyphae were heated to 121 °C at 15 psi (103 kPa) for
fifteen minutes using an AMSCO 3013 autoclave sterilizer
(STERIS Corporation, Mentor, Ohio). All heat treatments
were done in replicates of three. A variety of caving
equipment, such as oversuits, helmets, and ropes were
treated in the autoclave under the same conditions.

SURFACE TREATMENT ASSAYS

New nylon caving fabrics appeared to carry a charge
from the nylon or contained water-repellent coatings,
preventing the attachment or penetration of spore suspen-
sions. As a result, these materials were not used. Instead a
1000-denier Cordura caving oversuit manufactured by
Warmbac (Glastonbury, England) that had been heavily
used for four years was used in the surface-treatment
assays. One-inch tubular webbing, Sterling 11 mm HTP
polyester rope, and Sterling 11 mm Superstatic nylon rope
were obtained from Sterling Rope (Biddeford, Maine).

Surface Sterilization Assays

Treatment assays were carried out according to the
standard protocol for testing the resistance of synthetic
polymeric materials to fungi (ASTM G21-09; ASTM,
2002). Briefly, sections of test fabric were cut into roughly 3
x 3 c¢cm squares, while rope and webbing sections were cut
into approximately 3 cm pieces using a heated 1 mm wire.
All samples were autoclaved prior to treatment, with sterile
control samples demonstrating no fungal growth. Surfaces

were sprayed with 250 uL of a 1 x 10° spores per mL
suspension, allowed to air-dry for one hour to overnight,
depending on the material, and were then exposed to the
treatment. After exposure, the material was washed twice by
immersion in 500 mL of sterile distilled water, allowed to air-
dry, and then either pressed or rolled (in the case of rope)
onto the surface of solid Geomyces media to deposit spores.
The total number of colonies per plate was counted to
determine the number of colonies divided by the number of
viable applied spores. In the case of adherent fungi, which
were not transferred from the fabric to the media, the
remaining material was placed in 40 mL Geomyces media.
Any growth indicated spore survival following disinfection.

Rope-Strength Testing

To test the strength of safety equipment following
treatment, 4 m lengths of rope or 1 m sewn webbing loops
were treated under the conditions deemed most effective at
decontaminating ropes: washing in a front-loading washing
machine with the manufacturer’s recommended concentra-
tion of Woolite detergent, rinsing with water, soaking in a
1:64 dilution of Lysol IC for ten minutes, and rinsing twice
in water. That concentration of Lysol IC was used to
chemically stress the material, although we showed that a
1:128 dilution is sufficient for disinfection. To test whether
this altered the strength of the rope or webbing, three
replicate samples were subjected to one or five rounds of
treatment (Woolite wash, rinse, treat with Lysol IC, rinse
twice). The strength of these materials was then tested at
Sterling Rope on a custom-built pull apparatus using a
60 kN hydraulic ram according to the Cordage Institute
standard 1801 and calibrated by American Calibration,
Inc. (ISO/IEC 17025 accredited, Crystal Lake, Illinois).
Pull data was captured by means of a load cell attached to
a PAXS strain gage meter (Red Lion Controls, York,
Pennsylvania) with a sample rate of 20 Hz. Statistical
analysis was performed on grouped samples using a paired
t-test with a p-value of 0.05.

REsULTS

In order to determine the effectiveness of all treatments,
we began by autoclaving G. pannorum and G. destructans
cultures. These tests demonstrated that autoclaving at
15 psi (103 kPA) for fifteen minutes killed 100% of
Geomyces spores and hyphae, even at fairly high con-
centrations (e.g., 1 x 107 spores per mL). Most caving
equipment did not withstand autoclave conditions: ropes
became permanently fixed in shape, oversuits became
friable, and the lining and cradle fabrics of helmets melted,
although the plastics retained their shape. Given the gross
physical changes, no attempt was made to determine how
autoclaving affected the strength of these fabrics.

Spores of G. pannorum, A. brasiliensis, and P. pinophi-
lum were all resistant to killing by baking (dry heat) above
50 °C (Table 1). At 50 °C, germination and growth of G.
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Table 1. Number of viable spores following 15 minutes of dry-air heating at 50 °C.

Treatment
Species Spores/mL Control® 5 min 10 min 15 min
Geomyces pannorum 1 x 10* TNTC TNTC TNTC 21
1% 10° TNTC TNTC NG NG
Aspergillus brasiliensis 1 x 10* TNTC TNTC TNTC TNTC
1 x10° TNTC TNTC TNTC TNTC
Penicillium pinophilum 1 x 10* TNTC TNTC TNTC TNTC
1 x 10° TNTC TNTC TNTC 2

# Untreated spore suspension.
TNTC = Too numerous to count.
NG = No growth.

pannorum spores was 82.7% of the untreated controls. At
the same temperature, 35.3% of G. destructans spores were
able to germinate by day seven. When the treatments were
increased to 70 °C, no G. destructans spores germinated.
Nonetheless, the spores of G. destructans were not as
resistant to immersion in hot water. When G. destructans
spore suspensions were treated at 50 °C for even two
minutes, germination of spores after seven days was
eliminated (Fig. 1), while unheated controls had abundant
growth (data not shown). Exposure to 40 °C and 45 °C also
reduced the viability of G. destructans spores (Fig. 1), but
by day forty, viable colonies were observed. Repeated

Figure 1. Effects of immersive heating on spore suspensions
of G. destructans. Spore suspensions were heated in a water
bath, then plated on culture media and incubated at 6°C for
seven days. The average spore growth (percentage) compared
to the original inoculum of three separate assays is shown.
Error bars indicate the standard deviation from this average.
Inhibited growth of G. destructans was confirmed for up to
forty days post-treatment.
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assays demonstrated that only immersion at = 50 °C for a
minimum of twenty minutes resulted in sterilization of G.
destructans spores.

Commercially available cleaning agents, disinfectants,
and chemicals (Table 2) were screened for their ability to
either kill Geomyces spores (sporicidal) or limit the
germination and growth of the fungus (sporostatic). In all,
forty-four commercially available disinfection products
were screened against G. pannorum, A. brasiliensis, and P.
pinophilum (Table 2). As expected, some traditional disin-
fecting agents, such as hydrogen peroxide (H->O,), crystal
violet, and iodine demonstrated good inhibition of fungal
growth. Other effective chemicals contained quaternary
ammonium compounds as a disinfectant, including Lysol IC
(n-alkyl (C8-18) dimethylbenzylammonium chloride), For-
mula 409 [n-alkyl (C12-16) dimethylbenzyl ammonium
chloride], and Oust Surface and Air cleaner (n-Alkyl
dimethyl benzyl ammonium saccharinate). Lysol IC comes
in concentrated form (20 to 25%), and our work demon-
strates that a 1:128 dilution (0.15 to 0.20% final concentra-
tion) of Lysol IC is the minimum effective concentration.
Agents containing a detergent also appeared to be effective,
including Dawn, Ivory, and Palmolive products, all of which
contain ionic and non-ionic detergents. Agents that contain
both a disinfectant and a detergent, such as Clorox Toilet
Bowl Cleaner (disinfectant: NaClO 1 to 5%), Tide with
Bleach (disinfectant: benzenesulfonic acid 10%), Woolite
(disinfectant: benzenesulfonic acid), and Dawn Antibacteri-
al Dish Soap (disinfectant: Triclosan, undisclosed percent),
are also effective against the growth of Geomyces species.

Other chemicals demonstrated less effectiveness. Alco-
hols did not demonstrate strong activity against G.
pannorum, either directly (chemical-grade 70% alcohol) or
in the following products: Purell Hand Sanitizer, Quick
Care, Listerine, Exo Balance, and Cal Stat. Acids and bases
also failed to demonstrate any significant effect against
Geomyces growth, including those found in Grease
Lightning, Cascade Gel, Jump Ultra Fabric Softner, and
food-grade vinegar. Finally, Tilex Fresh Shower, which
contains the cation-chelating agent ethylenediaminetetra-
acetic acid (EDTA), Seventh Generation Fabric Softner,



V. SHELLEY, S. KaIser, E. SHELLEY, T. WiLLiams, M. KraMER, K. HaMAN, K. KEEL, AND H.A. BARTON

Table 2. Resistance of fungal spores to various disinfectants based on Kirby-Bauer disk-diffusion assays.

Zone of Inhibition, mm

Disinfectant/ Chemical Agent G. pannorum Aspergillus Penicillium
crystal violet stain 39 20 28
Dawn Simple Pleasures 35 27 32
Chlorox Toilet Bowl Cleaner 35 28 24
Palmolive pure and clean 34 24 18
Tide with Bleach 34 35 25
Oust Surface and Air 34 10 14
Meyer’s Clean Day 34 24 27
Hydrogen Peroxide (3%) 34 NzZ NzZ
Dawn Dish Liquid 33 27 33
anti-bacterial hand soap 31 21 13
Woolite 31 NZ 20
Penguin Sport-Wash 30 25 26
Formula 409 29 25 13
Ivory Hand soap 28 Nz 12
iodine 25 12 NZ
Cascade Gel 25 NZ NZ
Pine-Sol 25 9 29
Hibiclens 24 18 14
Scope 22 NZ NZ
Vick’s Early Defense 18 17 16
70% ethanol 18 4 10
Scotchguard Oxy Pet Spot Stain Cleaner 17 NZ NZ
household bleach (1:10) 16 NZ 18
decolorizer 14 26 NZ
Lysol IC Disinfectant Cleaner (1:128) 15 NZ NZ
Tabasco 13 - -
Vesphene Disinfectant 13 - -
Hydrogen Peroxide (0.3%) 12 - —
SporiCLEAN 11 - -
Grease Lightning 9 - -
vinegar 9 - -
Cascade Actionpack NZ - -
Purell Hand Sanitizer NZ - -
silver nitrate NZ - -
Quick Care NZ — —
Listerine NZ - —
Cal Stat NZ - -
Tilex Fresh Shower NZ - -
Jump Ultra Fabric Softner NZ - -
Seventh Generation Fabric Softner NZ - -
PureGreen 24 NZ - -
Virkon (1%) NZ - -
Exo Balance NZ - -

NZ = No zone of inhibition (growth up to disk).
Dashes indicate test not done.

which contains the palm-oil extract dihydrogenated pal- examined products that contained silver as a disinfectant
moylethyl hydroxyethylmonium methosulfate, and Virkon, [PureGreen24 (colloidal silver) and silver nitrate (1%
which contains potassium peroxymonosulfate, all failed to ~ AgNO3)], as well as enzymatic cleaners such as Spor-
demonstrate any effect on fungal growth. Based on some iCLEAN; however, none of these products demonstrated
discussion within the WNS scientific community, we also significant antifungal activity.
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Table 3. Comparative resistance of G. pannorum and G.
destructans spores to disinfectants based on the disk-
diffusion assays.

Zone of Inhibition, mm

Geomyces pannorum  Geomyces destructans

Treatment Day 7 Day 30 Day 30
control NZ NZ Nz
Lysol 23 23 31
bleach (1:10) 67 45 NG
ethanol (70%) 11 NZ 7
Woolite 27 24 44
Formula 409 27 24 31

NZ = No zone of inhibition (growth up to disk).
NG = Fungus was completely cleared from the plate.

Following this preliminary screen, the agents chosen for
further study either demonstrated effectiveness against G.
pannorum (Woolite, Formula 409) or had known activity
against fungi (Lysol IC, household bleach, and alcohol). A
number of agents that demonstrated strong antifungal
activity in the G. pannorum assays were not examined due
to practical disinfection issues, such as staining of materials
(crystal violet and iodine), the concentrations necessary to
generate antifungal activity (Dawn Dish Soap), or poten-
tial damage to fabrics (Clorox Toilet Bowl Cleaner). Before
additional, more extensive testing was carried out, Lysol
IC, Woolite, Formula 409, household bleach, and 70%
alcohol were also tested for their effectiveness against the
pathogen G. destructans in a disk-diffusion assay. The
results for G. destructans and G. pannorum were similar,
although G. destructans appeared to be more susceptible to
the same chemical treatments as G. pannorum (Table 3),
confirming the choice of these compounds.

Disk-diffusion assays only demonstrate the susceptibil-
ity of an organism to grow in the presence of a particular
disinfectant; they do not demonstrate the effectiveness of
that agent as an exposure-based disinfectant. We therefore
used the filtration assay to test the effectiveness of exposure
to Formula 409, Woolite, Lysol IC, bleach, and 70%

ethanol in preventing G. pannorum and G. destructans
germination. Due to the sub-leathal damage that can occur
from such treatments, G. destructans spores were allowed
to recover for up to forty days following exposure (Russell,
1990). The results (Table 4) demonstrated that direct
exposure to household bleach (1:10), Formula 409, and
Lysol IC (1:128) completely inactivated Geomyces spores
following exposure. Woolite demonstrated a reduced level
of sporicidal activity (Table 3), suggesting that the activity
of this agent in disk-diffusion assays is fungistatic. Alcohol
did not demonstrate any effective killing of fungal spores in
these assays (Table 4).

While these approaches demonstrate the effectiveness
of chemical disinfection in the laboratory, they do not
necessarily translate to efficient disinfection in the field. We
therefore examined factors that may affect the effectiveness
of these disinfectants under real-world conditions.

Cave explorers use a number of different fabrics due to
their durability and abrasion resistance, as well as critical
life-support equipment, including rope, webbing, and
harnesses. The structure of these fabrics, with multiple
niches for spore attachment, protection, and chemical
absorption, may affect the penetration and effectiveness of
chemical disinfectants. Therefore, we took fabrics used
by cavers and examined disinfection efficiency following
the direct application of fungal spores to the surface.
Approximately 2.5 x 10* spores per cm” were applied to
ballistic nylon (used under cave conditions), and treatment
was carried out with Formula 409, household bleach (1:10),
and Lysol IC (1:128) for 5, 10, and 15 minutes. The results
(Table 5) demonstrated that fungal spores are effectively
and reproducibly disinfected on these surfaces with no
remaining viable spores when treatment is applied for a
minimum of 10 minutes. Woolite greatly reduced the
number of viable spores, but did not act as a disinfect-
ant in this assay, while alcohol had comparatively little
activity.

During exploration, caving fabrics become covered in
mud, clay, or other sediments and organic debris, which
could limit the effectiveness of disinfecting agents against
fungal spores (Russell, 1990). To this end, organic material,

Table 4. Sporicidal activity of disinfectants against G. destructans compared to G. pannorum following a 10-minute exposure.

Treatments
Days after Lysol bleach ethanol
Species Treatment spores/mL control  Formula 409 Woolite (1:100) (1:10) (70%)
G. pannorum 4 1 x 10* 56 49 26 13 0 6
5 1 x 10 TNTC 53 32 TNTC 0 35
6 1 x 10* TNTC TNTC TNTC TNTC 0 TNTC
G. destructans 7 1 x 10* TNTC 0 0 0 0 177
8 1 x 10* TNTC 0 0 0 0 TNTC
9 1 x10* TNTC 0 1 0 0 TNTC

TNTC = Too numerous to count.

6+ Journal of Cave and Karst Studies, April 2013



V. SHELLEY, S. KaIser, E. SHELLEY, T. WiLLiams, M. KraMER, K. HaMAN, K. KEEL, AND H.A. BARTON

Table 5. Effectiveness of Disinfectants against G. pannorum in the Presence of Various Cave Sediments.

Disk Diffusion

Fabric Treatment (Rope)

Zone of Inhibition, mm Colonies
Disinfectant Control Clay Sand Silt Control Clay Sand Silt
Bleach (1:10) 67 12 NZ NZ TNTC 0 11 9
Lysol IC (1:128) 23 NZ 12 12 TNTC 0 0 0
Formula 409 27 32 NZ NZ TNTC 0 0 0

TNTC = Too numerous to count.
NZ = No zone of inhibition (growth up to disk).

mud, and sediment were added to the disk-diffusion assays
to determine how great an effect the presence of these
materials could have on disinfection. The results (Table 5)
demonstrate that cave detritus can have a dramatic impact
on the effectiveness of these disinfectants. We therefore
repeated our cave fabric disinfection protocol with mud
applied along with the fungal spores. The results (Table 5)
demonstrated that these substances also dramatically
reduced the effectiveness of disinfection on these surfaces,
arguing for a pre-cleaning treatment prior to disinfection.

Figure 2. Synergistic effects of multiple treatments on the
growth of G. pannorum. Disk diffusion assays were set up
using various combinations of disinfecting agents. The
combination of Formula 409 (left disk) and Penguin Sport-
Wash (right disk) is shown. While a zone where each
chemical prevents the growth of the fungus around each disk
is observed, the combination of the two chemicals generates a
greater zone of inhibition than each alone (larger zone
between the two disks).

To test this, we carried out a disk diffusion assay to
determine if specific detergents and disinfectants were
compatible; such combinations can often be problematic as
cationic disinfectants and anionic detergents can bind to
each other, precipitate, and negate the effect of both
products. In these assays we compared the inhibition of
fungal growth by combinations of both Woolite and
Meyer’s Clean Day washing detergents with Formula
409, household bleach (1:10), and Lysol IC (1:128). The
results (for example, Fig. 2) suggested that these products
lead to a greater inhibition of fungal growth together than
each does individually. It therefore appears that a pre-wash
with a detergent such as Woolite can remove inhibitory
substances while contributing to overall disinfection.

In addition to fabrics, speleologists use a number of
pieces of critical life support equipment, including har-
nesses, webbing, and ropes. The nylon in this equipment
gives the ropes or webbing strength; however, it is also
susceptible to ionic attack, by substances such as bleach,
which can damage the structural integrity and strength of
the material. Consequently, we wanted to examine the
ability of disinfection protocols to remove or kill spores on
this material without harming its strength. Given the
negative potential effects of bleach on nylon, we examined
the ability of Woolite (which is traditionally used by
speleologists to wash ropes) and Lysol IC (which can be
made up in large volumes) to disinfect sewn webbing and
nylon ropes. Treatment was carried out by washing in
Woolite, rinsing with sterile water, soaking in a 1:64
dilution of Lysol IC for ten minutes, and rinsing twice in
sterile water. The results demonstrated 100% killing of 2.5
x 10° spores applied to rope and webbing samples
(Table 5). A higher concentration of Lysol IC (1:64) was
used to chemically stress the material, although a 1:128
dilution has been shown to be 100% effective in this assay.
To test whether this altered the strength of the webbing or
rope, we treated samples of one-inch tubular webbing,
Sterling 11 mm HTP rope, and Sterling 11 mm Superstatic
rope, for one or five rounds of treatment. The strength of
these materials was then tested, and the average breaking
strength (in kN) was recorded (Fig. 3). Similar rope tests
have not been carried out on samples returned to other
rope manufacturers despite repeated requests.
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Figure 3. Rope and webbing post-treatment strength tests. Samples of rope and webbing were treated in triplicate with either
one or five rounds of chemical treatment. The samples were then subjected to strength tests to determine the average breaking
strength (in kN). The standard deviation of the combined results is shown as error bars. Based on a paired t-test (p = 0.05)
there was no significant difference between the strength of the treated and untreated samples.

DiscussioN

We carried out our preliminary assays in the non-
pathogenic G. pannorum due to the ease of cultivation and
comparatively short generation time for this species in the
laboratory (five days to confluent growth versus approx-
imately one month for G. destructans); however, to confirm
the effectiveness of our decontamination protocols, we
repeated key assays with G. destructans. Our results
demonstrated a strong correlation between the effective-
ness of these agents in G. pannorum and G. destructans,
arguing for the appropriateness of G. pannorum as a model
organism for preliminary assay development. We also
chose to concentrate our assays on spores, the more
resistant form of the G. destructans fungus (Deacon, 2005).
Conidiospores are made by fungi for dispersal of the parent
organism and, as such, are intrinsically resistant to
environmental stressors such as UV and desiccation
(Deacon, 2005, Gottlieb, 1950, Russell, 1990). Indeed, this
can be seen by the relative resistance of these spores to both
heat treatments and alcohols, and that heat stress actually
promotes the germination and outgrowth of fungal spores
(Table 1), even in the case of this psychrophilic fungi
(Deacon, 2005, Russell, 1990).

Our results demonstrate that certain compounds, such
as Formula 409 or bleach, are viable means of G.
destructans disinfection to prevent the spread of WNS.
Given the ineffectiveness of alcohols, protocols that suggest
cavers should wipe exposed skin with alcohol swabs or
alcohol-based hand sanitizer should be met with skepti-
cism. The fact that most speleologists wear gloves that can
be decontaminated suggests that standard personal hygiene
practices (hand washing, bathing) likely represent a much
more practical approach to limiting the spread of WNS on
human skin.
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In addition to chemical treatments, immersive heating
of materials able to withstand submersion could be useful
for reducing contamination by G. destructans spores. It is
important to note that such conditions are not normally
achieved in a standard washing machine, although
sterilizing washing machines that can heat and maintain
the temperature above 50 °C for twenty minutes would be a
practical alternative. Given the difficulty in establishing
and maintaining dry-air temperatures above 70 °C without
laboratory-type controlled ovens or autoclaves, this
mechanism of disinfection is not advised for anyone
without access to, and training in the use of, such
equipment. Regardless of these practical considerations,
if heat treatment is the primary mechanism of disinfection,
it is also important to consider the risks of contaminating
external surfaces of containers, instruments, or surround-
ing surfaces. Limiting contact of contaminated gear or
subsequent disinfection of such surfaces with effective
chemical agents would help mitigate this risk.

Our chemical-disinfection experiments demonstrate the
effectiveness of a number of agents that are known to be
sporostatic but not sporicidal, including quarternary
ammonium compounds and detergents (Russell, 1990).
These results actually align well with those for bacterial
spores and sporicidal agents (Russell, 1990 and references
therein) and the work of Chaturvedi et al. (2011) against G.
destructans. The effectiveness of these agents may well be
due to a phenomenon by which these agents become
attached to the spore coat and are hard to remove (other
than by neutralization; Russell, 1990), suggesting that these
agents do not act specifically on the spores, but rather act
on germ tube formation during germination (Deacon,
2005). In all our assays, the presence of a long-chain alkyl
group in the most effective antifungal agents suggests that
such chemical structures play an important role in
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preventing the growth of Geomyces spp. (Table 2). The
specificity of such activity may help to identify whether
Geomyces-restrictive antifungal agents could be identified
for the in situ treatment of hibernating bats.

There were some differences between the results found in
the disk-diffusion assay and the spore assay, specifically as
they relate to bleach. These differences can probably be
accounted for by adsorption of the reactive chlorite ions
(ClO; ) to reagents in the media. This effect was amplified
by the addition of clays, sand, and silt to the media. Mud
consists of insoluble clay particles that remain after
speleogenesis. The composition of these muds depends on
the rock formation from which they were derived. In the Ste.
Genevieve Formation (used in these assays), these muds are
primarily silica (SiO,), but also contain kalsilite (KAISiOy),
iron (Fe,O3) and aluminum (Al,O3) oxides (Preston and
Denver, 1967). Such clays contain numerous reactive
surfaces, such as hydroxyl (OH ") or siloxane [(SiO),]
groups, which can be bound by reactive ions (Sposito et al.,
1999). Indeed, such clays are often used as adsorption agents
in a variety of settings, including hydrocarbon extraction
and absorptive chemical liners (Sposito et al., 1999). It is
therefore likely that such compounds adsorb the reactive
ions of disinfectants, negating some of the antifungal
properties of these agents. Although disk-diffusion assays
yielded similar results for both G. pannorum and G.
destructans, the sporicidal activity of agents differed for
the two fungi, possibly due to differences in the spore coats.
This assay involved treating spores with the agent of interest,
thoroughly washing the spores, then culturing the washed
spores. Differences in spore coats could result in differential
adherence of certain compounds to the spores of the two
species examined.

The chemicals chosen in the development of these
protocols (Table 2) were based on their commercial
availability and ability to be included in a disinfection
protocol that could be carried out by untrained personnel in
the field. Chemicals were also selected that could disinfect
without damaging the potentially life-supporting materials
of recreational cavers. Our data demonstrate the effective-
ness of protocols that can be used on caving equipment to
decontaminate Geomyces fungal spores from surfaces in a
short time (~15 minutes) and that the chemicals did not
significantly alter the strength of Sterling rope (Fig. 3). Our
protocols and results led to the development of the USFWS
standard decontamination protocols (http://www.fws.gov/
WhiteNoseSyndrome/cavers.html) and demonstrate the
ability to kill all of 2.5 x 10* spores, an effective kill rate
of greater than 99.995%, although it is possible that this kill
rate may actually be higher.

In the food and pharmaceutical industries, hygiene
protocols aim not to sterilize pharmaceuticals and cosmet-
ics, but to remove sufficient microorganisms to prevent
human infections (Baird et al., 2000). As such, much lower
concentrations of disinfectants, used for longer periods,

may reduce the fungal spore burden down to a level that is
considered safe (Gupta et al., 2001). At this time, no
information is available about spore loading during human
visits to a cave or the minimum infective dose of G
destructans to initiate WNS in bats or contaminate the cave
environment. The spread of WNS along bat migration
routes (Frick et al., 2010) and the lack of numerous
geographic epicenters may also suggest that human-
vectored transport of G. destructans may be rare. None-
theless, until the exact mechanism of G. destructans
transport and environmental survival is known, it is critical
to remove the potential impact of human transport.
However draconian the proposed decontamination mea-
sures seem, a high level of adoption within the caving
community can ensure continued access to both popular
recreational sites and demonstrate to landowners and
management agencies the commitment of cavers to both
protect the fragile underground wilderness and care for the
only other mammalian species that penetrates as deeply
into this subterranean world.
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OSTRACOD ASSEMBLAGES IN THE FRASASSI CAVES AND
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Abstract: Rich, diverse assemblages comprising a total (live + dead) of twenty-one
ostracod species belonging to fifteen genera were recovered from phreatic waters of the
hypogenic Frasassi Cave system and the adjacent Frasassi sulfidic spring and Sentino
River in the Marche region of the northeastern Apennines of Italy. Specimens were
recovered from ten sites, eight of which were in the phreatic waters of the cave system
and sampled at different times of the year over a period of five years. Approximately
6900 specimens were recovered, the vast majority of which were disarticulated valves; live
ostracods were also collected. The most abundant species in the sulfidic spring and
Sentino River were Prionocypris zenkeri, Herpetocypris chevreuxi, and Cypridopsis vidua,
while the phreatic waters of the cave system were dominated by two putatively new
stygobitic species of Mixtacandona and Pseudolimnocythere and a species that was
also abundant in the sulfidic spring, Fabaeformiscandona ex gr. F. fabaeformis.
Pseudocandona ex gr. P. eremita, likely another new stygobitic species, is recorded for
the first time in Italy. The relatively high diversity of the ostracod assemblages at Frasassi
could be attributed to the heterogeneity of groundwater and associated habitats or to
niche partitioning promoted by the creation of a chemoautotrophic ecosystem based on
sulfur-oxidizing bacteria. Other possible factors are the geologic age and hydrologic
conditions of the cave and karst aquifer system that possibly originated in the early—
middle Pleistocene when topographic uplift and incision enabled deep sulfidic waters to
reach the local carbonate aquifer. Flooding or active migration would have introduced

the invertebrates that now inhabit the Frasassi Cave system.

INTRODUCTION

Due to their toxic level of H,S and critically low
concentration of dissolved oxygen, the environment of a
sulfur-based chemoautotrophic groundwater ecosystem is
considered harsher than other subsurface settings (Engel,
2007). Despite the stressful sulfidic environment, it is
remarkable that their crustacea-dominated fauna appear to
be as diverse as those in non-sulfidic karst ecosystems,
especially when considering endemics (Culver and Sket,
2000; Iliffe, 2004). Since the discoveries of thermal vent
communities in the 1970s (Jannasch, 1985; Deming and
Barross, 1993) and the Movile Cave in 1986 (Sarbu, 1990;
Sarbu et al., 1996), several subsurface ecosystems associ-
ated with sulfidic waters, particularly in caves, were
documented worldwide as hotspots for subterranean
biodiversity (Iliffe, 2004). However, the ostracod fauna
are almost unknown for most of the discovered sulfidic
cave and karst aquifers.

The best-known hotspot of ostracod biodiversity is the
anchialine Walshingham Cave System in Bermuda, with
nineteen ostracod species out of a total thirty animal
species registered (Iliffe, 2004). Other hotspots of subter-
ranean crustacean biodiversity are known in continental
sulfidic karst systems, but their associated ostracod faunas

are less diverse. The Movile Cave in Romania hosts one
endemic ostracod species of Pseudocandona (awaiting
formal description) out of a total of eighteen aquatic
species (Sarbu et al., 1996; Sarbu et al., 2000). The large
Edwards Aquifer in Texas, from which springs provide the
base flow of the Guadalupe River system, also hosts only
one known ostracod species, Sphaeromicola moria Hart,
among its fifty-five known aquatic taxa (Longley, 1981,
1986). Ostracods have yet to be studied in other sulfidic
ecosystems that support diverse communities of stygobitic
crustaceans, such as the thermohaline sulfidic spring
complex of El Hamma in Tunisia (Por, 1963), the Dead
Sea rift valley and the Ayalon Cave in Israel (Por, 1963,
2007, 2011), the springs of Grotta di Fiume Coperto in
Italy (Latella et al., 1999), Lower Kane Cave in Wyoming,
USA (Porter et al., 2002; Engel, 2007), and Cueva de Villa
Luz in Mexico (Engel, 2007).
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Figure 1. (A) Simplified geostructural map of the Umbria-Marche region and location of the Frasassi area. (B) Panoramic

view of the Frasassi area looking west.

During a joint expedition in 2001, speleologists of the
Gruppo Speleologico of the Club Alpino Italiano from
Fabriano and the Gruppo Speleologico Marchigiano in
Ancona discovered and explored a new large extension in
the deepest reaches of the Grotta del Fiume in the Marche
region of central Italy, which, along with another dozen or
so other caves, is part of the sulfidic chemioautotrophic
ecosystem of the hypogenic karst of Frasassi (Fig. 1;
entrance coordinates: 43°24'03"N; 12°57'48"E). In this
newly discovered part of the cave, named New Mexico,
the speleologists found the bones and skin of hundreds of
subfossil eels (Anguilla anguilla L.) lying on the subvertical
banks of large phreatic lakes up to about 5 m above the
water table (Fig. 2).

Taphonomy and carbon-isotope analysis of the eel
remains indicate that the animals periodically entered the
cave from the Sentino River that flows outside the cave
through the deep Frasassi Gorge. The eels survived in this
hypogean environment feeding on sulfur bacteria (Mariani
et al., 2007), which still flourish in the sulfidic bottom-
water layer of these phreatic lakes (Macalady et al., 2008a,
b). These chemosynthetic, autotrophic sulfur bacteria are
the food source for a number of stygobionts endemic to the
cave, including protozoans (Buonanno et al., 2009),
annelids (Erséus, 2009), rotifers (Claudia Ricci, personal
communication, January 2010), gastropods (Bodon et al.,
2009), copepods (Diana Galassi, personal communication,

12+ Journal of Cave and Karst Studies, April 2013

October 2009), and amphipods (Bauermeister, 2009;
Dattagupta, 2009; Karaman et al., 2010; also see review
by Montanari, 2010). After dying, the decomposing eels
floated on the surface of these phreatic pools, and after
heavy rains the slow northward backflow of vadose
bicarbonate water washed them up onto the rocky banks
(Mariani et al., 2007). Through accurate radiocarbon
dating of the eel remains, Mariani et al. (2007) obtained
corrected '*C ages that increased with height above present
mean water table from 2200 BP at 63 cm, to 2600 BP at
215 cm, to 7200 BP at 395 cm. Using a radiocarbon age of
8400 BP from a calcite rind contouring the lakes at 465 cm,
Mariani et al. (2007) estimated that the water table
dropped at a mean rate of about 0.55 mm y~ ! during the
Holocene because of the incision of the Sentino River and
the tectonic uplifting of the Frasassi area.

While preparing samples for radiocarbon dating,
Mariani et al. (2007) recovered numerous well-preserved
shells of microgastropods and ostracods that had been
intimately mixed with the eel debris (Fig. 2C). Stygobitic
hydrobiid microgastropods (~1 mm) belonging to the
genus Islamia were first reported in the sulfidic sections of
the Frasassi caves by Sarbu et al. (2000) as a component of
its hypogean fauna that included fourteen other species of
mostly terrestrial invertebrates, five of which were new taxa
and seven of which were endemic to these caves. They
reported only two inhabitants of the aqueous environment
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Figure 2. (A) Subfossil eels attached to a vertical concre-
tioned bank of Lago delle Anguille. (B) Detail of a sampled
eel found at about 2 m above the water table. (C)
Photomicrograph of subfossil eel debris (skin and bones;
sample LDA/09/09-200 cm) with a shell of the gastropod
Islamia sp. 2 and two carapaces of the ostracod Pseudo-
limnocythere sp. (arrows).

in the cave, the amphipod Niphargus ictus Karaman and
the microgastropod Islamia pusilla (Piersanti). In a
subsequent study on these microgastropods, Bodon et al.
(2009) identified them as Islamia sp. 2, an undescribed
species known only from this cave system and provisionally
identified from a few sulfidic springs in Umbria and
Latium.

The discovery of abundant ostracod shells among the
remains of subfossil (Holocene but not recent) eels
prompted our study of them in several phreatic lakes and
pools throughout the cave system, as well as in and around
a sulfidic spring outside the cave and on the banks of the
Sentino River. In this paper, we present a reconnaissance

of these ostracod assemblages that focuses on their
ecological characteristics and distribution. We highlight
two new stygobitic species, here reported in open nomen-
clature as Mixtacandona sp., which is apparently endemic to
the Frasassi cave system, and an elusive yet intriguing
Pseudolimnocythere sp., which is represented by more than
one thousand subfossil carapaces and valves recovered from
various sites in the cave. We report also on a third
presumably new stygobitic or stygophilic species, Pseudo-
candona ex gr. P. eremite that was recovered rarely and only
from the Frasassi sulfidic spring, and eighteen other
ostracod species collected from localities along the river-
banks and the sulfidic spring. Detailed taxonomic descrip-
tions of the three new species will be addressed in the future.

GEOLOGIC SETTING

The Frasassi Cave system is a 25 km karstic maze
located in the Mt. Frasassi-Mt. Valmontagna blind-thrust
anticline, which is part of the Umbria-Marche Apennines
thrust-and-fold belt of central Italy (Fig. 1). The core of
the anticline is made of a 800 m thick succession of massive
carbonate platform limestone layers of the Calcare
Massiccio Formation (earliest Jurassic), overlain by a
succession of Jurassic to Eocene pelagic limestone forma-
tions (Fig. 3). The Calcare Massiccio rests on top of the
uppermost Triassic Burano Formation, which consists of
a 2000 m thick succession of evaporitic anhydrites, black
shales, and bituminous limestones (Martinis and Pieri,
1964). The Burano evaporites are not exposed in the
Frasassi area, but are present in deep boreholes, and they
are quarried in some localities near Perugia, in Umbria.

The anticline is dissected by the deep Frasassi Gorge,
which was incised by the eastward-flowing Sentino River,
a tributary of the Esino River. The Sentino flows at
piezometric level in the Frasassi Gorge, which corresponds
to the height of the water table in the cave system, at about
205 m above mean sea level toward the eastern end of the
gorge. The incision of the gorge was the result of a
combined process of antecedence and superposition
beginning during the Pleistocene (Mazzanti and Trevisan,
1978; Alvarez, 1999). The core of the anticline was
karstified during this time, with the formation of the giant
Frasassi Cave system, which comprises seven main
subhorizontal levels connected by narrow, steep to nearly
vertical shafts (Fig. 4). This is the result of alternating
erosion and deposition controlled by successive Quaternary
glacial-interglacial cycles during a steady, regional tectonic
uplift (Cattuto, 1976; Bocchini and Coltorti, 1990; Gal-
denzi and Menichetti, 1995; Mayer et al., 2003; Cyr and
Granger, 2008; Wegman and Pazzaglia, 2008). Some large
rooms, such as the 250 m high Abisso Ancona (estimated
at 10° m?), were created by the collapse of the thin rock
layers separating the hypogean levels. The lowest level is
flooded by the water table and represents the piezometric
level of the cave system.

Journal of Cave and Karst Studies, April 201313
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Figure 3. (A) Simplified geologic map. (B) Cross-section of the Frasassi area. (Redrawn from Mariani et al., 2007.)
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Figure 4. (A) Simplified map of the Grotta Grande del Vento—Grotta del Fiume cave system (base map from Mariani et al.,
2007) with location of sites cited in the text. (Note: this plane view of the complex cave system does not show the vertical extent
of the first four levels of the cave from its base level of 205 m AMSL to ~245 m elevation). (B) Idealized cross-section of the
caves showing the arrangement of horizontal hypogean levels.
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Deep groundwater contacting the Burano Formation
reduces the anhydrite, allowing sulfidic H,S-rich water to well
up along the fault that bounds the east side of the Frasassi
anticlinal massif, eventually emerging along the intersection
of this fault with the Sentino River bed (see Fig. 3).

The presence in the Burano Formation of anhydrite
(CaSOQy) as a sulfate source and black shale as an organic
carbon source provides the conditions for bacterial sulfate
reduction in deep groundwater to form H,S. Bacterial action
is necessary in this reducing process because H,S would not
be produced inorganically at any significant rate at
temperatures below 200°C (Druschel et al., 2009). The
H,S-rich water wells up along the fracture network until it
interacts with oxygen brought in either as dissolved O, in
meteoric water percolating from above through the Calcare
Massiccio limestone or as atmospheric O, in the open spaces
of the cave system. At this point, the H,S interacts with the
oxygen, creating conditions for sulfur-oxidizing bacteria to
accelerate the rate of the overall reaction and liberate H' to
form sulfuric acid (H,S+20,—2H™") that corrodes and
dissolves the limestone (CaCOs;) of the Calcare Massiccio,
thus forming the hypogenic cave system within the water
table. Such a reaction, which would be extremely slow
without the action of the sulfur bacteria, precipitates
gypsum (CaSO,4-2H»0), which, being soluble in water, is
carried away out of the cave system with the slow but
continuous flow of vadose water. In some parts of the cave,
sulfidic water reaches the surface, exhaling H,S directly into
the cave atmosphere. This causes corrosion of the limestone
vaults, formation of microcrystalline gypsum slush masses
(Galdenzi and Maruoka, 2003), and the growth of extremely
acidic pendulous biofilms (snottites) attached to the walls of
the cave (Macalady et al., 2007, Jones et al., 2012). In
summary, the giant Frasassi Cave system is the result of
sulfidic hypogenic karstification in which sulfur-oxidizing
bacteria play a major role in the massive corrosion of the
Calcare Massiccio limestone (Galdenzi et al., 1999, 2008;
Macalady et al., 2006, 2008a). Continuous and abundant
production of organic matter by the H,S-oxidizing bacterial
activity is the basis of a complex stygobitic ecosystem.

MATERIALS AND METHODS

During 2005-2010, eighty samples were collected for
ostracods from ten Frasassi localities). These included
fifteen small samples of subfossil eel remains (bones and
skin), ranging from 0.1 to 5.0 g each, collected in 2005—
2007 at eight different heights above water table (50, 70,
150, 200, 215, 300, 370, and 395 cm) on the banks of Lago
delle Anguille in the New Mexico region of the Grotta del
Fiume (see Fig. 4A for location). Ostracod carapaces and
valves were separated from organic eel remains with a
moist fine brush and mounted on micropaleontological
slides for examination.

A total of twenty-two sediment samples were systemat-
ically collected at different times of the year from spring 2005
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to winter 2010 from eight phreatic lakes in the Grotta del
Fiume-Grotta Grande del Vento complex. In order of
progressively greater distance from the natural entrance of
the Grotta del Fiume, these are Lago Verde, L. della Bottiglia,
L. Stratificato, L. Traverso, L. Blanco, L. delle Anguille,
L. Infinito, and L. Claudia (Fig. 4A). Arm length limited
substrate sampling to water depths ranging up to 60 cm.
Except for Lago della Bottiglia, where sampling was done in
2009 and 2010 using a plankton net, all sediment samples were
collected in 3 L sealable plastic bags containing abundant cave
water using an ordinary 7 cm diameter metal tea strainer as a
scooper. A few hours after their collection, samples were wet-
screened at the Geological Observatory of Coldigioco to
remove sediment smaller than 63 um and greater than 2 mm;
the residues were preserved in 50 mL Falcon tubes with 70%
ethanol for transport to the University of California Museum
of Paleontology, where the residues were again washed
through a 63 um sieve. Each dried residue was split into 63,
125 and 250 um fractions for stereomicroscopic examination;
all ostracod specimens were picked and sorted on micropa-
leontological slides. Images of selected specimens were
obtained using the Hitachi TM-1000 Tabletop Scanning
Electron Microscope at the Robert M. Ogg Electron
Microscope Laboratory, University of California, Berkeley.

It is important to point out that, despite our intention to
perform sampling in the most systematic and consistent way
possible, difficult environmental conditions that vary
between lakes and sampling sites hindered our attempts to
obtain a sample collection that would be appropriate for an
accurate quantitative assessment of the ostracod assemblag-
es in the cave. Only experienced and technically proficient
cavers can reach many of the sites, particularly the inner
lakes of the Grotta del Fiume (Fig. 5). Hence, sampling was
limited to sites where a lake’s bank is relatively easy to reach
and has a gentle or flat slope that enabled us to easily collect
fine sediment from shallow depths.

At Lago della Bottiglia (Fig. SA) in the Grotta del
Fiume and in all the larger, up to 8 m deep lakes in the New
Mexico region of the cave, the sulfidic water layer is usually
at a depth of approximately 4 m (Mariani et al., 2007).
Therefore samples were collected well above the chemo-
cline, in oxygenated bicarbonate water. On the other hand,
at Lago Verde and Lago Claudia (Figs. 6C, D), sulfidic
water often reaches the water table, and the sediment along
the banks is usually black in color, reduced, and rich in
hydrogen sulfide (Figs. 6B, D). In most cases, cave-lake
sediments were usually made of micro- or cryptocrystalline
calcite or clay, sometimes containing iron-sulfide grains,
and, at the Lago Infinito sampling site, microcrystals of
gypsum. Where the bank of the lake is a talus slope, as at
Lago Verde and Lago Claudia, the sediment consists of
fine grains to large angular fragments of limestone. In
contrast, the sparse sediment attached to the steep, rocky
bank of Lago della Bottiglia at the bottom of Pozzo dei
Cristalli (Fig. 4A) consists of calcite microcrystals and fecal
pellets of the hygrobiid gastropod Islamia sp. 2.
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One sample was collected at Lago Claudia in summer
2008 experimenting with a suction pump with a 63 um
polyester monofilament cloth as catching filter and kept in
water to be observed in a 12 cm diameter Petri dish at the
Coldigioco lab. From this sample, live ostracod specimens
were separated and preserved in 70% ethanol for later
identification. After discovering live specimens at Lago
Claudia, in 2009 we adopted the use of a 20 cm diameter
polyester plankton net with a 44 um mesh and a 50 mL
Falcon tube as terminal catcher for further sampling in this
relatively accessible site, and we also used it at Lago della
Bottiglia (see Fig. 4A for locations).

Twenty-four sediment samples from the Frasassi sulfidic
spring were collected at different times of the year from winter
2006 through summer 2009. The sampling site is a small,
ephemeral pond on the left side of the sulfidic stream, which
flows for a few meters out of the calcareous massif through a
small cave before merging into the right bank of the Sentino
River (Fig. 7A). The pond is protected from the direct flow of
the river by boulders. The reduced, sulfidic sediment of the
pond includes lime, calcareous sand, and pebbles derived
from the various formations of the Umbria-Marche sedi-
mentary succession, mostly pelagic limestones and chert from
the Jurassic to Oligocene part of the succession, and siliceous
sand, silt, and clay from the Miocene flysch succession
(Marnoso-Arenacea Formation). All samples from this site
contained abundant leaf and woody litter. Collecting was
performed during low river flow. During prolonged periods
of heavy rains, usually in the early winter and early spring, the
Sentino River floods, rising to 3 m above normal level.
During these events, the ephemeral sulfidic spring and pond
are completely submerged by the rushing, muddy river water
(Fig. 7B). It usually takes a week or more of dry weather for
the Sentino to return to its low, normal flow regime and for
the sulfidic environment of our sampling site to regenerate.

Seven riverbed sediment samples were taken in 2006
and 2009 along the right bank of the Sentino 15 and 30 m
upstream and 5 and 10 m downstream from the sulfidic
Spring. One sample was also collected on the left bank
about 15 m directly across the river from the sulfidic spring
site. These fluvial deposits were used for comparison with
samples from the cavern and sulfidic spring.

Due to the difficulty of sampling the bottom waters of the
hypogean lakes, there are no measurements of their oxygen
concentrations. Among profiles of redox potential measure-
ments versus depth obtained in 2009 for a few lakes, those for
Lago Infinito and Lago Profondo showed they were well
stratified, with a sharp chemocline above water with oxygen
below detection limits of ~6 pg L™! or 0.2 umol L™, The
well-mixed sulfidic stream was not anoxic, but had very low
oxygen levels. (J. Macalady, pers. comm.)

RESULTS

In total, sixty-six of the eighty Frasassi samples
yielded 6850 ostracod specimens representing twenty-one

species-group taxa (Table 1; Figure 8) belonging to fifteen
genera and five families (Candonidae, Ilyocyprididae,
Cyprididae, Limnocytheridae, and Loxoconchidae). The
seventy-seven assemblage slides prepared in this study reside
in the University of California Museum of Paleontology
microfossil collection as UCMP 46331-46407. Table 1
records the numbers of valves and live specimens of each
taxon at the ten Frasassi localities. However, it must be
pointed out that the number of valves per species in Table 1
is not a standardized measure of the absolute abundance
relative to a unit of sediment surface, mass, or volume, nor is
it of the abundance of specimens in one site relative to
another. Each site was sampled multiple times, some more
times than others, and the amount of sediment recovered
varied. The total amount of sediment analyzed also varies
from site to site. Nevertheless, the specimen counts reveal
the relative abundance of each species at each location.

Out of the twenty-one species identified, three stygobites
are of particular interest. Numerous valves and live
individuals identified as Mixtacandona sp. (Fig. 8G) most
likely represent a new species that closely resembles
Mixtacandona talianae Gliozzi and Mazzini and M. italica
Karanovic and Pesce. Mixtacandona talianae was described
from valves recovered from Holocene cave deposits in
Grotta del Lago in Umbria, central Italy (Gliozzi and
Mazzini, 1998a), while M. italica was collected live from
groundwater accessed through wells in Puglia, southeastern
Italy (Karanovic and Pesce, 2000). Our specimens are
similar to these two species in having a trapezoidal left
valve, a height:length ratio greater than 55%, and remark-
able dorsal protuberances. But Mixtacandona sp. can be
distinguished by its straight or only slightly concave valve
margin in the anterodorsal and posterodorsal sections,
unlike that of M. talianae and M. italica, where it is
distinctly concave, and by its larger size (valve length 0.70 to
0.75 mm vs. 0.54 to 0.57 mm for M. talianae and 0.57 to
0.62 mm of M. italica). The Frasassi specimens differ also in
soft-part features that await detailed study and description.

Triangular valves of other putative new stygobitic
candonid species found in sediments of the Frasassi sulfidic
spring were assigned to Pseudocandona ex gr. P. eremita
(Fig. 8F) based on the diagnosis of Namiotko and
Danielopol (2004). This open nomenclature is used because
several species belonging to this group presently cannot be
unambiguously separated without thorough analysis of
valve shape and male genital morphology (see lepure et al.,
2007). Although the taxonomic status of our specimens
remains to be determined by further study, the occurrence
of Pseudocandona ex gr. P. eremita in the sulfidic spring
allows us to extend the known geographical distribution of
the P. eremita group, as this is the first record of a
representative of this stygobitic ostracod group in Italy. It
also allows us to revise the ecological valences of this group
previously known only from non-sulfidic waters.

As for Pseudolimnocythere sp., the third stygobitic
ostracod found at Frasassi (Fig. 8U), it shows closest
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Figure 5. Phreatic lakes of the Frasassi caves sampled for this study (see Fig. 4). (A) Lago della Bottiglia; arrow points to a
whiskey bottle at the bottom of a 30 cm deep pond on the right side of the pool; the sample site is on the steep rocky bank at the
lower left. (B) Lago Stratificato; note the rafts of microcrystalline calcite that form at the water surface during the dry season.
(C) Lago Traverso. (D) Lago delle Anguille; inner tube of tire and caver climbing on the right side provide scale. (E) Lago
Blanco, so named because of the white lime on the shallow lake bottom. (F) Lago Infinito, which is in the farthest reaches of the
Grotta del Fiume and is the largest lake in the cave, at approximately 200 m long and 8 m deep. Sampling site LIN is in the
northern part of the lake.
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Figure 6. (A) Lago Verde, the phreatic pool closest to the natural entrance of the Grotta del Fiume cave sampled in this study.
Samples were taken from the shallow, muddy edge of the pool, beyond which the lake drops several meters. The concentration
of H,S in the superficial water layer may change considerably through time due to the seasonally variable water table and the
relatively shallow sulfidic water layer. (B) Closeup of the sampling site on the shore of Lago Verde. Note the numerous
amphipods Niphargus ictus pasturing in a 5 cm deep pond on the shore of the lake. The lake bottom consists of black, reduced,
sulfidic mud mixed with rocks from the bank’s scree. (C) Lago Claudia, the sampled phreatic pool farthest from the natural
entrance of the cave. (D) Shallow bottom along margin of Lago Claudia showing the angular limestone clasts derived from the

talus slope that distinguish it from Lago Verde.

affinity to P. hypogea Klie, originally described from
material collected from groundwater in southern Italy
(Klie, 1938) and subsequently recorded in caves and wells
in Puglia by Pesce and Pagliani (1999) and Karanovic and
Pesce (2001). More recently, individuals of this genus were
reported in northern Apennine springs (Bottazzi et al.,
2008; Stoch et al., 2009), but they were not described. It is
unfortunate that none of the Frasassi Pseudolimnocythere
sp. specimens retain their soft parts, as the limb and genital
morphology in the genus are better characteristics for

distinguishing species than valve morphology alone. Future
detailed study on the valve morphology and additional
material with soft parts will enable us to confirm the
taxonomic status of our specimens.

Some other taxa in the studied material are also left in
open nomenclature (Table 1, genus and species indetermi-
nate) to indicate that the identification to the species level
was provisional, uncertain, or impossible due to the lack of
soft parts or an insufficient number of well-preserved adult
valves. The senior author tentatively identified some
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Figure 7. (A) View of the sulfidic spring site taken on January 11, 2011; the sampling site is delimited by a dashed line. (B)
The same site during heavy flooding of the Sentino River on December 1, 2010, when both the small pond of the sampling site
and the cave where the sulfidic water flows out from the mountain and into the Sentino are completely submerged by muddy

river water.

broken valves from the sulfidic spring as belonging to
two other species of Mixtacandona and one species of
Cryptocandona, suggesting a greater species diversity of
groundwater-associated ostracod assemblages in the Fra-
sassi cave system. However, as verification of this material
was impossible, these taxa were excluded from further
study pending the availability of sufficient material.

Apart from the three presumably new species (Mixta-
candona sp., Pseudocandona ex gr. P. eremita, and
Pseudolimnocythere sp.), two candonid species identified
only to the species group (Candona ex gr. C. neglecta and
Fabaeformiscandona ex gr. F. fabaeformis), and an uniden-
tified species of Paralimnocythere, all taxa listed in Table 1
have been previously reported from various habitats
elsewhere in Europe (Meisch, 2000). They have been also
recorded from various present-day water bodies and late
Pliocene to Holocene deposits in the Italian Peninsula,
Sardinia, and Sicily (e.g., Ambrosetti et al., 1995; Barberi et
al., 1995; Calderini et al., 1998; Gliozzi and Mazzini,
1998b; Gliozzi, 2000; Meisch, 2000; Karanovic and Pesce,
2001; Rossi et al., 2003, 2004; Rossetti et al., 2004, 2005,
2006; Pieri et al., 2006, 2007, 2009; Rossi et al., 2010).

In the epigean site of the sulfidic spring pool (FSS in
Table 1), live specimens collected were limited to Candona
ex gr. C. neglecta, Fabaeformiscandona ex gr. F. fabaefor-
mis, Ilyocypris monstrifica, Prionocypris zenkeri, Cypridop-
sis  vidua, Potamocypris zschokkei, and Limnocythere
inopinata. Prioncypris zenkeri was the most abundant
taxon, represented by 1541 valves and six live individuals
from the sulfidic spring. Valves of most of these species
were also recovered from non-sulfidic sediment samples
collected along the banks of the Sentino River, but the live
fauna recovered consisted only of eight specimens of
Fabaeformiscandona ex gr. F. fabaeformis (FSR in Table 1).
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Inside the cave at Lago Verde, the sampled phreatic
pool closest to the natural entrance of the Grotta del Fiume
(~150 m straight-line distance), we found 281 valves of
many of the taxa recovered outside plus one live specimen
of Pseudocandona albicans. The most abundant ostracod
species at Lago Verde, represented by 82 valves, is Candona
ex gr. C. neglecta (LVE in Table 1). Two live juveniles of
this taxon were recovered elsewhere, one from the sulfidic
spring and another, interestingly enough, at Lago Claudia,
the most remote lake in the inner part of the Grotta
Grande del Vento, about 1.2 km straight-line distance from
the natural entrance of that cave (Fig. 4A).

Hundreds of specimens of Mixtacandona sp., Pseudo-
limnocythere sp., and Fabaeformiscandona ex gr. fabaefor-
mis were recovered from the most remote sites of the cave
system, as well as a very few valves of Candona neglecta,
Candona ex gr. C. neglecta, Pseudocandona albicans,
Herpetocypris chevreuxi, and Cypridopsis vidua, rarely
found in sites closer to an entrance.

Of the three most abundant species in the hypogean
environment of Frasassi, only Mixtacandona sp. was found
live and abundant at Lago della Bottiglia and Lago
Claudia. Empty valves of this species were present in all
the other sampled cave sites, as well as the sulfidic spring
outside the cave, but none were recognized in any of the
samples from the freshwater sites along the Sentino River
banks. Lago Blanco yielded a disproportionate 383 valves
of Mixtacandona sp., 325 of which were in sample LBL/07-
21/04. Valves of this species were also found among
subfossil eel remains at Lago delle Anguille, at 395, 300,
150, and 70 cm above the present water table. The limy
sediment of Lago Blanco also produced a disproportionate
number of Fabaeformiscandona ex gr. F. fabaeformis, which
occurred as 435 valves, 325 of which were in the same
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Figure 8. External lateral views of ostracod valves from the Sentino River, sulfidic spring, and cave complex at Frasassi. All
are SEM images except C, which is a photomicrograph. LV = left valve; RV = right valve. (A) Candona candida (Miiller,
1776), LV. (B) Candona neglecta Sars, 1887, LV. (C) Candona ex gr. C. neglecta, LV. (D) Fabaeformiscandona ex gr. F.
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sediment sample that yielded the same number of
Mixtacandona sp.

The distribution of Pseudolimnocythere sp. is intriguing,
because this species is represented in our collection by 1160
carapaces and valves but no live specimens. Only nine
disarticulated valves were found at the sulfidic spring site,
where 3954 valves belonging to other species were
recovered. Just three valves were found in nonsulfidic
riverbank sediments, where 398 valves of other species were
counted. Few separate valves were recovered from samples
collected at the hypogean sites of Lago Stratificato, Lago
Traverso, and Lago Claudia. Yet 176 valves (articulated
carapaces counted as two valves) of Pseudolimnocythere sp.
were counted in samples from Lago Blanco, 505 valves at
Lago Infinito, and an abnormally large total number of
448 valves were recovered from eight small samples of
subfossil eel remains collected at 50, 70, 150, 200, 215, 300,
375, and 395 cm above the present water table at Lago delle
Anguille. Considering that a total of only five valves of
Fabaeformiscandona ex gr. F. fabaeformis and fifteen valves
of Mixtacandona sp. were recovered from the subfossil eel
samples, it appears that Pseudolimnocythere sp., though
probably extinct by now, had been the dominant ostracod
species of the Frasassi cave system in the recent past.

In the studied material, Pseudolimnocythere sp. was
represented predominantly by separate adult valves, which
may indicate some evidence of taphonomic postmortem
disturbance or biological activity (Boomer et al., 2003).
However, in samples large enough to provide a significant
number of specimens (ca. >150), separate valves were
accompanied by closed carapaces with the mean valve:car-
apace ratio =SD = 21.8 = 9.7 (based on four abundant
samples from Lago Blanco, Lago Infinito, and Lago delle
Anguille). At Lago delle Anguille, Pseudolimnocythere sp.
was found in seventeen samples with varied abundances,
six of which had only separate valves. The other eleven
samples had valve:carapace ratios that ranged from 1:1 to
75:1 with the mean value £SD = 12.2 = 21.7. This
predominance of valves, however, may be biased, because
carapaces of this very small species (adult length <
0.35 mm), especially juveniles, are more prone than those
of larger species to disarticulation resulting from chemical
and biological decomposition of soft parts, as well as
physical separation during sample collection and process-
ing. Nevertheless, we believe that our record represents an

autochthonous assemblage preserved in situ (i.e., thanato-
coenosis sensu Boomer et al., 2003), and as such, it is a
good indicator of an accumulation representing an in situ
life environment.

DiscussioN

HABITATS

From this reconnaissance study, our first impression is
that the main selective factor for the Frasassi ostracod
assemblages is the hydrogen sulfide contained in the waters
of the sulfidic spring and the hypogean lakes that requires
special adaption to both the toxicity of H,S and the
hypoxia in these environments. Sulfur bacteria, which
thrive in these sulfidic waters, provide a limitless and
constant food source for those ostracods that can adapt to
the conditions and diet. In contrast, in non-sulfidic,
epigean waters, the food source normally consists of algae
and other vegetal or animal matter. In terms of environ-
mental or ecologic characteristics, the main difference
between the sulfidic spring and the cave sites is that the
latter are aphotic. In addition, the environmental condi-
tions in the phreatic pools of the cave are much more stable
than those of the sulfidic spring pond, which gets
obliterated several times a year by floodwaters of the
Sentino River.

It is remarkable that Mixtacandona sp. and Candona
ex gr. C. neglecta scem to be the only ostracods living
permanently, at least since the early Holocene, in the
phreatic waters of the cave system. Our Mixtacandona sp.
displays morphological traits typical for a stygobite dweller
with a long evolutionary history of isolation underground,
being diaphanous, depigmented, transparent, small-sized,
and anophtalmic.

HyPoGEAN COLONIZATION

Some questions remain about how and when ostracods
colonized the groundwater habitats of the Frasassi Cave
system. They either entered gradually by actively passing
through interstices and fractures of the limestone bedrock
below the water table or they were introduced passively en
mass via episodic flooding of the cave when the Sentino River
flowed at the same elevation as large natural entrances.
However, the ostracod richness and endemicity in the Frasassi
area is probably due to both species-habitat specialization and

fabaeformis (Fischer, 1851), RV. (E) Pseudocandona albicans (Brady, 1864), LV. (F) Pseudocandona ex gr. P. eremita
(Vejdowsky, 1882), LV. (G) Mixtacandona sp., LV. (H) Cypria ophtalmica (Jurine, 1820), LV. (I) Ilyocypris bradyi Sars,
1890, LV. (J) Ilyocypris cf. 1. inermis Kaufmann, 1900, LV. (K) Ilyocypris monstrifica (Norman, 1862), LV. (L) Prionocypris
zenkeri (Chyzer & Toth, 1858), LV. (M) Herpetocypris chevreuxi (Sars, 1896), RV. (N) Psychrodromus olivaceus (Brady &
Norman, 1889), LV. (O) Heterocypris reptans (Kaufmann, 1900), LV. (P) Cypridopsis vidua (Miiller, 1776), LV. (Q)
Potamocypris fulva (Brady, 1868), LV. (R) Potamocypris zschokkei (Kaufmann, 1900), LV. (S) Limnocythere inopinata
(Baird, 1843), LV. (T) Paralimnocythere sp., LV. (U) Pseudolimnocythere sp., RV.
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the general factors that act in any subterranean ecosystem, like
the age of the system, karst isolation, and the underground
colonization history at the regional level.

At present, a number of cave systems’ entrances are
located on the Mt. Valmontagnana (southern) side of the
Frasassi Gorge at elevations between 350 and 500 m above
msl (e.g., Buco Cattivo, Grotta del Paradiso, Grotta
dell’Infinito, Buco del Diavolo, Grotta dell’Inferno; see
Cattuto, 1976). Although karstic morphology and rare
residual gypsum deposits in these caves indicate that
sulfidic activity was present in the phreatic environment
when the Sentino River was flowing at these elevations, the
lack of geochronological data prevent an accurate assess-
ment of the age of formation of these upper and older
karstic levels. Moreover, no evidence of fossil stygobitic
animals has yet been found in the sediments of these caves.
Cyr and Granger (2008) obtained an Al/Be cosmogenic age
of 760 £ 250 ka from a fluvial deposit preserved in the
Grotta della Beata Vergine, on the Mt. Frasassi (northern)
side of the gorge at an elevation of 325 m. This suggests
that a sulfidic hypogean environment capable of support-
ing a complex chemoautotrophic ecosystem was present in
this area in the late-early Pleistocene and that the Sentino
River could have transported epigean organisms in the
cave system via episodic floods.

The only natural cave entrance known on the slopes of
the Frasassi Gorge at an elevation lower than 325 m,
besides the Grotta del Fiume, is that of the Caverna del
Carbone, a small cave located near the tourist entrance of
the Grotta Grande del Vento, at 236 m (i.e., ~31 m above
present river level). The floor of the Caverna del Carbone
is alluvium, mostly clay, some sand, and pebbles. An
impenetrable clay deposit presently obstructs the inner
tunnel of the cave that leads southward toward the Grotta
Grande del Vento. Coincidently, a well-sorted, fine-sand
fluvial deposit preliminarily dated with the optical-stimulat-
ed-luminescence method on quartz at 111 = 17 ka (Markus
Fiebic, pers. comm. on work in progress) is located in the
northernmost end of Sala 200 (see Fig. 4A for location) in
the Grotta Grande del Vento, at an clevation of 234 m,
corresponding to the third level of the cave system. In both
these fluvial deposits, we found well-preserved ostracod
valves representing essentially the same species that we
collected from the Sentino River site. Besides Candona
candida, C. neglecta, C. ex gr. C. neglecta, Ilyocypris bradyi, I.
gibba, Potamocypris sp., and juvenile cypridid valves that
most probably represent species found today in the Sentino
River, such as Heterocypris cf. H. reptans or Psychrodromus
olivaceus), as well as rare valves of Mixtacandona sp., these
paleoassemblages include two other species, Cyclocypris cf.
C. ovum (Jurine) and Potamocypris fallax Fox, that were not
recorded in the Sentino River, sulfidic spring, or Frasassi
Cave system. These observations allow no doubt that the
Sentino River was flooding the cave during the Riss-Wiirm
interglacial period, importing organisms from outside the
cave into the cave’s phreatic environment.
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At present, the Sentino River flows approximately 3 m
below the natural entrance of the Grotta del Fiume. The
study by Mariani et al. (2007) on the subfossil eels
demonstrates that there have been, as far back as 7200 years
ago, open passages below the water table through which
these fish were able to enter the hypogean environment and
swim to the deepest and farthest reaches of the cave system.
It is reasonable to think that other outsiders were able to
enter the cave along with the eels, and some of them were
able to adapt to its environment. We found valves of three
ostracod species mixed with the subfossil remains of these
eels: Mixtacandona sp., Fabaeformiscandona ex gr. F.
fabaeformis, and unusually abundant Pseudolimnocythere
sp. Of these, only Mixtacandona sp. presently lives
exclusively in the same cave environments. In recent years,
eels have been observed swimming in a small pool in the
Grotta Solfurea about 80 m from the Sentino River
(Fig. 4A; pers. comm. by Piero Mirabella and Sandro
Galdenzi and sighting by Alessandro Montanari in 1973).
If anything, this indicates that there must be at least one
direct connection between the Sentino River and the cave
system. Alternatively, it may be that exceptionally heavy
flooding of the Sentino River, like the one in the winter of
2010, would have swollen the river level high enough to
reach the Grotta del Fiume entrance, allowing the river
water to rush into the cave transporting sediment and live
aquatic animals, including fish and ostracods. Further
research on the cave sediments will hopefully provide
greater insight on the history of ostracod colonization of
this extraordinary cave system.

EcoLoGy AND TROPHIC ADAPTATION

The recovery of only one live specimen, a juvenile, of
Candona ex gr. C. neglecta at Lago Claudia and only one
live Pseudocandona albicans at Lago Verde prevents us
from making any assessment on the ecology and trophic
adaptations of these ostracods living today in the phreatic
environment of the Frasassi cave system. On the other
hand, something can be said in regard to Mixtacandona sp.,
which thrives in the phreatic waters of Lago della Bottiglia
and Lago Claudia. The accessibility and morphology of the
Lago della Bottiglia (Fig. 5A) makes possible a rough
estimate of how many specimens live in a square meter of
the lake’s bank at any time. This small yet deep lake has a
stratified water column, with a layer of well-oxygenated
bicarbonate water at the surface and a layer of sulfidic
water down to a depth of 3 to 4 m. During an expedition to
this site in September 2009, live specimens of Mixtacan-
dona sp. were captured by gently brushing the 20 cm
diameter rigid rim of a conical plankton net against the
steep, rocky banks of the lake with slow, repeated
movements from about 50 cm depth upward to the surface.
During thirty such strokes, about 2 m® of water passed
through the net over about 0.5 m? of the lake’s rocky bank,
with a total catch of about 25 cm® of fine sediment
containing twenty-five shells of the hygrobiid gastropod
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Islamia sp. 2, several Niphargus ictus, a few nematodes, a
few dozen copepods, about fifty disarticulated ostracod
valves, and eleven live individuals of Mixtacandona sp. No
other ostracod species were recognized in the catch.
Sampling was repeated at different times in the following
year at this site using the same procedure (thirty strokes
over the same bank surface), and a catch of ten to fifteen
live specimens was consistently obtained, leading to the
conclusion that, at this site, twenty to thirty specimens were
living on a square meter of rocky bank. As mentioned
above, the sparse sediment attached to the rocky bank is
mostly made of Islamia sp. 2 fecal pellets. Direct
observation of this gastropod in mesocosms over a period
of three years (see review by Montanari, 2010), revealed
that it feeds on bacteria by pasturing on the glass wall of
the tank along the boundary between the deep sulfidic
water layer and the overlying bicarbonate water layer,
where the highest concentration of benthic microorganism
such as bacteria, protozoans, nematodes, platyhelminthes,
and rotifers were found. But for most of the time, the
gastropods crawl on the glass walls of the mesocosms well
above the chemocline, in oxygenated, bicarbonate waters,
and never descend into the euxinic bottom-water layer.
These observations led us to hypothesize that ostracods
and other stygobitic meiofauna such as copepods find
gastropod fecal pellets to be an important trophic resource
in Lago della Bottiglia.

The trophic situation at Lago Claudia is different than
that deduced at Lago della Bottiglia. At Lago Claudia, the
sulfidic bottom-water layer often reaches the lake’s surface,
with H,S escaping into the cave’s atmosphere. The
northern bank of this deep pool is the base of a gentle
limestone talus slope (Figs. 6C, D) that is often reached by
the chemocline, particularly during the dry season in
summer and early autumn. In these times, the bottom of
the shallow bank is sulfidic and reduced, and it is capped
by a layer of bicarbonate water just a few centimeters thick.
Live specimens of Mixtacandona sp. were recovered from
this site in July 2008 (sample LCL/08.07/04) and observed
in a Petri dish, where they were distinctly seen grazing on
threads and feathers of sulfur-oxidizing bacteria on rocks
and clay in the substrate sample.

An additional distinct trophic adaptation is suggested by
the presence of Mixtacandona sp., Fabaeformiscandona ex gr.
F. fabaeformis, and abundant Pseudolimnocythere sp. on the
remains of subfossil eels at Lago delle Anguille (Table 1),
along with numerous shells of the gastropod Islamia sp. 2.
Our samples of these remains were small scrapings from
which it was impossible to determine if the microgastropods
and ostracods had been ingested by the eels or if they had
been feeding on the remains. However, a complete specimen
collected later clearly shows them scattered on the outer
surface of the skin, suggesting that they were necrophagous.
We believe the presence of these organisms on the eel
carcasses is somewhat analogous to the extreme, ephemeral
deep-sea ecosystem that develops on a fallen whale (Dominici

et al., 2009, and references therein). These carcasses, such as
the Pliocene whale studied by Dominici et al. (2009) in
Tuscany, serve as a long-lasting food source for a well-
diversified invertebrate fauna dominated by gastropods,
bivalves, decapods, and worms in an otherwise extreme,
oligotrophic, and mainly chemosymbiotic environment.

All considered, we conclude that Mixtacandona sp., as
well as other endemic ostracod species found in the
phreatic waters of the Frasassi cave system, are benthonic
stygobitic grazers dwelling in oxygenated waters not far
from a sulfidic chemocline, which constantly provides them
with a limitless food supply of sulfur bacteria. The
ostracods are opportunistic feeders that adapt to local
trophic provisions, such as abundant fecal pellets of
gastropods and occasional fallen eels.

CONCLUSIONS

The 6850 specimens of twenty-one species of ostracods
recovered over five years of sampling at the Frasassi cave
system and the adjacent sulfidic spring and Sentino River
constitute the largest and most diversified collection to
date of these microcrustaceans from a continental sulfidic
cave and karst aquifer. The dominant species differ
between the assemblages inside and outside the cave. The
cave fauna includes three apparently new stygobitic
species. Import by river floods and gradual migration,
trophic opportunism, and environmental heterogeneity
have contributed to and maintained the species diversity at
a relatively higher level than is typical for freshwater
environments. Future studies of this sort should enable us
to better understand the ecology and evolution of hypogeal
ostracods, and, in turn, the ostracods may find utility in
deciphering the evolution and environmental health of
individual cave systems.
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ELECTRICAL TOMOGRAPHY APPLIED TO THE
DETECTION OF SUBSURFACE CAVITIES

J. MARTINEZ-LOPEZ!, J. REY>, J. DUENAS:, C. HIDALGO?>, AND J. BENAVENTE*

Abstract:

We have analyzed the geoelectric response produced by three cavities cut into

different geological substrata of granite, phyllite, and sandstone that had previously been
characterized by direct methods. We also examined a mining void excavated in granite.
In each case, we applied three different geoelectric arrays (Wenner-Schlumberger,
Wenner and dipole-dipole) and several inter-electrode spacings. The survey results
suggest that electrical resistivity tomography is a viable geophysical tool for the detection
and monitoring of mining voids and other subsurface cavities. The results vary
depending on a wide range of factors, such as the depth and diameter of the cavity, the
multi-electrode array used, the inter-electrode spacing, the geological model, and the
density of the data. The resolution capacity of the Wenner- Schlumberger array for the
detection of these cavities was greater than that of the Wenner array and slightly better
than the dipole-dipole. There is a direct relationship between inter-electrode spacing and
diameter of the cavity. In general, we observed a loss of resolution as the distance
between the electrodes increased. The most efficient detection was achieved when the
inter-electrodes distance was less than or equal to the diameter of the cavity itself. In
addition, cavity detection became increasingly less precise with its depth beneath the
surface. Cavities with a radius of about 1.5 m were located by both the Wenner-
Schlumberger method and the dipole-dipole at depths of more than 4.6 m, which means

that prospecting can be carried out at depths 3 times the radius of the cavity.

INTRODUCTION

The detection of underground cavities, whether of
natural origin such as karstic cavities or of anthropogenic
origin such as mining galleries, is of vital importance
in land-use planning. In construction projects, and in
particular in civil engineering, it is necessary to identify any
deep-lying cavities beneath the construction site, as these
could cause undesired effects at the surface such as
subsidence or complete collapse (De Bruyn and Bell,
2001; Waltham et al.,, 2005). The use of a suitable
geophysical prospecting procedure for the identification
and characterization of these underground anomalies
renders it unnecessary to use destructive methods, such as
drilling boreholes, that are much more expensive and
environmentally damaging.

In general, geophysical prospecting involves a number
of different techniques that help identify anomalies in the
physical and chemical properties of the subsoil, including
the propagation of electromagnetic, gravity, acoustic,
electrical, or magnetic signals. One of these techniques,
electrical resistivity tomography, involves determination of
the subsurface distribution of electrical resistivity. This is
done by taking a very large number of readings either from
the surface or from perforations (Telford et al., 1990; Store
et al., 2000). The varying geoelectric response in the area
under investigation enables users to obtain 2D profiles and
3D images of the distribution of the resistivities under the
ground, which makes it a very effective, non-destructive
tool for analyzing and characterizing possible discontinu-
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ities in the subsoil (Sasaki, 1992; Store et al., 2000). The
depth range may vary from just a few meters to hundreds
of meters in depth. This technique has numerous possible
applications when one is faced with various problems in
different geological settings (Caputo et al., 2003; Colella et
al., 2004). It is increasingly used in environmental studies,
hydrogeology (Maillet et al. 2005; Sumanovac, 2006;
Martinez et al., 2009), and geotechnics (Naudet et al.,
2008), among other fields. This technique has also been
used for detection of natural crevice-type caves (van
Schoor, 2002; Gutiérrez et al., 2009; Panek et al., 2010;
Gambetta et al., 2011) and in some cases, to locate man-
made mining cavities (Maillol et al., 1999; Martinez-Lopez
et al., 2007).

The aim of this work was to analyze the resolution of
images under different geological conditions and assess the
potential for using this technique for locating cavities. Our
general objective was to develop a suitable method for the
optimum interpretation of resistivity images obtained by
electrical tomography so as to be able to characterize
cavities in the subsoil. We therefore (i) analyzed the criteria
for selecting the best inter-electrode spacings and the most
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suitable multi-electrode array for the characterization of
each specific type of cavity, (ii) the capacity of the different
techniques to detect the size and shape of the cavity, and
(iii) the influence of depth and the nature of the rock
substrata on the resolution capacity of each type of array.

We conducted our research at a number of geologically
well-documented sites to be able to assess the electrical
response afforded by different subsoil structures. The study
was mainly carried out in the former mining district of
Linares (Jaén Province, southern Spain), where we studied
the response to two drainage adits and a cavity formed by a
mine chamber over a vein (sites A, B, and D in Fig. 1). Our
last site was outside this district in an old mining roadway
near Canena, also in the province of Jaén (C in Fig. 1). In
cases A, B and C, we conducted a topographic survey
(including underground topographic survey, Fig. 2) to
chart the underground route of the cavities, their depths,
and their dimensions and shapes (Fig. 2). In case D it was
not possible to visit the mine, but we have historical
information on its geometry.

METHODS

We used electrical resistivity tomography. This is a
geoelectric method that analyzes the materials in the
subsoil on the basis of their electrical behavior and can
provide two and even three-dimensional high-resolution
electrical images of the subsurface (Reynolds, 1997; Colella
et al., 2004). The method requires numerous electrodes and
a system of cables to be installed above the section to be
profiled. The distance between the electrodes depends upon
the resolution and depth of the particular objectives being
sought. In general, the shorter the distance between the
electrodes the greater the resolution, and the greater the
resolution the greater the depths that it is possible to
investigate. Technically, an electrical-resistivity tomogra-
phy survey can be carried out using different electrode
arrays (dipole-dipole, Wenner, Schlumberger) that are
spread across the surface above the objective (Loke and
Barker, 1996; Reynolds, 1997, Dahlin and Zhou, 2004).
Electric current is injected into the ground and the voltage
signals are measured. From the configuration of the array
it is then possible to calculate the apparent electrical
resistivity.

The electrical tomography equipment used in this study
is the RESECS model, manufactured by Deutsche Montan
Technologie. This is a multi-electrode array with an
integrated computer that can handle up to 960 electrodes.
The power source is 250 W and 2.5 A, which generates
impulses of 880 V peak-to-peak. It has a built-in
transmitter, receiver, and power supply. Other interesting
features include the automatic processing of apparent
resistivity and chargeability, real-time resistivity control in
2D and 3D, control of the current and voltage injection
curve, regulation of injection time, built-in PC and
integrated switching processor.

The electrical tomography profiles were interpreted
using the RES2DINYV resistivity and induced-polarization
interpretation software. This calculation program is based
on the least-square method with an enforced smoothness
constraint, modified with the quasi-Newton optimization
technique. The inversion method constructs a model of
the subsoil using rectangular prisms and determines the
resistivity value for each of them, minimizing the differ-
ences between the observed and calculated apparent
resistivity values (Loke and Barker, 1996; Loke and
Dahlin, 2002).

We collected a total of fourteen electrical tomography
profiles at the four sites selected (A, B, C, and D in Fig. 1).
At the first three sites, we made a detailed topographic
survey of the underground cavities and the positions of the
profiles (Fig. 2). Various experiments were conducted at
these sites, trying always to ensure that the profile was
perpendicular to and centered over the course of the
drainage adit. Once we knew the size of the cavity
investigated, we used a spacing that was either slightly less
than or almost the same as the diameter of the cavity
(1.5 m), or considerably greater (3 m). We used the
Wenner-Schlumberger, dipole-dipole, and Wenner arrays
to determine which technique best detected the cavity.

The question of which is the most effective array is a
matter of some debate in the literature (see for example the
discussions in studies by Zhou et al.,, 2000; Zhou and
Dahlin, 2003; Dahlin and Zhou, 2004; Drahor 2006; Panek
et al., 2010). Some authors consider that the Wenner array
is most sensitive to changes in the vertical resistivity of the
subsoil (Griffiths and Turnbull, 1985; Griffiths and Barker,
1993), the average reliable depth for investigation being
around half that of the spacing (Edwards, 1977). Because it
has a small geometric factor, leads to a strong signal even
in areas with electromagnetic background noise.

The dipole-dipole array is very sensitive to changes in
horizontal resistivity and relatively insensitive to vertical
changes. Thus it is useful in the detection of vertical
structures such as buried walls, cavities, and contamination
plumes. Of the three arrays, the dipole-dipole achieves
the greatest average depth of investigation, although its
performance is adversely affected in areas with electro-
magnetic noise.

The Wenner-Schlumberger array is a hybrid between
the Wenner and the Schlumberger arrays. According to
Pazdirek and Blaha (1996), this array is moderately
sensitive to both horizontal and vertical structures. The
average investigation depth is greater than with the Wenner
array and the intensity of the signal is lower than that of
the Wenner, but greater than that of the dipole-dipole.

At sites A, B, and C we used eighty electrodes over a
length of 120 m with a spacing of 1.5 m. At site B we
repeated the test with an inter-electrode spacing of 3 meters.
We used spacings that were equal to or greater than the
diameter of the cavity to enable us to prospect for cavities
at depths of between 2 and 4 meters with sufficient
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Figure 1. Geographical locations and geological context of the four sites studied, A, B, C, and D.
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Figure 2. 2.1: Surveying inside the drainage adit at site A, the Mimbre Cavity. 2.2: Topographic surveying at the surface
above the tomography profile at site A. 2.3: Route of the electrode array at site B, the Grupo Cobo Cavity, and the entrance to
the drainage gallery. 2.4: The entrance to the drainage adit at site B. 2.5: Interior of the mine tunnel that is site C, the Canena
Cavity. 2.6: Collapse associated with the caved seam at site D, the Arrayanes caved seam.
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resolution. At site D, three profiles (Fig. 1D) were made
using a Wenner-Schlumberger array with a spacing of 5 m,
a value similar to the size of the chambers above the seam.
To do this, we used eighty electrodes over a distance of
400 m.

Site A, the Mimbre Cavity, is a drainage adit, currently
dry and empty, that was excavated in granite in a
northeast-southwest direction. Its average cross-section is
1.60 m?, and it is located at a depth of from 4.6 to 6.4 m.
The location of the profiles is in Figure 1A. Figure 3 shows
examples of pseudo-sections of real resistivities obtained
for each of the arrays we used. With a electrode-spacing of
1.5 m, we took 1,325 measurements of apparent resistivity
for the Wenner-Schlumberger array, and a maximum
investigation depth of 14.4 m was reached, with an RMS
of 11.4 (Fig. 3A). A total of 1,025 measurements of
apparent resistivity were taken for the Wenner array, and
a maximum investigation depth of 19.2 m was reached,
with an RMS of 4.2 (Fig. 3B). A total of 2,492 measure-
ments of apparent resistivity were taken for the dipole-
dipole array, reaching a maximum investigation depth of
11.9 m, with an RMS of 23.3 (Fig. 3C).

The drainage adit at Site B, the Grupo Cobo Cavity,
currently dry and empty, is cut into Palaeozoic phyllites, in
a northwest-southeast direction. The average cross-section
is 1.8 m?% and it is located at a depth of from 4 to 5.8 m.
The location of the profiles is in Figure 1B. The lithology
and the depth (slightly shallower) are therefore different
from the previous experiment. The electrode arrays and
spacings were arranged according to the same criteria as at
Site A. Figure 4 shows examples of the pseudo-sections of
the real resistivities obtained for each of the arrays applied.
We took 1,232 readings for the Wenner-Schlumberger
array with a spacing of 1.5 m between each electrode. A
depth of 12.7 m was reached and an RMS of 16.7 was
obtained (Fig. 4A). We took 970 readings with the Wenner
array; a depth of 15.4 meters was reached and a RMS of
6.7 was obtained (Fig. 4B). We took 2,942 readings with
the dipole-dipole array; a depth of 11.9 m was reached and
an RMS of 36.3 was obtained (Fig. 4C). At this site, the
Wenner-Schlumberger array was repeated with a spacing
of 3 m. We took 225 readings that gave an RMS of 8.2.

Site C, the Canena Cavity, an old mining roadway
currently dry and empty was cut into Triassic sandstones in
a northwest-southeast direction. The average section is
2.5 m? and it is located at a depth from 1.8 to 4 m. The
lithology is again different, and the depth is the least of our
sites. The location of the profiles are in Figure 1C. The
electrode arrays and spacings were arranged the same as at
Sites A and B. Parts A-C of Figure 5 show the pseudo-
sections of the real resistivities obtained for each of the
arrays applied. We took 1,232 readings for the Wenner-
Schlumberger array; a depth of 12.7 m was reached and an
RMS of 42.4 was obtained. We took 970 readings with the
Wenner array; a depth of 15.4 m was reached and an RMS
of 47.4 was obtained. We took 2,942 readings with the

32« Journal of Cave and Karst Studies, April 2013

dipole-dipole array; a depth of 11.9 m was reached and an
RMS of 34.4 was obtained.

At Site D, three profiles were taken near the San Genaro
shaft in the Arrayanes caved seam (locations in Fig. 1D).
Profile 2, running 113° to 293° and perpendicular to the
path of the seam, has been selected. Lutites and Triassic
sandstones, lying over Palaeozoic granite, crop out at the
surface. Although in this case, we were unable to carry out a
topographic survey, the exact position and morphology of the
cavity produced after mining the seam is known. This cavity is
up to 5 m thick and, due to the collapse of the structure, is
partially filled at the top with lutites. The profiles had a inter-
electrode spacing of 5 m in a Wenner-Schlumberger array.
The total length was 400 m and it contained eighty electrodes,
reaching an investigation depth of 75 m. We took 1,419
readings and obtained an RMS of 8.3 (Fig. 5D).

RESULTS

From a geophysical point of view, the geologic structure
at Site A behaves like a two-layer model with all three
arrays. It has a 2 to 4 m thick surface layer that shows low
resistivity values (< 300 ohm-m) that consists of altered
granite with varying degrees of water saturation. Below
this, there is a more resistive mass that is composed of
unaltered granite.

Using a spacing of 1.5 m, similar to the diameter of the
cavity, with the Wenner-Schlumberger configuration we
detected a resistivity feature that coincided with the
position of the cavity (Fig. 3A). The position of the
structure could not be defined with the Wenner method
because low resistivity values were obtained compared to
the readings in the previous experiment (Fig. 3B). With the
dipole-dipole array the cavity was located but the RMS
numbers were higher (Fig. 3C).

At Site B the geologic structure behaves like a three-
layer model. There is a 1 to 2 m thick surface layer with
high resistivity values (> 300 ohm-m) that probably
consists of breccia and the remains of an old spoil-heap.
Beneath this, there is a layer of altered phyllites. The
irregular distribution of areas with varying degrees of
alteration, fractures, and water saturation may explain the
large oscillations in the resistivity values between 20 and
200. Below this, is another layer that has the highest
resistivity values. These values (up to 1200 ohm-m)
coincide with the least altered phyllites.

Using the Wenner-Schlumberger array with a spacing
of 1.5 m, similar to the diameter of the cavity, we detected
an increase in resistivity in an area that coincided with the
position of the cavity. Two additional peaks in resistivity
were observed at a depth of about 6 m (Fig. 4A). These
may correspond to two service galleries near the seam. The
dipole-dipole array appeared to detect the same structure
with high resistivity values, although its morphology was
less precise (Fig. 4C). The Wenner array detected the
structures but the resolution was lower (Fig. 4B).
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Figure 3. Electrical resistivity tomography profiles obtained at the site A in granite, using the arrays and electrode spacing

indicated. Note that the vertical scales are all different.

A loss of resolution was noted as the spacing between
the electrodes increased. As a result, with a spacing of 3m
(double the diameter of the cavity) the gallery could not be
defined (Fig. 4D).

In the Site C profiles with all three arrays, the geologic
structure of this sector behaves like a two-layer model. In
addition to a discontinuous surface level of breccia that shows
high resistivities of up to 2,000 ohm-m, two distinct units can
be seen. There is a 1 to 10 m thick surface layer that shows
low resistivity values (< 350) and is probably composed of
calcarenites. Underneath this layer, a more resistive facies
appears, with values ranging from 1,000 to 2,500 ohm-m, that
would appear to be a siliceous conglomerate. The contact
between the two units is affected by fractures.

With the Wenner-Schlumberger array, the anomaly was
clearly indicated by high resistivity values (Fig. SA). With
the dipole-dipole array, the gallery was located as an arca
with medium resistivity levels (Fig. 5C). The gallery could
not be detected with the Wenner array (Fig. 5B).

A two-layer geophysical model can also be applied to
Site D, the caved seam. There is a surface level with low
resistivity (< 250) that would appear to be formed by either
Triassic lutite or highly altered granite. Beneath this layer,
there is an increase in resistivity that would appear to
coincide with somewhat less altered granite. Using the
Wenner-Schlumberger array with a spacing of 5 m, similar
to the diameter of the cavity, we detected a very well
defined maximum resistivity that corresponds to a mined
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Figure 4. Electrical resistivity tomography profiles obtained at site B in phyllite, using the arrays and electrode spacing
indicated. Note that the vertical scales are all different and the horizontal scale in part D is different.
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Figure 5. A-C, electrical resistivity tomography profiles obtained at site C in sandstone, using the array and electrode spacing
indicated. Note that the vertical scales are all different. Part D, profile 2 at site D, the collapsed mine chamber.
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chamber orientated along the previous path of the seam
(Fig. 5SD). The cavity shows two different types of
behavior. In the upper part, the collapse of the protective
surface layer has resulted in a partial infill of lutites, so that
in the sector closest to the surface the caved seam behaves
like a conductor ,with values ranging from 60 to 160 ohm-
m. At greater depths, the empty chamber shows higher
resistivity, with values ranging from 600 to 1500 ohm-m.

DiscussioN AND CONCLUSIONS

Electrical resistivity tomography is a geophysical
prospecting technique that can detect cavities in the
subsoil. We describe here several cases in which this
prospecting method has been used to detect cavities
associated with past mining work in the Linares mining
district and another cavity near Canena (Jaén Province,
southern Spain). In all these examples, the position, shape,
and characteristics of the structures were well known and
documented, and the aim of our electrical tomography
experiments was to test the efficacy of the technique itself.

Our results varied depending upon a multitude of
physical factors, such as the depth and diameter of the
cavity and the local geology, and the method factors, such
as the array configuration, the inter-electrode spacing, and
the density of data. In addition, when the cavity was
empty, there was an anomaly with a steep gradient and
very high resistivity values as the air filling the cavity is
dielectric. When the cavities were filled with fine, loose
material, usually saturated in water, the electrical resistance
was lower, as both water and clay are good conductors of
electric current (see Panek et al, 2010). In this situation,
electrical tomography shows an anomaly with a low
resistivity value, as near the surface in Figure 5D.

Of the three arrays types we used, the Wenner-
Schlumberger array offered the highest resolution in the
three cases studied of cavities excavated in a variety of
different lithologies. This array also identified the presence
of the mine chamber. The results obtained with the dipole-
dipole array were positive in the case of the phyllites (a
resistive rock) and negative in the case of sandstones
(resistive) and altered granites (low resistivity). The Wenner
array produced poorer results with all three cavities. The
quality of the results was correlated with the RMS
numbers, which were always lower and more stable with
Wenner-Schlumberger and higher and more unstable with
dipole-dipole and Wenner.

There was a maximum inter-electrode spacing above
which the arrays we used could not detect the cavities. The
quality of cavity detection was at its best when the distance
between the electrodes was less than or equal to the
diameter of the cavity (compare the Fig. 4A and Fig. 4D).
When the spacing was greater than the diameter of the
cavity, at best, only vague traces of the cavities could be
identified, but these profiles did not include identifying
images.

36+ Journal of Cave and Karst Studies, April 2013

As far as the depth of the cavity was concerned, those
that were closest to the surface could be located more
efficiently. In general, cavity detection was less precise with
an increase in depth. Using the Wenner-Schlumberger
method, and to a lesser extent the dipole-dipole, we located
cavities with a radius of about 1.5 m at depths of over
4.6 m, which means that prospecting can be carried out at
depths of 3 times the radius of the cavity.
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TEMPORAL VARIABILITY OF CAVE-AIR CO, IN

CENTRAL TEXAS

BriaNn D. CowaN*, MICHAEL C. OSBORNE?, AND JAY L. BANNER?

Abstract: The growth rate and composition of cave calcite deposits (speleothems) are
often used as proxies for past environmental change. There is, however, the potential for
bias in the speleothem record due to seasonal fluctuations in calcite growth and drip-
water chemistry. It has been proposed that the growth rate of speleothem calcite in Texas
caves varies seasonally in response to density-driven fluctuations in cave-air CO,, with
lower growth rates in the warmer months when cave-air CO, is highest. We monitored
CO; in three undeveloped caves and three tourist caves spread over 130 km in central
Texas to determine whether seasonal CO, fluctuations are confined to tourist caves,
which have been modified from their natural states, and the extent to which cave-air CO,
is controlled by variations in cave geometry, host rocks, cave volume, and soils. Nearly
150 lateral transects into six caves over three years show that CO, concentrations vary
seasonally in five of the caves monitored, with peak concentrations in the warmer
months and lower concentrations in the cooler months. The caves occur in six
stratigraphic units of lower Cretaceous marine platform carbonate rocks and vary in
volume (from 100 to >100,000 m?) and geometry. Seasonal CO, fluctuations are regional
in extent and unlikely due to human activity. Seasonal fluctuations are independent of
cave geometry, volume, depth, soil thickness, and the hosting stratigraphic unit. Our
findings indicate that seasonal variations in calcite deposition may introduce bias in the
speleothem record, and should be considered when reconstructing paleoclimate using

speleothem proxies.

INTRODUCTION

It is important to understand the mechanisms that
control speleothem growth and calcite composition. It has
long been known that the concentration of CO, in cave air
can affect the growth rate of speleothems (Holland et al.,
1964), but until recently, the extent to which cave-air CO,
fluctuations might introduce bias into the speleothem
record was not fully appreciated (Fairchild et al., 2007).
Recent studies in the United States (Banner et al., 2007;
Wong et al., 2011), Austria (Spotl et al., 2005), and Ireland
(Baldini et al., 2008) have demonstrated that there is
potential for bias in the paleoclimate record due to changes
in speleothem deposition rate and drip-water chemistry
caused by cave-air CO, fluctuations.

A recent study of calcite growth rates in four central
Texas tourist caves reveals that in three of the caves, calcite
growth varies seasonally and is inversely correlated with
cave-air CO, concentrations (Banner et al., 2007). In the
caves that experienced growth-rate variations, calcite
deposition peaked in the cooler months, when cave-air
CO, concentrations were low, while in the warmer months,
elevated cave-air CO, concentrations inhibited drip water
degassing, resulting in a significant decrease or cessation of
calcite deposition. Drip rate variations were not the
primary control on seasonal fluctuations in calcite growth
rate, but did account for site-to-site variability in the
magnitude of calcite growth rate within individual caves.
The tourist caves with variable growth rates were located
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over a distance of 130 km, suggesting that the potential for
a regionally extensive seasonal bias in the speleothem
record exists. Such regional biases in speleothem proxies
(e.g., seasonal growth-rate variations, isotopic shifts) might
be incorrectly interpreted as a direct result of climate
conditions, not as a result of speleothem deposition being
affected by cave meteorology. Therefore, it is important to
determine if seasonal cave-air CO, fluctuations in central
Texas caves are confined to tourist caves, which are
modified from their natural state and receive a large
number of visitors, or if they are naturally occurring.

Seasonal CO, fluctuations in tourist caves may result
from modifications to their natural connectivity with the
surface atmosphere during their development for tourism,
significant human visitation, or non-anthropogenic influ-
ences. Variations in non-anthropogenic factors, such as
cave volume, stratigraphic unit, cave geometry, and soil
thickness, may also influence the extent and timing of CO,
fluctuations. The hypothesis that seasonal CO, fluctua-
tions in central Texas caves are regional in extent and are
not unique to tourist caves was tested.
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Figure 1. Map of Edwards Aquifer and cave locations on the Edwards Plateau in central Texas, USA. Note the undeveloped
caves are located within 5 km of each other and are depicted as a single triangle. The two parts of Natural Bridge Caverns are
adjacent and shown by a single symbol. Average annual precipitation in centimeters is shown as contours.

The timing and magnitude of CO, fluctuations in three
undeveloped caves, District Park, Whirlpool, and Maple
Run, were compared with those measured in the tourist
caves with variable speleothem grown rates that were
studied by Banner et al. (2007), Natural Bridge North
Cavern, Natural Bridge South Cavern, and Inner Space
Cavern. The undeveloped caves chosen for comparison
with the tourist caves are centrally located between the
tourist caves, are formed in similar stratigraphic units
as the tourist caves, are overlain by similar soil and
vegetation, receive similar rainfall amounts, experience
similar surface temperature fluctuations, and receive little
visitation outside of the monitoring trips (Fig. 1; Table 1).

STUuDY AREA

The study area is located near Austin, Texas, on the
Edwards Plateau, which is composed of karstified Lower
Cretaceous marine carbonates overlain by a thin calcare-
ous clay soil that supports oak and juniper savannah. Soils
across the study area are thin mollisols (typically < 30 cm)
and commonly contain limestone fragments sourced from
the underlying bedrock (Cooke, 2005). The undeveloped
caves are overlain by stony clay loams, Inner Space is
overlain by silty clays and stony clays, and the two parts of
Natural Bridge are overlain by extremely stony clays and
gravely clay loams (U.S. Department of Agriculture, Web
Soil Survey).

All study caves, with the exception of Natural Bridge
North and Natural Bridge South, are located within the
Edwards Limestone, an Early Cretaceous marine limestone
unit with interbedded dolomitic layers. Within the study
area, the Edwards Group can be subdivided into several
hydrostratigraphic units with different structural and
hydrologic characteristics (Fig. 2) (Maclay and Small,
1976; Small et al., 1996). The Natural Bridge caves are
located within the interbedded limestone and dolomi-
tic units of the upper Glen Rose and lower Walnut

formations, which are also Early Cretaceous in age. Those
two caves are adjacent to each other, not well connected,
and have separate entrances. More detailed descriptions of
the hydrology and morphology of Inner Space Caverns
and the Natural Bridge caves is given by Musgrove et al.
(2001), Musgrove and Banner (2004), and Banner et al.
(2007).

The entrances of Natural Bridge North and Natural
Bridge South are sealed by double glass doors that are only
opened when tour groups enter and exit. During the
development of Inner Space Cavern, an entrance tunnel
approximately 4 m in diameter was excavated, and it
remains unsealed. To increase visitor comfort, man-made
ventilation shafts equipped with fans were installed in all
three tourist caves. Ventilation fans are manually con-
trolled and are typically used during the daytime hours in
the summer months.

CoNTROLS ON CAVE-AIR CO,

CAVE VENTILATION

Cave ventilation is an important control on cave-air
CO, concentrations, both seasonally and on shorter
timescales, and is dependent on multiple factors, including
fluctuations of the outside air temperature and barometric
pressure, cave geometry and prevailing winds (e.g., Villar
et al., 1985; Fernandez et al., 1986; Hoyos et al., 1998;
Buecher, 1999; Bourges et al., 2001; Spotl et al., 2005;
Baldini et al., 2006; Denis et al., 2005; Bourges et al., 2006;
Baldini et al., 2008; Kowalczk and Froelich, 2010). At mid
latitudes, density differences between cave and outside air
caused by seasonal temperature variability exert a first
order control on the seasonal ventilation of caves (James
and Banner, 2007). In many caves, air temperature is near
the mean annual surface temperature and varies by only a
few degrees over the seasons (Moore and Sullivan, 1997),
and thus, cave ventilation is primarily controlled by sur-
face air temperature and changes in barometric pressure
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Figure 2. Stratigraphic section of the study area showing the intervals of occurrence of the caves of this study. The
undeveloped caves (MR=Maple Run, DP=District Park, and WP=Whirlpool) are formed within several members of the
Kainer and Person Formations. Note that MR and WP are formed in more than one member. The two parts of Natural Bridge
Cavern (NBS and NBN) are adjacent and formed in the same member. Adapted from Maclay and Small (1976), Kastning

(1983), and Small et al. (1996).

(Fairchild et al., 2006). Here we focus on seasonal
fluctuations of cave-air CO, fluctuations that are primarily
controlled by seasonal surface temperature fluctuations.

During warmer months, cave-air temperatures remain
below outside temperature, causing the cooler, denser cave
air to stagnate. During this time, the cave can be thought of
as a semi-closed system, as ventilation is less efficient. As
long as CO; sources such as degassing of drip water or
advection through fractures are present ,the concentration
of CO, in the cave air will continue to rise until CO, inputs
reach equilibrium with CO, removal. When cave-air
temperatures are warmer than outside temperatures, venti-
lation becomes more efficient, because the denser outside air
flows into the cave, mixing with and displacing the CO,-rich
cave air, and causing CO, levels within the cave to decrease.
This process only applies to caves in which most of their
volume is lower in elevation than the entrance(s).

The intensity of cave ventilation is governed by cave
geometry (e.g., vertical vs. horizontal, large passages vs.
numerous constrictions), density differences between the
cave air and outside air, distance from the cave entrance,
other connections with the surface via pores and fracture
networks that primarily depend on the stratigraphic position
of the cave, and cave volume (Batiot-Guilhe et al., 2007). In
general, stronger ventilation occurs at sites near the entrance
and at sites that are not separated from the entrance by
constrictions (Bourges et al., 2006). Where ventilation is
limited by constrictions or distance from the entrance, CO,
levels may remain relatively constant, governed by the
balance between sources and losses other than ventilation.

CAvE CO, SOURCES
Known sources of cave-air CO, include decomposition
of soil organic matter by microbes (soil respiration), root

Journal of Cave and Karst Studies, April 201341
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respiration, in-cave decomposition of organic matter,
diffusion from deep sources, animal respiration, and
degassing from CO»-rich groundwater (Troester and
White, 1984; Ek and Gewelt, 1985; Hanson et al., 2000;
Baldini et al., 2006; Bourges et al., 2001; Batiot-Guilhe et
al., 2007; Crossey et al., 2006). The rate of CO, input into a
cave is dependent on several factors that may vary on
multiple timescales.

Degassing of CO,-rich vadose water is a significant
input of CO, in most caves. The concentration of CO, in
vadose water is primarily controlled by the concentration
of CO, in the soil air. Soil and root respiration is likely the
dominant source of soil CO, in the study area. The rate of
respiration is affected by changes in soil temperature and
soil moisture, and the highest CO, production occurs when
soils are moist and in warm months (Amundson and
Smith, 1988; Daly et al., 2008; Lloyd and Taylor, 1994;
Raich and Schlesinger, 1992). As the water flows through
the soil zone, it becomes enriched in CO, until the partial
pressure of CO, of the water is equal to the pCO, of the soil
or the water drops below the soil zone. When CO,-charged
water comes into contact with a lower pCO, environment
such as a cave, CO, degassing occurs, and the air within
that environment becomes slightly more CO»-rich. Advec-
tion or diffusion of vadose-zone air through fractures,
cracks, and dissolution cavities is also a significant means
of transporting CO, to the cave atmosphere (Baldini et al.,
2006; Batiot-Guilhe et al., 2007; Perrier and Richon, 2010).

Carbon dioxide generated from decaying organic
material within caves is a significant CO, source for caves
that collect detritus or bat guano. The significance of this
contribution of CO, is likely to vary, depending on the
ability of a given cave to capture storm-washed debris or
the presence of a significant bat population. Overland
flows of water into caves, sinkholes, or soil piping features
are required for a significant amount of organic debris to
enter the caves that we monitored. Only District Park Cave
receives significant amounts of organic debris via overland
stormflow.

Animal respiration is another significant source of CO,
in a cave environment, particularly in tourist caves. The
concentration of CO, in a human breath is approximately
40,000 ppm (Miotke, 1974). A recent study of the impacts
of respired CO, in a cave in the Czech Republic
demonstrated that human respiration is a significant source
of CO, that is proportional to the number of people in a
cave and the duration of visits (Faimon et al., 2006).
Likewise Lifian et al. (2008) noted that cave CO,
concentrations in Nerja Cave, Spain, were correlated with
visitation during certain times of the year. However, some
data suggests that these elevated levels of CO, dissipate
rapidly (Faimon et al., 2006; Hoyos et al., 1998).

Three of the monitored caves are tourist caves and
receive <100 to >1,000 visitors per day, while the
undeveloped caves receive few visitors outside of our
monitoring trips. Visitation varies greatly, but generally the
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greatest numbers of visits to the tourist caves occur in mid-
March and the summer months of May through August.
Animals inhabiting caves will affect CO, concentrations in
similar ways, depending on population size. A few bats are
commonly found in the Natural Bridge caves, Inner Space,
and Maple Run, but not in numbers significant enough to
be counted (Jim Kennedy, Bat Conservation International,
personal communication, April 8, 2009) or to significantly
raise the concentration of CO, in the caves. Large
mammals are unlikely to enter any of the undeveloped
caves, as they are gated to exclude large mammals but
allow for unimpeded airflow.

Degassing of CO, from phreatic water is another
potential source within caves, especially where cave
passages intersect the water table. Degassing occurs when
high-pCO, phreatic water comes in contact with lower-
pCO, cave air and will continue until the water reaches
equilibrium with the air or it leaves the air-filled cave at a
spring or a sump. The contribution of CO, from degassing
of phreatic water will likely vary seasonally and in response
to recharge events. Degassing of phreatic water might be a
significant source of CO, in Inner Space and the Natural
Bridge caves, as they are known to flood when aquifer
levels rise after particularly heavy rainfalls. Flooding of
these caves does not occur on a regular basis (seasonally),
but only after prolonged periods of unusually wet
conditions. A small stream flows through Natural Bride
North occasionally. Degassing of phreatic water is not
likely a significant source of CO, in Whirlpool, Maple
Run, or District Park, as they are located approximately
50 m above the phreatic zone and are not known to flood.

METHODS

CO, concentrations were measured along transects
inward from the cave entrances at sample points shown
in Figure 3 using a portable Telaire 7001 CO, meter. From
August 2006 to August 2007 the Telaire CO, meter was
calibrated to an average atmospheric value of 380 ppm.
Local atmospheric CO, concentrations likely differ from
380 ppm due to anthropogenic and natural variations,
however these variations are likely within the instrument’s
range of uncertainty of 50 ppm or 5% of the total CO,
concentration. Beginning in June 2007, a zero-point
calibration was performed using argon gas. Atmospheric
CO, concentrations were measured before and after each
field transect to check for post-calibration drift. When a
drift of greater than 100 ppm was detected, all data from
that transect were considered unreliable and are not
reported here.

Although the caves were monitored with varying
frequency, ranging from weekly to monthly, each cave
was visited multiple times during each season in order to
assess seasonal variability. Cave-air CO, concentrations in
tourist caves Inner Space, Natural Bridge North, and
Natural Bridge South were monitored every four to six
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Figure 3. Maps of central Texas caves and locations of monitoring stations. Note that the entrance to cave NBN is taken as
the datum for indicated depths for both NBN and NBS. Cave entrances are taken as the datum for all other depths reported. IS
map adapted from Atkinson (2003), NBN and NBS maps adapted from Atkinson (2004), MR map adapted from Scott (2000),
WP map adapted from Russell (1979), and DP map adapted from Russell (1988).

weeks from 2001 to May 2010. Maple Run, Whirlpool, and
District Park caves were each visited two to four times
monthly between July 2006 and October 2007. No transects
were taken in those three caves from November 2007 to
July 2008. In August 2008, monitoring resumed in those
caves and continued through July 2009.

Significant increases in CO, concentration due to
operator respiration have been reported (Baldini et al.,
2006). Due to the ruggedness of the undeveloped caves, it
was impractical to wear CO, scrubbing respirators or other
devices that remove exhaled CO, from where measure-
ments were being taken. Several experiments to estimate
operator-caused bias were performed. Upon arriving at a
measurement site, the initial CO, concentration was
recorded. The operators then waited for a period of five
minutes to determine if there was a rise in CO,
concentration as a result of respiration. This experiment
was repeated at several sites within each undeveloped cave.
No increase in CO, concentration greater than the
instrument error (50 ppm) was measured, and occasionally
small decreases (20 to 30 ppm) within instrument error
were measured. The meter was turned on and allowed to
warm up and stabilize before reaching each measurement

site as to minimize the time required for the meter to
equilibrate with the atmosphere at each measurement site.
Measurements reported here were typically recorded within
two to three minutes of arrival at each site, and no
measurements were recorded after spending five minutes at
a site. Based on this protocol, operator bias is considered to
be insignificant, especially when compared to the magni-
tude of seasonal cave-air CO, fluctuations observed. The
volumes of the tourist caves are so large that operator
respiration is unlikely to have been a problem.

Total cave volume is reported for each cave in Table 1.
All volumes were estimated from survey maps and physical
measurements, and are presented here to compare relative
cave volumes. To facilitate comparison between caves
and between visits to each cave, a weighted mean CO,
concentration was calculated for each transect as weighted
mean = [(Cy; V) + (Cz Vo) + ...]1 1 V,, where Cy, is the
CO», concentration measured at site x, Vi, is the volume of
passage at site x, and V; is the total volume of transect
passages. Because cave-air CO, concentrations are both
temporally and spatially variable, the weighted means are
displayed in Figure 4 as an estimation of the magnitude
and timing of seasonal variability.
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Figure 4. Time series of volume-weighted mean cave-air CO, concentrations measured during each transect of tourist and
undeveloped caves (black squares) and outside air temperature (gray solid lines). Instrument error (5% of measurement or
50 ppm) is smaller than symbols used to represent CO, concentrations. Air temperature was measured at a National Climate
Data Center weather station located in Austin, Texas; COOP ID: 410428). For weighted mean calculation, see text. IS is
Inner Space Cavern, NBS and NBN are the parts of Natural Bridge Cavern, MR is Maple Run Cave, WP is Whirlpool Cave,

and DP is District Park Cave.

Soil thicknesses were measured above each cave by
hammering a 1.7-meter stake with a radius of 1 cm into the
soil as far as possible (Table 1). Measurements were taken
every 10 m along a 60 m transect, and a minimum of three
transects were measured above each cave. Average soil
thicknesses ranged from 23 cm above Natural Bridge
Caverns North to 42 cm above Maple Run Cave (Table 1).
Impervious cover was visually estimated by superimposing
cave maps on satellite images of the land surface above the
caves. Part of Inner Space is overlain by engineered fill for
Interstate Highway 35 that is several meters thick, and
approximately 35% of the cave is overlain by impervious
cover. Natural Bridge North is overlain by approximately
20% impervious cover, and Natural Bridge South is
overlain by approximately 10% impervious cover. There
is no impervious cover over District Park, Whirlpool, or
Maple Run caves.

RESULTS

The volume-weighted means over time of the cave-air
CO, concentrations are presented in Figure 4. Daily
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average surface temperature measured at a National
Climate Data Center weather station (COOP ID: 410428)
located in Austin, Texas, are also in Figure 4.

The concentration of CO, in the tourist and undevel-
oped caves show strong seasonal variability. The timing of
seasonal CO, fluctuations was consistent between all caves,
but the magnitude of CO, fluctuations varied considerably,
especially between the undeveloped and tourist caves. CO,
concentrations were lowest during the cooler season
(November through April) and elevated throughout the
warm season (May through October), and concentrations
generally increased with increasing distance from the cave
entrances (Fig. 5). With the exception of Maple Run and
District Park, the average CO, concentration at each
station was well correlated (R* > 0.25) with distance from
the entrance (Table 1, Fig. 6). At Maple Run there is not a
strong correlation between average CO, concentration at
each station and distance from the entrance (R> = 0.0, but
there is a stronger correlation between average CO,
concentration at each station and depth (R*> = 0.29; data
not shown). The small size and limited number of points
for District Park Cave prevented this calculation there.
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Figure 5. Representative individual warm- and cool-season CQO, transects at Inner Space Caverns (IS) and Whirlpool Cave
(WP). Mean CO, concentration measured during all transects at each station during study.

DiscussioN

REGIONAL CoNTROLS OF CAVE-AIR CO,

Cave-air CO, concentrations varied significantly in all
caves monitored. Higher CO, concentrations were measured
during the warmer months and lower concentrations were
measured during the cooler months (Fig. 4). Seasonal
ventilation differences are likely driven by density differences

between outside and cave air caused by seasonal differences
in outside temperatures. If anthropogenic effects were
responsible for the seasonal fluctuations of cave-air CO,,
then significant CO, fluctuations would only occur in tourist
caves; but large seasonal fluctuations of cave-air CO, were
observed in all caves.

Although seasonal fluctuations of cave-air CO, were
observed in the undeveloped caves and tourist caves,

Figure 6. Mean CO, concentration measured at each station versus distance from the cave entrance. IS refers to Inner Space
Cavern, NBS and NBN are the parts of Natural Bridge Cavern, MR is Maple Run Cave, WP is Whirlpool Cave, and DP is
District Park Cave. No statistically valid r* value can be presented for District Park, as there are only two stations within

the cave.
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visitation cannot be dismissed as a significant source of
CO, in the tourist caves without closer examination.
Visitation to all three tourist caves reaches a maximum
during the summer, when cave-air CO, levels are most
elevated. There are, however, two key observations that
suggest visitor respiration is not the primary control on
seasonal CO, fluctuations. Visitation rates peak in March
and July each year, but CO, concentrations remain
elevated throughout the summer and not in March; and
the highest CO, concentrations occur in Natural Bridge
South, the least visited tourist cave (Banner et al., 2007).
These lines of evidence suggest that the seasonal CO,
fluctuations observed in the tourist caves are indeed a
natural phenomenon and not due to visitation.

It is also important to note that the tourist caves use
ventilation fans to remove some of the CO,-rich air from
the caves during the summer months. No detailed record of
fan usage exists, but preliminary data from logging CO,
meters installed in both caves exhibit high summertime
cave-air CO, concentrations with no intermittent excur-
sions to near atmospheric values. Although diurnal CO,
fluctuations >500 ppm were routinely detected, the
maximum CO, concentrations were measured during the
afternoon hours, when fans were typically turned on. The
lowest CO, concentrations were typically measured during
the overnight hours, when the ventilation fans were
typically not in use. This suggests that CO, inputs are
sufficient to maintain elevated concentrations throughout
the warmer months, even though ventilation fans undoubt-
edly remove CO,-rich air from the caves. Similar diurnal
patterns were observed in all undeveloped caves for which
logging meters were deployed.

There was significant variety in the magnitude of
seasonal cave-air CO, fluctuations (Fig. 4), but seasonal
weather patterns cannot explain the inter-cave variability.
All of the caves are located within 130 km of each other
and experience similar seasonal weather patterns. Addi-
tionally, the three undeveloped caves are located within
5 km of each other and experience nearly identical seasonal
and storm-scale weather patterns, yet the magnitude and
exact timing of CO, fluctuations within these caves are not
identical, suggesting that some site-specific parameters play
a role in cave ventilation.

SiTE-SPECIFIC CONTROLS OF CAVE-AIR CO,

Soil thickness does not appear to be an important
control on cave-air CO, variability in the study area. If soil
thickness were an important control on cave-air CO,
concentrations, we would expect to see variations in the
average CO, concentrations at monitoring stations that are
overlain by thicker soils relative to other stations in the
same cave. At Inner Space, sites ISHW and ISST (Fig. 3)
are overlain by engineered fill that is several meters thick
and sites ISDC and ISLM are overlain by much thinner
soils (approximately 26 cm; Table 1). If soil thickness were
an important control on cave-air CO, variability at Inner
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Space, there would likely be a weaker correlation between
CO, concentration and distance from the cave entrance
due to the highly variable soil thickness above the cave.
Instead, there is a strong correlation (R* = 0.87) between
average CO, concentration and distance from the entrance
(Fig. 6).

The large differences in peak CO, concentrations at the
caves shown in Table 1 also suggest that soil thickness is
not a major control on cave-air CO, concentrations in the
study area. Soil type and thickness (Table 1) and extent of
vegetative cover are relatively uniform across the study
sites, with the exception of Inner Space, but peak CO,
concentrations vary by more than 30,000 ppm between
caves. This is best illustrated by comparing the north and
south parts of Natural Bridge Cavern. Vegetative cover
and soil type and thickness are nearly identical above both
caves (33 cm at Natural Bridge South and 34 cm at Natural
Bridge North), and the caves are located adjacent to one
another. Nevertheless, peak CO, values in the north cave
did not exceed 10,000 ppm at any site, while peak CO,
values in the south cave consistently exceeded 20,000 ppm
during the summer months of 2006 and were consistently
higher than the CO, concentrations in the north cave the
following two summers (Fig. 4). It is important to note that
these two caves are overlain by different amounts of
impervious cover (approximately 10% of Natural Bridge
South and 20% of Natural Bridge North), which could
account for some of the difference in peak CO,, but
probably not the magnitude observed.

The data suggest that cave volume is an important
control on the magnitude of seasonal cave-air CO,
fluctuations. With the notable exception of Natural Bridge
South during the summer of 2006, peak CO, concentrations
in the tourist caves were significantly lower than those in the
undeveloped caves (Table 1). The large passages in the
tourist caves imply a greater volume of cave under a given
area of the surface, so larger caves will require a greater flux
of CO, per unit of surface area to achieve the same
magnitude increase in CO, concentration as a smaller cave.
The soils in the study area are all similar in composition and
thickness, so it is likely that the amount of CO, production
per unit area above each cave is similar. The tourist caves
might have a greater flux of CO, into them compared to the
undeveloped caves, but the volumes of the tourist caves
relative to their surface footprints are much greater; and
therefore, the flux of CO, into the tourist caves per unit
volume may actually be less than the flux of CO, per unit
volume in the undeveloped caves. Cave-air CO, concentra-
tions in the smaller, undeveloped caves rarely dropped
below 4,000 ppm, the threshold above which Banner et al.
(2007) noticed a significant decrease in calcite growth. This
suggests that smaller caves may have higher cave-air CO,
concentrations on average, leading to less speleothem
growth than larger caves located in the same region.

In the study area, cave geometry is influenced by
stratigraphy (Russell, 2007; Hauwert, 2009). For example,



much of Maple Run Cave is within units that are more
conducive to cave formation via leaching and collapse
(Rose, 1972), and mean CO, concentration is better
correlated with depth of the monitoring stations than
distance from the entrance (Table 1). The better correla-
tion with depth might be attributed to the ease with which
air can circulate through the rock units in which the cave is
formed. Much of the cave consists of connected voids in a
collapsed rubble pile (Fig. 2). Airflow through the subsur-
face at Maple Run is likely not only through the known
cave passages, but also through the void spaces within the
rubble pile that surrounds much of the cave.

Initial results from high frequency monitoring at Inner
Space, Maple Run, and Whirlpool verify that strong
seasonal CO» fluctuations do occur in the caves monitored
with the exception of Maple Run, which did not experience
seasonal cave-air CO, fluctuations, but did experience large
diurnal CO, fluctuations (Cowan et al., 2009). The lack of
seasonal fluctuations in Maple Run can be attributed to
diurnal ventilation of the cave caused by barometric-
pressure fluctuations and its porous geologic situation.
Airspeed measurements taken at the cave reveal that a
volume of air nearly 15 times greater than the volume of
known passage flows from it during a 9-hour period. These
daily ventilation patterns in Maple Run appear to be due
to the global atmospheric tide (Melcior, 1983; Wallace and
Hobbs, 2006) that has been shown to affect cave
meteorology (e.g., Sondag et al., 2003; Bourges et al.,
2006). The apparent seasonality of cave-air CO, data taken
in Maple Run for this study that appear in Figure 4 can be
attributed to the timing of cave ventilation caused by
seasonal shifts in the atmospheric tide and the timing of the
visits, which typically occurred between 12:00 and 15:00
CST. Initial results from logging CO, meters confirm that
CO, concentrations in Inner Space and Whirlpool do
fluctuate both seasonally and diurnally. Logging CO,
meters were only deployed in Natural Bridge North for two
months and recorded diurnal CO, fluctuations there as
well.

In contrast to Maple Run, Whirlpool, Inner Space, and
Natural Bridge North are formed in stratigraphic units
known for lateral cave development (Hauwert, 2009), and
CO, concentrations in these caves is well correlated with
distance from the entrance (Fig. 6). It is important to note
that the undeveloped caves are in different stratigraphic
units than the tourist caves (Fig. 2), and it is likely that the
stratigraphic characteristics of the hosting and overlying
units affect the ventilation and CO, inputs of the caves.
Therefore, it is possible that the smaller seasonal cave-air
CO, fluctuations in the tourist caves could be attributed to
the stratigraphic units that the caves are located in, not
their larger volumes. While the data suggest that strati-
graphic control promoting horizontal or vertical develop-
ment does influence the spatial variability of CO, within
the caves, more monitoring of a larger number of caves in a
wide range of stratigraphic units is needed to fully
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understand the relative importance of this control on
cave-air CO,.

With the exception of Maple Run Cave (and maybe
District Park, for which very limited data are available),
cave-air CO, concentrations were correlated with distance
from the cave entrance (Fig. 6). This is likely related to
ventilation efficiency. As cooler outside air flows into a
cave, it will come into contact with the cave walls, which
remain at a relatively stable temperature year-round. As
the denser outside air is continually warmed by the cave
walls, its density will decrease and ventilation will become
less efficient with distance from the entrance.

IMPLICATIONS FOR SPELEOTHEM PALEOCLIMATE STUDIES

Recent studies have proposed that there is potential for
bias in the speleothem paleoclimate record due to changes
in deposition rates and drip-water chemistry caused by
cave-air CO, fluctuations (Spotl et al., 2005; Banner et al.,
2007). This bias may affect speleothem proxies such as
growth rate and isotope and trace element geochemistry
(Baldini et al., 2008; Wong et al., 2011). These studies
highlight the need to better understand the causes of cave-
air CO, fluctuations, on what time scales the fluctuations
occur, and whether cave-air CO, fluctuations occur on a
regional scale or are specific to individual caves. The
findings presented herein suggest that seasonal cave-air
CO, changes are a regional phenomenon caused by
seasonal differences in cave ventilation. Elevated CO,
concentrations were detected in all caves during the
warmer months, and lower concentrations during cooler
months. This observation implies that even in regions
where paleoclimate proxies are reproducible among spa-
tially separated sites in a region, seasonal fluctuations of
cave-air CO, may cause a seasonal bias in the speleothem
paleoclimate record.

Speleothem growth-rate is often used as a proxy for
rainfall. It is typically assumed that growth-layer thickness
and hiatuses in growth are controlled by drip rate, which is
controlled by changes in rainfall (Baker et al., 1993; Genty
and Quinif, 1996; Qin et al., 1999; Musgrove et al., 2001;
Polyak and Asmerom, 2001). It is likely that this
assumption is valid in many instances, but there is evidence
that high cave-air CO, concentrations can inhibit spe-
leothem growth rates (Banner et al., 2007; Baldini et al.,
2008), so the possibility should be considered that a growth
rate proxy may be affected by cave-air CO, variations.

Cave-air CO, fluctuations may also affect the trace-
element composition of speleothems, which has also been
used as a proxy for rainfall. In caves where trace-element
composition in drip water varies seasonally, periods of
non-deposition due to high cave-air CO, concentrations
might cause speleothem calcite composition to be biased
toward times when cave-air CO, is lower and speleothem
growth is faster. Precipitation of calcite from the water
upgradient from the point where a speleothem is being
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deposited has been shown to affect the concentration of
trace elements in speleothem-forming drip water (Fairchild
et al., 2006; Mattey et al., 2010; Wong, 2008) and might be
reflected in the speleothem record. As modeled by Wong et
al. (2011), a speleothem with a pattern of seasonally
varying trace-element concentrations due to seasonal cave-
air CO, fluctuations might be incorrectly interpreted as
reflecting changes in rainfall or vadose flow paths.

Carbon and oxygen stable isotope variations are
commonly used as proxies for vegetation and rainfall
amounts and temperature. Similar to the bias in trace
element proxies, stable isotope variations may also preserve
a bias that would affect the accuracy of climate interpre-
tations (Baldini et al., 2008). Studies have shown that §'*C
and 6'%0 values respond not only to environmental
changes, but also to in-cave processes as well. Drip-water
may undergo significant kinetic isotope effects due to rapid
CO, degassing or Rayleigh distillation that causes depar-
tures from equilibrium isotope fractionation between
HCO; and CaCOj; (Mickler et al., 2004, 2006). Because
the rate of drip-water degassing is largely controlled by the
difference between the pCO, of the drip water and cave air,
the magnitude of departure from equilibrium isotope
fractionation, may change as cave-air CO, concentrations
fluctuate. In fact, a study of a modern stalagmite by
Mattey et al. (2010) showed that annual growth lamina
preserved seasonal 0'°C and 6'%0 cycles that were
attributed to cave ventilation. If this effect is not accounted
for, then changes in the 6'°C and 6'®0 composition of
speleothems might be incorrectly interpreted as reflecting
climatic changes and not in-cave processes.

Although seasonal cave-air CO, fluctuations could
introduce bias into the speleothem climate record, these
fluctuations may also leave seasonal markers in speleothem
calcite growth layers, which could greatly increase the
resolution of paleoclimate reconstructions. With advances
in analytical techniques, such as laser-ablation inductively
coupled plasma mass spectrometry, it may be possible to
achieve annual or sub-annual resolution from speleothems
deposited in caves that experience seasonal CO, fluctua-
tions. This is an exciting prospect considering that some
speleothem records cover the past 200,000 years (e.g.,
Wang et al., 2008).

SUMMARY AND CONCLUSIONS

The results of nearly 150 lateral transects into six caves
over three years show that CO, concentrations vary
seasonally in all of the caves monitored, with peaks in
CO, concentration in the warmer months and lower
concentrations in the cooler months. These seasonal CO,
fluctuations are attributed to seasonally variable cave
ventilation that is controlled by outside temperature
fluctuations. Cave-air CO, concentrations are lowest in
the cooler months due to stronger ventilation. In the cooler
months, when the outside air is cooler and denser than the
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cave-air, outside air sinks into the cave and mixes with the
CO,-rich cave air, causing a decrease in the cave-air CO,
concentration. In the warmer months, when the outside air
is less dense, cave ventilation becomes much weaker and
CO, concentrations increase.

Seasonal CO, fluctuations in the study area do not
appear to be caused by anthropogenic influences such as
cave visitation. If anthropogenic influences were control-
ling seasonal CO, fluctuations in the study area, it would
be unlikely that seasonal CO, fluctuations would occur in
the undeveloped caves, as they have not been modified
greatly and receive a relatively small number of visitors.
Instead, the largest CO, fluctuations were observed in the
undeveloped caves. The timing of peak CO, concentrations
in the tourist caves does not coincide with visitation, which
peaks in March and July each year. Instead, CO,
concentrations remain elevated throughout the summer
and September. Additionally, the highest CO, concentra-
tions occur in Natural Bridge South, the least visited
tourist cave.

Seasonal fluctuations occurred regardless of cave
volume, geometry, depth, soil thickness, and hosting
stratigraphic unit. Significant seasonal CO, fluctuations
were measured in all caves, but the magnitude of CO,
fluctuations does appear to be influenced by cave volume
and geometry. In general, the peak CO, concentrations in
the smaller caves were much greater than peak concentra-
tions in the larger caves. Additionally, the caves are located
in seven distinct stratigraphic units. Portions of Inner
Space are overlain by engineered fill that is several meters
thick, but significant CO, fluctuations were nevertheless
measured there.

It is important to note that the presence of seasonal
CO;, fluctuations does not necessarily indicate that seasonal
variations in calcite deposition rates are occurring. The rate
of calcite deposition is dependent on the interplay of
multiple factors, including temperature, CO, concentra-
tion, relative humidity, the concentration of calcium in the
drip water, and the drip rate. The CO, concentration in
some caves was seldom below 4,000 ppm, the concentra-
tion at which Banner et al. (2007) observed a decrease in
calcite precipitation.

To understand modern and ancient changes in spe-
leothem deposition, it is essential that the mechanisms
controlling cave ventilation be understood in greater detail.
Future research should focus on seasonal and short-term
(e.g., diurnal or storm scale) variations in cave ventilation
and the influence of ventilation on disequilibrium calcite
precipitation or periods of cessation of calcite deposition. It
is clear that continuous monitoring with logging CO, meters
will help address the complexities of cave ventilation.
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HIGH RESOLUTION SEISMIC REFLECTION METHODS
TO DETECT NEAR SURFACE TUFF-CAVITIES:
A CASE STUDY IN THE NEAPOLITAN AREA, ITALY

VINCENZO D1 FIOoRE!, ANTIMO ANGELINO!, SALVATORE PASSARO™, AND ANGELO BONANNO?

Abstract: The Neapolitan region of Italy is plagued by the presence of shallow man-
made cavities in lithoid tuffs that cause problems for communities because they produce
building damages and loss of human lives. A high resolution P-wave seismic-reflection
technique was successfully used to define a cavity 6 m by 10 m in horizontal dimensions
and with a height of about 6 m located in a tuff layer 10 to 19 m below ground level. Such
a cavity was located at Afragola (near Naples) where the local geology is typical of the
Neapolitan area. The seismic dataset was acquired by using end-on spread geometry,
with 0.25 m spacing for shots and 0.5 m for receivers. The application of band-pass
filtering (30-150 Hz) allowed us to remove incoherent noise from the data, while an
additional equivalent slope (Vs ') of 0.005 s m™~ ! cut in the FK transform results in
ground-roll noise removal. Both the acquisition and processing methods have been

necessary to investigate and define the shape and dimensions of the targeted cavity.

INTRODUCTION

An important problem in civil engineering is the detec-
tion of natural and man-made cavities, because they often
produce subsurface subsidence and collapses. This problem
is particularly frequent when dealing with karst terranes,
where natural cavities are formed from rock dissolution. Of
course, the detection of cavities is mainly carried out by
using geophysical prospecting methods, but the interaction
of several factors, such as porosity, groundwater, locally
complex geological contexts, and logistics may result in
severe uncertainty as to the best choice for geophysical
techniques. Electrical-resistivity tomography may be appro-
priate in dolomitic rocks (e.g., van Schoore, 2002) as well as
in masses of flysh (e.g., Panek et al., 2010), while ground-
penetrating radar gives optimal results for shallow cavities in
the absence of groundwater (Grandjean and Leparoux, 2004)
or in glacial environments (Taurisano et al., 2006). High-
resolution seismic-reflection methods can be used to detect
shallow cavities. The extreme contrast of elastic properties
between a water- or air-filled void and the surrounding rocks
provides an excellent reflecting interface. Several authors
(Hunter et al., 1984; Branham and Steeples, 1988; Steeples
and Miller, 1987, 1990; Miller and Steeples, 1991; Bruno and
Rapolla, 1997; Inazaki et al., 2004) applied high resolution
reflections of seismic P-waves to detect cavities, including
evaluating the risk of an active sinkhole located at 7 m depth
in 0.6 m thick coal seam (Miller and Steeples, 1991). Inazaki
et al. (2004) successfully applied the seismic-reflection
technique to detect cavities smaller than 2 m in diameter
located 5 to 10 m in depth.

However, many authors suggest the use of more than one
geophysical prospecting technique to reduce the ambiguities
inherent in each method (Pueyo-Anchuela et al., 2010;
Frumkin et al., 2011).

In the Campanian Region and in the Neapolitan area,
in particular, there are several sites characterized by the
presence of shallow cavities between 10 and 50 meters in
depth in lithoid tuff that was extensively quarried in
historical times for building materials. We designed a high-
resolution seismic-reflection survey to maximize the
potential for detection of the shape and dimensions of a
lithoid tuff cavity located at Afragola, Naples. Shallow
voids in tuff in urbanized areas are a known problem in the
Campanian Plain, and they often produce heavy damages
and loss of human lives as a consequence of collapses, such
as that at Casalnuovo di Napoli in August 2011, the last
fatal event. Cavities are often located in the urban areas
and buildings are located above them. Therefore, they
represent a clear threat to the stability of the buildings, as
can be seen by the large number of edifices damaged by
collapse into the cavity underneath. Often the locations of
the cavities are unknown, because they are not recorded,
location maps are not available, or access holes are
concealed. Some cavities are located at small sites in
urbanized areas where it is difficult to use geophysical
methods such seismic refraction or electrical resistivity. A
search for these cavities is important to reduce the risk; and
therefore, it is important to develop a non-invasive survey
method.

A seismic profile was acquired for this cavity by using
specifically adapted parameters to allow for the best result
for the investigated area. The result obtained was
compared with the theoretical model using the finite
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Figure 1. Distribution of the Ignimbrite Campana geological formation, a diffuse lithoid tuff, in the Campanian Plain
(modified after Ortolani and Aprile, 1985). Contours are the top of the formation with respect to mean sea level.

differences method (Kelly et al., 1976; Kelly and Marfurt,
1990).

CASE STUDY IN THE NEAPOLITAN AREA

The study area belongs to Roman Volcanic Province
(Ghiara et al., 1979), a K-alkaline volcanic area in which
the activity started in the late Pliocene and early
Pleistocene as a result of a regional strain field along
northeast-southwest and, subordinately, northwest-south-
east fracture systems. The main products of explosive
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events that occurred in this area are the Green Ischia
Ignimbrite (age 55 Ka; Vezzoli, 1988), the Ignimbrite
Campana (age 39 Ka; De Vivo et al., 2001), and the
Neapolitan Yellow Tuff (age 14.5 Ka; Deino et al., 2004).

The Ignimbrite Campana, or Campania Gray Tuff, is a
widespread tuff formation (Fig. 1) often outcropping in the
Campania Plain. It is located above the transitional marine
deposits related to the isotope sub-stage 3.3, dated 55 to
50 ka B.P. (Romano et al., 1994). The Ignimbrite Campana
represents the largest volcanoclastic formation of the
Quaternary in southern Italy, and it extends over an area
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Figure 2. Field geometry and the P-wave velocity profile
obtained by seismic downhole survey. The location of the
CDP 8.875 m is shown.

of approximately 10,000 km?. Figure 1 shows the trend of
the top of the formation; it increases in depth in the areas
surrounding the Campanian Plain towards the Volturno
River.

To verify the effectiveness of the high resolution
seismic-reflection method, we acquired a seismic dataset
on a site with a known cavity. This site was located at
Afragola, near Naples, where the local geology is typical of
the Neapolitan area.

The cavity was man-made for the extraction of building
material, and its presence was known before the seismic
survey. Speleologists roughly mapped it. It has a vaulted roof
with the top at about 10 m depth, overlain by 1m of lithoid
tuff and 9 m of incoherent pyroclastic deposits (Fig. 2). Its
horizontal extent is 6 by 10 m, and it is approximately 6 m
high (Figs. 2 and 3). The arch of the ceiling is about 1 m deep.
It lies in tuff material that has a thickness of 10 m.

The data were recorded by a 24-bit, 24-channel
seismograph (Geode-Geometrics) in SEG2 format. An
anti-alias filter was applied with a 40 dB/octave roll-off
with a —40 dB point of 2000 Hz. A hammer-shaped seismic

V. D1 FiorE, A. ANGELINO, S. PASSARO, AND A. BONANNO

source was adopted to reduce the risk related to wave
propagation, since the data were recorded inside the city
and fairly close to the surrounding buildings. The dataset
was acquired using an end-on spread geometry (e.g.,
Sheriff and Geldart, 1995). The source interval was set to
0.25m, while the receiver spacing was 0.5 m (Fig. 2). The
whole data acquisition consisted of thirty shot records. All
horizontal distances were converted to the absolute scale
of Figure 2. The acquisition parameters are summarized in
Table 1. Figure 4 shows four raw shot gathers acquired at
the site.

To improve the velocity-analysis control, we also
carried out a downhole survey. For this, we utilized a hole
of 30m deep conditioned for the borehole test. The
equipment consisted of a 24-bit seismograph equipped with
double 3D geophones at 10 Hz, arranged in an X-Y-Z
pattern separated by 1 m. The two orthogonal, horizontal
geophones were used to detect shear-wave (S-wave) arrivals,
while the vertical geophone was used to detect compres-
sion-wave (P-wave) arrivals. The downhole P-wave source
consisted of a hammer and an aluminium plate. To produce
an identifiable S wave, the source should transmit energy
to the ground with a particle motion transverse to the axis
of the survey. We used an impulsive metal-beam S-wave
source, a repeatable and reversible source. In the field, we
applied a stack of three traces for any record.

DATA PROCESSING AND RESULTS

Weak features with low frequency and amplitude found
in shot records are an indirect indication of the presence of a
subsurface cavity. In addition, the presence of a subsurface
cavity breaks off a reflected horizon in the seismic section
when located near in depth to the reflecting horizon.
Figure 5 reports shows the two-step seismic-sequence
processing used. The main purposes of the applied
processing are to increase the signal-to-noise ratio and the
vertical and horizontal resolution. Both horizontal and
vertical resolutions are controlled by the spectral content
of the seismic signal. We know that the threshold for verti-
cal resolution generally is one quarter of the dominant
wavelength (Yilmaz, 1994). Horizontal resolution is how
close two reflecting points can be situated horizontally and
yet be recognized as two separate points rather than one.

The area that produces the reflection is known as the
first Fresnel zone. Two reflecting points that fall within the
Fresnel zone are indistinguishable on the seismograms. The
Fresnel zone depends on wavelength and depth of the
reflecting interface (Yilmaz, 1994).

DATA PROCESSING

Preliminary processing was performed to obtain a
preliminary stacked section, essential to establishing the
main sequence of processing. Our data were processed on
a Linux machine using Seismic Unix software of the
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Figure 3. Site map located in Afragola, near Naples. The filled areas indicate the buildings, the white areas are open spaces.
DH is the location of the down-hole survey that provided a 1D P-wave velocity field in Figure 2 and Table 2. The approximate
outline of the mined cavity is shown, as is the route of the seismic line shown in Figure 2.

Colorado School of Mines (Center for Wave Phenomena,
2007). The processing was carried out using a basic CDP
seismic-processing technique. A first check of the dataset
was performed to estimate the data’s quality. Top and
surgical muting were applied to remove noise detrimental
to the reflection events. Muting was concentrated in time
and offset windows rich in refraction, direct wave, and
airwave energy. Even though topography of the acquisition
area was flat, the static corrections routine was used to
minimize the effects of near-surface irregularities. In this

Table 1. Acquisition parameters P-wave.

Parameter Specifics
Channels 24

Geophone interval 0.5 m

Geophone type 40-Hz vertical

Shot interval 0.25 m

Number of shots 57

Source 10-kg mallet on vertical steel plate
CDP bin size 0.125 m

Maximum fold 24

Recording system Geometrics Geode
Sample rate 0.250 ms

Record length 0.50 s
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paper, we replaced conventional datuming static time shift
correction with wave equation datuming (Dobrin, 1976).

DATA FILTERING

A second-order Butterworth filter (—12 dB) was applied
to remove the incoherent low-frequency noise. A bandpass
filter was designed by a low cut-off frequency at 30 Hz
and a high cut-off frequency at 150 Hz. The filtering was
carried out by spectral analysis on the raw trace. An
additional frequency wave number (FK) filtering was
applied to the dataset to remove the ground roll noise
from data, since this feature has low apparent velocity, and
thus, can be easily removed in the FK domain. The
fundamental parameter in FK filter design is the slope of
the velocity that is to be removed or kept. Generally, in this
soil type the ground roll has low apparent velocity, about
200 to 300 m/s. For this reason, taking the surface wave
velocity Vs as 200 m s~ ', we used an equivalent slope
(Vs™!) of 0.005 s m ™! as the fan filter.

VELOCITY ANALYSIS

Velocity analysis was performed to estimate velocities
for normal-move-out correction. Figure 6 represents an
8.875 m CDP_X having a maximum fold of fifteen traces
(Fig. 2). The left panel of Figure 6 shows a raw CDP
gather, where the ground-roll noise masks both the
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Figure 6. Comparison of CDP_X (8.875 m; fold=15) gather between raw data (on the left) and processed data (on the right). Note
the improvement of the CDP_X data shown on the right panel, where is possible to detect the reflection and diffraction phases.

reflections and the diffractions. The right panel of Figure 6
shows the same data after the application of the processing
sequence of Figure 5. Because of the higher attenuation of
the ground roll, the data appear with a higher signal-to-
noise ratio. The velocity was estimated by applying a
semblance velocity analysis panel that provided a velocity
field similar to the down-hole velocity field (Fig. 7) that
was used as a guide to improve the choice of the best
coherency peaks in the semblance panel. At this point, an
unmigrated stack section was obtained that clearly shows
the signal-to-noise ratio increasing due to the processing
sequence applied (Fig. 8). In this stacked section, the
diffraction is located at the CDP_X 8.875 m and at about
40 ms Two Way Time (TWT).
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FORWARD MODELLING

A seismic forward modeling method was applied to the
velocity model of Figure 2 to compare the field data with the
theoretical data. The main advantage of using finite-
difference methods in seismic modeling is that they produce
the complete wave field. The different wave-types (reflections,
refractions, etc.) generally will appear in the computed
solution with correct amplitudes and phases.

The finite difference method is a numerical method for
solving partial differential equations, and it can be applied
to seismic motion to compute the displacement at any
point in the given geological model (Kelly et al., 1976). It
can be applied both at the ground surface, for generat-
ing synthetic seismograms to be used for comparison with
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Figure 7. (A) Downhole velocity interval; (B) downhole velocity interval converted to TWT; (C) Semblance function for the
CDP_ 8.875. Note the good quality of the velocity spectrum with respect to the downhole (TWT) velocity profile. CDP_8.875

location is also shown in Figure 2.

recorded data, and at depths, for doing wave-field
extrapolation or downward continuation. The code used
to obtain the forward modeling was slightly modified from
the one proposed by Kelly and Marfurt (1990). In the
analysis, we used the same geometry and sorted parame-
ters. Table 3 reports the parameters used to carry out the
synthetic seismic section of Figure 9.

Because of the small source interval (0.25 m), the
diffraction move-out is very small and the ground roll is
almost absent. In fact, the ground roll is present at low
frequency (i.e., at low wave number). Figure 9 illustrates
the unmigrated stacked section obtained by using the
synthetic dataset. We can see a clear similarity with the
stacked section of Figure 8, with a diffraction located in
correspondence of the CDP_X 8.875 m and at 40 ms TWT.

DiscussioN AND CONCLUSIONS

The aim of this research was to locate shallow cavities
located in a lithoid tuff layer characterized by a strong
contrast in terms of acoustic impedance. The application of
the processing sequence was essential to locate the
diffraction hyperbola caused by the cavity, because it
doesn’t appear clearly in the raw data (Fig. 8). A dif-
fraction located over this horizon at about 40 ms TWT, and
identifiable thanks to the presence of hyperbolic feature on
the stacked section, is related to the presence of the cavity
located at 10 m depth below ground level. To validate our
results, the experimental data were compared with a
theoretical section obtained by synthetic data (see Table 3).
To obtain the synthetic seismic section, we used the model

and the field velocity obtained by a down hole survey in
Figure 7, and reported in Table 2. The features related to
the diffraction hyperbolas in the theoretical and experimen-
tal data have a similar character on the unmigrated stacked
sections. There is only a small horizontal shift when
comparing the theoretical and experimental data, probably
due to slight horizontal velocity variation. The void related
to the cavity was well represented on the seismic section; and
therefore, the high resolution seismic-reflection method can
be useful for detection of cavities located in lithoid tuff
material.

To make this detection possible, however, specific
techniques must be employed. These are: 1) a short
geophone spacing, which helps to improve data filtering
and results in a better reduction of the ground roll signal
and also helps to decrease CDP distance; 2) a short
distance between shots, which increases the fold; 3) high-
frequency detectors, which reduce ground-role power and
increase signal resolution; 4) a 24-bit resolution seismo-
graph; 5) adequate data processing, which should include
the choice of optimal frequency and FK filters, in our case
the adoption of an equivalent slope 0.005 s m ™' cut in the
FK transform that resulted in successful ground-roll noise
removal; and 6) whenever possible, the application of
forward modeling to compare experimental with theoret-
ical data and strengthen the obtained results.

Although the data clearly show the cavity, the void
signal appears essentially as a perturbation on a stronger
reflection, and thus, it is relatively subtle if compared to
the background geology. Thus, seismic reflection is shown
to be a suitable method for the detection of cavities in
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Table 2. Wave velocities determined from downhole data and
also used in the calculation of the synthetic data in Figure 9.

V. D1 FIorE, A. ANGELINO, S. PASSARO, AND A. BONANNO

Table 3. Parameters used to carry out the synthetic
seismic section.

1

Depth, m P-wave velocity, m s~ Boundary Condition at Interfaces Reflecting
0.00-1.50 400 Depth of field for modelling 20 m
1.50-9.00 450 Type source Point source model
9.00-19.00 1500 Windows time length 500 ms
19.00— oee 700 Type of source wavelet Minimum phase Ricker
Fundamental frequency Peak 50 Hz
. . . . Richer
locations where v.01ds occur in relatlvel.y .homogeneous Grid factor for step in finite 0.5 ms
background materials, but voids may be difficult to resolve difference

if host rock has other heterogeneities.
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CHAETASPIS ATTENUATUS, A NEW SPECIES
OF CAVERNICOLOUS MILLIPED FROM
ARKANSAS (DIPLOPODA: POLYDESMIDA:
MACROSTERNODESMIDAE)

JurLian J. LEwist AND MicHAEL E. StAy:

Abstract:

This description of Chaetaspis attenuatus, new species, from two caves in

northern Arkansas brings the total species assigned to the genus to six. Chaetaspis
attenuatus occurs approximately 100 kilometers to the southeast of its sister species C.
aleyorum that occurs in southwestern Missouri.

INTRODUCTION

Five species have been assigned to the genus Chaetaspis,
a group of minute millipeds occuring in caves and edaphic
habitats in the eastern United States (Lewis, 2002). The
genus was erected by Bollman (1887) for Chaetaspis albus,
which he described from an unspecified locality in
Bloomington, Monroe County, Indiana, and subsequently
reported from a locality in Little Rock, Arkansas (Bollman
1888). Bollman’s description did not include illustrations of
the gonopods, a deficiency that was rectified by Lewis
(2002), who examined material from Indiana, Kentucky,
Tennessee, Alabama, Mississippi, and Virginia.

Antriadesmus fragilis was described by Loomis (1943)
from a female specimen collected in White’s Cave, Mammoth
Cave National Park, Kentucky. Causey (1959) described A.
debilis from material collected in Walker Spring Cave, Wayne
County, Tennessee, and 4. mollis from Cumberland Caverns,
Warren County, Tennessee. Hoffman (1979) synonymized
Antriadesmus with Chaetaspis and placed the genus in the
family Macrosternodesmidae based on gonopod similarities.
These cavernicolous species remain poorly known, although
C. mollis was found in Camps Gulf Cave, Van Buren County
(Lewis, 2002), and C. fragilis was reported from a cave in
Pulaski County, Kentucky (Lewis and Lewis, 2005).

Causey (1950) also described Chaetaspis ohionis, but
this species remains somewhat of a mystery. The type
material was apparently lost and Hoffman (1999) stated
that the species was not a Chaetaspis, and possibly not even
correctly placed in the same family.

Lewis (2002) described the first cavernicolous species of
the genus from the Ozarks, Chaetaspis aleyorum, from
Tumbling Creek Cave, Taney County, Missouri.

In this paper the term exomere adopted by Shear et al.
(2009) from Djursvoll (2008) is followed and applied to
the part of the gonopod called the “posterior prefemoral
process’” by Lewis (2002) and “process B of Shear and
Shelley (2007, 2008).

The species below from northern Arkansas is the second
cavernicolous Chaetaspis species described from the Ozark
Plateau physiographic province.
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Order Polydesmida Pocock, 1887
Family Macrosternodesmidae Brolemann, 1916
Chaetaspis attenuatus Lewis, new species
Figs. 1-5
Antriadesmus sp.—McDaniel and Smith, 1976: 59.
Chaetaspis undescribed species 1.—Lewis, 2002: 105, 108.
Material examined—Arkansas: Independence Co.,
Cushman Cave, approximately 2 km west of Cushman, 5
October 1974, G.L. Harp; same locality, 19 October 1974,
V.R. McDaniel; same locality, 9 July 2008, M. Slay, M. D.
Kottmyer; Izard Co., Clay Cave, approximately 10 km
southwest of Melbourne, 10 July 2008, M. Slay, M. D.
Kottmyer. A dissected male from Cushman Cave is the
holotype, the other specimens from that locality are
paratypes. All specimens deposited in the Florida State
Collection of Arthropods, Gainesville.
Diagnosis—Separable from all species assigned to
Chaetaspis, except C. aleyorum, by the solenomere of
acropodite tapering to a terminal disc covered with setules
and denticles. The gonopod exomere of C. attenuatus
tapers to a single point in lateral aspect, in contrast to the
club-like shape in C. aleyorum that increases in size, then
is slightly bifurcate apically. The proximal acroprodite
is lower, non-alate in anterior or posterior aspect in
comparison to the distinctly alate structure in C. aleyorum.
Description—Holotype approximately 5.3 mm long,
0.45mm wide, unpigmented, white in appearance, body
filiform, approximately 12x as long as wide. Head wider than
collum, epicranial suture distinct. Antenna densely setose,
article 6 longest, clavate, with row of microsensilla along distal
margin, articles 2-4 subequal, about 0.70x as long as article 6,
article 7 tapering to apical disc, 4 sensory cones present.
Collum broadly rounded anteriorly (almost semi-
circular), subequal in width to segment 2, with transverse
rows of setae; segments 3 and 4 slightly smaller than 2 and
5; segment 7 approximately 1.7x length of preceding
segment; metatergites with three rows of setae; lateral
margins of pregonopodal paranota slightly undulate,

"Lewis & Associates LLC, Cave, Karst & Groundwater Biological Consulting,
17903 State Road 60, Borden, IN 47106-8608, lewisbioconsult@aol.com
2The Nature Conservancy, 601 North University Avenue, Little Rock, AR 72205
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Figures 1-5. Chaetaspis attenuatus, holotype, Cushman Cave, Independence County, Arkansas: (1) gonopod, posterior; (2)
gonopod, lateral; (3) gonopod, anterior; (4) antenna, setae omitted; (5) ornamentation of terminal segments (specimen bent to left).

post-gonopodal paranota slightly dentate; posterior lateral
corners of anterior segments rounded, becoming progres-
sively more produced on posterior segments, becoming a
distinct tooth-like lobe directed posteriad in segments 17—
19. Posterior margin of segments unmodified on anterior
segments except for row of setae along margin, in segments
18-19 with a row of produced, rounded projections
directed posteriad, each bearing a seta.

Gonopod, coxae subglobose, cannula prominent, prefe-
mur setose. Acropodite with solenomere slender, cylindrical,
apical disc with numerous minute denticles and setules,

anteriad to proximally broad process that terminates in mesial
and lateral lobes; exomere tapering distally to an acute point.
Females to approximately 6.5 mm, width approximate-
ly 0.55 mm. Nonsexual characters as in male.
Distribution—Chaetaspis attenuatus 1s known from
Cushman and Clay Caves in northeastern Arkansas
(Fig. 6). These caves were formed in limestone of Ordovi-
cian age that occurs along the southern margin of the Salem
Plateau section of the Ozark Plateau physiographic prov-
ince. The caves occur along the northeastern side of the
White River, separated by approximately 100 km from the
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Figure 6. Distribution of Chaetaspis species (top) and detail for C. attenuatus and C. aleyorum (below).
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only known locality of the sister species C. aleyorum in
Tumbling Creek Cave, Taney County, Missouri.

Ecology—Cushman Cave is notable for its large
entrance from which emerges a perennial stream. The cave
has 2100 meters of mapped passages. In Cushman Cave the
millipeds were collected in the dark zone, mostly under
rocks lying in undisturbed soil or in woody organic debris.
On 9 July 2008 the air temperature 2 cm above the
substrate varied from 14.6 to 15.3 °C at four stations
measured in the dark zone; Chaetaspis attenuatus occurred
at three of these stations. Relative humidity at the same
sites ranged from 88 to 94%. Other troglobionts observed
in proximity to C. attenuatus included the milliped
Causyella causeyae Shear, a pseudoscorpion Apochthonius
sp., the isopod Brackenridgia ashleyi Lewis, unidentified
linyphiid spiders, and rhagidiid mites.

Clay Cave receives a great deal of water during heavy
precipitation, but there is not a perennial stream. Approx-
imately 300 meters of passage are known in the cave.
Chaetaspis attenuatus was found in the dark zone under
leaf litter and associated with rotting wood. The millipeds
occurred at all four stations for which temperature and
humidity data were recorded on 10 July 2008. Temperature
2 cm above the floor varied from 56.0-59.5 degrees F. and
relative humidity ranged from 86 to 95%. Other terrestrial
taxa included the milliped Causyella causeyae, the isopod
Brackenridgia ashleyi, the beetle Ptomaphagus cavernicola
Schwarz, a harvestman Crosbyella sp., a collembolan
Tomocerus sp., and rhagidiid mites.

Etymology—The name attenuatus is from Latin refer-
ring to the tapering gonopod exomere.

Chaetaspis sp.

Material examined—Arkansas: Marion County, Forest
Trail Ridge Cave, Buffalo National River, National Park
Service, 12 June 2008, Michael E. Slay, D. Fong, and M.
Kottmyer; Stone County, Double Barrel Cave, Ozark-St.
Francis National Forest, U.S. Forest Service, 31 March
2002, G. Graening, D. Fenolio, and C. Brickey. Oklahoma:
Cherokee County, cave identified as CZ-18, 29 January
2002, G. Graening, D. Fenolio, and S. Hensley.

Notes—These records represent localities for Chaetaspis
populations from which males, necessary for identification,
have not yet been found. The Forest Trail Ridge Cave and
Double Barrel Cave localities are zoogeographically
interesting since they occur on the southwestern side of
the White River, whereas C. aleyorum and C. attenuatus are
only known from caves on the northeastern side.

Lewis (2002) reported an undescribed Chaetaspis collected
by R. C. Harrel on 3 July 1959 from an unspecified cave in
Murray County, Oklahoma. It is likely that this “unspecified
cave” is actually Wild Woman Cave, where Harrel (1960,
1963) was investigating the invertebrate community. Indeed,
Harrel (1963) reported on a new species of Antriadesmus (=
Chaetaspis) from Wild Woman Cave that was being studied
by Nell Causey. This is postulated should the need arise to

J.J. LEwis AND M.E. SLAy

collect additional material of the undescribed Oklahoma
Chaetaspis reported in Lewis (2002). Wild Woman Cave
occurs in the Arbuckle Mountains, a geographically isolated
karst region of Oklahoma, and represents the only known
location of Chaetaspis in Oklahoma, as well as the most
westerly population of the group.
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CAECIDOTEA INSULA, A NEW SPECIES OF
SUBTERRANEAN ASELLID FROM LAKE ERIE’S SOUTH
BASS ISLAND, OHIO (CRUSTACEA: ISOPODA: ASELLIDAE)

JuLiaN J. LEwis
Lewis & Associates LLC., Cave, Karst & Groundwater Biological Consulting, 17903 State Road 60, Borden, IN 47106-8608, lewisbioconsult@aol.com

Abstract:

Three species of obligate subterranean asellids were previously known from

Ohio, all assigned to the stygia Group of the genus Caecidotea: C. stygia, C.
filicispeluncae, and C. rotunda. Caecidotea insula, n. sp., is described here from two
caves on South Bass Island, Ottawa County, Ohio. This island is only 7 km from the
Canadian border. The new species is assigned to an assemblage proposed here as the
forbesi Group, which includes the epigean species C. forbesi, C. racovitzai, C. attenuata,
and C. obtusa. Evidence suggests that C. insula evolved as the result of a groundwater
invasion by ancestral C. forbesi during the late Pleistocene.

INTRODUCTION

Three species of obligate subterranean asellid isopods
were previously known from Ohio, all associated with karst
habitats along the southern edge of the state (Fig. 1). Each
are members of the stygia Group of the genus Caecidotea
(Steeves, 1963; Lewis, 1988) containing C. stygia, C.
filicispeluncae, and C. rotunda. Caecidotea stygia is one of
the most widespread subterranean isopods in the eastern
United States with a range extending from southern
Indiana through Kentucky into northern Tennessee and
west through southern Illinois to east-central Missouri.
It was redescribed from specimens on the eastern edge of
its range collected in southwestern Ohio (Bowman and
Beckett, 1978). Caecidotea filicispeluncae was described
from Fern Cave, Adams County (Bowman and Hobbs,
1983) and is endemic to that site. Caecidotea rotunda was
described from collections in southern Ohio and south-
eastern Indiana (Bowman and Lewis, 1984).

The discovery of an obligate subterranean isopod in
caves on South Bass Island, only 7 km from the Canadian
border, in Lake Erie is remarkable for its occurrence there.
Peck (1998) listed only four obligate subterranean species
in Canada, and none were known from east of the Rocky
Mountains. The potential for discovery of obligate
subterranean organisms in eastern Canada should not be
dismissed, especially in hyporheic and epikarstic habitats.
As a case in point, the new isopod was taken from a pool
collecting water dripping in from the epikarst.

FAMILY ASELLIDAE
Cuaecidotea Packard, 1871
forbesi Group (new species group)

Diagnosis of male—Eyes and pigmentation present or
absent. Palmar margin of pereopod 1 propodus with median
triangular process. Pleopod 1 subequal or shorter than
pleopod 2, exopod distal margin with short, non-plumose
setae. Pleopod 2, exopod, distal article ovate, large in
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relation to and longer than endopod, widest along mid-
length, with numerous elongate plumose setae along
margins; endopodite tip with broadly rounded, sclerotized
caudal process, cannula relatively short, blunt, extending
parallel to axis of endopod, mesial process present.

The following species are assigned to the forbesi Group:
Caecidotea forbesi, C. racovitzai, C. obtusa, C. attenuata,
and C. insula.

Caecidotea insula, new species
Figures 2-3

Material examined—OHIO: Ottawa County, drip pool
in Kindt’s Cave I, town of Put-in-Bay, near center of
southern half of South Bass Island, collected Wittenberg
University Speleological Society, 5 August 2007, holotype
male; drip pool in Kindt’s Cave 11, Wittenberg University
Speleological Society, 5 August 2007, one paratype male.
The specimens have been deposited in the collection of the
National Museum of Natural History, Smithsonian Insti-
tution.

Description—Eyeless, unpigmented, longest 9.3 mm,
approximately 4.2x as long as wide. Margins of head,
pereonites, and pleotelson densely setose. Head approxi-
mately 1.9x as wide as long, post-mandibular lobes
modestly produced. Pleotelson slightly longer than wide,
caudomedial lobe distinct.

Antenna 1 flagellum with 10 articles, distal 4 articles
with esthetes. Antenna 2 last article of peduncle approx-
imately 1.5x length of preceding article, flagellum with 61
articles. Mouthparts per the diagnosis of the genus (Lewis
2009).

Pereopod 1 propodus subtriangular, approximately
1.4x as long as wide, palmar margin with stout proximal
seta, high triangular median process, lower rounded distal
process. Dactylus slightly longer than palmar margin of
propodus.

Pleopod 1 slightly shorter than pleopod 2, protopod
approximately 0.7x length of exopod, 2 retinacula; exopod
approximately 1.7x as long as wide, ovate, mesial and



Figure 1. Approximate locations of subterranean asellid
isopods in Ohio: triangle, Caecidotea insula; circles, C.
stygia; diamond, C. filicispelunca; square, C. rotunda.

lateral margins broadly rounded, sparse non-plumose setae
on distal margin.

Pleopod 2, protopod subquadrate, about 1.35x as long
as wide; exopod about 1.6x length of endopod, proximal
article with 2 small lateral setae, distal article slightly longer
than endopod, ovate, with 14 plumose setae along margins
increasing in size at apex; endopod with broadly rounded
basal apophysis, tip with 4 processes in anterior view: (1)
cannula broad, distally flat, (2) mesial process prominent,
distally hooked mesiad, with endopodial groove barely
visible at base; (3) lateral process low, broad, partially
obscured by mesial process, extending slightly beyond
margin of endopod; (4) caudal process prominent, broadly
rounded, sclerotized.

Pleopod 3 exopod, proximal to transverse suture about
0.6x length of distal part; elongate plumose setae along
distal and lateral margins, tapering in length to suture.
Pleopod 4 exopod with 2 false sutures, proximolateral
margin with 2 setae and numerous setules. Pleopod 5
exopod with 3 proximolateral setae. Uropods detached and
missing from vial.

Etymology—The name is from the Latin noun insula =
island, referring to the location of the type-locality on
South Bass Island.

Vernacular name—The suggested common name is the
Kindt’s Cave isopod, referring to the Kindt family in honor
of their stewardship of the cave.

Range—Caecidotea insula is known from two caves on
South Bass Island, Ohio, in southwestern Lake Erie. The
Kindt’s Caves are clustered a little southwest of the center
of the southern half of the island, within the village of Put-
in-Bay. Verber and Stansberry (1953) provided a map with
the locations of twenty-eight caves on the island, including
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three Kindt’s Caves. The potential range encompasses
South Bass Island, which is approximately 6 km long by
2.4 km wide, with a narrow isthmus separating the smaller
northern section from the larger southern part of the
island.

Habitat—In contrast to other caves of the eastern U.S.
formed by dissolution of carbonate bedrock, many caves
on South Bass Island are the product of collapse of the Put-
in-Bay and Tymochtee dolomites into voids created by
dissolution of underlying gypsum domes (Verber and
Stansberry, 1953). This produced short, crescent-shaped
caves around the edge of the collapsed domes. The three
Kindt’s Caves are clustered around such a collapsed dome.
Kindt’s Cave I has been surveyed at 164 meters in length,
while Kindt’s Cave II is 144.4 meters long. The entrance to
Kindt’s Cave III has been filled for several decades and
little is known about it (Athy, pers. comm., 2010). The
specimens of C. insula were collected from shallow pools of
drip water originating in the epikarst (Hobbs, pers. comm.,
2010). The isopods have also been seen in the deeper, base
level pool in the lowest part of the cave (Athy, pers. comm.,
2010). The level of these pools is equivalent to the top of
the local water table, which fluctuates with the level of
Lake Erie (Verber and Stansberry, 1953).

Relationships—The morphology of Caecidotea insula
most closely resembles C. forbesi (Williams, 1970), an
epigean species widespread in the eastern U.S. and
southeastern Canada. Although troglomorphism does not
in itself imply speciation, the two species are easily
separated by the absence of eyes and pigmentation in C.
insula. Caecidotea forbesi has large, distinct eyes and
pigmentation typical of a surface-dwelling species. The
habitus of C. insula is not particularly vermiform as
compared to other subterranean Caecidotea, but the male
gnathopod propodus is more attenuate than that of C.
forbesi. In C. insula the propodus is subtriangular and
about 1.4x as long as wide. In C. forbesi, the propodus is
subtrapezoidal and slightly wider than long (Williams,
1970). In both species the palm of the propodus has a large
median process and a low distal process. The male first
pleopods are essentially identical in appearance. The
resemblance of the male second pleopod of the two species
is strong, but differs in details of the tip structures of the
endopod. In C. forbesi, the endopodial groove is prominent
in anterior aspect, but it is barely visible in C. insula, where
it seems to run behind the decurved mesial process. A
subcaudal lateral process is present in C. insula, but
undifferentiated in C. forbesi.

The morphological similarity of C. insula to C. forbesi
suggests a close relationship with the group of four epigean
species proposed here as the forbesi Group (C. forbesi,
C. racovitzai, C. obtusa, C. attenuata) indicated by the
phylogeny of Williams (1970). This is the only described
subterranean asellid in North America belonging to a
group of species that is otherwise entirely epigean.
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CUECIDOTEA INSULA, A NEW SPECIES OF SUBTERRANEAN ASELLID FROM LAKE ERIE’S SOUTH Bass IsLAND, OHIO (CRUSTACEAZ ISOPODA: ASELLIDAE)

Figure 2. Caecidotea insula, new species: (a) habitus, (b) pereopod 1 propodus, (c) pereopod 4, (d) pleopod 1, (e) pleopod 3

exopod, (f) pleopod 4 exopod, (g) pleopod S exopod.

Evolution—The area where C. insula occurs was covered
by the Wisconsinan glacier until about 14,000 years before
present (Forsyth, 1988). As the glacier receded, new aquatic
habitats presented opportunities for the forbesi-insula
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ancestral species. Williams (1970) reported that C. forbesi
does not occur in Lake Erie, so as the relatively deep water
lake formed in the post-glacial era, that species must have
moved to other areas. Today, C. forbesi is one of the most



Figure 3. Caecidotea insula, new species: (a) pleopod 2, (b)
same, endopodite tip, anterior aspect, (c) same, posterior
aspect.

common aquatic isopods in eastern North America,
including many sites peripheral to Lake Erie. A population
stranded on South Bass Island was geographically, and thus
genetically, isolated. It is not difficult to envision an isopod
like C. forbesi, a frequent inhabitant of temporary pools,
following water downward as its habitat dried, and thus
invading and colonizing groundwater. Whatever the cause,
the result was the presence of the species recognized here at
C. insula on South Bass Island.

Steeves (1969) noted another subterranean species only
slightly changed morphologically from its epigean relative.
That species was designated as undescribed species D by
Steeves, known only from Lawson’s Cave, in an isolated
valley called Burkes Garden, Tazewell County,Virginia. |
have examined collections from Lawson’s Cave and found
the isopods to be eyeless and unpigmented, but otherwise
indistinguishable from the epigean C. racovitzai (Lewis,
2009). Likewise, specimens from some caves in central
Florida are troglomorphic, i.e., eyeless and unpigmented,
but otherwise morphologically identical to C. racovitzai.

As the asellid fauna of eastern North America becomes
better understood, trends in the evolution of the group are
becoming evident. A recurrent theme that is emerging
among the species of the forbesi Group is their penchant
for recent groundwater invasions. Until the discovery of
the Cuaecidotea in Kindt’s Caves, none of the taxa were
known from demonstrably geographically isolated sites.

J.J. LEwis

The presence of C. insula on an island in Lake Erie is
reasonable evidence of genetic isolation.
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HYDROGEOLOGY OF GYPSUM FORMATIONS IN IRAN
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Abstract: The gypsum formations in Iran are mainly Upper Red (URF), Gachsaran
(GF), and Sachun. The GF is divided into salt (SGF) and its non-salt equivalents
(NSGF). The conductivity of the spring’s water in Sachun, URF and NSGF is below
3500 uS cm ™', but the conductivity of the SGF varies from 2400 to 400,000 uS cm .
Three different sites, Tangsorkh (NSGF), Ambal and Salbiz (SGF), were selected for
further studies. The Tangsorkh area is composed of alternating units of marlstone and
gypsum. The hydraulic connections between these units are broken by the marls and no
sub-aquifer is developed in the gypsum units due to their small catchment area and lack
of karst development. The Ambal area, adjacent to the large Karun River, consists of
units of marl, anhydrite, and halite. Sinkholes cover all parts of the area. Contact of
Karun River with the Amble ridge causes the chemistry of the river to evolve from
bicarbonate type to chloride type. The presence of the Karun River inside this ridge
formed a network of karstic conduits and sinkholes, which causes the marly layers to
collapse such that the Ambal area cannot be considered to have several independent sub-
aquifers. The Salbiz site is composed of alternating units of marl-marlstone and gypsum
without any sinkholes or exposed salt layers. It consists of independent sub-aquifers with
general flow directions parallel to the strike. The study indicates that the GF is mainly
composed of small independent sub-aquifers due to its alternative marl or marlstone
layers, resulting water flows parallel to the strike, except in the SGF under specific

conditions.

INTRODUCTION

Surface outcrops of gypsiferous strata appear quite
limited on the global scale. This apparent scarcity can be
explained by the relatively low resistance of gypsum to
denudation, rather than an actual limited occurrence of
sulfate rocks, therefore, the extent of sulfate rocks is greater at
depth (Klimchouk et al., 1996). Ford and Williams (1989)
estimated that gypsum/anhydrite or halite deposits underlie
25% of the continental surface (approximately 60 million
km?), while Maximovich (1962), in Klimchouk et al. (1996),
calculated that the area of the continents underlain by
gypsum/anhydrite alone is about 7 million km?. It is estimated
that gypsum/anhydrite deposits underlie 35 to 40% of the
United States’ land area (Johnson, 1996), and they outcrop
on 7% of Spain’s land area (Gutierrez et al., 2008) and about
80,000 km? of Canada’s land area (Ford, 1997).

As gypsum is susceptible to rapid dissolution wherever
there is active circulation of groundwater that is undersat-
urated with respect to calcium sulfate, substantial under-
ground voids and cave systems may develop (Johnson,
2003). Gypsum dissolution is one of the most common
processes in deteriorating the water quality of aquifers.
Water in gypsum karst terrains commonly contains over
1000 mg 1! of sulfates, which makes them unsuitable for
use as domestic water supply. Much higher concentrations
of solutes are not uncommon where gypsum karstification
is accompanied by dissolution of the various other salts
that are associated with evaporitic sedimentary formations
(Klimchouk and Andrejchuk, 1996).
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Gypsum formations also outcrop in Iran, especially in
the south and southwest of the country. In most of these
parts, the gypsum layers are in direct contact with
carbonate karstic aquifers or alluvium, deteriorating the
good water quality of the adjacent aquifers. Studies on the
hydrogeology of gypsum formations in Iran are limited, in
spite of the great impact that it has on groundwater
quality. Among the gypsum formations, the Gachsaran,
with alternative layers of marls, gypsum, and halite, has the
highest outcrop in southern Iran (Ashjari and Raeisi,
20006).

This study is focused on preparing a distribution map of
gypsum formations in Iran, determining the lithological
and hydrochemical characteristic of these formations, and
presenting conceptual hydrogeological models in the three
Gachsaran Formation aquifers in southern Iran.

METHODS

Two distribution maps of gypsum formations in Iran
were prepared based on available scientific information
on the stratigraphy and geology of Iran (Stocklin and
Setudehnia, 1977; Aghanabati, 2006; Darvishzadeh, 2003;
Khosro Tehrani, 1987; Motiei, 1993); on 1:1,000,000,
1:250,000, and 1:100,000 geological maps from the
Geological Survey and Mineral Exploration of Iran dated
1972, 1975, and 2001 or the Iranian Oil Operating
Company dated 1965, 1967, 1975, 1976, and 1977; and
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on air photos. Some of the hydrochemistry data for this
research were obtained from the Karst Research Center of
Iran and unpublished M.Sc. thesis in the Geosciences
Department of Shiraz University (Rahimi, 2006; Bagheri,
2007). The temperature, electrical conductivity, pH, and
discharge of typical springs emerging from gypsum
formations were measured in the field during sampling.
In the laboratory, calcium and magnesium were measured
by titration with EDTA, with Murexide and Erichrom
Black-T as indicators. Sodium and potassium concentra-
tions were determined by flame photometery. Sulfate and
chloride were measured by the Mohr and turbidity
methods, respectively. Bicarbonate was determined by
titration with HCI with methyl orange as indicator. The
accuracy of the analyses was estimated from the ion
balance. The uncertainty was less than 5% in all the
samples.

GEOLOGY AND STRATIGRAPHY OF
GyYpPSUM FORMATIONS IN IRAN

The Zagros basin is made of 7 to 14 km thick sediments
over a region along the edge of the Arabian plate. The
Zagros region has evolved through different tectonic
settings. The stratigraphic column of the Zagros basin
contains evaporites. The Hormuz salt (Precambrian) is
located at the base of the sedimentary column, and the
Gachsaran Formation (GF, Miocene) is composed of
widespread evaporate units (Bahroudi and Koyi, 2004).
The GF was deposited under the following conditions:
evaporation exceeding the supply of seawater, arid
climates, and nearly isolated salt basins. The GF was a
syntectonic sediment deposited in the northwest-trending
synclinal troughs during active folding that divided the
Zagros foreland basin into sub-basins with poor water
circulation (Berbrian and King, 1981; Hessami et al., 2001).
In the salt sub-basins, the two processes of dissolution of
extruding Hormuz salts and evaporation were responsible
for the deposition of Gachsaran salt. Chemostratigraphic
analysis reveals that arid conditions and cycles of
transgression—regression of the sea contributed to the
formation of the evaporite sequences of the GF in the
coastal Sabkha lagoon basin that was partly closed from
the open sea by a shallow barrier (Bahadori et al., 2011).

Four main gypsum formations, namely Hith Anhydrite
(Late Jurassic), Sachun (late Maestrichtian to early
Eocene), Gachsaran (early Miocene) and Upper Red
(Miocene-Pliocene) outcrop in Iran (Fig. 1). The total
outcrop of the gypsum formations is about 80,000 km?, 5%
of Iran’s land area. The characteristics of these formations
are presented in Table 1.

The Hith Anhydrite (Late Jurassic) outcrops in south-
central Iran near the Persian Gulf; its area is too small to
show on Figure 1. Its thickness is about 91 m based on the
type locality in Kuh-e Asaluyeh. It consists of massive
anhydrite-gypsum with interbedded dolomites. The outcrop
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Figure 1. Areas containing outcrops (black) of the main
gypsum formations in Iran. The Hith Anhydrite area is too
small to show at this scale.

of this formation is only 0.2% of the total gypsum outcrop in
Iran. The Hith Anhydrite is sandwiched between the
limestones and dolomites of the Surmeh Formation and
the limestones of the Fahliyan Formation. No hydrogeolo-
gical information is available.

The Sachun Formation (late Paleocene-Eocene) is
present only in south-central Iran. The outcrop of this
formation is only 1.3% of the total gypsum outcrop in Iran.
The type section was measured at Kuh-e Sachun, about
5 km north of the village of Sachun. The thickness at the
type locality is 1414 m. The bottom 387 meters consists of
marl, marlstone, and limestone. These are followed by
91.4 m of gypsum and dolomite, which are overlain by
112.8 m of marlstone and dolomite. The succession is
continued with 82.3 m of gypsum with bands of dolomite.
Following this are 335.2 m of chalky marlstone, dolomite,
and limestone. The upper 405.4 m are composed of massive
gypsum, marl, and ribs of dolomite (Stocklin and
Setudehnia, 1977).

The Upper Red Formation (Miocene-Pliocene) out-
crops in the north, center, and east of Iran, composing
73.2% of the total gypsum outcrop in Iran. No type
sections have been specified for this formation. However,
the name was first applied to the extensive exposures in the
hills of the Qom plain, and it is here that the most detailed
studies of the formation have been carried out in both
surface and borehole sections by the geological staff of the
Iran Oil Company (Mostofi and Frei, 1959). Thus, this
area can be regarded as the general type area. The
evaporate lower subunit consists of 300 to 500 m of salt,
anhydrite, pebble layers, bituminous paper shales, and
dark-red saline plastic clays. The upper subunit has a
thickness of 4000 to 5000 m, consisting of gypsiferous marl
and sandstone in the lower part and marl and sandstone in
the upper part (Stocklin and Setudehnia, 1977).
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Table 1. Area and percent of gypsum formations in Iran.

Gypsum Geological Percentage Percentage of Location

Formation Time of Iran Area Gypsum Area in Iran Lithology

Upper Red Tertiary 3.63 73.2 North — marl, gypsiferous marl,
Center - East sandstone

Gachsaran Tertiary 1.25 25.3 South west — anhydrite, salt, marl,
Central South limestone, argillaceous

limestone
Hith Anhydrite  Jurassic — 0.005 Central South anhydrite
Cretaceous
Sachun Tertiary 0.07 Central South marl, marlstone, limestone,

gypsum, dolomite

A more detailed distribution map of the Gachsaran
Formation is presented in Figure 2. The GF outcrops in
southwest and south-central Iran with a total exposure of
20,400 km?, making up 25.3% of the total gypsum outcrop
in the country. The Zagros foreland basin is divided into
sub-basins where Gachsaran salt and its non-salt equiva-
lents were deposited (Bahroudi and Koyi, 2004). The Salt
Gachsaran Formation (SGF) outcrops in a region from the
Kazerun—Qatar faults to Dehloran City. The Non-Salt
Gachsaran Formation (NSGF) is classified into Three
Members and undifferentiated. The Three Members
Gachsaran Formation (TMGF) outcrops between Ban-
dar-e-Abbas and Firuzabad, while undifferentiated NSGF
outcrops in two different regions, from Firuzabad to the
Kazerun-Qatar fault and north of Dehloran City (Fig. 2).
The thickness of the GF usually varies over short distances
(Dunnington, 1968; O’Brien, 1957; Stocklin, 1968), typi-
cally from several hundred up to 2000 meters (Edgell, 1996;
James and Wynd, 1965; Murris, 1980; Stocklin, 1968;
Bahroudi and Koyi, 2004). Although the GF is generally
considered as lower Miocene in age (James and Wynd,
1965), stratigraphic correlations between wells on Qeshm

Figure 2. Distribution map of the Gachsaran Formation and
its parts in Iran. SGF is the salt Gachsaran Formation, and
the non-salt Gachsaran Formation (NSGF in the text) is
divided into the three member GF (TMGF; Chehel,
Champeh, and Mol Members) and the undifferentiated
GF (UGF).
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Island in the extreme southeast of the basin reveals that its
base is Oligocene or even older (Eocene). The base of the
Fars group is diachoronous along the foreland basin and
becomes younger with evaporite increases northwestward
(Fig. 2) (Gill and Ala, 1972; Motiei, 1993; Bahroudi and
Koyi, 2004).

The SGF, in the center of which lie the present oilfields,
is mainly located in the southwest of Iran. Stocklin and
Setudehnia (1977) divided the GF of the salt basin into
seven members based on a type section from a well in the
Gachsaran Oilfield. James and Wynd (1965) described the
members of SGF in ascending order is as follows: Member
1 consists of 39.6 m of interbedded anhydrite and limestone
associated with shale. It is important as a sealing unit over
the Asmari Formation oil reservoirs. Member 2, with a
thickness of 115 m, is mainly composed of salt, with some
anhydrite and thin limestone intercalations. The thickness
of Member 3 is 229 m. The lower half of this member
consists of thick anhydrite with subordinate salt, and the
upper half is composed of interbedded anhydrite, thin-
bedded limestone, and marl. Member 4 is composed of
848 m of thick salt beds associated with grey marl,
limestone, or anhydrite. Member 5 consists of 324 m of
marl alternating with anhydrite. Member 6 is divided into
three parts. The lower part (103 m) consists of alternating
anhydrite, red marl, and limestone. The middle part (121 m)
consists of salt and anhydrite, and the upper part (61 m) is
composed of anhydrite with marl alternations. Member 7,
with a thickness of 139 m, is overlain conformably by the
Mishan Formation and consists of alternating anhydrite,
marl, and argillaceous limestone.

Although exposures of Gachsaran rock salt are rare, it
is known from wells and quarries in the south of Masjed
Suleyman in the Dezful embayment (Dunnington, 1968;
Gill and Ala, 1972; Kashfi, 1980; Motiei, 1993; Bahroudi
and Koyi, 2004).

The NSGF is divided into undifferentiated GF and the
three early Miocene Chehel, Champeh and Mol Members
(James and Wynd, 1965). The lowest, Chehel Member,
with a thickness of 296 m, predominantly consists of
anhydrite or gypsum. Thin interbeds of limestone and



Figure 3. Distribution map of outcrops of additional gyp-
siferous formations, with minor beds or veins of gypsum, not
shown in Figure 1.

marls are common in this unit. The Champeh Member,
with a thickness of 110 m at the type locality, is the middle
member of the GF. This member consists of chalky-
gypsiferous limestones or dolomites, gypsiferous marl, and
nodular to massive gypsum. The Mol Member, with a
thickness of 52 m, consists of gypsiferous marls inter-
bedded with thin gypsiferous limestone and gypsum. Two
small parts of the GF are undifferentiated in the west and
the south-central regions of Iran (Fig. 2) and were
determined based on the 1965 1:250,000 geological maps
of the Iranian Oil Operating Companies. No type localities
were studied for the undifferentiated GF, which is mainly
composed of alternating units of marl and gypsum with
interbedded thin limestones and sandstones. The small
1200 km? region of undifferentiated GF in the south-
central of Iran is classified into the upper and lower GF
(Oveisi, 2001). The upper GF consists of gypsum rocks,
gypsum-bearing limestone, marl, and marly limestone, and
the lower one is composed of marly limestone, limestone,
marl, interbedded sandstone, and gypsum.

The tectonically incompetent units of the Gachsaran
Formation are highly subject to dissolution effects, being
characterized by responsiveness to differential pressures
and extreme mobility. Because of these characteristics, one
seldom finds a complete sequence as described at the type
locality (Stocklin and Setudehnia, 1977). It is named
Gachsaran in most parts of the outcropped area (Aghana-
bati, 20006).

Other gypsum occurs as thin layers, veins, or inside the
matrix in small parts of several formations and units in
Iran, mainly marl, marlstone, sandstone, siltstone, mud-
stone and conglomerate. These formations and units are
named gypsiferous formations, as distinct from the gypsum
formations of Figure 1 and Table 1, and outcrop in 3.4%
of the total area of Iran (Fig. 3). The characteristics of
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these formations and units are presented in Table 2 based
on the “Stratigraphic Lexicon of Iran” (Stocklin and
Setudehnia, 1977).

HyDROGEOLOGY OF GYPSUM FORMATIONS

There are numerous small springs emerging from
gypsum formations with flow rates mostly less than a few
liters per second, but in exceptional cases up to 60 L s~ !
(Table 3). There are 165 measurements available for
electrical conductivity and 128 measurements for chloride
concentrations of water samples, and 73 samples were
analyzed for major ions. No chemical analyses are
available for samples from the Sachun and Upper Red
Formations. The springs in each formation were classified
into four groups based only on the EC as follows: Group A
less than 1000 pS cm™', Group B between 1000 and
3500 uS cm ™', Group C between 3500 and 10,000 uS cm ™",
and Group D more than 10,000 uS cm ™' (Table 3).

The conductivity of Sachun Formation water varies
between 300 to 1400 uS cm ™', and the Upper Red
Formation varies from 300 to 14,500 uS cm™'. Eighty-
seven percent of the Sachun Formation water samples are
classified into group A and the rest into group B. Most of
the water samples of the Upper Red Formations are
classified into Groups A and B (94%) and only 6% into
Groups C and D.

The conductivity of waters from the NSGF varies from
300 to 5000 uS/cm. The water samples of NSGF are
classified as follows: 20% in Group A, 76% in Group B,
and 4% in Group C. In Group A, five samples with EC’s
less than 750 uS cm~ ! are bicarbonate water type, and
three samples with EC’s between 800 and 1000 uS cm ™! are
sulfate type. Groups B and C are sulfate and chloride water
types, respectively. Within each group, the springs show
the same distributions of ion concentrations (Figs. 4a, b,
¢). The low EC and dominantly bicarbonate and sulfate
water types are expected because the NSGF has very small
amounts of halite. The bicarbonate water mainly emerged
from alluvium, probably originating from the Chehel
Member or sandstone layers, and the sulfate water emerged
from gypsum layers.

The conductivity of water from the SGF varies from
about 2000 to 400,000 uS cm~'. The SGF has members of
only three groups: 46% Group B, 25% Group C, and 29%
Group D. Out of the forty-one water samples, thirty-two
have been chemically analyzed: the water in Group B being
sulfate and bicarbonate, while Groups C and D are
chloride water. The springs within each group show similar
distributions in ion concentration (Fig. 4 d, e, f, g). The
high percentage of chloride water is expected because more
than 50% of SGF thickness is composed of salt.

In spite of the limited number of springs, it can be
concluded that the alternating layers of gypsum, marlstone,
and halite of the Gachsaran Formation result in numerous
small sub-aquifers with small discharges, with spring water
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Table 2. Area and percent of gypsiferous formations (gypsum-veins bearing formations) and units in Iran.

Percentage
of Total
Gypsiferous Percentage  Gypsiferous
Formation, Geological of Iran Formations
F / Unit, U Time Area Area Location in Iran Lithology
Aghajari F. Tertiary 2.09 61.22 South — Southwest sandstone, gypsum-veined,
marl, siltstone
Elm, E2m, E3m, Tertiary 0.26 7.74 Central — East gypsiferous marl, marl,
E2mg U. limestone
Lower Red F. Tertiary 0.16 4.83 Central — Northeast silty shale, gypsiferous
marl, sandstone,
gypsum
MI1f, Msc U. Tertiary 0.15 4.32 Northwest — Southeast sandstone, gypsiferous
mudstone, shale,
mudstone
Qom F. Tertiary 0.13 3.85 Northwest — Central limestone, marl,
gypsiferous marl, sandy
marl, sandstone
Shurijeh F. Jurassic- 0.12 3.60 Northeast gypsiferous marl, marl,
argillaceous limestone,
sandstone,
conglomerate
Omrb U. Tertiary 0.11 3.24 Northwest — Central conglomerate, sandstone,
marl, gypsiferous marl,
gypsum
Klm, K2Im (U.) Cretaceous 0.11 3.24 Northwest — Central — limestone, argillaceous
East limestone, Sandstone,
gypsiferous marl, marl
Pes, Pem, Pems U.  Tertiary 0.07 2.16 East — Central gypsiferous mudstone,
gypsiferous marl, marl,
sandstone, conglomeratic
sandstone
Ekgy (U.) Tertiary 0.03 0.77 Central — North gypsum
PeEm (U.) Tertiary 0.03 0.85 North — East gypsiferous marl,
gypsiferous mudstone,
marl
Dalan F. Permian 0.03 0.99 West dolomitic limestone,
anhydrite, limestone,
dolomite
Padeha F. Devonian 0.03 1.01 Central — Northeast quartz arenite, dolomite,
gypsum
Sabz, Makran U. Tertiary 0.02 0.64 Southeast gypsiferous and calcareous
marl, marlstone,
siltstone and sandstone
Eogy (U.) Tertiary 0.02 0.70 North gypsum (salt plug)
Ziarat F. Tertiary 0.02 0.49 North gypsiferous marl,
limestone
Baidu F. Jurassic 0.01 0.36 Central sandstone, siltstone,

limestone, marl, gypsum
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Description
1 spring withQ =22 L s !

Water
Type

Cl, ave.
1.2

993
1348

361
1348

ECP, min. EC, max.
(L s_l) ™ cm_l) (uS cm_l) (meq L_l)

Q, ave.
1.3
2.5

2.5

Q, max.

(Ls™)

0.3
2.5

(Ls™h)

Q, min.

87
13

Table 3. Some hydrochemistry characteristics of the gypsum formations and its classification.
Percent

No. of
Springs

Group?®

Gypsum
Formation

Sachun
Sachun

2—
4

2
3

CO

905

970
2840
3700
3480

14200

350
1024
3620

14200

376

1101

1.5
1.9

2.5
7.8
2.3

7.8
8.1
3
9.5
7

0.1
0.1
2
6
0.5

45
49

30
33
2
2
10

<r0A<

Upper Red
Upper Red
Upper Red
Upper Red
NSGF*
NSGF

2 springs with Q = 55 and
S8Ls!

1 spring with Q =30 L s~ !

2
4

2—
4

: SO
; SO

Cl
2
3
Cl
Cll

SO
CcO

2.2
16
2.55
46.46
2048.55

4824
3280
8840

404000

3540
2390
3545
12096

3.5
1.6

0.5
2.7
14.5

18
0.5
60

0.4

0.5
0.5
0.1
0.5

76
46
25
29

37
19
10
12

2 Groups of water samples are defined as (A, EC < 1000; B, 1000 < EC < 3500; C, 3500 < EC < 10000; D, 10000 < EC uS cm™").

® EC is abbreviation for electrical conductivity.
€ NSGF is abbreviation for non-salt Gachsaran Formation.

4 SGF is abbreviation for salt Gachsaran Formation.

NSGF
SGF¢
SGF
SGF
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qualities being dependent on the lithology of the flow
route. The salinity of the SGF groundwater is higher than
the Upper Red and Sachun Formations due to numerous
halite units in the SGF.

HYDROGEOLOGY OF THE GACHSARAN FORMATION

Three sites, namely the Tangsorkh , Ambal, and Salbiz,
were selected to study the detailed hydrogeology of the
SGF and the NSGF.

TANGSGORKH SITE

The Tangsorkh site is located on the northern flank of
the Derak anticline. This area is located in the undifferen-
tiated non-salt GF. A detailed geological cross section
perpendicular to the strike of the formation was prepared
by detailed field surveying (Aghdam, 2012). The undiffer-
entiated non-salt GF consists of upper and lower parts with
thicknesses of 908 and 359 m, respectively (Fig. 5). The
GF is composed of twenty-eight, forty-eight, four, and
two units of gypsum, marl and marlstone, limestone, and
sandstone, respectively. The thickness of most of the
gypsum units, which are sandwiched between marls and
marlstones, varies from 2.5 to 17.2 m while they are
sandwiched between the marl or marlstone units. No
sinkholes or caves are observed in this site. The sub-
aquifers are limited to four limestone, five gypsum, and one
gypsum-halite units. Nineteen springs emerge from the sub-
aquifers. Among them, the measured flows varied from 0.3
to 8.4 L s~ !, with an average of 2 L s~ !, respectively
(Table 4). The main source of flow in most sub-aquifers is
Tangsorkh River water that sinks where it crosses
limestone and gypsum units. The spring waters of the
Tangsorkh area emerging from GF are classified into two
Groups, B and C. Group B consist of eighteen springs of
sulfate water with electrical conductivities between 1000
and 3500 uS cm™'. Of these eighteen springs, a sub-group
of consisting of ten springs that emerge from four
limestone units and three that emerge from alluvium
covering the gypsum units have EC ranging from 1200 to
1800 uS cm ™! (subgroup B1). The EC of the five additional
springs that emerge from gypsum units varies from 2800 to
3500 pS cm ™! (subgroup B2). The unexpected sulfate type
of water in the limestone springs is related to recharge by
the sulfate Tangsorkh River water and the adjacent marly
layers. Group C has only one spring (S12 on Fig. 5) that
emerges from a gypsum unit and has an average EC of
4823 uS cm~ ! and average discharge of 0.5 L s~'. The
halite in the matrix of this unit changes the type of water to
sodium chloride (Table 4).

The diversity in the hydrochemistry of the springs
emerging from the limestone or gypsum units indicates that
the marly layers prevent hydraulic connections of the
adjacent sub-aquifers, leading to flow in the direction of
the bedding plane. The dominantly sulfate water in the
study area confirms the lack of halite layers in the area.
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Figure 4. Ion concentrations in spring waters flowing from the non-salt Gachsaran Formation (NSGF) or the salt Gachsaran
Formation (SGF), sorted by electrical conductivity groups A—D (see text or note in Table 3). Symbols and colors indentify data
from a single spring. (a) NSGF group A bicarbonate water. (b) NSGF group B sulfate water. (c) NSGF group C chloride
water. (d) SGF group B bicarbonate/sulfate water. (¢) SGF group C chloride water. (f) SFG lower conductivity group D
chloride water. (g) SGF higher conductivity group D chloride water.

No springs emerge from twenty-two of the twenty-eight
gypsum layers. The main reasons for the lack of springs in
those gypsum units are as follows: 1) The Tangsorkh River
does not intersect these gypsum units, so precipitation is
the only source of recharge. 2) The local base level of the
gypsum units are dry drainages intersecting the gypsum
units at maximum intervals of 2 km, therefore, the
maximum catchment area of the gypsum unit is about
20,000 m? (maximum length and width of 2000 and 17.2 m
respectively). The average annual flow rate recharging into
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each gypsum unit is 0.1 L s~ based on annual average
precipitation of 500 mm and recharge coefficient of 0.2.
The drainages are covered by coarse-grained alluvium,
draining into the adjacent intersecting gypsum units. The
recharge value is extremely low, such that no surface water
can be observed on the drainages during the dry period.
3) The small thickness of the gypsum units and the low
recharge prevent any sinkhole and conduit development.
The flow is diffuse, so the recharge water stays in the top
soil and a large fraction of the stored water is evaporated.
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Figure 5. Detailed geological cross section along the Gachsaran Formation at the Tangsorkh site prepared by surveying the
outcrop. The horizontal scale is cumulative thickness of the formation, not horizontal distance.

AMBAL SITE

This study area in the Zagros Mountains are located in
the GSF. The Ambal area is a 17 km? ridge with a length
of 4 km and an elevation of 100 to 340 m.a.s.l. A detailed
geologic cross section, perpendicular to strike of the GF,
was prepared based on borehole logs (Mahab Ghodss
Consulting Engineers, 2009) (Fig. 6). The thickness of the
measured cross section is about 300 meters, with
additional undifferentiated GF above and below it (e.g.,
units of marl, anhydrite, halite, undifferentiated Gach-
saran, and mixtures of thin (<5 m) beds of marl,
anhydrite, halite, and occasional gypsum). The salt layers
of the GF are not exposed in most parts of Iran, but they
are exceptionally outcropped in some parts of this study
area. The Ambal ridge area seems to be an active salt
structure where tectonic pressures continuously squeeze
the salt to the surface, where it is dissolved (Aghdam et al.,
2012).

Sinkholes are the dominant karst features in both the
gypsum and salt units of the Ambal area. Sinkhole
diameters vary from 1 to 130 m. The Karun River is in
direct contact with the Gachsaran Formation along 4 km
of the Ambal area. Six springs emerge from the GF a few
meters above the Karun River, and numerous springs rise

below the water surface. The geological map and location
of springs in the studied area are shown in Fig. 7. The
springs are classified based on the electrical conductivity of
their water into group D, with EC values ranging within
14,250 to 392,000 uS cm !, all from sodium chloride; total
spring discharges are from 0.8 to 7.5 L s '.

The chemistry of Karun River during contact with the
GF quickly evolves from bicarbonate type, with a TDS of
~0.4 g L', to chloride type with a TDS of ~1.5 g L™/,
mainly due to halite and, to a lesser extent, gypsum. Mass
balance and water budget calculations indicate that 5% of
the Karun River’s salinity enhancement is from direct
precipitation in the Ambal area (Aghdam, 2010). The rest
is due to the turbulent flow of river water sinking into the
fractures and karstic conduits of the evaporite layers that
dissolves the gypsum and salt layers of the GF. The
borehole logs showed cavities more than 10 m in diameter
below the river level (Mahab Ghodss Consulting Engi-
neering, 2009). The flow from the Karun River inside the
GF developed a network of karstic conduits and sinkholes,
collapsing the marly layers between the huge conduits, and
thus connecting the layers of halite and gypsum, such that
the Ambal area cannot be considered to have several
independent subaquifers.

Journal of Cave and Karst Studies, April 201375



HYDROGEOLOGY OF GYPSUM FORMATIONS IN [RAN

76+ Journal of Cave and Karst Studies,

=
o Q| | |
SEleyLLy
—
ZEH| A RAOO A
p
Q| — <t <t
>’_] PR .
< A v en Al
. o a <t
| O R
O &
Uv
. [
2l 57 |0 o oo
] Eﬂ'ﬂ'f\lov—‘
Z| € O eSO
o O —= e FQa
JEE #
sE|1R 3
~N—
N
.E'é“ + o oo
E N O Al \n >~
= L5 | N ® 0o
Lo — A< A
= B -
ELU\/
S
S
S
Sl
£l 37 o "
S|~ @<t n OO
] o on —
= —
o| O
]
QO
o
=
Blz2ln|o o vwean
g | e See
’*:'C/v
wn
RZ
St
D
k31 .
o
EC“‘ v
S|Ew|x B nn
) o 0 O O~
%Ov
]
Rl
177]
E
|l £
ﬁ'é\m N v NN
= | e ese
E}Ov
=
%]}
E =
3 Doy © o o
ol a S
<t L -
(=W
o
=
=
w2
=| %5 &
..S N — \O on
cE |~
Z A
<
S
—
<] mmAm
@}
= g9 <=
LV QY ]
= = =
° 8= |
8 8h Bh & =
Q ﬁqq‘éﬁ
= S © < <
NIEHEHE<CA

Lol
(OR©)
\n oo
~ \O
v R

e}

N
oo
xS
0 S
o0 <

S

<
o o
= S
< <
o~ o~

—

T
= |5
(@l w1

=
Q
m
\
(=1
[=3
(=1
(=}
S B
oo |A
=
[=3
[=3
=
\
@)
[53]
\
v — o
(=3
wy
o
o)
et
(=3
al

— o

N Y
-— O %)
[53]

\

(=]

[=3

=

[ 2N N--
O — S
(=3

(=3

<

v

Q
=
SO I INI=
@ O

62

T £

= ©

u::(.)

S g

g5
(O al B
20

o, =

58

=]

52

= =

23

2

% 5

N N|E&ET
- e :'E
22180
s < |lom
N Al -
April 2013

SaLBIZ SITE

This study area is located in the Salt Gachsaran
Formation near the Qatar-Kazerun Fault, 20 km north-
west of Kazerun (Fig. 2). The mean annual potential
evaporation is 2641 mm. The study area receives an
average of 650 mm of rainfall per year. No caves or
sinkholes are observed in the study area. The only place in
the study area with extensive exposure of the Gachsaran
layers is the Salbiz Valley. The lithology of the cross-
section along this valley is composed of 252 alternating
units of marl-marlstone (51%), gypsum (47%), and
limestone (2%) (Aghdam, 2012). No salt layers are exposed
in this cross section in spite of several springs with chloride
type water and elevated electrical conductivity (Table 4
and Fig. 8) and considering the study area is located on
seven members of the GF with extensive salt layers in
members 2, 3, 4, and 6. The salt has been leached from the
top several meters of the SGF. Therefore, the exposed units
are not representative of the full SGF. A full profile must
be prepared based on borehole logging.

The water sources along the cross section consist of
thirteen springs with the total discharge of 34.1 L s™'; in
addition water seeps into the Salbiz River in several
locations (Fig. 8). It was not possible to measure the
discharge of the seeps because most parts of the Salbiz
River are inaccessible. The SGF springs are classified into
Groups B, C, and D based on their electrical conductivities
(Table 4). Group B consists of three springs with EC from
2770 to 3010 uS cm ', sulfate water, and a total discharge of
10 L's™". These springs emerge from gypsum units. Group C
is composed of eight springs with EC ranging from 7470 to
8840 uS cm™ !, chloride water, and a total discharge of
23 L s~'. The remaining two springs are classified into
Group D, with EC ranging from 17,400 to 404,000 uS cm ',
chloride water, and a total discharge of 1.1 L s .

That ten out of the thirteen springs have chloride water
confirms that the SGF here is dominantly salt layers. None
of the ten chloride springs emerge directly from halite units
due to the leaching of sodium chloride from the surface. The
Gachsaran layers are perpendicular to the Salbiz Valley.
Water originating in an area far from the river flows deep
into the halite units and converges into the river bed,
dissolving the deep halite units. Exposed marly layers
perpendicular to the Salbiz Valley and small springs with
different ranges of electrical conductivity indicate that the
SGF is composed of independent sub-aquifers. The Salbiz
Valley is the local base of erosion, draining the water from
adjacent gypsum and halite layers, preferentially along the
bedding planes. The small springs, the limited catchment
areas of the sub-aquifers, and the lack of caves and sinkholes
imply the absence of conduit flow in the study area.

COMPARISON OF SITES

The characteristics of the three typical Gachsaran
Formation sites are summarized in Table 5. The marly
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Figure 6. Detailed geological cross section through the Gachsaran Formation at the Ambal site prepared from borehole logs
(Mahab Ghodss Consulting Engineers, 2009).

Figure 7. Geology map of the Ambal Ridge study area, including the locations of the sampling points (KS) and inferred flow
paths of diverted river water.
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Figure 8. Geology map of the Salbiz site, including the locations of the sampling points labeled by their electrical conductivity
group B-D as defined in the text or a note in Table 3. Both springs and surface water sites are shown.

units disconnect the evaporate units in the Tangsorkh
and Salbiz sites, resulting in limited catchment areas,
flow parallel to the bedding, low-discharge springs,
absence of extensive sinkholes and caves, and flow being
predominantly diffuse. Tectonic activities exposed salt
rocks in the Ambal site, and inflow from the Karun
River developed huge conduits beneath the Ambal
Ridge, developing extensive sinkholes. As a result, the
marly units collapsed, hydraulically connecting the
evaporate units. These conditions resulted in a direction
of flow toward base level instead of the direction of the

bedding planes. The hydrochemistry of these sites is
strongly related to the lithology of the groundwater
route, such that the springs are sulfate in the Tangsorkh
site, with its lithology of marl and gypsum, and sulfate
and chloride in the Salbiz site, with a lithology of marl,
gypsum, and salt. The type of water is chloride in
Ambal, in spite of the alternating gypsum and salt units
and groundwater flow through both gypsum and salt
units. It is the higher dissolution rate of the salt that
controls the hydrochemistry of groundwater in the
Ambal site.

Table 5. Comparison of the three sites.

Subject Tangsorkh Salbiz Ambal
Lithology marl, gypsum marl, gypsum, salt marl, gypsum, salt
Salt outcrop no no extensive outcrop
Hydraulic connection between disconnect disconnect connect

evaporites units
Karst morphology

Springs discharge small
Karst conduits no

Flow type diffuse
Hydrochemistry controlling factor lithology
Water type sulfate

EC range (uS cm™ ') mainly bellow 3,500

no cave, a few sinkholes

no cave, no sinkholes  caves and sinkholes

small probably large under river
springs

no yes

diffuse conduit

lithology lithology

sulfate, chloride chloride

bellow 16,000 16,000 to 350,000
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WATER USE

Halite dissolution is significantly more detrimental to the
quality of spring water than gypsum dissolution. Sulfate
type water with electrical conductivity less than 3000 uS cm ™"
was used for drinking in rural area a few decades ago, but
currently, water from carbonate karst springs or wells is
piped to rural areas. Sulfate and chloride type water with EC
less than 7000 uS cm ™! is used for irrigation. The total
discharge of the Gachsaran Formation springs is very low,
so the contribution of these waters to agricultural products
is not significant. Most of the saline and brine springs
emerging from the GF join the permanent rivers more or less
immediately, and the salinity is diluted to acceptable levels.
The worst effects are on the groundwater. Saline and briney
water flows from the GF into adjacent karstic Asmari or
alluvium aquifers, increasing the EC up to 10,000 uS cm ™'
(Raeisi and Moor, 1993). The Salt Gachsaran Formation
outcrops in the reservoir of a few dams, for example Kowsar
and Maroon, but the quality of water is not affected because
no salt outcrops in the reservoir and the strike is parallel to
the dam axis, so that the marly units prevent flow toward the
Ieservoir.

CONCLUSIONS

The main gypsum formations in Iran are the Upper
Red, Gachsaran, Sachun, and Hith Anhydrite, making up
five percent of Iran’s total land area. The Upper Red,
Sachun, and Hith Anhydrite Formations are predominant-
ly composed of gypsum and marlstone. The Gachsaran
Formation is divided into the SGF and NSGF. The NSGF
consists of alternating units of anhydrite or gypsum,
gypsiferous limestone, or dolomites. The SGF is composed
of alternating units of gypsum, marl, and salt. The quality
of springs emerging from the GF strongly reflects the
lithology of the groundwater route. The main characteris-
tics of the springs emerging from NSGF and SGF gypsum
units without any hydraulic connection to salt units include
mostly low discharge and sulfate water type, with electrical
conductivity values of less than 3500 uS cm™'. Chloride
type water and a wide range of ECs, up to halite saturation,
are characteristics of those SGF springs with direct
connection between the gypsum and salt units.

The Tangsorkh (NSGF) and Ambal and Salbiz (SGF)
sites were selected to study the detailed hydrogeology of the
GF. The salt units of GF are not exposed in Iran due to the
high salt dissolution rate, except at the Ambal site and
another small region where salt ascends continuously by
tectonic pressures. In the GF, the marly layers usually
hydraulically disconnect the narrow gypsum beds from
unexposed halite, resulting in very low discharge from
springs and dominantly diffuse flow, preventing cave and
sinkhole development and causing the general flow to be
parallel to the bedding plane. Recharge water in the
unexposed salt units flows deep, dissolving the deep halite
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units, converging towards the river bed, and ultimately
emerging as saline or brine springs. Some special hydro-
geological settings, for example, a tectonically active zone
or where there is inflow from an adjacent river, result in the
development of a conduit system, formation of collapse
sinkholes in the halite and gypsum units, and consequent
connection of the gypsum and halite units. In such a case,
the general flow direction may not be in the direction of the
bedding planes, and it will depend on other parameters of
karst development, such as a highly soluble lithology or the
local base level. Gachsaran Formation water with an EC of
less than 7000 uS cm ™' is used for irrigation. The low-
discharge saline and brine GF spring waters are usually
diluted to acceptable levels by mixing with the good quality
waters of permanent rivers, but in several cases, the salty
water in the GF degrades the quality of nearby karstic and
alluvium aquifers.
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Abstract:

In this paper we report the first remains of caviomorph rodents from the

karst of the Parque Nacional de Ubajara, Ceara State, northeastern Brazil, collected with
precise stratigraphic and radiometric control. The material is derived from levels with
thermoluminescence dating of about 8,000 years BP, corresponding to the early
Holocene. In these levels, we found remains of Kerodon rupestris Wied, 1820, cf.
Dasyprocta 1lliger, 1811 and Thrichomys Trouessart, 1880. The data here reported
contribute to the knowledge of Brazilian Quaternary rodents and show the potential of

the studied area for fossils.

INTRODUCTION

Caviomorphs are South American hystricognath ro-
dents that arrived on the continent probably during the
Eocene (Wyss et al., 1993; Poux et al., 2006; Antoine et al.,
2011). During the Cenozoic, the group achieved great
ecological and morphological diversity and occupied
several niches. The oldest records of this group in Brazil
are from the Oligocene Tremembé Formation (Vucetich et
al., 1993; Vucetich and Ribeiro, 2003) and the Miocene of
Acre State (see Negri et al., 2010). Younger records are
exclusively from the late Quaternary. However, these
records are poorly studied. Recent studies from several
Quaternary localities in South America have shown
interesting results, with descriptions of new taxa and
different paleobiogeographic patterns in comparison with
the modern fauna (e.g., Cartelle and Lessa, 1989; Vucetich
et al., 1997; Vucetich and Verzi, 2002; Ubilla et al., 2008;
Hadler et al., 2008; Kerber et al., 2011a, b; Rodrigues et al.,
2011). The cited papers demonstrate the need to use
multiple approaches to understand the evolution of South
American Quaternary rodents.

In northeastern Brazil several records of Quaternary
mammals have been reported, mainly from karsts and
tanques. But the small mammals are poorly studied in
comparison with the large- and medium-bodied taxa and
are often not recovered with associated stratigraphic or
radiometric data. During July 2009, an expedition to the
caves of the Parque Nacional de Ubajara, Ceara State,
northeast Brazil, was made to collect fossil remains with
precise stratigraphic and radiometric control. In this paper,
we describe the remains of caviomorph rodents collected
during this expedition.

MATERIAL AND METHODS

The remains are deposited in the paleovertebrate
collection of the Museu Dom José. They comprise nine

specimens, including isolated teeth and fragments of
dentary and maxilla.

Dental nomenclature follows Quintana (1996) for
Caviidae and Patterson and Wood (1982) for Echimyidae
and Dasyproctidae. However, these nomenclatures do not
reflect any opinion on the homologies of these structures.
The anatomical nomenclature of the dentary of Cavioidea
follows Pérez (2010). The comparative specimens are listed in
appendix 1. Institutional abbreviations: MCPU-M, Colegao
de Mastozoologia, Pontificia Universidade Catolica do Rio
Grande do Sul, Uruguaiana, Rio Grande do Sul, Brazil;
MDIJ M, Cole¢ao de Mastozoologia, Museu Dom José,
Sobral, Ceara, Brazil; MLP, Coleccion de Mastozoologia,
Museo de La Plata, Argentina; MN, Colegao de Mastozoo-
logia, Museu Nacional, Rio de Janeiro, Brazil.

LocATION AND GEOLOGICAL SETTING

The Parque Nacional de Ubajara, located in Ubajara
Municipality (Fig. 1), in the Ibiapaba Cuesta region in
northwestern Ceara (northeast Brazil), has a signi-
ficant karst system. According to IBAMA (2002) the
speleological province of the Ubajara region consists of
nine limestone hills, in which fourteen caves are known to
date. The limestone rock outcrops in the region correspond
to the Neoproterozoic Frecheirinha Formation of the
Ubajara Group of the Ubajara Graben (Quadros, 1996;
CPRM, 2003). The Ubajara Group has an upper discordant
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Figure 1. Location map of the Parque Nacional de Ubajara, Ceara (above) and the openings of the caves (below) indicated

by arrows.

contact with the Silurian—Devonian Serra Grande Group of
the Parnaiba Basin. Among the limestone hills in the studied
area stands Pendurado Hill, with two caves, Urso Fossil and
Pendurado.

Previous published information about the Quaternary
mammals from this area includes a bear skull and mandible
assigned to Arctotherium brasiliense (Lund, 1840) described
by Trajano and Ferrarezzi (1994). These remains were found
in the Urso Fossil cave (03°49'58" S, 40°53'34.4” W). The
material studied here was found in one room of this cave, the
Sala da Entrada. In this room we made a stratigraphically
controlled excavation, exposing three levels of sedimentary
deposition. A geological section provided information about
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unconsolidated accumulations of sediments of both al-
lochthonous and autochthonous origin, from top to bottom
(Fig. 2):

Level 1: 0.15 m thick, is composed of clayey calcareous
sediments, light yellowish in color, containing small allochtho-
nous fragments (0.5-1 cm) of amorphous and angular
limestone, as well as a great amount of recent seeds and
excrement.

Level 2: 0.35 m thick, is composed of clayey sediment, light
gray in color, containing allochthonous fragments of
limestone (greater than 2 cm), some small geodes and
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Figure 2. Stratigraphic profile of the sampled deposit in the Urso Féssil cave, Saldo dos Blocos Abatidos, Sala da Entrada,

indicating where the fossils were collected.

fragments (approximately 10 cm) of stalactites and others
speleothems, showing at times, concentration of iron oxide.
It contains, at the top, a high concentration of two types of
seeds that are still undetermined; toward the bottom of the
layer, some complete shells and numerous shell fragments
have accumulated. There are some small droppings covered
by powdered carbonate, but still unconsolidated. At about
20 cm from the top of this layer, we collected sediment
samples for thermoluminescence dating in a PVC pipe and
then, below, for recovery of palynomorphs. We also
collected three species of gastropods and numerous bone
fragments of Didelphimorphia, Xenarthra, and Rodentia.

Level 3: 0.20 m thick, is composed of clayey sediment
containing smaller autochthonous fragments of limestone
and very large and angular calcarecous blocks. In this level,
shells and several small bone fragments occur. As in layer
2, samples for thermoluminescence dating were collected,
along with the remains of squamate reptiles and mammals
of the Didelphimorphia, Xenarthra, Rodentia and Artio
dactyla.

These fossil assemblages could have been accumulated
by predators or scavengers or overflow of owl. A
taphonomic study is currently underway.

SYSTEMATIC PALEONTOLOGY

Rodentia Bowdich, 1821

Hystricognathi Tullberg, 1899

Caviomorpha Patterson and Wood (in Wood, 1955)
Cavioidea Fischer de Waldheim, 1817

Genus Kerodon Cuvier, 1825

Kerodon rupestris Wied, 1820

(Fig. 3)

Material: MDJ M-845, fragment of right dentary with
incomplete p4; MDJ M-846, fragment of left dentary; MDJ
M-888, fragment of right dentary with p4; MDJ M-890,
toothless and incomplete right dentary.

Geographic and stratigraphic provenance: Parque
Nacional de Ubajara, Pendurado Hill, Urso Fossil cave:
Sala da Entrada, levels 2 and 3.

Description: The dentary has the anteriormost area of the
horizontal crest (sensu Pérez, 2010) at the level of the
mesial area of the p4, and the anteriormost area of the
notch for the insertion of the tendon of the masseter
medialis pars infraorbitalis muscle (sensu Woods and
Howland, 1979; and Pérez, 2010) is located below the
pr. I of the ml alveolus. The symphysis is narrow and
long. The mental foramen is positioned on the lateral side
of the diastema. In medial view, the alveolus of the incisor
extends posteriorly up to the level of the pr. IT of p4 and
pr. I of the ml contact. The p4 is euhypsodont, and the
anterior additional elongation is well developed, as a true
prism. The anterior additional elongation and the prisms
are transversally oriented, increasing in size distally. The
prisms are united by a thin and very short isthmus. On the
lingual surface of the tooth there are two poorly developed
furrows, one on the pr. II and another on the additional
elongation. The hypoflexid extends almost the entire
width of the tooth. In the lingual ends of the labial flexids
there is cement.

Discussion: Traditionally, Kerodon was considered a
member of the Caviinae. However, recent studies have
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Figure 3. Right dentary of Kerodon rupestris from the early Holocene of Ceara. MDJ M-888 with p4 in detail, in occlusal (A)
and medial (B) views. MDJ M-890 in occlusal (C), medial (D) and lateral (E) views. Scale bar: 5 mm.
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Table 1. Measurements (in mm) of fossil specimens of K. rupestris from Ceara and comparative specimens of the living K. rupestris and K. acrobata.

Mesiodistal

Height of

Height of
the Dentary
at the Level

LLW of
the m2

MDL

MDL LLW of
of the m2

Linguolabial
Width (LLW)

of p4 Alveolus

Length
(MDL) of

Length Dentary at Length

of the
Symphysis

the ml
Alveolus

of ml
Alveolus

of the
Diastema p4 Alveolus

Level of
Diastema

Alveolus

Alveolus

of p4

Specimen

K. rupestris: Ceara State

3.09 3.40 3.00

3.80

2.89
2.67
2.96

4.19
3.63
3.98

14.41

58

4,

7.70

15.06
13.73

MDJ M- 890
MDJ M- 888
MDJ M- 846

K. acrobata

14.99

4.28

7.36

n

3.11 4.15 3.16

2.66 3.52

4.35

94 17.01

S.

9.66

17.53

Mean

3.01/3.45
0.24

3.69/4.64
0.47

2.97/3.20
0.12

3.45/3.58
0.06

2.23/2.88
0.35

4.17/4.46
0.16

16.14/17.58

5.68/6.16
0.34

9.43/9.94
0.25

17.39/17.72
0.16

Min/Max
SD

K. rupestris

0.76

25

25

25

25

25

25

25

25

25

25

n

2.49 3.23 2.60

2.21 3.04

3.30

56 12.27

4,

7.36

12.52

Mean

2.02/3.22
0.31

2.28/3.84
0.38

2.09/2.97
0.25

2.45/3.69
0.30

1.74/2.86
0.24

2.64/3.77
0.30

8.56/14.36

1.66

3.36/5.3
0.45

5.82/6.69
0.80

9.8/15.21
1.55

Min/Max
SD

Abbreviations: n, sample size, Min, minimum, Max, maximum, SD, standard deviation.
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considered it more closely related to the Hydrochoeridae
(see Rowe and Honeycutt, 2002). In the cladistic analysis of
Pérez (2010), Kerodon is the sister group of Cardiomys
Ameghino, 1885 (Caviidae: Cardiomyinae) plus the Hy-
drochoeridae.

The specimens here reported differ from the other
Quaternary caviids, such as Galea Meyen, 1832, Microcavia
Gervais & Ameghino, 1880 and Cavia Pallas, 1766, in the
presence of a longer and narrower symphysis and a
triprismatic p4. Currently, the genus Kerodon has two
extant species: K. acrobata Moojen, Locks & Langguth,
1997 and K. rupestris, the latter being recorded in the Parque
Nacional de Ubajara (Guedes et al., 2000). The fossil
specimens share with both taxa the anterior area having a
horizontal crest at the level of the p4, the anterior area of the
notch for the insertion of the tendon of the masseter medialis
pars infraorbitalis muscle located below the pr. I of the ml,
and a triprismatic p4 with labial furrows. However, they are
different from K. acrobata in the presence of the anterior
area of the horizontal crest being less prominent anteriorly
and in having a smaller symphysis, diastema, and height of
the dentary (Table 1; Fig. 4).

Kerodon are often associated with rocky and dry
environments from Caatinga and Cerrado (Oliveira and
Bonvicino, 2006). The fossil record of this taxon is very
scarce. The only records are from the late Pleistocene/
Holocene of northeast Brazil (Guérin et al., 1993; Lessa et
al., 2008; Rodrigues et al., 2011). These records are within
the modern range of K. rupestris. Lessa and Gongalves
(1999) reported specimens of K. rupestris from the late
Pleistocene/Holocene of Bahia, these being larger than the
Recent specimens. This fact was not observed in the
specimens analyzed here.

Dasyproctidae Smith, 1842

cf. Dasyprocta Illiger, 1811

(Fig. 5)

Material: MDJ M-882 right m1 or m2; MDJ M-880 right
ml or m2.

Geographic and stratigraphic provenance: Parque

Nacional de Ubajara, Pendurado Hill, Urso Fossil cave:
Sala da Entrada, level 3.
Description: The description is based on MDJ M-882,
which is better preserved (Fig. SA). The tooth has a
subrectangular outline, and the distal enamel layer is more
curved than the mesial. It is protohypsodont, and the
degree of hypsodonty is similar to that seen in Dasyprocta
and Myoprocta and distinct from the Quaternary dasy-
proctid Plesiaguti Vucetich & Verzi, 2002, in which it is less
hypsodont. It is pentalophodont, such as in the living
dasyproctids (Dasyprocta and Myoprocta), and the lingual
flexids are closed, forming fossetids. The lingual end of the
hypoflexid is opposite the tip of the fourth flexid, but they
are not confluent. The second and third flexids are
connected by their labial ends, and the third lophid is
interrupted.
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Figure 4. Bivariant diagrams of measurements of fossils of
K. rupestris (gray circles), living K. rupestris (black square),
and K. acrobata (black triangle). (A) Including the specimen
MDJ M-890 and comparative specimens. (B) Including
MDJ M-890, MDJ M- 888 and comparative specimens. 1.
Length of the diastema; 2. Height of the dentary at the level
of p4; 3. Height of the dentary at the level of diastema; 4.
Length of the symphysis.

Figure 5. Right m1 or m2 in occlusal view of cf. Dasyprocta
from the early Holocene of Ceara. (A) MDJ M-882 and (B)
MDJ M-880. Scale bar: 3 mm.

Measurements of MDJ M-882: Mesiodistal length —

4.36 mm; Linguolabial width — 3.94 mm.
Discussion: The morphology of the teeth of Dasyprocta and
Mpyoprocta are similar, but in Dasyprocta they are larger.
The specimens described here are slightly larger than
Myoprocta specimens used for comparison, and they are
within the variation of D. prymnolopha (Table 2).

The living Dasyprocta include several species that
inhabit almost all lowland tropical forest areas in the
South and Central Americas. In Brazil, the review of Iack-
Ximenes (1999) recognized the following species: D. aurea
Cope, 1889, D. azarae Lichtenstein, 1823, D. catrinae
(Thomas, 1917), D. fuliginosa Wagler, 1832, D. croconota
Wagler, 1831, D. leporina (Linneus, 1758), D. nigriclunis
Osgood, 1916, D. prymnolopha Wagler, 1841 and D. aguti

Table 2. Measurements of comparative specimens of the living dasyproctids: Dasyprocta azarae, D. prymnolopha and

Myoprocta exilis.

Mesiodistal Length

Linguolabial Width

Mesiodistal Length of Linguolabial Width

Specimen of the ml of the ml the m2 of the m2
D. azarae
n 11 11 11 11
Mean 4.76 4.22 4.94 4.28
Min/Max 4.03/5.05 3.19/5.04 4.57/5.61 3.58
SD 0.30 0.47 0.35 0.51
D. prymnolopha
n 11 11 10 10
Mean 4.12 3.72 4.26 3.65
Min/Max 3.83/4.47 3.25/4.02 4.06/4.49 3.33/3.98
SD 0.20 0.25 0.16 0.23
M. exilis
n 11 11 11 11
Mean 3.23 3.24 3.67 34
Min/Max 3.0/3.42 3.0/3.53 3.37/4.07 2.84/3.81
SD 0.14 0.21 0.23 0.27

Abbreviations: n, sample size, Min, minimum, Max, maximum, SD, standard deviation.
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Figure 6. Thrichomys sp. from the early Holocene of Ceara. (A) Fragment of a left maxilla, with the DP4, M1 and M2 (MDJ
M-891) in palatal view, with detail of the cheek teeth in occlusal view. (B—C) Right dentary with dp4 and m2 (MDJ M-893) in
occlusal (B) and lateral (C) views. (D-E) Left dentary with dp4 and m1 (MDJ M-892), in lateral (D) and occlusal (E) views.

Scale bar: 5 mm.

(Linnaeus, 1766). However, according to the list of valid
species in Woods and Kilpatrick (2005), D. aurea, D.
catrinae and D. aguti are synonyms of D. azarae, D.
nigriclunis is synonym of D. prymnolopha, and D. croconota
is a subspecies of D. leporina. Dasyprocta is distributed in
almost all regions of Brazil, while Myoprocta is restricted
to the Amazonian forest. According to Guedes et al.

(2000), the only living dasyproctid in the Parque Nacional
de Ubajara is D. prymnolopha.

The living species of Dasyprocta are terrestrial and are
often associated with water bodies, feeding mainly on
fruits, seeds, roots, and leaves (Oliveira and Bonvicino,
2006). The fossil record of this genus is very scarce.
According to Vucetich and Verzi (1994), the living
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Table 3. Upper cheek teeth measurements of the fossil specimen of Thrichomys sp. from Ceara and comparative specimens of
the living 7. aperoides, T. inermis and T. pachyurus.

Mesiodistal Length Linguolabial Width  MDL of LLW of MDL of LLW of
Specimen (MDL) of the DP4 (LLW) of the DP4 the M1 the M1 the M2 the M2
MDJ M-891 2.49 2.05 2.72 2.41 2.46 2.40
T. aperoides
N 16 16 16 16 16 16
Mean 2.17 2.00 2.31 2.36 2.35 2.49
Min/Max 1.87/2.4 1.63/2.19 2.02/2.65 1.36/2.86 2.01/2.69 1.99/2.95
SD 0.13 0.14 0.16 0.37 0.19 0.30
T. inermis
N 16 16 16 16 16 16
Mean 2.06 1.96 2.16 2.23 2.28 2.32
Min/Max 1.8/2.32 1.8/2.39 2.01/2.43 2.0/2.49 2.06/2.55 1.93/2.8
SD 0.12 0.14 0.11 0.16 0.14 0.28
T. pachyurus
N 11 11 11 11 11 11
Mean 2.28 2.23 2.39 2.61 2.49 2.63
Min/Max 2.07/2.57 2.06/2.56 2.12/2.75 2.41/3.11 2.02/2.91 2.21/3.33
SD 0.13 0.13 0.18 0.24 0.23 0.37

Abbreviations: n, sample size, Min, minimum, Max, maximum, SD, standard deviation.

dasyproctids are not related to the taxa from the Tertiary
of Argentina. These authors suggest that they have
an intertropical/tropical history. Quaternary records for
Dasyprocta are reported from the Pard, Minas Gerais,

Espirito Santo, Bahia, Goias, and Mato Grosso do Sul
states of Brazil (Paula Couto, 1971; 1978; Salles et al.,
1999; 2006; Toledo et al., 1999; Lessa et al., 2008). There is
no definitive fossil record of Myoprocta.

Table 4. Measurements of lower cheek teeth and dentary of fossil specimens of Thrichomys sp. from Ceara and comparative
specimens of the living 7. aperoides, T. inermis and T. pachyurus.

Mesiodistal Linguolabial Height of the
Length (MDL)  Width (LLW) MDL of LLW of MDL of LLW of  Dentary at the
Specimen of the dp4 of the dp4 the ml the ml the m2 the m2 Level of dp4
MDJ M -892 2.32 1.62 2.20 2.28 oo oo oo
MDJ M- 893 2.52 1.75 oo oo 2.51 1.72 4.86
T. aperoides
N 16 16 16 16 16 16 16
Mean 2.51 1.76 2.41 2.20 2.58 2.24 6.34
Min/Max 2.09/3.02 1.63/2.01 1.88/2.69 1.89/2.48 2.17/3.03 1.45/2.69 5.45/7.48
SD 0.21 0.10 0.22 0.16 0.22 0.21 0.60
T. inermis
N 16 16 16 16 16 16 16
Mean 2.22 1.56 2.14 2.11 2.33 2.09 6.43
Min/Max 1.85/2.45 1.35/1.76 2.01/2.32 1.73/1.93 2.07/2.58 1.88/2.42 5.11/7.12
SD 0.15 0.11 0.10 0.25 0.14 0.14 0.54
T. pachyurus
N 11 11 11 11 11 11 11
Mean 2.58 2.06 2.45 2.50 2.57 2.60 7.33
Min/Max 2.4/2.8 2.0/2.23 2.25/2.81 2.37/2.71 2.33/2.97 2.37/3.08 6.20/8.67
SD 0.10 0.07 0.16 0.09 0.18 0.22 0.79
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Octodontoidea Simpson, 1945

Echimyidae Gray, 1825

Genus Thrichomys Trouessart, 1880

Thrichomys sp.

(Fig. 6)

Material: MDJ M-891, fragment of left maxilla with DP4,
M1 and M2; MDJ M-892, fragmented dentary with dp4
and ml; MDJ M-893, fragmented dentary with dp4 and
m2.

Geographic and stratigraphic provenance: Parque
Nacional de Ubajara, Pendurado Hill, Urso Fossil cave,
Salao dos Blocos Abatidos; Sala da Entrada, level 3.
Description: In MDJ M-891, DP4-M2 are similar. Both are
trilophodont; however, the M2 has a small fosset in the
posteroloph. This fosset is present in some comparative
specimens of 7. apereoides (e.g., MN 63198), but it is
reduced (e.g., MN 63200), or absent (e.g., MN 63199) in
older individuals. The protocone is slightly distally
oriented, and the linguodistal area of the teeth forms a
slightly acute angle, more evident in the M1. The lingual
area of the anteroloph, the paracone, and the metacone are
transversally oriented. All the labial flexi are open,
transversally oriented, and extend up to the middle of the
occlusal surface, not surpassing the tip of the hypoflexus.
The hypoflexus is oblique, slightly mesially oriented, and
less developed than the labial flexi, and its labial end is
opposite the first labial flexus.

The dp4 (MDJ M-893) is tetralophodont, with a well-
developed metalophid. This character differs from other
echimyids traditionally grouped in the “Eumysopinae’ (see
Verzi et al., 1995), such as Euryzygomatomys Goeldi, 1901
and Clyomys Thomas, 1916, in which the p4 is trilopho-
dont, with an absent or much reduced metalophid (Verzi et
al., 1995; Hadler et al., 2008). The m2 of this specimen is
little worn, with the lingual flexids still open and the
posterolophid isolated from the anterior elements. The m3
is not erupted. MDJ M-892 is an old individual with the
dp4 deeply worn and the m1 with all flexids transformed
into fossettids (hypofossettid and two lingual fossettids).

In the dentary (MDJ M-893, MDJ M-892), the
masseteric crest is tilted, and its anterior area is at the
level of the dp4. Considering the comparative specimens,
the fossils share with 7. aperoides the masseteric crest being
less developed and the masseteric fossa being less deep than
in 7. pachyurus and T. inermis.

Discussion: The subfamily “Eumysopinae” comprises the
echimyids with a simplified occlusal pattern, with trilo-
phodont molars. Traditionally, the Eumysopinae encom-
passes the living taxa Thrichomys, Carterodon Waterhouse,
1848, Clyomys, Euryzygomatomys, Hoplomys Allen, 1908,
Lonchothrix Thomas, 1920, Mesomys Wagner, 1845,
Proechimys Allen, 1899, and Trinomys Thomas, 1921 and
diverse fossil taxa, mainly from the Tertiary of Argentina.
Verzi et al. (1995) considered Eumysopinae as a natural
group. However, in morphological and molecular cladistic
analyses, this subfamily does not form a monophyletic

group (e.g., Lara et al., 1996; Carvalho and Salles, 2004;
Emmons, 2005; Galewski et al., 2005).

Currently, the genus Thrichomys has a complex
taxonomic history. Some authors have considered it a
single valid species, 7. apereoides (Lund, 1839), with
several subspecies (see Reis and Pessda, 2004), while others
considered it to include, at the very least, four species: 7.
apereoides, T. pachyurus (Wagner, 1841), T. inermis (Pictet,
1841) and T. laurentius Thomas, 1904 (see Oliveira and
Bonvicino, 2006). Pessoa et al. (2004), on the basis of
chromosomal and morphometric analyses recognized
at least two well-defined species: 7. apereoides and T.
pachyurus. Recently, Neves and Pessoa (2011) described
some cranial traits to distinguish 7. pachyurus, T. inermis,
and T. laurentius, but unfortunately, these characters are
not preserved in the fossil specimens. In size, the fossil
specimens do not differ significantly from the comparative
specimens (Tables 3 and 4). Thus, the remains here
reported are assigned to Thrichomys sp. due to the
fragmentary condition of the material. In recent times, 7.
apereoides has been reported in the Parque Nacional de
Ubajara (Guedes et al., 2000).

Thrichomys is a scansorial rodent and has been found
in several areas of Brazil, from open areas up to the forests
of Cerrado, Caatinga, and Pantanal. They are herbivores
and feed on leaves and fruits (Bonvicino et al., 2008). In
McKenna and Bell (1997), the stratigraphic distribution of
Thrichomys is from the late Miocene to recent. However, the
Miocene fossil record of this taxon is questionable (see Verzi
et al., 1995). The confident fossil record of Thrichomys is
very scarce, represented by a few Quaternary records in the
Mato Grosso do Sul, Goias, Minas Gerais, Pernambuco,
and Piaui states of Brazil (Paula Couto, 1971; Guérin et al.,
1993; Salles et al., 1999; 2006; Rodrigues et al., 2011), and
now in Ceara State.

FiNnAL REMARKS

Previous records of Quaternary rodents from northeast
Brazil were exclusively from Bahia, Sergipe, Rio Grande do
Norte, Pernambuco, and Piaui states (Oliveira et al., 1985;
Guérin et al., 1993; Lessa et al., 2008; Dantas, 2009;
Rodrigues et al., 2011), and now we are reporting a new
assemblage for Ceara State. Unfortunately, some materials
are very fragmented or there is a complex taxonomic
situation in the living forms. Thus, it is not possible to
assign a definite species name, such as in Thrichomys and
cf. Dasyprocta.

The data reported here contribute to the knowledge of the
Brazilian Quaternary rodents and shows the fossil potential
of the studied area. Another Quaternary rodent found in
Ubajara is the erethizontid Coendou prehensilis (Linnacus,
1758) from the Urso Fossil cave, but its stratigraphic
provenance is not known exactly (Oliveira, 2010).

The material here reported is derived from levels with
an age of about 8,000 years BP, corresponding to the early
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Holocene. Like the tayassuids, marsupials, and xenar-
thrans from these levels (Oliveira, 2010), the caviomorphs
do not indicate any faunistic turnover during the Holocene
in comparison with the living fauna.

The climates of the late Pleistocene and early Holocene
in the northeast region were different from the present,
with more humid and colder conditions, and there was a
gradual increase in drier conditions throughout the
Holocene (see de Oliveira et al., 2005 and references
therein). The paleoecological indications of the taxa
reported here are in accordance with the mosaic compo-
sition of the current environments of the Ubajara region,
with humid forest at higher altitudes and open and dryer
areas on the plains.

Mammalian faunas of the Holocene, with precise
stratigraphic control, have been poorly studied from a
paleontological point of view in Brazil. Recent studies have
revealed interesting facts in other regions, showing recent
extinctions, such as the case of southern Brazil. In this
region, Hadler et al. (2008) reported the presence of some
rodents distinct from the recent fauna, including a new
species, Clyomys riograndensis. Recently, Rodrigues et al.
(2011) reported the presence of a new Holocene vertebrate
assemblage from Pernambuco State. In that work, the
authors recognized, for the first time in the Quaternary of
northeast Brazil, the presence of the rodent Phyllomys,
which indicates the presence of more humid conditions in
this area during some periods of the Holocene. To analyze
these aspects in the karst of Ubajara, new fieldwork should
be conducted to collect more material.
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APPENDIX 1—Comparative specimens: 7hrichomys apereoides: MN-
63199, MN-63198, MN-63701, MN-63217, MN-63200, MN-63202, MN-
63215, MN-63202, MN-63226, MN-63205, MN-63206, MN-63210, MN-
63228, MN-63216, MN-63295, MN-66059. T. inermis: MN-140 (79-91),
MN-14098, MN-14 (100-101). 7" pachyurus: MN-64029 — 30, MN-64112,
MN-64127, MN-64060, MN-64132, MN-64062, MN- MN-64243, MN-
64062, MN-64065, MN-64067. Kerodon rupestris: MN-263 (41-44), MN-
263 (45-55), MN-26708, MN-2670 (00-04), MN-267 (10-14). K. acrobata:
MN-22729 (holotype), MN- 22728, MN-22730. Galea spixii: MN-2607,
MN-2031. Microcavia australis: MLP-683 (1-10), Cavia aperea: MCPU-M
007, MCPU-M 034. Dasyprocta azarae: MN-30477, MN-30468, MN-
43172, MN-43175, MN-43169, MN-43173, MN-34387, MN-2292, MN-
2296, MN-64487, MN-4857. D. prymnolopha: MN-43216, MN-1496, MN-
43149, MN-43145, MN-43156, MN-43154, MN-43153, MN-10244, MN-
7637, MN-43152, MN-7636. Myoprocta exilis: MN-268 (92-93), MN- 268
(96-97), MN-26899, MN-269 (00-05).
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