3D Resistivity Contour Plot
VLN * F7] - =

Known Cave Outline

Resistivity (Ohm-m}
283,

Dimensions in meter:




Published By
The National Speleological Society

http://caves.org/pub/journal

Office
6001 Pulaski Pike NW
Huntsville, AL 35810 USA
Tel:256-852-1300
nss@caves.org

Editor-in-Chief
Malcolm S. Field
National Center of Environmental
Assessment (8623P)

Office of Research and Development
U.S. Environmental Protection Agency
1200 Pennsylvania Avenue NW
Washington, DC 20460-0001
703-347-8601 Voice 703-347-8692 Fax
field.malcolm@epa.gov

Production Editor

Scott A. Engel
Knoxville, TN
225-281-3914

saecaver@gmail.com

Journal Copy Editor
Linda Starr
Albuquerque, NM

The Journal of Cave and Karst Studies , ISSN 1090-6924, CPM
Number #40065056, is a multi-disciplinary, refereed journal pub-
lished four times a year by the National Speleological Society.
The Journal is available by open access on its website, or check
the website for current print subscription rates. Back issues are
available from the NSS office.

POSTMASTER: send address changes to the National Speleo-
logical Society Office listed above.

The Journal of Cave and Karst Studies is covered by the follow-
ing ISI Thomson Services Science Citation Index Expanded, ISI
Alerting Services, and Current Contents/Physical, Chemical, and
Earth Sciences.

Copyright © 2018
by the National Speleological Society, Inc.

BOARD OF EDITORS

Anthropology
George Crothers
University of Kentucky
Lexington, KY
george.crothers@utk.edu

Conservation-Life Sciences
Julian J. Lewis & Salisa L. Lewis
Lewis & Associates, LLC.
Borden, IN
lewisbioconsult@aol.com

Earth Sciences
Benjamin Schwartz
Texas State University
San Marcos, TX
bs37@txstate.edu

Leslie A. North
Western Kentucky University
Bowling Green, KY
leslie.north@wku.edu

Mario Parise
University Aldo Moro
Bari, Italy
mario.parise@uniba.it

Exploration
Paul Burger
National Park Service
Eagle River, Alaska
paul_burger@nps.gov

Microbiology
Kathleen H. Lavoie
State University of New York
Plattsburgh, NY
lavoiekh@plattsburgh.edu

Paleontology
Greg McDonald
National Park Service
Fort Collins, CO
greg_mcdonald@nps.gov

Social Sciences
Joseph C. Douglas
Volunteer State Community College
Gallatin, TN
615-230-3241
joe.douglas@volstate.edu

Book Reviews
Arthur N. Palmer & Margaret V Palmer
State University of New York
Oneonta, NY
palmeran@oneonta.edu

Front cover: Electrical resistivity survey completed at Friesen-
hahn Cave. See Muhlestein et al. in this issue.




Rafat Ogérek, C, Katarzyna Guz-Regner, Tomasz Kokurewicz, Elzbieta Baraniok, and Bartosz Kozak. Airborne bacteria cultivated from underground
hibernation sites in the Nietoperek bat reserve (Poland). Journal of Cave and Karst Studies, v. 80, no. 4, p. 161-171. DOI:10.4311/2017MB0117

AIRBORNE BACTERIA CULTIVATED FROM UNDERGROUND HIBERNATION
SITES IN THE NIETOPEREK BAT RESERVE (POLAND)

Rafat Ogérek” ¢, Katarzyna Guz-Regner?, Tomasz Kokurewicz®, Elzbieta Baraniok', Bartosz Kozak*

Abstract

The study is the first report of cultivable bacteria present in the close vicinity of hibernating bats. Samples were col-
lected in January 2016 in one location outside the hibernation site and in five locations underground. Samples were
incubated at 7 and 37 °C. Bacteria were identified based on phenotypic tests and 16S rRNA gene analysis. Air samples
collected inside of underground sites contained more propagules of bacteria (from 232 + 28.3 to 1189 = 124.7 bacterial
colony-forming units per m® of air) than outdoor air samples (42 = 12.2). In total, eight species of airborne bacteria be-
longing to three phyla and three orders were cultured from the samples. More species of airborne bacteria, eight, were
isolated from the indoor underground air samples than from the outdoor air, two, especially in close vicinity to hibernat-
ing bats. Generally, Actinobacteria dominated in this study. Paeniglutamicibacter psychrophenolicus was isolated most
frequently from samples incubated at 7 °C, and Micrococcus luteus from samples incubated at 37 °C. Additionally, the
study was supplemented by detailed phenotypic and physiological characteristics of airborne bacteria obtained in the
Nietoperek bat reserve.

Introduction

Microorganisms, especially extremophilic Bacteria and Archaea, are able to colonize all niches of the biosphere,
including underground ecosystems (Rampelotto, 2013). However, because of low constant temperatures and high
humidity of the air, little availability of nutrients, no light, and extensive areas of mineral surfaces, underground ecosys-
tems are one of the most inhospitable habitats for microbial life (Jurado et al., 2010; Vanderwolf et al., 2013; Ogorek et
al., 2014). Specific microclimatic conditions in underground sites, especially low temperatures (ca. from 2 °C to 10 °C)
and high relative humidity (above 80 %) of air, allow bats to minimize energy during hibernation, when their food supply
is scarce from late autumn to early spring (Speakman and Racey, 1989; Kokurewicz, 2004).

From August to October, before hibernation starts, bats gather in underground sites and actively fly in front of en-
trances to the underground. This phenomenon, known as swarming, involves circling both inside and outside the hiber-
nacula (Fenton, 1969; Kretzschmar and Heinz, 1995). Due to their unique lifestyle, bats can provide organic nutrients
and microorganisms for caves and other subterranean habitats directly from the surface of their bodies or indirectly
through their guano. In addition, bat carcasses can be a source of organic matter for bacteria and fungi and a food
source for arthropods (Veikkolainen et al., 2014; Kokurewicz et al., 2016; Ogorek et al., 2016a). However, it should be
mentioned that other factors such as air currents, percolation via surface water, soil, and sediments, human activities,
and the presence of small mammals and arthropods may also influence underground ecosystems and provide energy
sources and nutrients (Chelius et al., 2009; Vanderwolf et al., 2013; Ogoérek et al., 2016b).

The majority of microorganisms cannot actively grow in the subterranean ecosystems, but they could be present
in aerosol form (Ogodrek et al., 2016b). Bioaerosols may contain bacteria, fungi, viruses, cellular fragments, fungal
spores, and byproducts of microbial metabolism such as mycotoxins, endotoxins, enterotoxins, and enzymes (Mandal
and Brandl, 2011). Many reports have been published about underground airborne bacteria and fungi (Rdzanek et al.,
2015; Ogorek et al., 2016a, 2016b), but only one microbiological study has been published for a large bat-hibernation
site that relates to airborne fungi. It was found that the number of cultivable airborne fungi increase significantly during
the hibernation season (Kokurewicz et al., 2016). There are no known similar reports regarding bacteria or bacteria and
fungi in bioaerosols a short distance from hibernating bats.

The aims of the study were to determine phenotypic and genotypic diversity of airborne bacteria present close to
hibernating bats, to quantify their concentrations, and to assess the pathogenic potential for bat assemblages and in
the underground system of Nietoperek bat reserve.
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Material and methods

Description of the Study Area

Nietoperek bat reserve is situated in western Poland in the central part of the so-called Miedzyrzecz Fortified Front
(52°25°'N, 15°32'E), which was built by Germans in the 1930s and during World War Il. The above-ground bunkers are
connected by approximately 32 km long systems of underground railway tunnels (Wozniak, 1996). To protect hibernat-
ing bats and their foraging areas around the fortifications the underground system with the surrounding surface area
of 7377.37 ha became protected in November 2007 as Natura 2000 site (area code: PLH080003). The underground
corridors of the MMF are one of the ten largest bat hibernation sites in the European Union, and most parts are closed
for visitors during the hibernation period from October 15 to April 15. Four bat species are under protection in MMF
and mentioned in Annex Il of the EU Habitat Directive (Directive 92/43/EEC, 1992) (i.e., Myotis myotis, Barbastella bar-
bastellus, Myotis dasycneme, and Myotis bechsteinii). The air temperature in the underground complex ranges from 0
°C near the entrances to 10.4 °C in rear parts. So far 12 bat species with a maximum number of 38,594 individuals have
been found hibernating there. Since 1995 the dominant species has been the greater mouse-eared bat (M. myotis),
constantly increasing in its number since 1985 (Kokurewicz et al., 2014, 2016). Generally, the population of bats in the
Nietoperek bat reserve is fairly constant. For example, in January 2014 among all the locations of our study (Fig. 1), the
largest number of bats (423 bats) was recorded in section 7.2 (Locations from IV to VI). On the other hand, in Location
Il there were recorded only several individuals, and in Location Il (section 7.8) only ten bats (Kokurewicz et al., 2016).

Sampling Methods

The observations were made under the license nrWPN-1.640 1.369.2015.JK issued by Nature Conservancy Man-
agement in Gorzéw Wielkopolski. The microbial air sampler MAS100-ECO (MBV), and YPG medium (yeast extract
peptone glucose: 10.0 g L' yeast extract, 20.0 g L' peptone, 20.0 g L~" glucose, 15.0 g L' agar) were used for the mi-
crobiological evaluation of the air. In order to eliminate fungi and yeast from the bacteria samples, 30 g mL~" of nystatin
was added to the medium (Polfa, Krakéw). The samples were taken on January 9, 2016 from one location situated ca.
5 min front of the entrance of the underground tunnels of Nietoperek bat reserve and from five locations inside of them
(Fig. 1). The microbial air sampler was positioned at a distance of 0.7 m from clusters of M. myotis (locations from IV
to VII) or it was positioned 1.5 m above the level of the floor (locations from I to lll). It was programmed for air sample
volumes of 50 L and 100 L, and the measurement in particular sampling sites was performed in triplicates for each
volume. The incubation of samples in Petri dishes with YPG medium was carried out at 7 = 0.5 °C for 21 days and 37
+ 0.5 °C for 5 days. After incubation, bacterial colonies on the plates were counted, and the colony-forming units con-
centrations were expressed as CFU per cubic meter of air using the formula X = (a x 1000) / V, where a is the number
of colonies obtained on a Petri dish, and V is the air volume sampled (m?®). Then bacterial colonies were subcultured on
YPG medium for phenotypic and molecular identification.

Phenotypic Studies

Bacterial colonies on YPG medium were subcultured on nonselective media, Nutrient agar (NA, Biocorp, Poland)
and Tryptic Soy agar (TSA, Biocorp, Poland) for morphological and phenotypic analyses. Biochemical and enzymatic
characteristics of bacterial isolates were determined after incubation at 25 = 0.5 °C for 48 h by using commercial sys-
tems API 20NE and API 20 Staph (Biomerieux) with inoculation of 0.5 McF (108 CFU ml™") in sterile water solution of
0.85 % NaCl. The profile of substrate utilization by bacteria in oxidative and fermentative conditions was assessed ac-
cording to recommended procedures using APl Aux Medium (1.5 % v/v vitamin solution, 1 % v/v trace elements, 0.15 %
agar, 0.2 % (NH,),SO,, 0.62 % NaH,PO,, 0.15 % KCI) and API Staph Medium (0.05 % yeast extract, 1 % bactopeptone,
0.5 % NaCl, trace elements 1 % v/v). The addition of reagents and the interpretation of reactions were done according
to the manufacturer’s directions. The supplementary tests, including those for cell morphology and Gram-stain reac-
tion, oxidase and catalase production, and casein, starch, and Tween-80 utilization were performed based on standard
methods (Smibert and Krieg, 1994). The ability of growth for bacteria (C, 10* CFUmL") at25 + 0.5°Cand 35 = 0.5 °C
and in the presence of 12.5 % NaCl at 25 + 0.5 °C was evaluated visually based on the turbidity of Nutrient Broth (NB,
Biocorp, Poland) after incubation for 1 to 3 days. The antimicrobial susceptibility to bacitracin (10Ul, Becton Dickinson,
Poland) and furazolidone (100 mg L', Becton Dickinson, Poland) was determined after incubation at 25 *= 0.5 °C for
24 h to 48 h by disc diffusion test on nutrient agar with bacterial suspensions of 0.1 mL 108 CFU mL™"in saline water
solution of 0.85 % NaCl. Bacterial isolates without a zone of inhibition were defined as resistant. The ability of N, fixation
by bacteria was detected in culture after incubation at 25 °C for 3 to 5 days by using a modified Ashby (ASH) medium
(1 % mannitol, 0.5 % terhalose, 0.5 % glucose, 0.02 % K,HPO,, 0.02 % Mg,SO, - 7H,0, 0.02 % NaCl, 0.01 % K,SO,,
0.05 % CaCO,, 1.5 % agar) (Stella and Suhaimi, 2010). The growth of bacteria on this medium indicated the bacterial
ability to fix N, from the air. The results were interpreted using the APlweb software and monographs (Lapage et al.,
1968; Kocur et al., 1972, 1975; Kodama et al., 1985; Margesin et al., 2004; Gupta et al., 2004; Lalucat et al., 2006; Zhao
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Figure 1. Geographic location of Nietoperek bat reserve in Western Poland (A). The outline of the underground fortification system (B). Sec-
tions (7.1-8.3) and sampling sites (C): location | outside the underground fortlflcatlon system, and locations Il to VI inside the underground
fortification system. Scale bars: A = 250 km, B and C = 500 m.

et al., 2009; Pindi et al., 2010; Kim et al., 2016). Subsequently, bacterial cultures were genetically analyzed to confirm
the affiliation of the species and determine the genetic diversity.

Molecular Studies

DNA was extracted according to the CTAB method (Doyle and Doyle, 1987) with minor modifications (Ogérek et
al., 2012). Amplification of DNA was performed in a 25 uL reaction mixture using the 2xPCR mixture containing a Taq
polymerase (0.1 U pL™"), dNTP mix (2 mM), MgCl, (4 mM), 0.25 uM of each primer, rD1: AAGGAGGTGATCCAGCC,
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and fD1: AGAGTTTGATCCTGGCTCAG (Weisburg et al., 1991) and 45 ng of DNA in the Biometra thermal cycler for
35 cycles. After initial denaturation for 5 min at 94 °C, each cycle comprised 30 s denaturation at 94 °C, 30 s annealing
at 55 °C, 45 s extension at 72 °C, with a final extension for 7 min at 72 °C at the end of 35 cycles. The amplification
product was separated on agarose gel (1.5 %), visualized by UV light, purified from the gel and sequenced by the
sequencing service at Macrogen (http://dna.macrogen.com/eng/). Partial sequences were analyzed with the BLAST
algorithm (http://www.ncbi.nlm.nih.gov/), aligned and compared with published 16s rRNA sequences from GenBank of
the National Center for Biotechnology Information, Bethesda, MD, USA.

Results

Eight species of airborne bacteria belonging to three phyla and three orders were isolated from air samples collect-
ed in the Nietoperek bat reserve. The species diversity, eight, of airborne bacteria was higher in air samples collected
inside the underground Nietoperek bat reserve than from the outdoor air, two. From indoor and outdoor sites, bacterial
species such as Paeniglutamicibacter psychrophenolicus and P. sulfurous were cultured only from samples incubated
at 7 °C. Other bacterial species were cultured only from samples incubated at 37 °C (Tables 1, 2).

Table 1. Airborne bacteria cultured from air samples in the Nietoperek bat reserve, and results of BLAST analysis (all E
values were zero).

Identification Identity with Sequence from GenBank
Isolate Species GenBank Accession No.  Query Cover, % Identity, % Accession
UWR_Bak5 Dermacoccus nishinomiyaensis KY575239.1 100 93 NR_0448721
UWR_Bak7 Micrococcus luteus KY575241.1 98 91 KY317958.1
UWR_Bak4 Micrococcus yunnanensis KY575238.1 98 94 KU877632.1
UWR_Bak8 Paenibacillus polymyxa KY575242.1 98 95 CP01142041
UWR_Bak1 Paeniglutamicibacter psychrophenolicus KY575235.1 100 94 NR_027226.1
UWR_Bak2 Paeniglutamicibacter sulfureus KY575236.1 96 92 AB046358.1
UWR_Bak6 Pseudomonas oryzihabitans KY575240.1 100 91 LC1915481
UWR_Bak3 Pseudomonas stutzeri KY575237.1 91 91 CP011854 .1

Overall, indoor air samples contained more propagules of bacteria than outdoor air samples, from 232 = 28.3 to
1189 + 124.7 and 42 *+ 12.2 bacterial CFU per m?® of air respectively. The highest number of species isolated from the
indoor air was noted for location V (eight bacterial species) and the smallest number of species was noted for location
Il (four bacterial species). The incubation temperature of samples influenced the number of bacteria cultured from the
air (Table 2). After an incubation of samples at 7 °C, the highest number of detected species was noted for location VI
(Fig. 2). The bacterial species most frequently isolated from the air outside the Nietoperek bat reserve was P. psychro-
phenolicus, and from the air inside of it was Micrococcus luteus (Table 2).

Airborne bacteria isolated from the Nietoperek tunnels showed morphological diversification between the genus,
but not within the genus, with the exception of color and colony diameter on nutrient agar medium for Micrococcus
and Pseudomonas spp. All species grew at 25 °C and were resistant to furazolidone. Paenibacillus polymyxa, Pseu-
domonas oryzihabitans and P. stutzeri were also resistant to bacitracin, all other bacterial species were sensitive to it.
Species P. psychrophenolicus and P. sulfureus did not grow at 35 °C, but others did. Among all tested species, only M.
luteus showed growth in nutrient broth medium with 12.5 % NaCl. The majority of bacteria required oxygen for growth,
with the exception of P. polymyxa, which grew in presence and absence of oxygen (Table 3).

The studied biochemical properties of airborne bacteria were diversified, although some trends between species
belonging to the same genus were detected. Generally, species were separated into two main clusters. Based on en-
zymatic metabolism, isolates of P. psychrophenolicus and P. sulfureus showed the highest similarity, and they differed
only in reduction of nitrate to nitrite, utilization of glucose, and phenylacetic acid (Table 4). The most extensive biochem-
ical profile showed P. polymyxa, and only this species produced acetylmethylcarbinol, $-glactosidase, 3-glucosidase,
and utilized lactose and N-acetyl-B-glucosamine. In contrast, the narrowest range of biochemical abilities was shown
by Dermacoccus nishinomiyaensis. Among all tested biochemical properties, calatase was produced by all tested spe-
cies, whereas indole was produced by none (Table 4).

Discussion

Bats (order Chiroptera) occur on all continents except Antarctica. Some species inhabit polar regions and isolated
oceanic islands (Jones et al., 2009). These small endothermic mammals play important roles in ecosystems and the
economy, as plant pollinators, seed dispersers responsible for regeneration of tropical rain forest, predators of insect
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populations, including agricultural and forest pests, and
insects harmful for humans such as mosquitoes (Culici-
dae) and biting midges (Ceratopogonidae and Simuliidae)
(Vilas, 2016). Moreover, most bat species are listed in
the IUCN Red list of endangered species and almost half
of these are considered threatened or near-threatened
(Mickleburgh et al., 2002). Thus, their health and factors
determining their favorable conservation status should
be monitored, including microbial agents that can cause
death in bats (Evans et al., 2009; Muhldorfer et al., 2010).
Therefore, microbiological monitoring of bats could be a
vital element of the protection of these mammals.

Most of airborne bacterial species isolated a short dis-
tance from bats hibernating in the Nietoperek belonged to
the Actinobacteria phylum. This phylum is widely distrib-
uted in the environment and represents one of the largest
taxonomic units; it includes five subclasses and fourteen
suborders. Actinobacteria are also one of the most dom-
inant groups of the skin microbiota in humans, various
amphibian species, fish, and bats (Larsen et al., 2013;
Kueneman et al., 2014; Hamm et al., 2017). Members of
this phylum are well adapted to survive long periods and
grow well in nutrient-depleted environments (Barton et
al., 2004). Therefore, Actinobacteria represent one of the
most abundant microbiota from the underground ecosys-
tems where bats hibernate (Northup et al., 2011). Howev-
er, it should be noted that only fewer than 1% of bacteria
from this phylum can be detected by using culture-based
methods (Zang et al., 2013). This study supports literature
reports that Actinobacteria exhibit a wide variety of mor-
phologies as well as diverse physiological and metabolic
properties, such as the production of enzymes (Ventura
et al,, 2007). Other species of airborne bacteria isolat-
ed from the Nietoperek belonged to the Firmicutes and
Proteobacteria. These phyla are the cosmopolitan group
of environmental bacteria, especially in the colder parts
of the world (Teixeira et al., 2010). Firmicutes and Pro-
teobacteria, like Actinobacteria, can colonize the body
of bats and their guano, but they are less dominant than
the Actinobacteria phylum (Hoyt et al., 2015; Banskar et
al., 2016). Some species of Proteobacteria probably play
an important role in maintaining interactions in microbial
communities of the skin of bats, decreasing or prevent-
ing development and growth of undesirable or pathogenic
microbes. For example, Pseudomonas spp. isolated from
the skin of bats can inhibit in vitro the growth of the white-
nose syndrome fungus Pseudogymnoascus destructans
(Hoyt et al., 2015).

The study was conducted during winter, and the
bacterial species most frequently isolated from the air
samples incubated at 7 °C was Paeniglutamicibacter
psychrophenolicus (basonym: Arthrobacter psychrophe-
nolicus), which is a Gram-positive, non-endospore-form-
ing, non-motile aerobic bacterium (Margesin et al., 2004).
P. psychrophenolicus belongs to the Actinobacteria phy-
lum and cannot grow at temperatures of 35 °C because
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Figure 2. Total number of airborne bacteria (CFU per m® + standard deviation) cultured from the Nietoperek bat reserve.
Sampling location | was outside the underground fortification system, locations Il to VI were inside the underground fortifi-
cation system (Figure 1). Il had single individuals, 1l had several individuals, and IV=VI had large numbers of bats wintering
in clusters.
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of its facultative psychrophilic characteristics (Margesin et al., 2004; Ventura et al., 2007). Cold-adapted species be-
longing to this genus are widespread among bacteria found in subterranean sites, glacier silts, or Arctic and Antarctic
environments (Loveland-Curtze et al., 1999; Juck et al., 2000; Stibor et al., 2003). The ability of P. psychrophenolicus
and P. sulfureus to survive in colder temperatures is probably one of the main reasons that these bacterial species were
isolated only from the outdoor air samples in this study.

Of particular interest in this study are phenotypic characteristics and the role of Micrococcus luteus, because it was
the most-isolated species from the air samples incubated at 37 °C. M. luteus, in contrast to P. psychrophenolicus, grows
at 35 °C and is a typical Gram-positive, obligate-aerobic bacterium. This species is present in soil, water, and under-
grade environments and on the skin of humans and other animals (Kocur et al. 1972; Ventura et al., 2007; Rdzanek et
al., 2015). Generally, M. luteus is considered a non-pathogenic saprophyte, but some strains may occasionally act as
opportunists. For example, this species can cause septic arthritis, pneumonia, urinary tract infection in an immune-de-
ficient person, meningitis, and native and prosthetic valve endocarditis (Kocur et al., 1972; Fosse et al., 1985).

Other bacterial species isolated from the air a short distance from hibernating bats are mainly considered as sapro-
phytic organisms, but in some situations can be pathogenic. For example, Dermacoccus nishinomiyaensis is found in
water and on the skin of mammals and is considered to be non-pathogenic (Kocur et al., 1975). However, according to
recent reports, this species can cause wound infections (Shah et al., 2015). Generally, Pseudomonas oryzihabitans is
described as a saprophyte of humans and other warm blooded animals (Giacometti et al., 1998; Molinari et al., 2003).
In recent years, a nosocomial pathogenic potential has been discussed, because infections usually occur in cases
referring to contaminated catheters, peritoneal dialysis, bacteremia, or even sepsis patients (Lucas et al., 1994; Verhas-
selt et al., 1995; Marin et al., 2000). Thus, P. oryzihabitans infection is strongly associated with presence of bacterial
biofilms, previous trauma or surgery, and immunocompromised hosts. Reports of its pathogenic potential in humans
are rare (Lin et al., 1997). Micrococcus yunnanensis is a novel actinobacterium that was isolated from surface-sterilized
plants (Zhao et al., 2009). It is likely that it is an endophytic bacterium, which naturally colonizes the internal tissue of
plants (Pisarska and Pietr, 2015). Paenibacillus polymyxa, formerly known as Bacillus polymyxa, is a plant growth pro-
moting rhizobacterium that is used for the biocontrol of plant diseases (Ash et al., 1993; Dijksterhuis et al, 1999). For
example, it is used against the plant-parasitic nematodes, and phytopathogenic fungi (Caruso et al., 1984). Additionally,
this species is antagonistic to human pathogenic bacteria and fungi in vitro (Seldin et al., 1999). Pseudomonas stutzeri
is a typical soil bacterium that is widely distributed in the environment (Lalucat et al., 2006). It can be an opportunistic
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pathogen for humans, however, P. stutzeri infection is rare (Noble and Overman, 1994; Reisler and Blumberg, 1999).
Under certain circumstances, these bacterial species could act as potential opportunists affecting the health status of
individual bats such as in individuals that are weakened by disease or malnutrition or have been traumatized by martens
or cats or during the flight.

Conclusions

This study is the first that describes cultivable airborne bacteria present in the environment of hibernating bats.
Bacterial communities showed differences in terms of composition and abundance among the different parts of the
Nietoperek underground corridors, and bacterial growth was dependent on the incubation temperature of samples as
well as on the number of bats. Results indicate that indoor air samples contained more propagules of bacteria and more
bacterial species than outdoor air samples. Moreover, hibernating bats may be good vectors of bacteria in underground
sites because more species of airborne bacteria were isolated from the samples in close vicinity to them. Actinobacteria
dominated in this study. Paeniglutamicibacter psychrophenolicus was isolated most frequently from samples incubated
at 7° C, and Micrococcus luteus from samples incubated at 37 °C. Some of the species found in the study can cause
opportunistic infections in humans and animals. To better understand the microbial composition and relevance of spe-
cific bacteria, further investigations in underground sites could provide more insights into the complex ecosystems and
should be regularly performed.
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HYPOTHESIZED MECHANISM FOR THE INITIATION OF SOIL CAVITIES AND
SUBSEQUENT COVER-COLLAPSE IN KARST TERRAIN

James C. Currens

Abstract

Cover collapse is the unpredictable collapse of unconsolidated earth material over soluble bedrock. In Kentucky, cover
collapse costs an estimated $20 to $60 million annually. The Kentucky Geological Survey began keeping a catalog of
case histories in 1997 and now receives about 24 reports a year. A total 354 cover-collapse sites were evaluated for
this paper, which reports on efforts to discover a relationship between what can be seen (or other otherwise measured)
of cover-collapse at the surface and what is happening in the subsurface. The evaluation of measurements made of
the cover collapses found 45 % are underlain by Ordovician age carbonates, 41 % are on Mississippian rocks, and
13 % are underlain by Silurian-Devonian stratigraphy. Diameter, elongation (asymmetry ratio), and Riley Sphericity
(circularity) were calculated from the length and width of the collapse opening. Distribution of the data is log normal.
The diameter of the collapses average 2.4 m. Student’s T-tests resulted in a significant difference in depth between
collapses underlain by Mississippian versus Silurian-Devonian carbonates. Collapses on Mississippian rocks have
large differences in the variance for asymmetry, circularity, and diameter when compared to the variance for Ordovician
and Silurian-Devonian cover-collapses. Only 7 % of the cover-collapse sites occur within larger, pre-existing sinkholes.
During evaluation of these correlations, it was observed that the cumulative count of cover-collapse per calendar month
follows an annual cycle. Collapses are at a minimum in February, but increase to a maximum in July. The count begins
to decrease in August and continues to decline through December into January. It is suggested that the air temperature
is an important component of the cover-collapse process, possibly accelerating drying of the soil cover, resulting in
subsequent collapse.

Introduction

The Kentucky Geological Survey (KGS) has been accumulating data on the timing and location of cover collapse
sinkholes since 1997 (Currens, 2012). The original purpose of this investigation was to document these features and
identify any trend in the accumulated data that correlated with an above-ground, more easily observed, parameter. This
paper reports on efforts to discover a relationship between what can be seen (or otherwise measured) of cover-col-
lapse at the surface and what is happening in the subsurface. For a less technical reference and additional detail on
karst in Kentucky see Currens, 2002.

An assemblage of a large data set, to which the analytical methods could be applied, took 19 years. The data collec-
tion was limited in scope to sinkholes in Kentucky. Approximately half of the recent sites documented in the field for this
paper were documented by the land owner via an online form. The additional information gathered from the owner is
important and is notably valuable when digital photographs are included. Although the data set is the largest of its kind
in Kentucky and now contains over 354 reports on file as of September, 2015, it is thought to represent only a fraction
of the collapse events that have occurred since the KGS began keeping records.

Cover-collapse damage is distributed widely across Kentucky and frequently damaged buildings, roads, utility lines,
and farm equipment (Fig. 1). It has killed livestock, including some thoroughbred horses, and has injured people. In
Kentucky, cover collapse costs an estimated $20 to $60 million annually (Dinger, Zourarakis, and Currens, 2007). Of
the nearly 4 million people that live in Kentucky, 2.94 million people or 67% lived on karst in 2010 (Cecil, 2015, Depart-
ment of Environmental and Earth Sciences, University of Kentucky). One of the more expensive collapse events was
the Corvette Museum in February 12, 2004, which cost $3.2 million to repair and the damage to the automobiles was
an additional $3.1 million (Kambesis et al, 2003).

Geologic Setting

Kentucky karst is developed on extensive outcrops of carbonate bedrock representing vast ranges in geologic age,
distinct mineralogy and characteristic primary sedimentary structures. Of a total of 354 cover collapse sites, 41 % are
underlain by Mississippian age (Lower Carboniferous) carbonates, whereas 45 % and 13 %, respectively, are underlain
by Ordovician and Silurian-Devonian rocks. The geology of 1 % of the sites is undetermined. The sites are located
on 32 different, formal stratigraphic units and the distribution parallels the exposed carbonate area of each geologic
system (Fig. 1).

University of Kentucky, Kentucky Geological Survey, Retired, 504 Rose Street, 228 Mining and Mineral Resources Building, Lexington, Kentucky,
U.S.A.
Corresponding author: tbcjcc@gmail.com
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Figure 1. Kentucky karst occurrence map. Darker blue areas have a higher density of karst features.

Karst development is largest in the Western Pennyroyal area, which forms an arc from the Ohio River, near Fort
Knox, south to the state’s southern border, then west past Hopkinsville and north again back to the Ohio River (Fig. 1).
The Western Pennyroyal is underlain by Mississippian (Lower Carboniferous) carbonates with an aggregated thickness
up to 150 m. Mississippian strata dip toward the lllinois basin and have hundreds of meters of Upper Mississippian and
Pennsylvanian (Upper Carboniferous) deposits covering them in the center of the basin. Karst development is limited
to the outcrop on the basin margins.

The Inner Bluegrass occurs in the central part of Kentucky. Lower to middle Ordovician limestones are draped over
the Cincinnati Arch, a regional structural high. The Kentucky River has cut through the thick bedded, lower Ordovician,
creating kilometers of near vertical cliffs flanking the river. Some of the deepest caves and vertical shafts in Kentucky
are found in this region.

Geologically similar, the Eastern Pennyroyal and the Carter Caves area karst is developed in Mississippian lime-
stones, which crop out along the margin of the Appalachian Basin and on the Carter Caves arch. The karst is aerially
extensive and some of the longest caves in the state are found in the Eastern Pennyroyal. East and south of Louisville,
the Scottville lowland is developed on Silurian and Devonian limestones and dolostone. Although the karst develop-
ment is somewhat subdued, the area is known for frequent cover collapse.

Finally, there is the Pine Mountain area, created by the Hercynian orogeny, when compressive forces drove the
deeply buried rocks to the surface along a fault that was partly parallel with the bedding. There are no communities in
this area and cover collapse is seldom reported (Fig. 1).

Previous Research

There are six basic types of karst sinkholes (White, 1988, Waltham et al., 2005, Ford and Williams, 2007, Gutierrez,
et al., 2008): solution (of bedrock), soluble bedrock collapse, (insoluble) cap rock collapse, cover collapse (also called
dropout), suffusion, and buried. Of the six types of sinkholes, cover-collapse sinkholes are one of the most destructive,
karst-related geologic hazards (Sowers, 1996). The process leading to the development of voids in unconsolidated
material overlying karstic bedrock has been thought to be well understood for many years (White, 1988, White and
White, 1992, White and White, 1999, Tharp, 2003). Soluble bedrock is riddled with small conduits (0.05 to 0.25 m). The
conduits in the bedrock eventually coalesce in a tributary pattern, confluent with a cave passage. A self-supporting roof
of insoluble material (residual chert fragments, silt, loess, disaggregated sandstone, or fluvial sand and gravel) spans
the growing void in the cover collapse (Currens et al., 2012).

Tharp (2003) has modeled cover collapse development and found that soil plasticity is a critical component. He also
found plasticity of the cover in the immediate vicinity of the void decreases. Thus, the initiation of a cover collapse has
been attributed to a loss of cohesion and surcharge loading from a wetting front (which results in a hydrostatic load),
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Figure 2. Relationship for the count of cover collapse per month to the average monthly state-wide precipitation and to air temperature.

and due to fracturing of the cover arch, loss of strength (Tharp, 1999). The spalling of layers of soil from the arch interior
reduces the head gradient and may re-stabilize the arch until the next recharge event (Tharp, 1999).

Hyatt and Jacobs (1996) studied the geometry of 312 new sinkholes, resulting from a 500-year return-frequency
flood along the Flint River in Georgia. The flooding occurred following 53 cm of rain in 19 hours from Tropical Storm
Albert in July, 1994. Their findings noted that the new sinkholes had nearly circular outlines at the intersection with the
surface and an apparent lack of influence by the regional jointing orientation. In the southeast United States, the elon-
gation index (asymmetry ratio) ranges from 1.0 to 2.3 (Beck, 1991). Hyatt and Jacobs (1996) also noted closely-spaced
clusters of new sinkholes in Georgia as a result of the riverine flooding. The relationship between older sinkholes and
historic, documented cover collapse has also been studied by Hyatt, Wilkes and Jacobs (1999). They found that older
sinkholes tended to be weakly clustered in groups, as opposed to randomly distributed. Their concluding remark, how-
ever, stated that nearest-neighbor analysis indicated that “the vast majority of new sinkholes have not clustered around
old ones.” Precipitation is thought to influence the timing and rate of cover collapse development (Tharp, 1999). In fields
and woodlands, where recharge is slowed, and initially more evenly distributed over the surface by the canopy, grass
land, or vegetative litter on the forest floor, the areal distribution of collapse is seemingly random.
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Development of analytical models to describe the dynamics and flux of heat and fluid (air, water, CO,) flow in the
epikarst and the overlying cover have been evaluated (Covington, 2016). Permeability of the cover and its thickness
relative to the epikarst are an important, limiting constraint on air flow between the karst subsurface and the surface. “If
there is a thick, relatively [speaking], cover then this will shut down chimney-effect air flow within the fracture network
below it” (Covington, 2016). By reciprocity then, if the cover has a sufficient number of interconnected macropores,
air flow would be concentrated along those efficient routes, and the cover material adjacent to the macropores would
experience more frequent wetting and drying cycles.

Methods

Data Description

The list of data gathered by KGS for each collapse was modified from the work of Wilson (Wilson and Shock, 1996).
Parameters were omitted or added as thought relevant to the geology of Kentucky. When a call or email was received,
often a decision had to be made as to whether the sinkhole report was credible enough to drive hundreds of miles to
visit the collapse site. If the owner of the sinkhole could fill out the reporting form available online and attach digital
photographs, the decision could be made much easier. The KGS online form includes the following fields:

Location: Azimuths of principal axes
Longitude and Latitude, dms Description of side-slope angle
Longitude and Latitude, decimal General Shape
Elevation Sketch of cross-section and plan
7% minute, topographic quadrangle
County Hydrologic Setting

Depth to water, if visible
Date: Year, season, month, day, hour Bedrock exposed
Of occurrence Depth to bedrock
Of report

General description of antecedent weather conditions
Dimensions Soil name or type
Length, width, total depth

Calculated Parameters

Length and width of the opening and the azimuth of the principal axes were measured at ground level. Unfortunately,
the length and azimuth of the principal axis of the collapse were one parameter that was frequently omitted from the
data on the form by property owners and other non-geologists filing a report. The diameter, elongation index (asym-
metry ratio), and Riley Sphericity (proxy for circularity index) are calculated from the lengths of the long and short axis.

Circularity index can be conceptualized as the ratio of the areas of two circles, one of which has an imperfect out-
line, divided by that of a perfect circle (Montero and Bribiesca, 2009). The two area values are defined as having an
equal diameter. Brinkmann et al., (2008) describe a circularity index they used for sinkholes in Hillsborough, Florida as
comparing the diameter and area of a sinkhole with the area of a circle of the same diameter as the sinkhole. But no
equation is provided and no source for the circularity is cited by Brinkmann et al.

Another circularity index is written as C = P2 /4A, where P is the perimeter of the sinkhole and A is the area of a
circle (Montero and Bribiesca, 2009). The area of the sinkhole has to be measured independently to use either of the
indices cited above. The majority of features described in this paper are frequently too new to be included in available
photography and, further, are too small to be found on the same. An alternative method was needed. The Riley Sphe-
ricity (Folk, 1974) was used, where the D_ is the diameter of the smallest circle circumscribing the collapse and D, is the
diameter of the largest inscribed circle. By substituting the axis length for the diameters, C = V (short axis/long axis),
that is used in this paper.

Although the depth is also an important parameter, the true depth of the cover collapse can seldom be measured
because the bottom of void is typically obscured by the pile of soil and vegetation from the collapse of the arch. The
overall depth of any cover collapse is constrained by relatively thin soils over the carbonate bedrock in the karst areas
of Kentucky.

Statistical Analysis
Statistical analysis consisted of descriptive statistics, population testing with Student’s T-tests, and GIS correlation.
Multiple-variable analyses were also conducted to confirm results of the Student’s t-tests. The analysis was conducted
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Table 1. Descriptive statistics for cover collapse reported in Kentucky.

Standard Deviation

Parameters Sample Size Arithmetic Mean of Arithmetic Mean Maximum Geometric Mean
Length of long axis (m) 219 2.74 3.85 45.72 0.25
Length of short axis (m) 219 1.85 2.73 32.31 0.08
Observable Depth (m) 201 2.32 2.58 18.9 0.21
Diameter, (L + W)/2 (m) 250 2.38 3.42 39.01 0.19

Asymmetry, (L/W) 219 1.96 2.11 10.6 017
Circularity, V(L X S)/L2 152 0.84 0.21 1.0 -0.14

with Excel spreadsheet, ArcGIS software and Statgraphics Centurion XVI software. Data were grouped based on the
stratigraphy and the length, width, observable depth, diameter, elongation (asymmetry), and the circularity were tested
for normal distribution and the equivalency of the mean. All of the data have a logarithmic distribution and all further
analyses on these data were on transformed data (Table 1). Additional analyses were performed on the data set that
had been characterized as an urban setting versus a rural setting.

Weather Data

Historical weather data from 1895 to 2015 were obtained from the University of Kentucky, College of Agriculture,
AgWeatherCenter http://wwwagwx.ca.uky.edu/. Air temperature and precipitation depth was available as a statewide
average for the month. An attempt was made to find data for soil temperature at any depth, dating at least to the turn of
the 19th Century, but the soil-temperature data do not extend far enough into the past. | also contacted the Kentucky
Climate Center at the Western Kentucky University in an attempt to locate detailed (daily or weekly) precipitation totals
for an observation station nearest to the site of each cover collapse. Although detailed precipitation data were available
for some sites, and a significant percentage of the data were compiled by Western Kentucky University, the amount of
time needed to find and compile the entire subset of the data set exceeded the available resources. The KGS took an
alternative approach and reviewed the data set again to find collapse events with a date accurate to the month of the
collapse or better, resulting in 243 records. The records with a date accurate to the month were tallied irrespective of
year and paired with average statewide precipitation for the calendar month.

Results

Cover Collapse Dimensions

Among the data sets tested by f-test (length, width, observable depth, diameter, elongation index [asymmetry ratio],
circularity [Riley Sphericity], and an urban setting versus a rural setting) and multivariate analysis, there were only three
statistically different pairs of data means. There is no statistical difference of the mean depth of cover collapse underlain
by the Mississippian rocks when compared to the Ordovician carbonates (Table 2). The difference in depth between the
collapses over Mississippian and Silurian-Devonian geology may be related to the overall thickness of the cover, and
that, in turn, is possibly related to the thickness of the stratigraphic units. The Silurian-Devonian carbonates total 56
m in thickness, whereas the total Mississippian carbonate section ranges in thickness from 102 m to 262 m, as much
as a fivefold difference. There was a measurable difference in the depths between the Ordovician (2.4 m) and Siluri-

Table 2. Summary of results of student’s t-test comparison of parameters grouped by geologic period of the underlying
bedrock. All data were log transformed.

Mississippian vs. Mississippian vs. Ordovician vs.
Parameter Ordovician Silurian-Devonian Silurian-Devonian Urban vs. Rural
Depth f-test: M= O f-test: M = S-D f-test: O = S-D f-test: U = R
t-test: M = O t-test: M # S-D t-test: O = S-D t-test: U =R
Diameter f-test: M # O f-test: M # S-D f-test: O # S-D f-test: U = R
t-test: M # O t-test: M # S-D t-test: O # S-D t-test: U # R
Elongation (Asymmetry) f-test: M # O f-test: M = S-D f-test: O = S-D f-test: U # R
t-test: M # O t-test: M # S-D t-test: O # S-D t-test: U # R
Riley Sphericity f-test: M # O f-test: M # S-D f-test: O = S-D f-test: U =R
(Circularity) t-test: M # O t-test: M # S-D t-test: O # S-D t-test: U # R

Note: All comparisons are to a 95 % (« = 0.05) confidence interval. t-test is the student’s t-test of the equivalency of the means. f-test tests the equivalency of the variance. The # symbol
indicates the comparison of the two samples is statistically different. The = symbol indicates the two sample sets are not statistically different. M is Mississippian, O is Ordovician, and S-D
is Silurian-Devonian. U is urban and R is rural.
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an-Devonian (1.6 m) cover-collapse, but this is not statistically significant. The means for elongation index (asymmetry
ratio) were not the same for Mississippian versus the Silurian-Devonian or the Ordovician versus the Silurian-Devonian,
although the variance was equal. The only other parameter that was found to have similar variance was the circularity
(Riley Sphericity) for the Ordovician versus the Silurian-Devonian, but the means of this data set were not equal.

The relationship of recent cover collapses, which were free of anthropomorphic-generated debris, to the anecdotal
oral history to the contrary (e.g., there is trash in every sinkhole) was surprising. The presence of buried trash re-ex-
posed by recent collapse strongly indicates the feature had been known for some time (years) before being filled. If the
sinkhole was filled with clean rock and soil, unless there is other evidence it is reactivated, it could be assumed to be
new. If this information is coupled with the findings of Hyatt (Hyatt, Wilkes, and Jacobs, 1999), which suggests that new
cover collapse does not preferentially form near older sinkholes, then the relationship of new cover collapse to larger,
mapped sinkholes becomes more difficult to resolve.

Weather

Anthropomorphic accentuation of runoff from impermeable surfaces, such as parking lots, is a common cause of
collapse in urbanized areas. There are case histories in this database that involve seemingly inconsequential water
sources, such as onsite sewage disposal, drips from a leaking gutter, downspouts discharging next to a foundation, and
even air conditioner condensate.

The average monthly precipitation data for Kentucky from 1895 through 2015 was plotted against the number of sink-
holes per month and fitted with a linear regression. The correlation coefficient was 0.56 at « = 0.05. The comparatively
weak correlation is thought to be produced by the average precipitation being too generalized. A polynomial regres-
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liam Andrews,
personal communication, 2016). For example, July has six times as many collapses as February. One hypothesis to
explain this was that the ground surface could be frozen from November to February. A cold front that results in a short,
but especially cold period (temperatures near —10°C) may briefly freeze the soil in the shallow subsurface. When the
temperature begins to warm, frozen soil inhibits infiltration of rain or snow melt (Seyfried and Murdock, 1997). Frozen
soil would also add mechanical strength to an incipient cover collapse, postponing failure of the arch. Soil frozen more
than 5 cm deep is very uncommon in Kentucky.

Another explanation (Drew Andrews, personal communication, 2016) is that there are fewer people actively outside
during the winter to find and report a cover collapse. To address this possibility, the data set was reviewed yet again
to include 164 data pairs with dates precise enough to determine the period between the event and the report to the
nearest week. The graph clearly shows that the longest delays between the event and the report are, except for July, in
the late spring and early summer of the calendar year (Fig. 4). The July data are skewed by a physical cluster of cover
collapses, which had a similar estimated date of occurrence, a uniform date of the report, and were smaller in diameter
than average. All other conditions being equal, the winter months have the shortest delay times between event and
report.

In contrast, leafed-out summer foliage hides many of the cover collapse openings. Accounts of farmers driving a
tractor across a field of tall crops, hay, or weeds, and driving into an obscured cover collapse that wasn’t there the last
time the field was harvested, are common. The same cover collapse openings would be relatively visible in the winter.
The trend in the delay times strongly suggests that human observation plays a minor role in biasing the cover collapse
winter data.
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Air Flow

The warming and cooling trends shown in Figure 4 suggest that above-ground temperatures are either directly
involved in the cover collapse mechanism or they are promoting some other process that affects the coherency of the
soil void. If air temperature is a direct cause, the air from the surface, driven by the relative density, would flow into the
ground during cold weather via a large range of opening sizes (Palmer, 2007). During warm weather the flow direction
reverses. The completion of an air flow circuit could explain the development of the soil arch at a specific location. Rel-
atively warm air flowing out in winter would be laden with moisture and would be ineffective at drying the arch materials.
Those less common configurations in winter where cold air is flowing into the ground would adsorb a significant mass
of moisture as it warms from contact with the soil. The seasonal fall and winter desiccation and springtime wetting of
the arch earth materials would eventually trigger a cover collapse.

Conclusions

The hypothesis developed from this analysis is that the frequency (counts) of cover collapse events per month is re-
lated to the air temperature. Soil water infiltrating during the early spring rainy season, followed by air flow drying in the
fall and winter, would cause desiccation cracking and spalling of the soil arch. A possible sequence of events leading
to a cover collapse are:

1. Water flowing through soil macropores reaches the limestone and enlarges fractures into conduits, enough
to allow turbulent flow. At this size of conduit development, discharge may not be great enough to always fill
the conduit with water and some air space will become a more common condition. Eventually, all of the water
will drain to a lower elevation, and the now air-filled conduit will remain connected to the surface through soll
macropores created by recharge.

2. Once the flow path for air becomes established, the spalling process will become more frequent and effective.
Each wetting cycle expands the soil void by putting hydraulic pressure on the compressed zone of earth ma-
terial, forming the most interior band of the arch. If the hydraulic pressure is too great, the interior part of the
arch will fail.

3. Each drying cycle creates cracking caused by clay in the wetted ceiling of the soil void, shrinking as the mois-
ture is removed by airflow. Cool, dry air in the fall, its flow direction controlled by air density and the humidity by
dry air from the surface, would promote the shrinking of the earth material forming the void ceiling.

4. The arch thins as the void ceiling approaches the surface. The arch becomes too thin for the internal shear
strength of the remaining cover to support its own weight and it fails.

The implications of this hypothesis may go well beyond the phenomena of cover collapse. For example, it could have
profound implications for the accumulation of radon in basements and crawl spaces of buildings.

Future researchers should attempt to locate and instrument a soil void well before it collapses. The research plan
would begin with locating as many soil voids as possible that are at various depths. A protocol to install a variety of
instrumentation would be needed to test the hypothesis. The equipment needed would include: an access port for a
downhole camera, a small-diameter well for collecting water samples, if appropriate, access for two pressure transduc-
ers, a temperature sensor, and a relative humidity probe.
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DIATOMS FROM THE VALPORQUERO CAVE (LEON, NW SPAIN), WITH THE
DESCRIPTION OF GERMAINIELLA LEGIONENSIS SP. NOV.

Maria Borrego-Ramos'®, Saul Blanco', and Adriana Olenici'2

Abstract

From a biological point of view, karst caves are important subterranean ecosystems, but remain to date relatively poor-
ly-studied. The diversity in this kind of habitat is usually low due to scarce light availability with resulting lack of primary
productivity. In the case of show caves, the artificial illumination allows the colonization by phototrophic microorgan-
isms, which is known as lampenflora, including fungi, bacteria, cyanobacteria, chlorophytes, diatoms, mosses, etc. This
study analyzes the diatom flora from Valporquero Cave (Ledn, NW Spain), both epilithic on stalactites and moss-dwell-
ing. In the samples observed, typical genera from moist, humid, aerophilous habitats were recorded, but some bio-
geographically noteworthy species, including an unknown Germainiella taxon described here as a new species, were
found. Some of these species have already been reported from caves from different places around the world, giving an
idea of the broad distribution pattern of many diatom taxa. The occurrence of diatom taxa in this cave could contribute
to understanding the global diversity and distribution patterns in cave-dwelling taxa.

Introduction

Caves are peculiar environments occurring throughout the world, with rather stable climatic conditions and food
supplies, except for the entrance zones. Their biological communities include mostly microorganisms, but also worms,
snails, arachnids, crustaceans, millipedes, insects, fishes, and salamanders (Holsinger, 1988). In these ecosystems,
microorganisms frequently grow as components of entrance biofilms (Hoffmann 2002), where diatoms (Bacillariophyta)
can represent around 11% of the total. Previous analysis of biofilms in other caves revealed that these communities
were formed by phototrophic microorganisms, including coccal and filamentous cyanobacteria, green unicellular eu-
karyotic algae, diatoms, bacteria, and fungi (Urzi et al., 2010). The distance from the cave entrance is an important
factor influencing the structure of these biofilms (Cuezva et al., 2009; Abdullin, 2011; Coombes et al., 2015).

In show caves, artificial illumination allows for colonization by phototrophic microorganisms, which frequently con-
stitute macroscopic biofilms. Cyanobacteria and Chlorophyta are the first colonizers in caves, and are able to produce
exopolymeric substances (EPSs), which are suitable environments for colonization by other microorganisms (Alber-
tano, 1993). The assemblage constituted by these microorganisms is known as lampenflora (Dobat, 1963), and the
diversity of lampenflora communities has recently been reviewed (Mulec and Kosi, 2009). However, the proliferation of
lampenflora is currently considered as the main threat for the conservation of show caves (Grobbelaar, 2000; Piano et
al., 2015) and studies related to growth control methods have increased (Mulec et al., 2007), including physical (light
control), chemical, and biological methods.

Aerophytic algae can survive in the environment only when the humidity is high enough (Mulec and Kosi, 2009). Di-
atoms have been found in many types of ecosystems including some in caves (Falasco et al., 2014). The most common
genera of diatoms found in these types of environments are Navicula and Diadesmis (Falasco et al., 2014), together
with other aerophilic taxa.

In karst regions, the formation of caves is carried out by rainwater that becomes acidic due to the interaction with
carbon dioxide in the atmosphere and soil (Niemiller and Soares, 2015). Natural caves present exceptional characteris-
tics because of their oligotrophic conditions (Holsinger, 1988; Graening and Brown, 2003; Ortiz et al., 2014; Piano et al.,
2015), as well as the air temperature, which is influenced by air circulation in the proximity of entrances and it is usually
stable in the deepest zones, with minimal daily and seasonal variations (Albertano, 1993). Hydrogeologically active
caves show additional particularities that depend on the hydrogeological regime (Milanovic, 2007). In these types of
active caves, the presence of running waters can accelerate the growth of biofilms (Mulec and Kosi, 2009). In any case,
subterranean environments present relatively homogeneous, simplified natural conditions, and therefore, represent
suitable habitats to study communities in relation to several factors and to predict ecological patterns on larger scales
(Falasco et al., 2014), such as the effects of climate change.

The present study was carried out in Valporquero Cave (NW Spain), a hydrogeologically active cave, internally
crossed by the Valporquero river (Arrese et al., 2007), which is a subterranean stream that flows through the lower level
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of the cave. We characterize for the first time the diatom flora from this cave. During the research, a novel population of
an unknown naviculoid taxon was found, and is described here by means of a detailed light (LM) and scanning electron
(SEM) microscopy-based description.

Materials and Methods

Study area

The Valporquero Cave (42°54'22"N 5°33'31"W, 1390 m a.s.l.) is located in NW Spain (Fig. 1), and it is considered
one of the main karstic environments of the Iberian Peninsula, composed of Carboniferous Barcaliente limestones. The
cave has been included under numerous environmental protection statuses, such as Natura 2000 Network (LIC Hoces
de Vegacervera) or the Arguellos Biosphere Reserve.

The current appearance of the cave has been modeled by an underground hydrographic network consisting of 3524
m (known to date), of which 1300 m are modified for tourists. The annual average temperature is 7 °C and the relative
humidity is around 99% (Cueva de Valporquero, 2017). From a geological perspective, this is still a dynamic cave with
active speleogenesis. The Valporquero Cave has been the subject of a number of speleological and geomorphological
studies (Barea et al., 1998; Arrese et al., 2007) although the inhabiting biota, apart from the entomofauna (Salgado,
1985; Bastazo et al., 1993; Petitpierre and Gomez-Zurita, 1998) remains unexplored to our knowledge.

Sampling

Two samples of epilithic algae growing on stalactites and two samples of moss-inhabiting algae in the surroundings
of two artificial light lamps were collected in April 2015 and preserved in the field with 10% formaldehyde. Epilithic
diatoms were extracted and analyzed following standard methods (EN 14407 2004). Moss-dwelling diatoms were pre-
pared following Van der Werff (1955), diatoms were cleaned by adding 37% H20?, and the reaction was completed by
addition of saturated KMnO4. Frustules were cleaned with distilled water three times. Permanent slides were mounted
for light microscopy using Naphrax (refractive index of 1.74).

Diatoms were identified under 1000X LM with an Olympus BX60 equipped with DIC optics. LM photographs were taken
with a Canon EOS400 camera. Greater than 400 individuals (valves) were counted and identified per slide using recent
taxonomic references (Hofmann et al., 2011 and references therein). For scanning electron microscopy (SEM), the oxi-
dized samples were filtered through polycarbonate membrane filters with a pore diameter of 1 or 3 ym, mounted on stubs,
sputtered with gold (40 nm) with a Modular High Vacuum Coating System (BALZERS SCD 004, Liechtenstein) and stud-
ied with a JEOL JSM-
6480 LV, operated at 20
Kv. Original and treated
samples, together with
LM slides and SEM
stubs, are permanently
stored at the Institute
of the Environment (Di-
atom Lab, University
of Leon, Spain, GBIF
code 10031). Type ma-
terial is stored in the
LEB Herbarium (Uni-
versity of Ledn, Spain).

Results and Dis-
cussion

A total of 26 diatom
taxa were recorded in
the samples collected
(Table 1). Most of the
species identified are
common in this type of
habitat (Falasco et al.,
100 0 100 200 300 400km 2014). The most abun-

| N | ] dant species belong to

Figure. 1. Geographical location of Valporquero Cave in NW Spain. (QGIS 2017). the genera Humidophi-
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Table 1. Checklist of the diatom species and distribution on moss-dwelling and stalactites from Valporquero Cave (Ledn,
Spain).

Moss-Dwelling Stalactites

Diatom Species Moss1 Moss2 Stal1  Stal2
Achnanthidium F.T. Kutzing +
Achnanthidium rivulare Potapova & Ponader +
Adlafia bryophila (Petersen) Moser Lange-Bertalot & Metzeltin + +
Cymbopleura rupicola (Grunow) Krammer var. rupicola +
Diadesmis gallica Wm. Smith + + + +
Diploneis krammeri Lange-Bertalot & Reichardt +
Diploneis oculata (Brebisson in Desmaziéeres) Cleve + +
Encyonopsis microcephala (Grunow) Krammer + +
Encyonopsis minuta Krammer & Reichardt +
Eolimna minima(Grunow) Lange-Bertalot +
Eucocconeis laevis (Oestrup) Lange-Bertalot +
Fallacia insociabilis (Krasske) D.G. Mann + + +
i =Germainiella legionensis Blanco, Borrego-Ramos & Olenici + + +
Halamphora normanii (Rabenhorst) Levkov + + + +
Humidophila contenta (Grunow) Lowe, Kociolek, Johansen, Van de Vijver, Lange-Bertalot &
Kopalova + +
Humidophila dissimilis (Moser, Lange-Bertalot & Metzeltin) Lowe, Kociolek, Johansen, Van de
Vijver, Lange-Bertalot & Kopalova + +
Humidophila paracontenta (Lange-Bertalot & Werum) Lowe, Kociolek, Johansen, Van de Vijver,
Lange-Bertalot & Kopalova + +
Humidophila perpusilla (Grunow) Lowe, Kociolek, Johansen,Van de Vijver, Lange-Bertalot &
Kopalova + + +
Mayamaea cavernicola Van de Vijver & Cox + + +
Navicula cataracta-rheni Lange-Bertalot +
Nitzschia solgensis Cleve-Euler + +
Pinnularia C.G. Ehrenberg + +
Pinnularia bartii Metzeltin & Lange-Bertalot + +
Sellaphora sp. C. Mereschkowsky +
Simonsenia delognei Lange-Bertalot +
Tryblionella debilis Arnott ex O’'Meara + +

la, Cymbopleura, and Mayamaea. With the exception of Cymbopleura rupicola, all these taxa are already recorded in
subterranean ecosystems.

Epilithic diatom assemblages observed in the studied samples were dominated by several Humidophila species
such as H. paracontenta (Lange-Bertalot and Werum) Lowe et al., H. perpusilla (Grunow) Lowe et al., Humidophila
dissimilis (Moser, Lange-Bertalot and Metzeltin) Lowe et al., together with a Diadesmis species (D. Wm. Smith), mor-
phologically and ecologically close to Humidophila. Other accompanying species such as Mayamaea, Humidophila,
and Diadesmis, are typical genera of moist, humid, aerophilous habitats (Lowe et al., 2014). These genera exhibit the
same ecological preferences, and for many years remained under the same genus Diadesmis, although recent molec-
ular studies split off both taxa (Andreeva et al., 2016).

The moss-dwelling diatom assemblages presented differences regarding species diversity. One of the samples was
dominated by Mayamaea cavernicola Van de Vijver and Cox, which had been already found in small caves on lle de la
Possession, the main island of the Crozet Archipelago (the type locality (Van de Vijver et al., 2002), and according to
these authors, was recorded in a lava tube cave on the Hawaiian Islands (Rushforth et al., 1984) incorrectly identified as
Navicula seminulum var. hustedtii Patrick). In contrast, the second sample was dominated by Diadesmis gallica, which
accounted for almost the total abundance.

Journal of Cave and Karst Studies, December 2018 « 183



Borrego-Ramos, Blanco, and Olenici

Many Diadesmis gallica were found as teratological forms, as in previous studies in caves (Falasco et al., 2015).
Such morphological alterations are considered common in these conditions (Falasco et al., 2015; Lund, 1945, 1946).

Most of the species found in the communities studied belong to the genus Humidophila, which is considered to
be adapted to low light conditions (Johansen, 2010). This genus has been already reported in other karst habitats in
China (Lowe et al., 2017), Spain (Del Rosal, 2016), Canada (Lauriol et al., 2006) Slovakia (LukeSova and Novakova,
2008), and Slovenia (Mulec et al., 2007), and in limestone caves in Oregon, USA (identified as Navicula, (St. Clair et al.,
1981), and Russia (Abdullin, 2011). It has been also found in other aerophilous habitats from Europe (e.g., Werum and
Lange-Bertalot 2004) and the Antarctic region (Van de Vijver et al., 2002).

Another noteworthy species found in our samples is Pinnularia bartii Metzeltin and Lange-Bertalot, (Figs. 2 a-f),
which had been so far recorded only in the type locality (moss samples in Rio de La Plata near Colonia del Sacramento,
Uruguay (Metzeltin et al., 2005), with an additional population found in Reunion Island (Metzeltin et al., 2005).

Species Description

Germainiella legionensis (Figs. 3-5)
Synonyms: ?‘Nupela sp.’ in Zimmerman et al. (2010, fig. 47:10-11), ?’Achnanthes microcephala’ sensu Rushforth et al.
(1984, Fig. 21)

Description:

Frustules rectangular in girdle view, with a short pervalvar depth (Fig. 4). Valves hyaline under LM with no con-
spicuous features even under DIC optics, except for the narrow, straight axial area, centrally expanded in a small,
roundish central area. Outline linear-lanceolate with strongly capitate apices. Valve length 9.5-10.5 ym, width 2.0-2.5

Figure. 2 a-f. Light microscope and scanning electron microscope
views of Pinnularia bartii from Valporquero Cave (Ledn, Spain).
Scale bar = 10 pm.
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pm, and length to width ratio 4.2-4.7.
SEM: Valve covered by a velum which
extends towards the mantle, so that the
subconopeal space is only open to the
exterior through a bilateral slit near the
apices (Fig. 5a, arrows). Raphe filiform,
straight, with external proximal raphe
endings simple, not expanded, slight-
ly bent towards one side of the valve.
Distal external raphe endings continu-
ing onto the valve mantle, forming sick-
le-shaped fissures. Striae visible only in
broken valves, composed of a single,
transapically expanded areola (Fig. 5b),
ca. 45in 10 um.

Type: Valporquero Cave
(42°54'22"N 5°33'31"W), Leon, Spain.
Samples collected on 20th March 2016.

Holotype: LEB!, microscopic slide
026. Individuals from the holotype spec-
imen are here depicted as Germain-
iella legionensis (Figs. 3-5) Blanco,
Borrego-Ramos & Olenici

Etymology: The epithet of the
Species refers to the region where
Valporquero Cave is located in Ledn,
Spain.

Ecology: Germainiella legionensis
was collected in three samples of the
Valporquero Cave, both on a stalac-
tite and on mosses, near artificial light
sources. In general, the samples are
characterized by a low diversity and low
abundance, as is typical in subterranean
habitats (Holsinger, 1988; Falasco et

. . . } , , ) . al., 2014; Trajano et al., 2016) that could
Figure. 3 a-h. Light microscope images of the new diatom taxa Germaniella legionensis

sp. nov. from Valporquero Cave (NW Spain). Individuals from the holotype specimen. be eXpla_lr,led by the particular eco!()gl-
Scale bar 10 pm. cal conditions and the absence of light.

Compared to other studies (Falasco et
al., 2014; 2015), the richness is relative-
ly low but exhibit interesting species.

Distribution: Until now found in living samples in the type locality (Valporquero Cave) in Ledn, Spain, probably
also in the Thurston Lava Tube in Hawaii, and in fossil samples from Bylot Island (Canadian Arctic Archipelago), see
synonyms.

Differential diagnosis: until recently, only two species had been described within Germainiella, the generitype G.
enigmatica (= Navicula enigmatica = Fallacia enigmatica), presumed to be cosmopolitan (Metzeltin et al., 2005), and
the morphologically similar G. enigmaticoides, restricted to the type locality (Colonia, Uruguay). In 2016, a third spe-
cies, G. clandestina, was discovered in an artificial freshwater channel inoculated with biofilms from the Garonne River
(Le Cohu et al., 2016), to date not referenced elsewhere. The new taxon described here can be easily differentiated in
LM from these regarding its outline, with clearly capitated valves exhibiting a narrow neck (and not subcapitate as in G.
enigmaticoides), and the short pervalvar depth shown in frustules seen in girdle view (compare Fig. 4 with Metzeltin et
al., 2005, pl 54: figs 22-27). Moreover, the stria density is the lowest recorded within the genus (ca. 45 in 10 um and
not greater than 50 in 10 ym, (Le Cohu et al., 2016)). The other morphological and morphometric features correspond
to those described for G. enigmaticoides.

Germainiella legionensis may have been earlier identified as Achnanthes microcephala in the samples collected in
the Thurston Lava Tube, Hawaii, by Rushforth et al. (1984). According to this article, this individual occurred in a com-
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Figure. 4 a-e. Light microscope images of Germaniella legionensis in girdle view. Scale bar 10 ym.

Figure. 5. Scanning electron mi-
croscope images of Germaniella
legionensis sp. nov. Detail of the
distal raphe (a) and detail of the
single, transapically expanded ar-
' eolae (b). Scale bar 1 pm.

parable habitat (wet mucilage and bryophytes
wall). Additionally, this species is probably
present also in late Pliocene sediment sam-
ples from Bylot Island (Canadian Arctic Archi-
pelago), under the name Nupela cf. wellneri
(Lange-Bertalot) Lange-Bertalot in Rumrich
2000 (Zimmermann et al., 2010).

Taxonomical notes: the ascription of this
new species to the genus Germainiella can
be evidenced regarding the presence of all its
characteristic apomorphies (Metzeltin et al.,
2005), namely i) a large conopeum that covers
the entire valve, including the mantle, and ii) a
series of canal apertures externally on either
side of the raphe (fig 5b, arrow). Additionally,
Germainiella frustules bear girdle bands open-
ing at valve center (Liu et al., 2017), a charac-
ter not seen in our individuals. These features
separate Germainiella taxa from the closely
related genus Pseudofallacia (Liu et al., 2012,
Le Cohu et al., 2016) but a number of other
similar small naviculoid genera have been es-
tablished recently, all of them bearing a single
transapically elongated areola per stria (which
does not correspond to the external foramen
of an alveolus, as in Oestrupia); all of them
can be discriminated by paying attention to
relatively few characteristics (Table 2). Note-
worthy, many of these groups also share their
ecological preferences, since Chamaepinnu-
laria, Germainiella, Humidophila, Microcosta-
tus and others usually inhabit subaerial, humid
habitats, including cave walls.

Biogeographical remarks: our observations have raised some important floristic novelties, not only for the Iberian
phycoflora, but also with some additions to the cave-dwelling biota recorded to date worldwide (Falasco et al., 2014).
Based on the Fenchel et al. (1997) experiment, the theory “everything is everywhere” was first proposed, stating that
the microbial species found in a given habitat are a function only of habitat properties and not of historical factors
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Table 2. Key to the identification of small naviculoid diatoms generally with a single external foramen per stria.

No. Character Genus
1 Areolae covered by a fine membrane Biremis “type 1” sensu Witkowski et
al. (2014)
1 Otherwise 2
2 Presence of microcostae along the valve face, conopea and pseudoconopea occur frequently Microcostatus
2'  Otherwise 3
3 Valves covered by a conopeum 4
3" Otherwise 5
4 Conopeum restricted to the valve face Pseudofallacia
4'  Conopeum extended to the valve mantle Germainiella
5 Proximal raphe ends internally slightly deflected 6
5'  Proximal raphe ends internally straight 7
6 Hymenes depressed in internal valve surface, girdle bands perforated Microfissurata
6' Otherwise Chamaepinnularia
7 Externally, distal raphe ends reach the mantle Pulchella
7' Otherwise 8
8 With stigmata 9
8'  Otherwise Humidophila
9 Externally, distal raphe ends T-shaped Labellicula

(Fenchel and Finlay, 2004), so that their distribution patterns are driven by many features including cell size, disper-
sion ability, and local or population richness (Fenchel et al., 1997). The absence of biogeographical barriers has been
observed in a number of microorganisms, such as Archaea (Whitaker et al., 2003) or Foraminifera, where no genetic
differences were found comparing Arctic and Antarctic populations (Darling et al., 2000), as expected in a non-barrier
distribution scene. On the other hand, some recent studies have criticized the ubiquity model, e.g. in the case of dia-
toms, whose dispersal is considered limited in space (Vanormelingen et al., 2008; Vyverman et al., 2007), based on the
evidence supporting restricted distribution in the new taxa described, as is the case of Achnanthes species in Hawaii,
70% of which are endemic (Lowe et al., 2009). In their study analyzing a global freshwater diatom data set, Vyverman
et al. (2007) found evidence in favor of the Theory of Island Biogeography, due to the probable endemism observed in
diatom floras in the Southern Hemisphere. In a recent study analyzing the distribution patterns of species within a single
genus in the Antarctic Region, Kopalova et al. (2015) found that most Humidophila taxa showed restricted biogeograph-
ical patterns. In some cases, biogeography has been used to support taxonomic identification of diatoms inhabiting
different nearby islands (Van de Vijver et al., 2008). Accordingly, several papers have demonstrated highly-restricted
distributions in diatom species inhabiting these islands (Van de Vijver and Beyens, 1999; Van de Vijver et al., 2002,
2008; Van de Vijver and Cox, 2013).

In contrast, Sherwood et al. (2014) carried out a large survey of the Hawaiian Islands analyzing the non-marine
algae in targeted areas, such as streams, cave walls, or terrestrial habitats, with molecular methods. These authors
deepened the global distribution patterns of forty-four taxa and found only 11.4% endemic species. A similar result was
reported by Chattova et al. (2014) in the lle Amsterdam (TAFF), where only 17% of species were found endemic, and
other 14% were species restricted to the sub-Antarctic. In the case of cave diatoms of the Hawaiian Islands, an increas-
ing number of endemic new species are being described (Miscoe et al., 2016); since past studies were mainly based
on European floras a few species were newly described.

In view of our results, the occurrence of populations of certain diatom taxa such as Pinnularia bartii or Mayamaea
cavernicola in geographically isolated, very distant regions, but in comparable habitats, may support the ubiquity mod-
el. However, the possibility that these populations (Valporquero, Canadian Arctic, and Hawaii for Germainiella legion-
ensis) are actually pseudocryptic species (Mann and Evans, 2008) cannot be discarded, although this does not seem
likely since these populations share the same ecological preferences, despite the geographical isolation. Currently,
new advances in molecular methods are allowing detection of pseudocryptic diversity within diatoms. In the case of
cave-dwelling taxa, new studies are needed in order to understand their actual diversity and distribution patterns in
these singular ecosystems.
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CHARACTERIZATION OF A KARST AQUIFER IN A COMPLEX TECTONIC
REGION, SOUTHWESTERN IRAN

Rouhollah Adinehvand' and Ezzat Raeisi?°

ABSTRACT

Characterization of karst aquifers is not unique and depends on geological and structural settings, relief, precipita-
tion, and the interactions of these parameters. Therefore, the characterization of a highland karst aquifer in tecton-
ized geological settings is still a challenge, especially in a region with scarce hydrogeological data. In this study, we
characterize an inaccessible highland karst aquifer under the severe compressional stresses of two thrust faults,
using extensive hydrogeological data by an integrated approach. The Malagha karst aquifer is located in the south-
ern limb of the Malagha Anticline in a tectonized highland zone and is bounded by the Malagha and Qale-Tol thrust
faults. Dam construction-related data including hydrochemical data, stable isotopes, water table levels, geological
logs, permeabilities, fracture zones from numerous boreholes, and data from three dye tracer tests were used to
evaluate the aquifer behavior. The exposed breccia zones and the significant water table differences on both sides
of the Qale-Tol thrust fault core confirm the barrier behavior of the fault. The damage zone is highly fractured based
on the geological logs, resulting in a relatively uniform water level distribution. The karst water flows through the
extensive fracture networks inside the damage zone with no evidence of converging toward any main conduit. The
type of flow is most probably diffuse, based on two dye tracer tests, the flat water table, and continuous high per-
meabilities up to a length of 140 m. The general flow direction is parallel to the fault strike, toward the downstream
alluvium bounded between two impermeable formations. This conclusion is based on water balance, geological
settings, and 680 and 6%H data. Due to the flatness of the water table, such conditions as the mound below the Ab-
olabbas River, bedding plane dips, and fractures and joints may locally control the flow direction. The footprint of the
karst water and the recharge from the Abolabbas River are distinguishable by the hydrochemical and isotopic data.

Introduction

A karst aquifer is a complex heterogeneous medium because its characteristics are controlled by several factors
including tectonic and stratigraphic settings, precipitation, temperature, and local and regional base levels. These
parameters vary significantly between different karst aquifers, especially in active tectonic zones. Deep knowledge of
karst aquifers is very important for drinking, industrial, and agricultural karst water uses and selection of dam sites or
tracing contaminants.

Reviewing research on the effects of faults on non-karstic formations is required to understand the actions of the
faults on karst aquifers. Faults control the aquifer hydraulic behavior and the groundwater flow pattern (Bense et al.,
2008; Mayer and Sharp, 1998; Bense and Person, 2006; Mayer et al., 2007) Fault zones usually consist of a fault core
that is surrounded by a damage zone cutting through the un-deformed host-rock, or protolith (Chester and Logan, 1986;
Caine et al., 1996; Bense et al., 2013). The protolith may contain background joints, not primarily related to the fault
zone (Bense et al., 2013). The fault core is the zone of the most intense strain and refers to intensely deformed materials
which strongly reduce porosity and permeability compared to the adjacent damage zone and protolith (Chester and
Logan, 1986; Antonellini et al., 1994; Goddard and Evans, 1995). Therefore, fault cores may act as low-flow or no-flow
boundaries (Caine et al., 1996). The damage zone has secondary structures such as fractures and minor faults which
take up the remainder of the strain within the fault zone (Bense et al., 2013) and causes heterogeneity and anisotropy in
the permeability of the fault zone (Bruhn et al., 1994; McGrath and Davison, 1995). The secondary structures enhance
permeability relative to the fault core and the host-rock (Chester and Logan, 1986; Goddard and Evans, 1995; Bense et
al., 2013; Solum and Huisman, 2016). The damage zones form permeable fractures which are mostly oriented parallel
to the fault plane (Caine et al., 1996). The permeability of the damage zone is significantly increased due to high frac-
ture density and connectivity and is generally higher than that of the protolith (Bense et al., 2013).

Structural geologists use various methods, such as outcrop mapping of fault zones (Caine and Forster, 1999; Jourde
et al., 2002; Shipton et al., 2005), mineralogy and geochemistry studies (Caine and Minor, 2009; Koukouvelas and
Papoulis, 2009) , and porosity and permeametry measurements on cores in the laboratory or in the field (Antonellini et
al., 1994; Faoro et al., 2009). Hydrogeological methods of studies of the fault zones include subsurface studies such as
permeability by pumping tests (Anderson and Bakker, 2008), determination of hydraulic gradients on both sides of the
fault core (Bense and Van Balen, 2004), artificial environmental tracer delineating fluid flow paths (Rugh and Burbey,
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2008; Leray et al., 2012) and numerical models (Caine and Forster, 1999; Jourde et al., 2002; Surrette and Allen, 2008).
Hydrogeologists often characterize karst aquifer hydrodynamics without a specific focus on fault zones (Celico et al.,
2006; Doan and Cornet, 2007; Apaydin, 2010), in contrast to structural geologists who are mainly focused on fault zone
characteristics (Caine et al., 1996; Billi et al., 2003). In literature, the links between the hydrogeological and structural
viewpoints, especially in highland tectonized zones, are limited. Bense et al. (2013) extensively reviewed the hydroge-
ology of fault zones based on both structural and hydrogeological approaches.

In carbonate rocks, cataclasite, ultracataclasite, fault gouge (Agosta and Kirschner, 2003; Billi et al., 2003; Ferrill
and Morris, 2003; Kostakioti et al., 2004; Micarelli et al., 2006; Benedicto et al., 2008; Billi, 2010; Tesei et al., 2013),
clay smear and fluid flow cementation (Micarelli et al., 2006; Kim and Sanderson, 2010) reduce permeability of the
fault cores. In karstic carbonate aquifers, the impermeable fault cores impede the flow perpendicular to the core and
direct the flow parallel to the fault plane in the damage zone, creating a significant head difference, for example 5 m to
7 m (Celico et al., 2006) and 40 to 100 m (Cappa et al., 2005, 2007; Hamaker and Harris, 2007; Micarelli et al., 2006;
Doan and Cornet, 2007; Apaydin, 2010 on both sides of the fault cores. Faults in carbonate rocks display a complex
hydrogeological behavior, from barriers by secondary cementation or smearing of low permeability material in the core
to conduits developed by the dissolution process in fractured dominantly damage zone (Bense et al. 2013). The pro-
ductive Edwards Aquifer in south-central Texas, USA, formed in Cretaceous limestones is another example of active
karst regions (Maclay, 1995; Ferrill et al., 2004). The karst groundwater flow in the aquifer is controlled by the Balcones
fault system, a system of high-angle normal faults (Ferrill et al., 2004). Faulting had a critical role in the aquifer evolution
(Lindgren et al., 2004), through solution enlargement of fractures and forming caves along faults (Hovorka et al., 1998).
The faults strongly control cave orientation (Wermund et al., 1978; Alexander, 1990) and flow direction (Lindgren et al.,
2004). Alpine karst in Europe can be divided into two main karst type, the plateau-like karst massifs (deep karst) and
the folded alpine karst (shallow karst) based on geological and tectonical structures (Goldscheider and Hoetzl, 1999).
As part of the Alpine fold and thrust belt, the strata are affected by polyphase deformation and the tectonics is very
complex in high alpine karst plateaus (Plan et al., 2009). Faults are a main factor controlling drainage patterns of thick
carbonate sequences in the south of Alpine and Austroalpine zones (Hoetzl, 1998; Goldscheider and Neukum, 2010) .
Cave patterns and groundwater flow paths often follow faults and fractures within the karst limestones (Goldscheider,
2005; Goldscheider and Neukum, 2010) and cross-formational flow between karst aquifers separated with marl forma-
tions is demonstrated (Gremaud et al., 2009).

The studied karstic Malagha Aquifer is located in the High Zagros Zone in southwestern Iran, a tectonized highland
zone, which is characterized by northwest-trending asymmetric anticlines, synclines and high-angle reverse faults. The
Malagha Aquifer is formed in the highly fractured karstic Asmari Formation (AF) of the overturned southern limb of the
Malagha Anticline (Fig. 1a and Fig. 1b). The objective of this study is to investigate the hydrogeological behavior of the
Malagha karst aquifer within a highly tectonized region, using integration of extensive hydrogeological data. The com-
bination of these specific methods finally enables us to propose a conceptual model of the aquifer.

Hydrogeological Settings

The karstified carbonate rocks crop out on about 23 % of the Zagros Mountains in the south-central regions of Iran
(Nassery, 1991; Raeisi and Kowsar, 1997). The Zagros Mountain ranges have been divided into three zones: High
Zagros, Simply Folded Belt, and Khuzestan Plane (Stocklin, 1968; Falcon, 1974; Berberian and King, 1981) . In these
regions, most of the hydrogeological and hydrochemical studies on karst aquifers are on the Simply Folded Belt (Raeisi
and Karami, 1997). The study area is located on the border between the High Zagros Zone and the Simply Folded Belt
inside the Izeh Zone, a tectonized complex zone (Sepehr and Cosgrove, 2004; Sherkati and Letouzey, 2004; Sherkati et
al., 2005) and its relationship to sedimentary facies and the evolution of sedimentary depocenters since Late Cretaceous
times have been studied, on the basis of one regional balanced transect and several updated isopach maps, in the Izeh
zone and the Dezful Embayment, central Zagros. This study relies on fieldwork data, existing geological maps, seismic
data and well information. A new structural classification for part of the Zagros sedimentary cover is presented to high-
light the different mechanical behavior of the formations in the stratigraphic column. It shows the existence of several
local decollement levels activated during folding. These decollement levels separate lithotectonic units, which accom-
modate shortening in different ways. The Lower Paleozoic is the basal decollement level throughout the studied area.
Triassic evaporites, Albian shales, Eocene marls and Miocene evaporites can act as intermediate decollement levels,
and present variable facies in the Central Zagros. Lateral facies and thickness variations, the sedimentary overburden
and the close relationship with inherited fault patterns influenced the wavelength, amplitude and style of folding in the
study area. Furthermore, surface structures do not necessarily coincide with deeper objectives where these disharmonic
levels are involved in folding. The evolution of sedimentary depocenters from the Late Cretaceous (obduction episode.
The High Zagros Zone is bounded to the northeast by the Main Zagros thrust fault, and in the southwest, it is separated
from the Zagros Simply Folded Belt by the seismically active High Zagros Fault (Berberian, 1995). To the southwest,
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Figure 1. (a) General geological map of the study area. The boundary of the Malagha Aquifer is shown with
dashed lines and its western and eastern sub-aquifers (WMS and EMS) in both sides of the Abolabbas River are
pointed out in the figure. (b) A geological cross section near the dam site perpendicular to the Malagha Anticline
has been drawn, showing the impact of faults on the formation of structures near the dam site and the surround-

ing geology.

teristics of the High Zagros Zone (Berberian, 1995).

The climate of the study area is semiarid. The minimum, maximum and average annual precipitation are 379 mm,
907 mm, and 622 mm, respectively. Annual average evaporation is 1457 mm and daily temperature ranges from -1
°C to 41 °C (Mahab Ghodss Consulting Engineers, 2004). All precipitation occurs during November to May, mostly
in the form of rain or snowfall (Najmeddin et al., 2017). The main exposed formations, in decreasing order of age,
are Surmeh limestone (Oxfordian-Tithonian), Fahliyan-Dariyan limestone (Berriasian-Aptian), Sarvak-llam limestone
(Cenomanian-Campanian), Pabdeh-Gurpi marl with thin interbeds of marly limestone (Paleocene-Oligocene), Asmari
limestone (Oligocene-Miocene), Gachsaran marl, anhydrate, gypsum and salts (Lower Miocene), Aghajari marl and
sandstone (Upper Miocene), and Bakhtiari conglomerates (Pleistocene) (Fig. 1a). In the study area, there are three
anticlines as the main geological structures, namely the Mongasht, Malagha and Chidan (Fig. 1a). Three main reverse
faults, Mongasht, Malagha, and Qale-Tol, parallel to the anticlines’ axis, have been formed by compressional forces
(Fig. 1b). The Mongasht Anticline, with the highest elevation in the study area, is an asymmetric tight fold with a short
wavelength. The cores of the Mongasht and Malagha Anticlines are exposed due to faulting and erosion processes, in
a way that the northern and southern limbs are disconnected and the older formations outcrop at the surface (Fig. 1a).
The southern limbs of these two anticlines are overturned. The syncline between the Mongasht and Malagha Anticlines
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is an overturned close fold. The Chidan Anticline is located near the border of the Simply Folded Belt. The Mongasht
and Malagha are tight folds with short wavelengths compared to the Chidan Fold. The Robat Anticline is a small sub-
surface asymmetric anticline located between the Malagha and Chidan Anticlines (Fig. 1b).

Intensive tectonic activity has formed several parallel independent aquifers in the karstic Asmari, Fahliyan-Dariyan,
and Sarvak-llam Formations at the northern and southern limbs of the Mongasht and Malagha Anticlines (Fig. 1a). The
karst waters of these independent aquifers are mainly discharged through several springs (Adinehvand, 2017). The AF
of the overturned southern limb of the Malagha Anticline has formed karstic Malagha Aquifer (Fig. 1a). The AR divided
the Malagha Aquifer into the western and eastern parts or sub-aquifers. The parts of the Malagha Aquifer on the left
and right sides (banks) of the AR and Malagha Gorge are named the Eastern and Western Malagha sub-aquifers,
respectively (Fig. 1a). No springs emerge from the Malagha Aquifer. The karst waters of the aquifer discharge into the
Qale-Tol alluvial aquifer at the western plunge of the Malagha Anticline, being exploited by several pumping wells (Fig
1a). The boundaries of the Malagha Aquifer are limited to impermeable Pabdeh-Gurpi and Gachsaran Formations from
the northern and southern sides, and to the Qale-Tol alluvial aquifer and Chidan Anticline at the western and eastern
plunges, respectively (Fig. 1a). There are no sinkholes, shafts, big caves, nor springs in the Malagha Aquifer. The karst
features are grikes, rillenkarren, and rain pits. The sources of karst waters are autogenic recharge from precipitation
through thin soil covers, fractures, grikes, and seepage from the AR bed. Parts of the Malagha Aquifer and Robat An-
ticline, upstream and downstream of the Qale-Tol thrust fault bounded by boreholes, are named the Dam-site Malagha
Aquifer (DMA) and the Local Robat Aquifer (LRA), respectively (Fig. 2). The DMA is located in parts of the As1, As2
and As3 Units of the overturned southern limb of the Malagha Anticline (Fig. 2). The LRA is a small aquifer with an ex-
posed area of about 0.05 km?, formed in the As3 Unit of the northern limb of the Robat Anticline (Fig. 2). Both of these
aquifers are unconfined.

The Abolabbas Dam under study, with a reservoir capacity of 113.4 Mm? and height of 138 m, is located inside the
Malagha Gorge on the AF (Fig. 3). The dam will be constructed across the AR. The sources of the AR are three large karst
springs, flood waters, and snowmelt from the Mongasht Anticline and the northern limb of the Malagha Anticline (Fig. 1a).
The minimum, maximum and average discharges of the AR at the dam site are about 1 m®/s, 8.8 m%/s, and 2 m®/s, respec-
tively. Parts of Malagha Aquifer have been studied in detail already in order to design the Abolabbas Dam. The Mahab
Ghodds Consulting Engineers (2004) classified the AF of the Malagha Aquifer into three units, namely the lower (As1),

Figure 2. Geological
map of the dam site and
the location of the DMA
and LRA boreholes.
All the boreholes were
used for water table
monitoring and water
sampling in the hydro-
geochemical analyses
| and tracer tests. Dye
injection boreholes are
pointed out in the figure
(green circle for the first
test (uranine); the cyan
circle for the second
test (rhodamine WT);
1 and the green square
for the third test (ura-
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Figure 3. A photograph from the As1, As2 and As3 Units at the Malagha Gorge, where the Abolabbas Dam is . -
planned to be constructed. The As2 Unit containing more marly limestone and limy marlstone formed a smooth ~ Sive fracturing and
topography between As1 and As3 Units. jointing. The As2

Unit is divided into

the As2-a, As2-b and As2-c Subunits. The As2-a Subunit, with a thickness of 33 m, is composed of thin to medium
bedded limestones with marly limestone interbeds. The As2-b Subunit consists of 21 m of marly limestone to maristone.
The As2-c Subunit has a thickness of 26 m of sandy limestones, thin to medium-bedded crystalline limestone with marl
interbeds. The As3 Unit, with 150 m thickness, is composed of thin to thick-bedded and massive microcrystalline lime-
stones with intensive fracturing. The dam is planned to be constructed on this unit.

Materials And Methods

The hydrogeology of the area was studied by Shiraz University from 2010 to 2015 (Majd, 2011; Adinehvand, 2017).
The boundaries of the Malagha Aquifer (Fig. 1a) was estimated using geological settings, water balances, and 50
and 6%H compositions (Adinehvand, 2017). The average aquifer recharge was estimated using the following equation

V:AXI{DX/ ™)

where V is the volume of recharge by precipitation (m®/year), A is the aquifer surface area (107% km?), P is the mean
annual precipitation depth (10® mm), / is the recharge coefficient and t is one hydrological year. The precipitation depth
(mm) at a specific elevation (m a.s.l.) was calculated using the precipitation-elevation relationship from 10 neighboring
meteorological stations as follows,

P =293.08 InH — 1356.7 (2)

The mean annual precipitation ( (10 mm)) over a specific area is calculated as follows,

p= 10—32 293.08 InH; — 1356.7 (3)
i=1

where n is the number of 30 m by 30 m cells of the Digital Elevation Model (DEM) and H is the topographic elevation of

each cell. The depth to the water level is at least 40 m below ground surface and therefore, evaporation from ground-

water in neglected in the above calculations.

The flow rate of the AR was measured four times by a current-meter at the beginning and the end of the Malagha
Gorge to determine the seepage from the river bed inside the Malagha Aquifer. Twenty boreholes were constructed on
the eastern and western sides of the AR (Fig. 2; Table 1) by the Khuzestan Regional Water and Power Authority within
the DMA and LRA and hydrogeological data were collected (Majd, 2011; Adinehvand, 2017). The lithology, permeability
(lugeon) and fractures were measured at 5 m steps in these borehole logs.
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Table 1. Hydrogeochemical data of the water samples.

HCO3 Ca Mg S04 Cl Na K Cco3 TDS EC Water-
Name (epm) (epm) (epm) (epm) (epm) (epm) (epm) (epm) (mg/L) (uS/cm)  Type
Abolabbas River 3.40 3.06 1.69 0.97 0.38 0.05 0.02 0.05 226 290 Ca-HCO,
Dam-site Malagha Aquifer
Group A
AD201 3.32 212 1.91 0.34 0.53 0.10 0.02 0.04 180 262 Ca-HCO,
AD202 3.02 214 1.76 0.67 0.58 0.10 0.03 0.01 191 274 Ca-HCO,
AD203 4.84 3.42 2.42 0.60 0.66 0.09 0.03 0.00 307 442 Ca-HCO,
AD204 3.05 2.40 1.65 0.63 0.75 0.14 0.07 0.00 200 263 Ca-HCO,
AD216 2.30 1.50 1.70 0.45 0.80 0.1 0.08 0.00 152 234 Mg-HCO,
AD206 3.07 2.49 1.87 0.64 0.43 0.1 0.03 0.01 209 308 Ca-HCO,
AD207 3.93 3.03 2.03 0.67 0.51 0.10 0.03 0.01 242 333 Ca-HCO,
SA14 3.23 2.68 1.45 0.59 0.70 0.06 0.03 0.01 192 273 Ca-HCO,
SA16 2.79 2.46 1.29 0.63 0.55 0.09 0.03 0.11 197 272 Ca-HCO,
SA9 2.90 2.35 1.58 0.62 0.70 0.07 0.03 0.00 205 288 Ca-HCO,
SAM23 3.10 2.70 1.80 0.48 0.65 0.07 0.04 0.00 225 315 Ca-HCO,
Group B
AD210 3.80 3.28 1.58 1.14 0.53 0.15 0.03 0.07 236 340 Ca-HCO,
SA7 2.99 2.53 1.76 0.96 0.66 0.08 0.03 0.00 197 285 Ca-HCO,
SA4 3.77 3.00 1.77 1.04 0.67 0.09 0.07 0.00 227 329 Ca-HCO,
SAM24 3.74 3.20 1.87 0.99 0.58 0.06 0.02 0.00 235 331 Ca-HCO,
Local Robat Aquifer
AD209 3.30 2.70 1.50 0.67 0.50 0.09 0.04 0.00 216 332 Ca-HCO,
AD208 3.44 6.03 2.50 4.58 0.64 0.13 0.03 0.02 515 625 Ca-SO,
SAN 2.93 2.62 1.58 1.11 0.52 0.07 0.03 0.03 237 321 Ca-HCO,
SAM21 1.60 1.22 0.82 0.08 0.58 0.35 0.08 0.12 119 141 Ca-HCO,
SAM22 2.07 1.60 1.10 0.14 0.60 0.10 0.03 0.00 138 174 Ca-HCO,

The water table levels were measured 19 times during the study period (2010 — 2015) in most of the DMA and LRA
Boreholes (Fig. 2). The waters of the boreholes (DMA and LRA) and AR at the Malagha Gorge (Fig. 3) were sampled
during the study period using USEPA (2007) and USGS (2006) guidelines. The pH, EC, and temperature were mea-
sured in the field, using portable instruments (WTW). The major anions and cations concentration and TDS were mea-
sured at the laboratory of the Department of Earth Sciences, Shiraz University. Major anion and cations concentration
were analyzed based on methods of the American Public Health Association (APHA, 2005): sodium and potassium by
flame photometer; calcium, carbonate, bicarbonate, and chloride by titration, while magnesium was calculated from the
calcium contents, and the sulfates were estimated using the turbidity method. Stable isotope 0 and 2H compositions
of six boreholes (AD201, AD202, AD207, AD208, SA7, and AD206) and the AR at the beginning and end of the Malagha
Gorge (R1 and R2) were measured in the dry and wet seasons at the Freiberg Laboratory, Technische Universitat Ber-
gakademie, using the double mass spectrometry method (Fig. 2).

Three dye tracer tests, using fluorescent dyes, were performed in order to study the groundwater flow path and
velocity within the Malagha Aquifer. In the first tracer test, 15 kg of uranine (MERK) were injected into Borehole AD207
(Majd, 2011) (Fig. 2). This borehole intersects the As1 Unit below the water table. In the second tracer test, 86 liters of
Rhodamine WT (TURNER) was injected into Borehole AD210 in June 2014 (Fig. 2). This borehole intersects the As1
Unit below the water table. Forty kg of uranine (MERK) were injected into Borehole AD202 in the third tracer test (June
2014). This borehole intersects the As3 Unit below the water table. The sampling points of these three tracer tests were
all boreholes inside the Malagha Aquifer (Fig. 2) and the pumping wells of the Qale-Tol plane (Fig. 1a). In addition, all
the springs of the Chidan Anticline, as well as nine sections along the AR passing through the Malagha Gorge and
Chidan Anticline, were also sampled (Fig. 1a). The time intervals of the samplings were once every hour and six hours
from the sampling points near to and far from the injection wells, respectively, on the first day, which were gradually ex-
tended. The dye concentration was measured by a Shimadzu Spectrofluorophotometer, RF-5301PC, at the laboratory
of the Department of Earth Sciences of Shiraz University.
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Figure 4. Permeability (lugeon) and fracture zones in the DMA boreholes. The hydrogeology of the thrust

faults

The hydrogeology of the DMA and
LRA is controlled by the actions of Malagha, and especially the Qale-Tol thrust fault (Fig. 1b). The DMA is located in
the damage zone of the Qale-Tol and Malagha thrust faults and LRA is located in the damage zone of the Qale-Tol
thrust fault. The activity of these two thrust faults has resulted in extensive joints, fracture zones, and minor faults (Fig.
2). The extensive fracture zones are observed in some of the boreholes (Fig. 4) and limestone exposed areas (Fig. 5).
The fracture zones in the boreholes have a significant correlation with continuous high permeabilities of 120 m length
(Fig. 4). No cavity indicating a conduit was found in the high permeability sections of the boreholes (Adinehvand, 2017).
The extensive fracture zones provide more pathways for groundwater flow than intact rock with less fractures which
prevents the formation of a main flow pathway. Nonhomogeneous stress intensity causes a heterogeneity in the frac-
ture zone distributions (Fig. 4) resulting in flow within the aquifer focus in the high permeability sections with extensively
fractured zones. The Qale-Tol thrust fault core consists of breccia, gauge, cataclasite, and alterations in the exposed
area (Fig. 6). The core of the Qale-Tol thrust fault acts as a barrier, disconnecting the hydraulic connection between the
two sides of the fault core. The groundwater level differences in the LRA boreholes (AD209, SA11, SAM21, and SAM22)
and in all boreholes of the DMA on both sides of the Qale-Tol thrust fault core are 10 m to 30 m (see the next section)
which confirm the impermeable behavior of the fault core.

The Dam-site Malagha Aquifer (DMA) and Local Robat Aquifer (LRA)

Hydrogeochemistry

The chemical composition data in Table 1 gives an overview of the hydrogeochemical characteristics of groundwa-
ter in the DMA and LRA. The groundwater samples from DMA, LRA, and Abolabbas River are CaMg-HCO, type with
TDS below 307 mg/L, EC of 442 uScm™', pH of 7.3, and temperature of 19.0 °C. The exception is AD208 in which the
water type is Ca-SO, and TDS is 515 mg/L due to gypsum bearing veins in the borehole log. Groundwater temperature
is almost constant in all water samples of the AR, DMA, and LRA.Groundwater samples from LRA show a significant

196 ¢ Journal of Cave and Karst Studies, December 2018



Figure 5. A photograph showing fracture zones on the limestones in the left
side of the Malagha Gorge.
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difference in hydrogeochemistry (Table 1). Even
though the water type is mostly Ca-HCO,, the EC
varies from 141 to 625 uScm-. The lowest ion con-
centrations were found in SAM21 and SAM22 bore-
holes (Table 1). For all of the measurements during
the monitoring period, the EC in both SAM21 and
SAM22 boreholes was about 150 yScm-', which is
at least 100 uScm'less than those of all the other
boreholes and the AR (Table 1). The SO,/CI ratio
of the water samples of the two boreholes is less
than 1 and the major ions’ concentrations are less
than those of the AR and all of the other boreholes.
The distances of the boreholes SA11, AD208, and
AD209 from the AR are about 30 m, 150 m, and 230
m, respectively, and the SO,/Cl ratio is higher than
1 similar to the AR. Based on the SO,/CI ratio in
the water samples of the DMA boreholes, A and B
groups can be distinguished (Fig. 7a, 7b). The SO,/
Cl ratio in the water samples of Group B boreholes
is equal to or less than 1 (Fig. 7a) while in Group
B boreholes it is higher than 1 (Fig. 7b). Group B
boreholes have the closest distances from the AR
and similar to the AR, the SO,/Cl ratio is higher than
1 (Fig. 7b).

Stable isotopes
Stable isotope compositions for 5’80 and &?H in

water samples of the AR (R1 and R2), DMA (AD201, AD202, AD203, AD206, AD207, and SA7) and LRA (AD208) in dry
and wet seasons are shown in Fig. 8. All the water samples in the 880 and &?H diagram can be placed into two distinct
groups of Aand B. Group B consists of the boreholes of the DMA which are close to the river, LRA, and river water. The 5'80
values of Group B change from -6.2%o to -6.2%0 and 2H values change from —26.4 %o to —23.4 %o (Fig. 8). Group A includes
water samples of the DMA boreholes which are further from the river (Fig. 2). The 5'®0 values of Group B evolve from -5.7
%o to —=4.3 %o and &%H values from —20.8 %o to —12.3 %o (Fig. 8). Most of the water samples fall above global meteoric water

location of Figure 6.
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Figure 6. A photograph from breccia zone of the Qale-Tol Fault at the end of the Malagha Gorge. See Figure 2 for the O-H Ccompo-

sitions (Fig.
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Figure 7. Water table map of the DMA and LRA boreholes. Major ion concentrations of the DMA boreholes; a) Group A, b) Group
B.

8). Among the LRA boreholes,
the 60 and 6°H compositions
were measured only for AD208.
The 6'®0 and &°H values are
depleted and are in the range
of the AR in the wet season
and show a mixing component
(Fig. 8). The water samples of
the DMA boreholes which are
close to the river show a mix-
ing component and fall in the
same group as the river (Group
B) (Fig. 8). The waters of Group
A tend to have more enriched
compositions in 60 and &°H
than those of Group B.

GMWL (Craig, 1961): 2H = (8.13*'0) + 10.8
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Figure 8. Stable isotope diagram of the DMA and LRA borehole water samples in dry and wet  tween June 2010 and August
seasons. River water was also sampled at the entrance (R1) and exit (R2) of the Malagha Gorge. 2015 (Fig. 9). The DMA bore-

GMWL: global meteoric water line (Craig, 1961); LMWL.: local meteoric water line (Faroughi, 2009). -
holes for water level monitor-

ing include Group B boreholes
(AD210, SA7, SA4, and SAM24), which are located close to the river, have slightly higher water levels, and may be
affected by the river seepage, and Group A boreholes (AD201, AD202, AD203, AD204, AD216, AD206, AD207, SA14,
SA16, SA9, and SAM23), which are farther from the river (Fig. 2). The LRA boreholes (SAM21, SAM22, SA11, AD208,
and AD209) are located downstream of the Qale-Tol fault core, inside the gentle-dip bedding planes of the northern limb
of the Robat Anticline (Fig. 1b, Fig. 2). The variations of the water level in each aquifer (DMA and LRA) differ. The water
level in the LRA boreholes is 10 to 30 m higher than that of DMA (Fig. 9). The bottom elevations of all LRA boreholes
are below the minimum DMA water table level. Therefore, the LRA boreholes are not located in a perched water table
aquifer. The minimum, maximum, and average water level differences of the LRA boreholes are 13.4 m, 21.2 m, and
18.2 m, respectively, at a specific time during the monitoring period (Fig. 9). The boreholes SAM21 and SAM22 are
located on both sides of the AR, with distances of less than 30 m (Fig. 2). The average of the water table levels of these
boreholes is 989.50 m a.s.l., which is the highest among the LRA boreholes (Fig. 9). Groundwater level distributions in
the LRA boreholes are highly variable, which is common in a karst aquifer.
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The water levels of the DMA boreholes are about 60 m below the river bed elevation. The minimum, maximum, and
average water level differences of the DMA are 1.2 m, 4.7 m, and 2.8 m, respectively, at a specific time during the moni-
toring period (Fig. 9). The distances of Group B boreholes from the AR are less than 30 m, while the distances of Group
A boreholes from the AR are more than 30 m (Fig. 2). The water table levels in Group B are always slightly higher than
those of Group A during the monitoring period (Fig. 9), except for Borehole SAM24 in which the water table level is 45 m
higher than that of Group A since it has the closest distance to the AR and has the lowest permeability. Although all of
the boreholes of Groups A and B intersect with As1 and/or As3 below the water level, the water-level topography in the
DMA is almost flat and shows an almost uniform distribution (Fig. 10a and 10b) similar to granular aquifers. Even though
groundwater level measurements are relatively infrequent in time and also have different time resolutions, they can
give some valuable information on aquifer homogeneity in space. To show the aquifer heterogeneous behavior more,
simultaneous groundwater levels are drawn in the form of a cross-section connecting piezometers AD201 to AD206
as shown in Fig. 10a. The topography of water level is almost flat. To have a better understanding of flow direction in
space, a groundwater elevation map for a specific time (July 30, 2014) is also drawn (Fig. 10b). The water level differ-
ences are less than 2.5 m and there is no preferential flow direction which shows the effect of the local heterogeneity
in permeabilities within the aquifers (Fig. 4). The local flow has different and occasionally opposite directions (Fig. 10b).

Tracer tests

An overview of the locations and results of the three tracer tests is given in Table 2. In the first tracer test, uranine
dye was injected into the Borehole AD207, intersecting the As1 Unit below the water table (Fig. 3), but it was not de-
tected in any of the sampling points (Majd, 2011) (Table 2). The new Borehole AD210, intersecting the As1 Unit, was
constructed for the second tracer test (Fig. 2). In the second tracer test, rhodamine WT dye was injected into Borehole
AD210 and it was detected only in Borehole AD207 with a maximum velocity of 0.40 m/h, indicating a laminar flow
regime (Table 2). In the third test, uranine dye was injected into the Borehole AD202 (Fig. 2), intersecting As1 and As2
from above, and As3 from below the water table level. The dye was only detected in Borehole AD207 at a distance of
550 m from the injection point (Fig. 2). The first and peak dye appearances occurred 76 days and 215 days after the
dye injection, respectively. The maximum velocity was 0.62 m/h (Table 2), indicating a laminar flow regime.

DISCUSSION

The Dam-site Malagha Aquifer (DMA) and Local Robat Aquifer (LRA)

The hydrogeological study of the DMA and LRA is a suitable method to recognize the behavior of aquifers in a
complex tectonic region. Part of the AR water seeps vertically into the DMA and forms a mound below the river and it
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Table 2. Summary of qualitative and quantitative analysis tracer-tests.

Injection Detection Migration Maximum Peak Velocity
Tracer Test Dye Type Borehole Point Distance (m) Velocity (m/h) (m/h)
First Uranine AD207 N/A
Second Rhodamine WT AD210 AD207 85 0.40 0.31
Third Uranine AD202 AD207 520 0.62 0.14

Sampling Stations: AD201, AD202, AD203, AD204, AD216, AD206, AD207, SA14, SA16, SA9, SAM23, AD210, SA7, SA4, SAM24, AD209, AD208, SA11, SAM21, SAM22, Abolabbas
River (see Fig.2), Qale-Tol wells and Chidan springs (see Fig.1a).

is expected that the boreholes near the AR are under the influence of the mound. The sources of water of the DMA are
seepage from the AR and precipitation recharge. The mixing of the AR with Eastern Malagha sub-aquifer water is a
very complex process in a heterogeneous karst system. The boreholes of the DMA are classified into the two groups of
A and B based on the share of the AR seepage (Fig. 3). Group A consists of boreholes AD201, AD202, AD203 AD207,
SA14, SA16, SA9, SAM23, AD204, AD216, and AD206 while the boreholes of Group B are AD210, SA4, SAM24, and
SA7 (Fig. 3). The water source of the boreholes of Group A is mainly recharge from precipitation, but the boreholes of
Group B are dominantly under the direct influence of river seepage due to the following reasons:

1. The boreholes of Group B have shorter distances to the AR than the boreholes of Group A (Fig. 2).

2. The water table levels in Group B are always slightly higher than those of Group A (Fig. 9).

3. Similar to the AR, the ratio of SO,/Cl in all water samples of Group B is more than 1, whereas, in Group A, itis

less than or near 1 (Fig. 7).
4. The 0'®0 and 6?H compositions of the AR with a higher elevation than the Malagha Aquifer and Group B bore-
holes have the same range on the 680 and 62H diagram (Fig. 8), while they are enriched in Group A.

Group B boreholes are mainly located in the AR mound area. The mound is formed because the vertical flow of the
AR seepage requires an extra head. Because of this, the water table levels of Group B boreholes cannot be used to
determine the general flow direction of the DMA. The water table levels of Group A boreholes in the DMA are undulated
without any trend to determine the flow direction. The extensive fracture zones caused a large cross-sectional area of
flow, resulting in a low hydraulic gradient in the DMA. The uniform distribution and almost flat water-level topography in
the DMA (Fig. 10a and 10b) indicate that the DMA has a behavior similar to those of the aquifers with more homoge-
nous media (Bonacci, 1995; Bonacci and Roje-Bonacci, 2000; Kresic, 2010).

In all three dye tracer tests, the dye was not detected in the AR because the water levels in all of the sampling points
were less than those of the river bed. The dye was not detected in any of the sampling points in the first tracer test
(Majd, 2011). The reasons were the lack of any boreholes in the As1 Unit, and the time of injection being during the dry
season (August 23, 2010) and a dry year. The closest boreholes (AD203) were located in the As3 Unit with a straight-
line distance of more than 500 m from the injection borehole (AD207) which is located in the As1 Unit. This may indicate
that there is no flow through the As3 Unit towards the AD203 Borehole and the dye probably flows only in the As1 Unit.
The dye probably diluted and was absorbed by the rock matrix due to the long residence time of a laminar flow and fine
materials of the crushed zones (Adinehvand, 2017). In the third tracer test, the dye may have flowed in the direction of
the bedding planes slope through the As3, As2, and As1 Units and was detected in Borehole AD207 (Fig. 3). The dye
was not expected to flow through the As2 Unit because it was composed of 21 m of marly limestone to marlstone, but
this unit is permeable and does not act as an impermeable layer due to extensive fracturing. The dye has most probably
been diluted and absorbed by fine crushed-materials in the media, similar to the first tracer test. It was expected that
the dye in the third tracer test would flow parallel to the bedding plane strike in the As3 Unit and would be detected in
borehole SA16, 600 m away from the injection borehole. The lack of dye detection in this borehole implies that there
is no conduit flow in this direction.

The significant lower concentration of the major ions and EC in both of SAM21 and SAM22 boreholes than those
of all the other boreholes and AR as well as the SO,/Cl ratio which is less than 1 indicate that the source of the water
is not the AR. The chemical characteristics of the water samples in SAM21 and SAM22 indicate that the source of
water is probably local precipitation near the boreholes without a significant modification by water-rock interaction
(Adinehvand, 2017). The unpredicted behavior of these two boreholes in such a complex tectonic setting merits further
research. Despite their long distances from the AR, the main water source of the Boreholes SA11, AD208, and AD209
is probably the AR because: a) similar to the AR, the SO,/Cl ratio is greater than 1; b) the exposed area of the LRA is
limited; c) the Robat Anticline is covered by the impermeable Gachsaran Formation, and therefore, there is no recharge
from precipitation, and; d) there is no flow from the DMA due to the Qale-Tol impermeable fault core and the DMA has
a lower water table level.
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Conceptual model and general flow direction

A conceptual model is proposed for the general flow direction and karst development of the DMA.

In a karst aquifer, groundwater in the intergranular pores in the rock matrix, fissures, fractures, and bedding planes
flows towards the solutionally-connected conduits. The extensive fracture zones, continuous high permeabilities in the
boreholes, flat and irregular water table, and laminar flow regime by two tracer tests imply no major conduit develop-
ment and the karst water most probably flows in a network of solutionally-connected fractures. As mentioned earlier,
extensive fracture zones were observed in the boreholes (Fig. 4) and several boreholes have a continuous permeability,
up to 140 m length and 100 Iu' (Fig. 4). There was no cavity in the high permeability sections of the boreholes (Adineh-
vand, 2017). The permeability of 100 lu in the boreholes with no cavity which have continuous lengths of 40 m to 140 m,
indicating a distributed flow in the fracture zones. The extensive fracture zones with high permeabilities and no cavity
reveal that no conduit has been developed to concentrate the karst water. In all the borehole logs no cavity, indicating
the presence of conduits, was found, (Adinehvand, 2017). The water levels are irregular, which is expected in a karst
aquifer. However, the differences between the DMA water levels are very low (Fig. 10a and Fig. 10b), and without any
preferential direction toward channels or conduits. The almost flat, irregular, and uneven water table of the DMA implies
a lack of large conduits to drain the karst water. The main reason is most probably the existence of extensive fracture
networks in the DMA which make impermeable marly layers (AS2) more permeable, allow a cross-unit flow, and cause
a flat water level by creating a large area of groundwater movement through joints and fractures. The extensive frac-
ture and joints have caused the As2 Unit with a 21 m impermeable marly layer to lose its barrier role making this unit
probably permeable because a) there were several boreholes intersecting the As2 Unit above the water table but there
was no perched water table; b) dye moved from As3 Unit and then passed through As2 Unit in the form of a cross-unit
flow and appeared in the As1 Unit (AD207 Borehole) in the third tracer test, and c¢) none of the boreholes showed a low
permeability in the As2 Unit representing an impermeable marly layer. The existence of extensive fracture zones makes
the media more permeable and creates more pathways for water movement. It causes the water to flow mainly through
numerous fractures, preventing channelization of the water and formation of main karstic conduits. It seems that the flow
is similar to those of alluvial aquifers but the water mainly flows through numerous solutional fractures instead of inter-
granular pores. The flow
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" Editor’s note: lu = Lugeon; 1 Lugeon Value (lu) = 1 Lmin* per meter of test interval under a reference pressure of 1 MPa.
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Formations are higher than the DMA water table and no springs emerge from the contact. Therefore, the karst water
flow path is only toward the west, which is discharged by several exploitation wells in the Qale-Tol alluvial aquifer (Fig.
11a). In addition, the water levels of the DMA are about 110 m higher than those of the Qale-Tol Aquifer (Adinehvand,
2017), providing enough energy for groundwater movement. In spite of the general flow direction parallel to the Malagha
Anticline axis, the karst water flow path may be locally controlled by the karst media heterogeneity of fracture networks
(Fig. 4) and the river mound. Heterogeneities within the aquifer media may be evident in the form of different fracture
intensities and permeabilities (Fig. 4). In such conditions, the flow direction may locally affect water flows towards
nearby fractures with larger widths or areas with higher permeabilities and lead the water to flows in multiple directions
(Fig. 11c). These factors are prominent, especially in an aquifer with a flat water table and low hydraulic gradient. The
flow in the third tracer test is toward the contact of the Pabdeh-Gurpi Formations with low velocity, instead of towards
the Malagha Gorge. The main reason is the greater thickness of the river mound below the AR than the thickness of
the river mound below the impermeable Pabdeh-Gurpi Formations with further distances from the river. The existence
of the mound under the AR may cause water to move towards parts of the DMA below the Pabdeh-Gurpi Formations
which have a negligible mound.
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Conclusions

This study integrated various and extensive data such as water table levels, hydrochemistry, stable isotopes, dye
tracings, borehole logs (permeability and fracture zones), and geological settings to characterize a tectonized high-
land karst aquifer. The studied karst aquifer is located in the southern limb of the tectonized Malagha Anticline at the
High Zagros Zone, bounded by the Malagha and Qale-Tol thrust faults. The impact of these two faults, the river crossing
the aquifer, the mound below the river, and a flat water table have all resulted in a complex karst aquifer. The extensive
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hydrological data collected for the construction of the Abolabbas Dam have provided a good basis to study the karst
aquifer. The water balance of the Malagha Aquifer indicates that there was no inflow or outflow from the adjacent aqui-
fers. The sources of the Malagha Aquifer water were recharge from precipitation and/or seepage from the Abolabbas
River. The footprints of the river water, precipitation recharge, and the mix of these two sources were determined using
hydrochemistry, stable isotopes (5'®0 and &2H), and the water table levels in the boreholes.

The faults have two distinct hydrogeological impacts on the studied karst aquifer. On the one hand, Qale-Tol fault
core acts as a barrier. The water table level differences on both sides of the Qale-Tol fault core and the exposed breccia
confirm the barrier behavior of the fault core. On the other hand, the extensive fracture zones caused marly layers of the
As2 Unit to lose their impermeability role, allowing a cross-unit flow. The existence of fracture zones resulted in more
homogeneous media with relatively uniform water levels by increasing the groundwater flow cross-sectional area which
are where two independent aquifers have been formed in the upstream and downstream of the fault core, respectively.
The LRA is a small aquifer close to the Qale-Tol fault core probably with no hydraulic connection to the DMA. The DMA
is located in a damage zone with extensive fractures crushed zones and minor faults. The two tracer tests indicated the
velocities that are in the range of the laminar flow regime, and hence, a lack of main conduits. The water table levels of
the DMA were almost flat and irregular, indicating that the karst water flows through extensive fractures which increases
the total cross-sectional area of the flow and consequently reduces the velocity and hydraulic gradient. The extensive
fracture zones, continuous high permeabilities, flat and irregular water table, and laminar flow regime by tracer tests
suggested that there was no major conduit development and the karst water most probably flows through a network
of solutionally-connected fractures. It seems that the karst water is distributed within extensive solutional fracture net-
works, similar to groundwater flow in inter-granular pores of alluvial aquifers.

The general flow direction of the DMA is parallel to the Qale-Tol thrust fault strike, towards the surrounding alluvial
aquifer. However, the local heterogeneities such as fractures with larger apertures, a mound below the river, or a bed-
ding plane dip may locally control the flow direction. Two boreholes in the vicinity of the Abolabbas River had water
tables higher than the main aquifer and their electrical conductivities were significantly less than those of the Abolab-
bas River and the DMA, implying that the hydrological behavior near the fault core was complex due to the numerous
hydrological and structural processes occurring around the fault core. Most of the research carried out on tectonized
highland aquifers have focused either on the fault zones from a structural geological point of view, or on water table dif-
ferences on both sides of the fault core. Research on the hydrogeology of damage zones, especially on karst aquifers
under the impact of thrust faults, is limited due to the lack of borehole or exploitation well data from such elevated and
rough topographies. The proposed approach can also be useful in other tectonically active regions with scarce data to
characterize complex and tectonized karst systems.
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THREE-DIMENSIONAL ELECTRICAL RESISTIVITY FOR DETECTION OF
SUBSURFACE KARST ASSOCIATED WITH FRIESENHAHN CAVE

Keith Muhlestein® ¢, Laurence Meissner?, Richard Klar®, and Ronald T. Green*

Abstract

Electrical resistivity imaging techniques have proven to be an effective technological advancement for detecting sub-
surface karst features in carbonate formations. Numerous variables, such as electrode configurations, moisture con-
ditions, carbonate lithology, and structure, can affect how effectively and accurately the generated images replicate
actual underground features. This study investigates the electrical resistivity of Friesenhahn Cave and the surrounding
strata and attempts to predict the morphology of what are believed to be extensions to the currently known single
chamber of Friesenhahn Cave. Current observations within the known cave clearly show a collapsed entrance, which
has been dated to the Pleistocene. Observations of water flow, as well as the collapse of sediments from sections of
the cave floor, indicate a potentially significantly-sized additional passage extending beyond the known cave. Electrical
resistivity results also provide an opportunity to determine the point of easiest access to the extension chambers so
as to minimize the excavation efforts needed to obtain physical access to them from the existing cave. Assuming ac-
cess to those chambers, physical measurements of the extension chambers will be used to confirm the results of the
dipole-dipole array.

Introduction

An electrical resistivity survey was conducted at the Friesenhahn Cave in north San Antonio, Texas (Fig. 1). The
purpose of the survey was to identify and evaluate potential karst features (i.e., caves and solution cavities) in the shal-
low subsurface (i.e., to depths of approximately 40 ft) that extend beyond the extent of the known cave. An electrical
resistivity survey was performed because this technique can effectively delineate areas in the subsurface, where caves
and solution cavities might be present.

The electrical contrasts between competent limestone, filled voids, and karst features can create conditions favor-
able for high-resolution electrical resistivity surveys to detect anomalies in the electrical properties of the subsurface.
Air-filled voids, which can vary in size from caves (i.e., large enough for a person to enter) to solution cavities (i.e.,
sub-centimeter to approximately one meter in scale), can have a distinctly different electrical signature (e.g., more re-
sistive) relative to the surrounding limestone. Clay-filled voids also have a distinctly different electrical signature (e.g.,
more conductive) relative to the surrounding limestone.

Given this diversity in the electrical signature exhibited by karst features, detection of karst features using electrical
resistivity can be complicated (Green, et.al., 2013). General observations can be summarized as follows:

» Large air-filled voids typically appear as electrically resistive.

» Large water-filled voids typically appear as electrically conductive.

» Small air-filled voids can appear as either electrically resistive or conductive.

» Clay-filled voids can appear as electrically conductive.

» Clay-, water-, and air-filled voids may not have an electrical signature in the survey results if the void is not
sufficiently large.

» Voids are recognizable in electrical survey results when a combination of electrical contrast between the void
and the host rock, and the size of the void is sufficiently large. Smaller voids may be detected in cases where
the electrical contrast is greater.

The key to these observations is that signatures of the features appear as anomalies when compared with the host
rock, provided the host rock has a relatively uniform electrical signature. Subsurface electrical resistivity survey results
of the known cave will be compared with areas adjacent to the known cave to indicate where additional cave passages
might extend. These results will be verified by excavation and drilling. Survey results will guide excavation and drilling
locations, where additional unknown cave passages have been indicated.

The electrical resistivity survey was conducted using a Syscal Pro electrical resistivity system (IRIS Instruments, Orleans,
France). The electrical properties of the geologic section beneath the rectangular survey areas were modeled to a depth of
approximately 12 m (40 ft). The measured resistivity data were inverted to provide an interpretation of the subsurface.
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Figure 1. Modern entrance shaft of Friesenhahn Cave,
looking up the ladder.
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Site Description

Friesenhahn Cave is located in northern Bexar County, Texas,
west of US 281 and north of Stone Oak Boulevard (Fig. 2). The area
is known for significant karst development and contains dozens of
named caves as well as numerous unnamed sinkholes and unex-
plored cavities (Veni, 1988). Located within the Balcones fault zone,
the cave appears to have developed adjacent to a fault plane. The
cave initially formed as a phreatic chamber in the basal, nodular sec-
tion of the Kainer Formation, Edwards Group. However, with the drop
of the water table, the cave became subject to vadose zone process-
es, including significant calcite deposition.

The known portion of Friesenhahn Cave consists of a single,
oval-shaped chamber, about 18 m long and 10 m wide, with a ceiling
height of about 2.5 m (Fig. 3). Located about nine meters below the
surface, the known chamber is accessed by a vertical shaft, approx-
imately two meters in diameter, that was caused in part by solution
and part by collapse. Narrow gaps (five to 10 cm wide) drop down
approximately one meter along the edges of the cave floor walls.
These openings appear to curve outward beyond view and beyond
access. Significant volumes of water flow through these gaps during
rain events, which adds further evidence of adjacent, yet-undiscov-
ered chambers and a direct conduit to the aquifer.

Friesenhahn Cave is interpreted as having a paleo-entrance, now
filled by natural debris comprised of breakdown and soils. The pa-
leo-entrance, located at the northwest end of the Friesenhahn Cave,
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Figure 2. Friesenhahn Cave located on a small parcel, surrounded by residential development.
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has been frequent-
ly explored since
its initial discovery
in 1915. Notable
are scientific expe-
ditions by The Uni-
versity of Texas in
1949 and 1951, at
10N the invitation of Mr.
Alfred Friesenhahn
(Milstead,  1956).
Sediments  within
the main chamber
of the cave have
|OM yielded thousands
of bones from nu-
merous vertebrate
groups, including
over 30 genera of
mammals. In fact,
Friesenhahn Cave
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edges of the cave
floor. In addition,
surface  collapse,
at the north end of
the main chamber,
appears to block
access to possible
cavity extensions
that  conceivably
could yield verte-
brate fossils that
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Figure 3. Map of Friesenhahn Cave (Graham, 1976).

utilized this site as a shelter earlier in the Pleistocene.

Survey Techniques

Three-dimensional electrical resistivity measurements were taken across four grids of 35 m by 55 m. The four grids
overlapped by one electrode row in both the x and y directions with the vertex being located directly over the entrance
shaft of Friesenhahn Cave. Final total combined grid size is 70 m by 110 m. Dipole- dipole electrical resistivity data
were taken using a Syscal Pro Switch 96 electrical resistivity system (IRIS Instruments). The layout included a 12 by 8
electrode grid at 5 m spacing. Earth Imager 3D (Advanced Geosciences Inc., Austin, TX) was used for data inversion.
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Figure 4. Resistivity con-
tours illustrate the Frie-
3D Resistivity Contour Plot senhahn Cave area. Black

dots represent electrode
placements and are five
meters apart.
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Figure 7. With resistivity

TN values for the modern cave
3D Resistivity Contour Plot entrance removed, the Pa-

leo entrance is evident.
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Figure 8. Top view, Cave
in center magenta overlay,
Paleo entrance left of cen-
ter, and interpreted new
chamber to right center.
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Results and Discussion

Three-dimensional electrical resistivity results are provided in the following illustrations. They graphically show the
electrical properties of the subsurface around Friesenhahn Cave. The models of inverted resistivity for the dipole-di-
pole data are illustrated as two-dimensional cross-sections, and three-dimensional block diagrams. Resistivity values
range from approximately 100 to 800 ohm-m.

Located in the center of the grid in Figure 4, the known cave entrance indicates moderately high resistivity (i.e.,
yellow at approximately 350-400 ohm-m). The surface is shown to have relatively low resistivity (i.e., blue and green
at less than approximately 250 ohm-m), with an exception of a NE-SW-trending zone from near the cave entrance
(yellow) to the SW of the survey grid, which has electrical resistivity in excess of 500 ohm-m (orange), and as high as
800 ohm-m (red).

Two intersecting vertical cross-sections of electrical resistivity values are illustrated in Figure 5. The two vertical
cross-sections are centered over the cave entrance. The entrance shaft is illustrated in orange with a resistivity of
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approximately 375 ohm-m. Relatively high electrical resistivity (i.e., approximately 400 ohm-m and higher, orange and
red) may indicate undefined karst conduits. These interpretations suggest that void spaces correlate with high electrical
resistivity. This is consistent with the known, modern cave entrance and the absence of clay materials on the interior
walls of either the cave entrance or the main cave chamber.

Figure 6 is a bottom view of the resistivity results with North to the left. The center of the grid is the base of the cave
shaft entrance with a resistivity value of approximately 400 ohm-m. Electrical resistivity in excess of 500 ohm-m is ev-
ident elsewhere at the bottom of the block diagram.

Resistivity contours within the block diagram with values of 175-250 ohm-m are illustrated in Figure 7. Resistivity
contours outside that range have been removed from this image to obscure the modern entrance. The resultant image
reveals only the Paleo entrance, located approximately 10 m NW of the modern entrance. These relatively low electrical
resistivity zones are interpreted as the collapsed entrance, once used by animals to access the cave during the Pleisto-
cene Period (paleo-entrance). A debris-filled depression currently exists on the surface and marks the entrance to the
collapsed feature. The collapse is evident within the cave as well, and it contains abundant fossil remains.

Figure 8 is a top view of the resistivity plot with the cave entrance at the center and the extent of the known cave
illustrated in magenta. Clearly visible in the resistivity plot is a potential passage extending from near the known cave
chamber, seen at the center of the grid in yellow, extending south (to the right in this image) approximately 20 m, then
encountering a significantly higher resistivity zone, as high as 800 Ohm-m, represented in red. Significant volumes of
water have been observed flowing into Friesenhahn Cave and passing through undefined karst conduit.

This geophysical analysis used dipole-dipole measures in a 110 m by 55 m grid centered on the entrance shaft of
Friesenhahn Cave in northern Bexar County Texas with five-meter electrode spacing. The ground moisture level was
very high; probably near saturation, as it had been raining heavily for several days, right up to the morning of the data
collection. The cave itself was thoroughly soaked with water running down the walls and ceiling.

Conclusions

The three-dimensional electrical resistivity survey completed at Friesenhahn Cave, using dipole-dipole array, re-
vealed significant potential open voids as yet unseen and unconfirmed. It is expected that the next step in Friesenhahn
research will include confirmation of this interpretation by drilling the most probable voids associated with the cave
system. With the strength of the data, confidence is high that the interpretation is correct and will lead to discovery of
more cave passages.
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VARIATION OF 3%C IN PLANT-SOIL-CAVE SYSTEMS IN KARST REGIONS
WITH DIFFERENT DEGREES OF ROCKY DESERTIFICATION IN SOUTHWEST
CHINA AND IMPLICATIONS FOR PALEOENVIRONMENT RECONSTRUCTION

Ting-Yong Li" 2 ¢, Chun-Xia Huang', Lijun Tian®, Marina B. Suarez®, Yongli Gao®

Abstract

Speleothem 3"C has been taken as an indicator of the history of rocky desertification, and changes in 3'*C have been
thought to reflect the transition between C3 and C4 surface vegetation types. In this study the 8"C values of plants,
soil organic matter (SOM), dissolved inorganic carbon (DIC) of waters and modern calcite deposits in caves were in-
vestigated at five sites with different rocky desertification degree (RDD) in Southwest China. The main results can be
summarized as follows: (1) dominant vegetation was the C3 type, with average plant 3'*C values ranging from —26 %o
to —32 %0 (V-PDB), and SOM &"C values ranging from —20 %o to —25 %o (V-PDB) for all the sites; (2) large variation
for the 3"3C of DIC from drip water and modern calcite deposits in caves, which must be the result of multiple, inorganic
factors in the epikarst zone and not the local vegetation type; (3) a proposed conceptual model to demonstrate that the
evolution of Asian summer monsoon (ASM) can be recorded in speleothem 8'*C due to changes in epikarst zone hy-
drological conditions, exerting influence on stable carbon isotopes’ fractionation, and not necessarily due to changing
vegetation types in the subtropical zone of Southwest China.

Introduction

Karst is one of the most fragile and vulnerable environments because of the low soil formation rate and high per-
meability of carbonate rocks. Rocky desertification is defined as the transformation of vegetation- and soil-covered
karst areas into rocky landscape under the action of natural processes of hydrology and ecology, and through human
activities (Yuan 1997; Jiang et al., 2014). The causes for initiation and development of rocky desertification, including
the contributions from natural processes and human activities, are still unknown. To prevent and rehabilitate rocky de-
sertification of karst areas, it is essential to know the history of rocky desertification for a specific region.

Speleothems in karst caves record climatic and ecologic information in geochemical proxies, such as the stable
isotopes of oxygen and carbon (5'®0 and 3'*C), and the concentrations of several elements (Fairchild et al., 2006). 5'3C
and 3'®0 have been the most popular proxies in the reconstruction of paleoclimate and paleoenvironmental changes
(Dorale et al., 1992; Genty et al., 2003; Fairchild et al., 2006). 8*C of soil CO, is controlled by the proportion of biomass
from C3 and C4 plants and the CO, respiration of soil in different climatic conditions (Cerling, 1984; Mattey et al., 2016).
Itis considered that the variations of speleothem §'*C can reflect the changes of regional vegetation, because the differ-
ent photosynthetic pathways of different plant types result in different 3'*C values: C4 vegetation has much higher §'3C
(typically around —12 %o), while carbon isotopic composition of C3 vegetation is close to —25 %o (McDermott, 2004);
the 8"3C of associated speleothems is —6 %o to +2 %o with overlying C4 plants, and —14 %o to —6 %o with overlying C3
plants (Salomons and Mook, 1986, p. 241-269; McDermott, 2004). However, direct correlation of the speleothem §™C
with regional vegetation is a simplified or idealized understanding. In reality, complex processes in soil and the epikarst
zone will influence the migration of carbon isotopes and disturb the correlation between the speleothem geochemistry
and overlying vegetation (Hendy, 1971; Salomons and Mook, 1986, p. 241-269; Coplen et al., 1994; Bar-Matthews et
al., 1996; Baker et al., 1997; Fairchild et al., 2006; Frisia et al., 2011). The most recent publications have emphasized
the influence of regional, hydrological circulation and the soil humidity balance on stalagmite C (Li et al., 2007; Liu
et al.,, 2016).

Rocky desertification is a serious ecological and environmental problem in Southwest China (Jiang et al., 2014). In
order to understand the origin and history of regional, rocky desertification, research on the mechanism of carbon iso-
tope migration in karst systems, based on cave monitoring, has been carried out (Luo et al., 2009; Li et al., 2011, 2012).
As well, reconstruction of the evolution of regional vegetation via the §'*C records of speleothems has been done (Li
et al., 1998). Li et al. (2012) studied the transition of 3'*C signals from overlying plants, soil, and bedrock, in cave water
and modern deposits in Furong Cave, Southwest China. However, investigation of the 3'*C characteristics of modern
plants and soils in karst regions with different rocky desertification degree (RDD) has been rare.
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In this paper, the organic carbon 33C of living plants (including leaves, branches, stems and roots) and soil at five
sites with different rocky desertification degree (RDD) in Southwest China was investigated. In addition, the 3'°C of
dissolved inorganic carbon (DIC-3"C) of cave water in three caves was also monitored. This will increase knowledge
about modern vegetation of karst areas in subtropical Southwest China, the transition of §'3C signals in the epikarst
zone with different RDD, and provide greater insight for paleoenvironment reconstruction via speleothem 33C.

Study Area

The most typical karst landscapes in China are concentrated in Southwest China. Four research sites with different
RDD were chosen (Nanchuan, Guanling, Liuzhi and Panxian) (Fig. 1, Table 1) and a previous case study above Furong
Cave (Wulong County, Chongging City) (Li et al., 2012) was used as a comparison.

A humid, subtropical monsoon climate prevails in Southwest China, with precipitation in the April to October rainy
season accounting for approximately 70-80 % of the annual rainfall (Li et al., 2011, 2014). The average annual tempera-
ture is 18.0 °C in Wulong County (above Furong Cave) and 8.0 °C at Jinfo Mountain, Nanchuan district (above Yangkou
Cave, based on meteorological data during 2012 to 2017), with the annual rainfall at these locations being 1200 mm
and 1348 mm, respectively (Li et al., 2011, 2012). Average annual temperature in Guanling County (above Naduo Cave)
is 14.2 °C and the annual rainfall is 1293 mm (Shen et al., 2016). For Panxian County and Liuzhi Special District in
Liupanshui City, the annual temperature/rainfall are 11.9 °C/1234 mm and 14.2 °C/1476 mm, respectively (baike.baidu.
com). Detailed geographical information, local vegetation, soil thickness of the study areas and host rock thickness
above the corresponding caves are presented in Table 1.
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Figure 1. Location map showing the study area and specific sites. (A) The yellow rectangle indicates the study area and cyan arrows de-
note the directions of the East Asian summer monsoon (EASM) and ISM, which dominate the climate in Eastern and Southern China. (B)
Enlarged map of study area. Red solid circles indicate the locations of Furong Cave (FR) (Li et al., 2011, 2012) and Yangkou Cave (YK) (Li
et al., 2014a) in Chongging City; Liuzhi Special District (LZ), Panxian County (PX) and Naduo Cave (ND) in Guizhou province. The brown,
solid circle indicates the location of Heshang Cave (HS) (Hu et al., 2008a), which is referred to in this work. Subfigures (C), (D), (E), (F)
and (G) show the local vegetation, landform and the situation of rocky desertification at these five study sites. The detailed geographical
information of these areas has been described in Table 1.
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Sampling and Analytical Methods

Soil and Plant Samples

Based on the assessment of landform, plant families and vegetation intensity for each research site, one to three
soil profiles were dug down to the bedrock, resulting in soil profile depths in the range of 12 cm to 125 cm (Table 1).
Soil subsamples were collected at 3 cm to 10 cm intervals from the bottom to the top of each profile, with 125 soil sub-
samples collected in total (Table 1). The local vegetation was investigated by a 10 m x 10 m quadrat survey and 103
plant samples were collected in total, including the dominant trees, shrubs and grasses (Li et al., 2012, Table 1). For
each site, detailed information about the soil profiles, local vegetation and RDD classification are presented in Table 1.

Before analysis for organic carbon 8'*C, samples were prepared as follows: Sufficient HCI (5 % v/v) was used to
release inorganic carbon from soil subsamples, which were subsequently dehydrated in air at 25 °C and ground into
powder with a diameter of less than 50 ym. Plant samples were ultrasonically cleaned for 15 min in deionized water,
dried at 50 °C for 48 h, and ground into powder with a diameter less than 150 um. The detailed procedures are de-
scribed by Li et al. (2012).

3"C analysis of organic matter contained in soil and plant subsamples from Chongging City were conducted in the
School of Geographical Sciences, Southwest University, China. The analytical instrument was the Thermo Delta V
Plus, interfaced with a Flash 1200 Elemental Analyzer (EA)/Conflo-Ill. For the soil and plant samples from Guizhou
Province, 8"C analysis of organic carbon was performed in the Department of Geological Sciences, University of Tex-
as at San Antonio, USA. The analytical instrument was the Thermo Finnigan Delta Plus XP interfaced with a Costech
Elemental Analyzer. For both instruments, the analytical error for 3'3C was less than 0.1 %o (10). All the reported results
of 8"3C were given with respect to V-PDB, using internal international standards: USGS-24 graphite (3'*°C = —15.99 %),
IAEA 600 caffeine (8'°C = —27.77 %.), ANU Sucrose (8"C = —10.45 %o) and Fisher caffeine (8"*C = —35.4 %o).

CO2 Concentrations of Cave and Soil Air

The CO, concentration (pCO,) of cave air was monitored at drip-water sites (1# through 6#) in Yangkou Cave in
Nanchuan district, Chonggqing, with results shown in Fig. 2 (Wang et al., 2014). The instrument for determining pCO,
was infrared device TESTO 535, with a measuring range
of 0 ppmV to 9999 ppmV and resolution of 1 ppmV. Three
I soil profiles from above Yangkou Cave (JF-1, JF-2 and

JF-3) were monitored for the pCO, of soil air at depths
of 20 and 50 cm. The pCO, was determined using the
Komyo Rikagaku kogyo K.K with AP-20 aspirating pump
and 126SA test tube, which had a measuring range of
100 ppmV to 50,000 ppmV and resolution greater than
50 ppmV.
Discharge Rate of Drip Water and Temperature of
Cave Air

The discharge rate of the six drip water sites (#1
through #6) in Yangkou Cave was monitored. Depending

0o 100m N
(A)

3
0O
W
et éﬁ
Ajﬁm
MP
O Drip water

Entrance on the water drip rate, the drip water was collected using
10 mL or 100 mL cylinders; the top of each cylinder had
(B) =N | afunnel shape with 9 cm diameter. The volume of water

collected in one minute was taken to reflect the discharge
rate of the drip water (mL/min), and these in situ mea-
surements were conducted monthly.

In the period from February 2012 to June 2014, the air
temperature in the cave at about 5 m by site 3# was con-
tinuously recorded at 2 h intervals using the U12-011 tem-

11 perature recorder (Onset company, USA), with an error
of =0.1 °C. Data were downloaded via HOBO software
every month.

DIC-813C in Cave Water

The DIC-3"C variation of drip water at six sites in

Yangkou Cave (1# through 6#) was monitored. In situ

O Drip water
O Drip water

Figure 2. Sketch map of Furong Cave, Yangkou Cave and Naduo
Cave and the distribution of the drip-water monitoring sites in the
caves. These maps were modified from: (A) Furong Cave (Li et al.,
2011); (B) Yangkou Cave (Wang et al., 2014); (C) Naduo Cave (Shen
etal., 2016).

sampling of drip water was conducted monthly in the pe-
riod from July 2013 to October 2015. Collecting time for
drip water varied in the range of 2 s to 50 min, based on
the drip rate at the specific drip site and the month. To
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Table 2. 5°C and 50 values of modern deposits water (20 mL) collected from each monitoring site, saturated

in Yangkou Cave, Jinfo Mts. Chongqing. aqueous HgCl, solution (0.2 mL) was added instantly to avoid
Sample 815C, %o 580, %o potential isotopic fractionation by the effect of microorgan-
isms. Water samples were sealed tightly and stored in the
modern-1 -6.7 -6.8 .
laboratory refrigerator at 5 °C. CO, for the measurement of
modern-2 —6.3 6.8 the DIC was produced by the chemical reaction of phosphoric
modern-3 —5.4 —6.0 acid with the water sample. The DIC-8"C analyses of water
modern-4 -8.4 -7.6 samples were performed in the School of Geographical Sci-
modern-5 6.3 —71 ences, Southwest University, China, using the Thermo Delta
modern-6 6.9 79 V Plus inte_rfaced with t.he Thermo Gas Bench automated ap-
paratus, with an analytical error of less than 0.2 %o (10).
modern-7 -7.8 -7.4 . .
For Furong Cave, located in Wulong County, Chongging
(Fig. 1), the DIC-3"C of cave water from the published data
Mean —6.8 -7.0 by Li et al. (2012) was used (Fig. 2A). For Naduo Cave, locat-
Std. dev. 1.0 0.5 ed in Guanling County, Guizhou Province (Fig. 1), the DIC-

3"C of cave water from the published data by Shen et al.
(2016) was used (Fig. 2C). There were no caves in the sites
of Liuzi Special District and Panxian County, Guizhou province (Table 3).
8"3C of Cave “modern deposits” and Bedrock
Glass plates were placed under the six drip-water sites in Yangkou Cave to collect modern deposits, as was done
in Furong Cave (Li et al., 2011, 2012). Only the deposits on artificially-placed substrates under drip water are accurate
modern deposits. However, as there was no visible deposit on the plates through the monitoring period over several
years, powders were scraped (less than 1 mm in depth) from the tops of stalagmites under drip sites without signs of

Table 3. Changes of 3'°C in karst regions at different RDD, Southwest China.

Average 8"C, %o

Thickness
Correspond  of Host DIC of drip Modern
Sites cave rock, m RDD Plants Soils, SOM Bedrock water deposits Note

Wulong County Furong Cave 300-500 No —31.8 +4.3a -22.0* 1.4a -11x13 —-11.1 £ 0.6a —10.5+0.7a Lietal (2012)a

Nanchuan District ~ Yangkou Cave 50-100 No -289*+18 -246=*05 39*05 -3.0+x27 -6.8*x1.0 This study

Guanling County Naduo Cave 30-85 Light —26.2+74 -20.6+0.9 1.5+1.4 -53*+22b —-6.5+1.4 Shenetal (2016)b
Liuzhi Special District NCCc Moderate -27.5+55 —-19.9*13 -0.2+0.0(n=1) This study

Panxian County NCCc Severe —-265+42 -212+15 3.6 09 This study

a Referred from Li et al. (2012)
b Referred from Shen et al. (2016)
¢ NCC = no corresponding cave identified but plants, soil, and bedrock samples were collected.
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Figure 3. Monthly air temperature (°C) and precipitation (mm) for the study sites. (A) Wulong County (the location of Furong Cave), based
on meteorological data from 2005 to 2016). (B) Jinfo Mt., Nanchuan District (the location of Yangkou Cave), based on meteorological data
from 2012 to 2017. (C), (D), and (E) Anshun (the location of Naduo Cave), Liuzhi and Panxian, respectively, based on meteorological data
from 1988 to 2010 from the meteorological data center of China Meteorological Administration (http:/data.cma.cn/).
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erosion or dissolution. Otherwise, visible, fresh deposits were collected from the surface of collapsed bedrock with drip
water instead. These artificial, modern deposits would not influence the relationship between the DIC-3"C of drip water
and RDD, because the relationship between drip water and deposit 8'°C is influenced by cave-related factors (e.g. ven-
tilation, CO,degassing). Whereas the relationship between DIC-3"C of drip water and RDD is influenced by the factors
in soil and the host rock. Analysis of 3°C in the “modern deposits” samples was performed in the School of Geographi-
cal Sciences, Southwest University, China, using the Kiel IV carbonate device and Thermo Delta V Plus, with analytical
error of below 0.1 %0 (10). For each study area (Fig. 1), from above the cave and from near the drip-water sites in the
cave, several blocks of bedrock were collected, broken by hammer and powder scraped from the fresh surface. The
d"3C content of this bedrock powder was determined using the same instruments as for the modern deposit samples.

Results

813C of Plants

Twenty-four plant samples (classified as 24 species from 20 families) were collected from above Yangkou Cave (Jin-
fo Mt., Chongging) (Supplementary Table 1). All of these plants were dominant species in the karst area of Southwest
China. The 3™C values of the plants ranged from —25.0 %o to —32.2 %o, with the average being —28.9 %o = 1.8 %o.
Twenty-eight plant samples were collected from above Naduo Cave (Guanling County, Guizhou province), with 3'°C
values ranging from —11.2 %o to —32.2 %o, with an average of —26.2 %o * 7.4 %o (Supplementary Table 2). For the 27
plant samples collected in Liuzhi Special District, the 3'*C values ranged from —12.0 %o to —32.4 %o with an average
of —27.5 %o * 5.5 %o (Supplementary Table 3). Of the 24 plant samples collected in Panxian County, the 3"*C values
ranged from —13.1 %o to —29.8 %o, and the average was —26.5 %o = 4.2 %o (Supplementary Table 4).

8"3C of soil organic matter (SOM)

Three soil profiles were dug above Yangkou Cave, named JF-1, JF-2 and JF-3 at depths of 120 cm, 125 cm, and 73
cm, respectively (Table 1). For each profile, the average 8"C values of SOM (8"C,,) were —24.4 %o + 0.5 %o, —24.9 %o
+ 0.3 %o, and —24.2 %o * 0.4 %o (Fig. 4A; Supplementary Table 5), respectively. The soil profile above Naduo Cave was
85 cm in depth (Table 1), with an average 8"C,, of —20.6 %o + 0.9 %o (Fig. 4B; Supplementary Table 6). The average
3"C,,, Values of three soil profiles in Liuzhi Special District were —19.8 %o * 0.4 %o, —19.2 %0 * 1.5 %o and —21.3 %o
*+ 0.4 %o, and the average was —19.9 %o = 1.3 %o for all soil samples (Fig. 4C; Supplementary Table 7). The average
d"C,,, Values of three soil profiles in Panxian County were —23.0 %o * 0.7 %o, —21.5 = 1.7 %o, and —20.4 %o = 0.9 %o
and the average was —21.2 %o = 1.5 %o for all of these soil samples (Fig. 4D; Supplementary Table 8).

CO, Concentration of Soil Air above Yangkou Cave

The CO, concentration of soil air above Yangkou Cave changed seasonally in the range of 200-6800 ppmV, gener-
ally with higher values in summer and autumn months and lower values in winter and spring months (Fig. 5). Depth of
soil profiles JF-1 and JF-2 were 120 cm and 125 cm, respectively, deeper than that of profile JF-3 at 70 cm (Table 1).
Correspondingly, the average CO, concentration of soil air in JF-1 and JF-2 was 950 ppmV and 1300 ppmV, respec-
tively, higher than in JF-3 at 800 ppmV.

CO, Concentration of Cave Air in Yangkou Cave

For the six cave air CO,-monitored sites (1#-6#, as drip water sites), the CO, concentration changed in the range
of 308 ppmV to 554 ppmV, 326 ppmV to 654 ppmV, 316 ppmV to 800 ppmV, 333 ppmV to 622 ppmV, 346 ppmV to
781 ppmV and 312 ppmV to 544 ppmV, with an average of 388 ppmV, 412 ppmV, 446 ppmV, 402 ppmV, 445 ppmV,

13
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Figure 4. The 3"*CSOM of soil profiles in: (A) Jinfo Mt., above Yangkou Cave, (B) Anshun country, the location of Naduo Cave, (C) Liuzhi
Special District, and (D) Panxian County in Guizhou province.
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and 385 ppmV, respectively. There were
obvious seasonal changes of cave air CO,
concentration in Yangkou Cave, with high-
er values in the 600 ppmV to 800 ppmV
range in summer months and lower val-
ues in the 300 ppmV to 400 ppmV range
in winter and spring months (Fig. 6).

The relatively low soil CO, concen-
tration above Yangkou Cave and air CO,
concentration in Yangkou Cave were in
contrast with the global average con-
centration of atmospheric CO, (~400
ppmV). This could possibly be attributed
to analytical uncertainty (i.e., 50 ppmV
for soil CO,). Additionally, the high eleva-
tion above Yangkou Cave, which is more
than 2,100 m a.s.l. and frequently frozen
in winter months because of the low air
temperature, resulted in significant de-
pression of soil CO, production. Despite
this phenomenon, the seasonal changes
of CO, concentration in the soil and in the
cave were clear.

Discharge Rate Variation of Drip
Water in Yangkou Cave

The average discharge rate for the six
drip-water sites (1#-6#) in Yangkou Cave
were 178.6 mL/min, 141.5 mL/min, 15.4
mL/min, 2.8 mL/min, 6.9 mL/min, and 96.3
mL/min, respectively. Except at site 5#,
there was no obvious seasonal change in
the discharge rate (Fig. 7). For all the drip
sites, the discharge changed in the range
of 2.6 mL/min and
898.0 mL/min, 17.0
mL/min and 269.0
mL/min, 5.0 mL/min
and 28.0 mL/min, 0.4
mL/min and 22.0 mL/
min, 1.0 mL/min and
27.0 mL/min, and 3.9
mL/min, and 322.0
mL/min, respective-
ly. This huge range
in the change of dis-
charge rate indicated
that most of the drip
waters monitored in
Yangkou Cave were

200:11111:
2013

2014

Year (A.D)

Figure 6. Monthly changes of cave air CO, concentration for the six drip-water monitoring sites in Yangkou

Cave.
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In the period from February
2012 to June 2014, the air tem-
perature in Yangkou Cave fluctu-
700 <+ ated in the range of 1.4 °C — 17.2
/ v °C (Fig. 8), with higher tempera-
tures in the summer months and
lower values in winter months,
similar to the seasonal change of
regional air temperature outside
the cave (Fig. 3B). For the whole
monitoring period, the monthly
mean air temperature in Yangk-
ou Cave was 7.4 °C, close to the
value of 7.5 °C, reported by Li et
al. (2014a).
813C of DIC, Bedrock and
Modern Deposits

The average DIC-3'°C values
for the six drip-water sites (1#-
6#) in Yangkou Cave were —5.1

| | o
%0 * 2.3 %o, —3.0 %o = 1.9 %o,
2013 2014 2015 —5.8 %o *+ 1.8 %o, —0.3 %0 + 1.0

Year (A.D) %o, —0.5 %o * 1.4 %o, and —1.8
%o = 1.8 %o, respectively (Fig. 9).
The great fluctuation in the rang-
es of drip water DIC-3"C (4 %o to
10 %o) in Yangkou Cave (Fig. 9) should partially be attributed to the relatively open channel of the cave and the consid-
erable cave ventilation effect (Fairchild et al., 2006), as partly indicated by the huge magnitude of air temperature fluc-
tuations in Yangkou Cave (1.4 to
17.2 °C) (Fig. 8). Other potential
—— Maxium reasons for the irregular change
in drip water DIC-3"C in Yangkou
T Average Cave could include the seasonal
—e— Minimum change of soil CO, production
and the equilibrium between soil
water and soil CO, (Baker et al.,
1997). Both are closely related to
changeable precipitation and soil
hydrological conditions.
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Figure 7. Monthly changes of the discharge rate for the six drip-water monitoring sites in Yangkou
Cave.

i Sixteen subsamples of bed-
rock were collected in total, 11
—— in Yangkou Cave and five out of
the cave, with the average 3'°C
— values being 4.1%o. and 3.5%.,
respectively. For all the bedrock
—— subsamples, the average &%C

was 3.9 %o * 0.5 %o (Supplemen-
L4 LU ] tary Table 9). The 57C values of
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seven “modern deposit” subsam-

2012 2013 2014 ples collected in Yangkou Cave,
ranged from —5.4 %o to —8.4 %o,

Year (A.D) with an average value of —6.8 %o

+ 1.0 %o (Table 3).

Figure 8. Monthly changes of cave air temperature, monitored at about five m from site 3# in
Yangkou Cave (Fig. 2C).
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Discussion

Differences in 5°C of Regional Plants

For all sites mentioned in this study, Wulong, Nanchuan, Guanling, Liuzhi and Panxian, the average 8'*C of local
plants was —31.8 %o * 4.3 %o (Li et al., 2012), —28.9 %o * 1.8 %o, —26.2 %o * 7.4 %o, —27.5 %o = 5.5 %o, and —26.5 %o
*+ 4.2 %o, respectively (Table 3).

The average 3'°C value of the plants above Naduo Cave (in Guanling County), —26.2 %o, was close to that of plants
above Yangkou Cave (—28.9 %o). The relatively large standard deviation (7.4 %o for Naduo Cave vs. 1.8 %o for Yangkou
Cave), was attributed to four species above Naduo Cave: Pogonatherum paniceum, Imperata cylindrica, Sorghum bi-
color and Capillipedium assimile, with 3'*C values higher than -13%. (Supplementary Table 2). Sorghum bicolor is a
crop introduced from Northern China. Pogonatherum paniceum, Imperata cylindrica and Capillipedium assimile are
local grasses; these account for an especially small proportion (< 3%) of local biomass, based on the field investigation.
Exclusion of these four species resulted in an average 8"C for plants above Naduo Cave of —29.9 %o = 1.6 %o.

For Liuzhi Special District, the species of Arthraxon hispidus, Imperata cylindrica and Zea mays, which are Gram-
ineae plants, had higher 3'3C values of around —12 %o to —13 %o (Supplementary Table 3). Exclusion of these three
species resulted in an average 8"C for the other 24 plant samples of —29.4 %o * 1.6 %.. Zea mays is a crop and Ar-
thraxon hispidus and Imperata cylindrical are grasses. For most local plants in Liuzhi, the 3'3C value is around —29 %o.

For Panxian County, the Gramineae grass species Imperata cylindrica and Arthraxon hispidus, with higher 8°C val-
ues of —13.4 %o and —13.1 %o, respectively, accounted for a relatively small proportion of local, total biomass. Exclusion
of these two species resulted in an average 3'C for the other 22 plant samples of —27.7 %o + 1.1 %o, with all 3'°C values
below —25 %o (Supplementary Table 4).

In summary, for most of the present vegetation in these four study sites, the average 3'*C of plants consistently
matched the 3'3C distribution of modern C3 photosynthesis vegetation (—20 %o to —35 %) (Dienes, 1980, p. 320-406;
McDermott, 2004). In other words, at present, severe rocky desertification in Panxian County has not changed the
dominance of C3 vegetation. This observation is essentially different to previous opinion, which argued that the evo-
lution of rocky desertification in southwest China will change C3/C4 vegetation and finally result in changes to speleo-
them &"C (Zhang et al., 2006).

Variation of 8"°C_ in Soils

For soil profiles JF-1 and JF-2 above Yangkou Cave, the 3"°C,, values were steady, with variation of about 0.5 %o
below a depth of about 40 cm. Additionally, from the top to the bottom of the soil profiles, the 8"°C,, values tended to
increase (Fig. 4A), which was consistent with the trend in 3"°C,, values above Furong Cave (Li et al., 2012) arising from
the fractionation of stable carbon isotopes, due to plant decomposition (Trumbore, 2000). The lowest §"°C,, values
at the top of the soil profiles, as low as —28.9 %0 *+ 1.8 %o (Table 3), were attributed to the relatively large amount of
undecomposed plants at the top of the soil profile. However, profile JF-3 showed a reverse of this trend from a depth
of 45 cm, with a higher 8°C, value by about 1.5 %o at the depth of 65 cm (Fig. 4A). This abnormal phenomenon was
attributed to the uneven distribution of plant roots and residues, or some disturbance of the soil layers.

Above Naduo Cave, the 3"°C, values increased with growing depth for the top 22 cm section of the soil profile, but
became relatively lower at depths of 22 cm to 41 cm (Fig. 4B). At deeper than 41 cm, the 8"°C, values were around
—21 %o, except for an excursion of ~1 %o at a depth of 63 cm (Fig. 4B). This distribution of 8°C, values along the soil
profile was similar to the characteristics of soil profile JF-3 above Yangkou Cave (Fig. 4A), as explained above.

From the top to bottom, the 8"°C, of profiles LZ1 and LZ3 remained steady around their average values, with a
variation amplitude of about 1 %o (Fig. 4C). The 3"C__,, of profile LZ2 decreased by 3.8 %o from the top to a depth of
20.5 cm, and reversed to increase by 1%. at the bottom. Maize (Zea mays), which is a C4 plant (3"°C = —12.3 %o) and a
typical crop in southwest China, can grow even in karst regions with severe, rocky desertification because of its drought
tolerance. Accordingly, one additional soil sample was collected from maize land in Liuzhi Special District, and the
3"Cy,, test result was —20.9 %o. Therefore, the development of human agricultural activities and the planting of maize
in karst regions had no significant effect on the enrichment of the value of 3™°C, .

Generally, the 3™°C,, values of PX1 increased from the top to the bottom of the soil profile. Both the PX2 and PX3
profiles showed an increase in 8"°C,, values from the top to a depth of 18 cm and 16 cm, respectively, and then de-
creased by 1.9 %0 and 2.5 %o, respectively, to the bottom (Fig. 4D). This was similar to the 3"°C_,, changes in the soil
profiles above Naduo Cave (Fig. 4A) and for LZ2 in Liuzhi Special District (Fig. 4C), which was attributed to the rapid
water loss and soil erosion in the karst rocky desertification area (Jiang et al., 2014). This led to the relatively fast mi-
gration of surface SOM and relatively lower 8°C,, values into the deep soil layers.

Relatively Higher DIC-3"C in Yangkou Cave

Because of the large cave opening and over 10 m high/wide tunnel of Yangkou Cave, the monthly average air tem-
perature in the deepest chamber of this cave ranged from 1.4 to 17.2 °C during the period of February 2012 to June
2014 (Fig. 8). Seasonal temperature changes influence the cave ventilation, accounting for the disequilibrium fraction-
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ation of stable, carbon isotopes with the degassing of CO, (Spétl et al., 2005). The relatively higher DIC-8"C of drip
water in Yangkou Cave could be explained by incomplete isotopic equilibrium between soil CO, and percolating H,0O,
due to relatively short water-soil residence times (Baker et al., 1997), as indicated by the relatively fast discharge of drip
waters (except at site #4) (Fig. 7). Another possible reason is the relatively lower biological activity in the overlying soils
because of the higher elevation (2,150 m a.s.) and lower temperature, which result in a lower soil CO, concentration
(Fig. 5). For example, the maximum soil CO, concentrations above Yangkou Cave were about 3200 ppmV, 7000 ppmV,
and 2000 ppmV for JF-1, JF-2, and JF-3 soil profiles, respectively (Fig. 5). In contrast, the maximum soil CO, concen-
tration above Furong Cave was more than 13,000 ppmV in the months of July and August. The higher DIC-3"C values
and lower discharge rate of site #4 may be attributed to the fractionation of stable isotopes by prior calcite precipitation
(PCP) due to the long residence of groundwater (Fairchild et al., 2006).

Systematic Variation of 8'3C for Yangkou Cave

The average 3"°C,, value above Yangkou Cave was —24.6 %o = 0.5 %o, about 4.4 %o higher, compared to the av-
erage 3'°C value of the plants above Yangkou Cave, which was —28.9 %o = 1.8 %o (Table 3). Above Furong Cave, the
average 3"°C,, value was —21.5 %o, which was 11.6 %o higher than the 3"C value of local plants (—31.8 %o) (Li et al.,
2012). The relatively small difference in soil and plant 3'°C above Yangkou Cave was attributed to the higher altitude
(2,150 m a.s.l) (Table 1), lower temperature, greater precipitation and higher regional humidity, which result in relatively
lower decomposition of SOM and preserve the negative 3'3C information of local plants.

The average 3'°C value of the “modern deposits” in Yangkou Cave was —6.8 %o = 1.0 %o (Table 3), lower than the
average DIC-3"C value of drip water, which was 3.0 %0 * 2.7 %o (Table 3). It must be reiterated that the scraped mod-
ern deposits of Yangkou Cave in this study were temporal mixing deposits (months or years), not the deposits strictly
precipitated from the contemporaneous drip water, as described in section 3.5. Considering the DIC-3"3C of drip water
changes greatly (Fig. 9), if most of the collected “modern deposits” precipitated from the water had relatively lower DIC-
d"3C values, this could reasonably explain why the 3'*C values of the “modern deposits” were seemingly even lower
than those of DIC in drip water. Additionally, the average value of —6.8 %o for the modern deposits in Yangkou Cave
was within the range of —14 %o to —6 %o for speleothems with overlying C3 vegetation (McDermott, 2004). The relatively
higher carbon isotope signature should be attributed to multiple factors, such as the rapid filtering of percolating H,O
(Fig. 7), resulting in non-equilibrium of isotopes between soil water and soil CO, (Baker et al., 1997), and rapid degas-
sing of CO, for drip waters because of the strong ventilation (Fig. 8) (McDermott, 2004). Nevertheless, even considering
the overlying dominance of C3 plants, the 3'3C values of the modern deposits in Yangkou Cave were relatively high.

Systematic Variation of 8'*C for Naduo Cave

The DIC-3"C of drip waters for four drip sites in Naduo Cave ranged from 0.6 %o to —10.4 %o, with an average of —5.3
%0 = 2.2 %0, based on data published by Shen et al. (2016). This massive DIC-3"3C range in the Naduo Cave drip waters
was attributed to seasonal changes in soil CO,, which, presented by the CO, in cave air, ranged from 300 ppmV to 1700
ppmV. It was also ascribed to the difference in length and pathways of groundwater for each drip site (Shen et al., 2016).
The 3'3C of modern deposits in Naduo Cave changed in the range of —4.3 %o to —8.6 %0 and the average being —6.5
%0 = 1.4 %o (Table 3). So, for Naduo Cave, the 3"C is increased by 5.6 %0 and 15.3 %o, from local plants to SOM and

, from SOM to drip water DIC,

—v— #1 e # o #3 respectively. The average 5°C
v— #4 —m— #5 —A— #6 of modern deposits in Naduo
Cave were relatively lower
compared with the average of
DIC in drip waters, like those

in Yangkou Cave. Considering

the 8"C of bedrock above Na-
duo Cave was 1.5 %o, this phe-
nomenon was attributed to the
asynchrony of the modern de-
posits and drip water. In other
words, most “modern depos-
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Figure 9. The drip-water DIC-3"C values in Yangkou Cave for the six drip-water sites (1# to 6#).
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Changes of 83C in Karst Regions with Different RDD

There were some differences in the 8°C of plants in the five karst areas discussed in this study. The lowest average
plant 8"C (—31.8 %o) presented above Furong Cave, and the highest value (—26.2 %oc) was above Naduo Cave (Table 3).
For rocky desertification areas, the relatively high plant 3'*C is mainly because of the Gramineae plants Imperata cylin-
drica, Capillipedium assimile, Arthraxon hispidus and Arthraxon hispidus (Supplementary Tables 2, 3 and 4), which had
3"3C values as high as —11 %o to —13 %0. Excepting these Gramineae plants, the average plant 3'C values for the rocky
desertification areas were —26.3 %o, —29.4 %o, and —27.7 %o for Guanling County, Liuzhi Special District and Panxian
County, respectively. Considering the relatively small proportion (< 3 %) of biomass formed by the Gramineae plants,
their contribution to the average 3'C of local plants will be negligible.

In summary, based on the findings of this study, at present the dominant plants in the karst regions of Southwest
China belong to C3 vegetation, characterized by negative plant 8°C values of below —26 %o (Table 3). The regional
deviation of plant 8"°C values was attributed to the variation of species and local environment (O’Leary, 1988).

For these five karst regions (Fig. 1), the average 3"C,, value was around —19.9 %o to —21.5 %o, except for above
Yangkou Cave, where the average 3"°C,, value was —24.6 %o (Table 3). This relatively lower 3"°C, value was attribut-
ed to the higher altitude and lower temperature, which can depress the decomposition of organic matter. It is significant
that, in spite of the 8"C differences of local plants, or the situation of RDD, the 8°C, values were consistent across
the four regions.

The most significant changes were in the DIC-3"C of drip waters and the 3"C of modern deposits in caves (Ta-
ble 3). The DIC-3"C of drip waters is influenced by multiple factors, including the type of local vegetation (C3 or C4)
(Cerling, 1984; McDermott, 2004), biomass, root respiration and microbial activity (Luo et al., 2007), local precipitation
and humidity, residence time of soil water and its influence on dissolution of soil CO, (Baker et al., 1997), prior calcite
precipitation (PCP) in the epikarst zone (Fairchild et al., 2006), dissolution of bedrock (Genty et al., 2001; Fairchild et
al., 2006), and the openness of the karst system (Hendy, 1971; Salomons and Mook, 1986, p. 241-269). For all the sites
mentioned in this study, the average 8"C of bedrock ranged from —1.1 %o to 3.9 %o (Table 3). The average DIC-3"C of
drip waters ranged from —11.1 %o to —3.0 %0 and the average 3'°C of cave “modern deposits” ranged from —10.5 %o to
—6.5 %o (Table 3).

There appeared to be a positive correlation between the 3'*C of DIC “modern deposits” and the 3'°C of bedrock. The
DIC-3"C of drip water and the 8"C of “modern deposits” changed with amplitudes of 11 %o and 3 %o, respectively, in
Yangkou Cave, and 11 %o and 4 %o, respectively, in Naduo Cave (Fig. 9; Table 2; and Shen et al., 2016). Dissolution of
bedrock is a minor contributor to the relatively small proportion of carbon in DIC (Genty, et al., 2001), and most of the
carbon originates from organic sources. Furthermore, the dissolution of bedrock is also partly affected by the degree of
exposure of the karst system (Hendy, 1971; Salomons and Mook, 1986, p. 241-269; Fairchild et al., 2006). For Furong,
Yangkou and Naduo Caves, the different §'*C values of DIC and “modern deposits” were attributed to the different RDD
of these sites (Table 1), but not because of the differences in species of local plants, nor the 3'*C of local plants and
SOM (Table 3). The RDD above Yangkou Cave and Naduo Cave are classified as No Rocky Desertification and Light
Rocky Desertification, respectively (Table 1) (Xiong et al., 2002, Jiang et al., 2014). In general, the higher RDD means
more rock exposure, and less soil thickness and vegetation coverage (Xiong et al., 2002, Jiang et al., 2014), resulting
in less organic matter (with negative 3*C values of C3 vegetation) supplied to soils. More importantly, higher RDD can
lead to less bioactivity in soils, more soil erosion, and rapid infiltration of precipitation, so that an equilibrium between
soil water and soil CO, cannot be reached (Baker et al., 1997). The above-mentioned processes lead to the relatively
high 33C of drip water DIC and corresponding speleothems.

Implications for Paleoenvironment Reconstruction

Based on Cerling’s (1984) findings, speleothem 3C is also interpreted to reflect the evolution of local vegetation
(Coplen et al., 1994; Bar-Matthews et al., 1997; Dorale et al., 1998; Lee-Thorp et al., 2001; Genty et al., 2003; Holmgren
et al., 2003; Cosford et al., 2009; Zhao et al., 2016). Undoubtedly, evolution of vegetation (C3 and C4 or the proportion of
C3/C4) will change the biomass and the 3"*C of SOM and soil CO,. Evolution of local vegetation is dominated by chang-
es in temperature and precipitation (or humidity), which can directly connect the 8"*C of SOM and soil CO, with climate
change. Meanwhile, there are complex processes linking soil CO, to speleothems, including the dissolution of soil CO,
in vadose water (Baker et al., 1997; Bar-Matthews et al., 2000), dissolution of bedrock (Genty et al., 2001), migration of
water in the vadose zone (Dreybrodt and Schloz, 2011), prior calcite precipitation (PCP) (Fairchild et al., 2006), ventilation
in caves and degassing of CO, from drip water in relation to the CO, concentration of the cave atmosphere (Spétl, et
al., 2005; Li et al., 2012). These processes may change the 3'*C values significantly and even mask the signals of local
vegetation and climate. Despite this, some processes are essentially influenced by climate change. For example, higher
temperatures and/or decreased precipitation, resulting from climate change, will strengthen evaporation in fractures,
bringing about PCP and ultimately increased 8"C in drip water and corresponding speleothems. In this situation, the 5"*C
of speleothems can display a positive correlation with local temperature (Martin-Chivelet et al., 2011).
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Variations in stalagmite 8*C have been used to reconstruct the evolution of local vegetation and to assess the histo-
ry of rocky desertification in the karst regions of Southwest and Central China. Lower 3"*C values have been interpreted
to mean more extensive vegetation under wetter climate, and higher 3'3C values to indicate dry climate or the strength-
ening of rocky desertification (Cosford et al., 2009; Kuo et al., 2011). Mass works have demonstrated that the change
in stalagmite 3'3C should not be explained simply by changes in vegetation because multiple factors can influence the
change of stalagmite 3'*C (McDermott, 2004; Fairchild et al., 2006; Huang et al., 2016).

This investigation showed that for modern conditions, rocky desertification does not change the predominance of
C3 vegetation, and there is no significant correlation between the 8°C_, and RDD (Table 7). Consider that the annual
temperature decreased by ~3 °C in Central China during the Oldest and Younger Dryas and Last Glacial period (Zhu
et al., 2008; Caley et al., 2014), and the 3'*C of organic matter and pollen in peat from Southern China showed the
dominance of C3 vegetation, even during cold epochs such as the Younger Dryas and Heinrich event 1 (Zhou et al.,
2004; Zhong et al., 2010), the prominent enrichment trend of stalagmite 3'*C since the Last Glacial period in Central and
Southern China, cannot be attributed to the transition of vegetation types from C3 to C4. Rocky desertification cannot
necessarily change the dominance of C3 vegetation in Southern/Southwestern China, but it can change the biomass
and microbial processes in soils, which then influence the §"*C of speleothems (Luo et al., 2007).

Essentially, higher RDD may lead to more exposure of rock (Xiong et al., 2002; Jiang et al., 2014), less vegetation
density and biomass, decreased soil thickness (Fig. 1), faster water infiltration and more soil erosion (Jiang et al.,
2014). These processes reduce isotopic equilibrium between soil CO, and water (Baker et al., 1997; Bar-Matthews et
al., 2000), increase the relative proportion of atmospheric CO, in soils (Genty et al., 2001), strengthen PCP in frac-
tures (Fairchild et al., 2006), and finally result in isotopically higher 8°*C in DIC and speleothems. So, it is plausible that
variations of stalagmite 3'*C in the subtropical karst regions of China reflect the soil humidity balance associated with
regional hydrological circulation (Li, 2007; Liu et al., 2016), which may originate from climate change or the evolution of
rocky desertification.

It is difficult to distinguish between the contribution of human activities and natural processes to rocky desertifica-
tion, especially in the past 2000 years with mixed effects of population growth, irrigation, the development of farming
and industrialization, and climate changes on decadal-centennial timescales (Jiang et al., 2014). For the period before
the 2 ka BP, when populations were small, the change in rocky desertification and the change of speleothem &C
should mainly be attributed to natural processes, such as the change of local hydrological circulation, caused by climate
changes. Based on this assumption, see the case study below.

Speleothem §"C and 380 records from Asian monsoon regions present similar patterns on orbital timescales (Jo et
al., 2014), and the strong co-variation of 3*C and 3'®0 records on centennial timescales have been attributed to the soil
humidity balance (Liu et al., 2016). This indicates a correlation between local vegetation, soil CO, and monsoon circu-
lation (Huang et al., 2016). Strong Asian summer monsoon (ASM) is associated with higher temperature in the northern
hemisphere (Cheng et al., 2016); the increased precipitation and higher temperatures in monsoon regimes benefits the
prevailing of C3 vegetation. This mechanism is a logical interpretation for the similar changes of speleothem 8C and
d"®0 records. Southwestern China is located on the main moisture transportation pathway and is mainly influenced by
the relatively simple Indian summer monsoon (ISM) (Ding and Sun, 2002; Ding and Chan, 2005). The lower speleo-
them 8'®0 in Southwestern China mainly indicates strengthened summer monsoon and more local precipitation (Li et
al., 2007).

Based on the climate background mentioned above, a simplified concept model to assess the relationship between
speleothem 80, 8"C, local vegetation, and precipitation for Southwest China is proposed (Fig. 10). In this model, sce-
nario I, strong summer monsoon generates high precipitation and, combined with warmer temperatures, is conducive
to the prevalence of C3 vegetation, higher vegetation density and higher soil CO, concentration. Increased precipitation
raises the soil humidity, provides conditions for isotopic equilibrium of carbon between soil CO, and water, and, finally,
results in lower speleothem 8'®0 and 'C values. In scenario Il, strong summer monsoon leads to heavy precipitation,
rapid infiltration of soil water and non-isotopic-equilibrium between soil CO, and water (Baker et al., 1997; McDermott,
2004), or enhanced weathering of host rock because of the large water flux, and, finally, results in higher speleothem
d"C and lower 380 values (Bar-Matthews et al., 2000). In scenario lll, relatively weak summer monsoon generates
lower precipitation, resulting in lower humidity, less vegetation density (still dominated by C3 plants in Southwest Chi-
na), lower soil CO, concentration and longer residence of water in soil and fractures. In addition, because of the decline
of surface water supply, it is possible that the fractures and cracks in the epikarst zone contain less water or are even
empty, leading to degassing of CO,and PCP, which results in higher speleothem 8C values (Fairchild et al., 2006). In
scenario 1V, lower temperature and precipitation depresses the growth of vegetation and soil microbial activity, thereby
weakening the process of pedogenesis. The main topography in Southwest China is mountainous terrain, with limited
or, even, no C-horizon (weathering crust) in karst soil profiles (Jiang et al., 2014). This ultimately leads to the reduction
of adhesion and affinity between the soil and bedrock. Consequently, the soil is easily eroded by heavy rainstorms and
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China.
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Figure 11. Comparison of multi-proxy records
of stalagmite HS-4 from Heshang Cave (re-
drawn from Liu et al., 2013). (A) 8"3C, (B) 30O,
(C) thickness of annual lamina, (D) Mg/Ca.
The enriched 3°C and 380 values, decreased
thickness and increased Mg/Ca during the
8.2 ka event (the light-yellow bar) denoted the
weakening of ASM and the possibility of PCP in
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condensation of water vapor and precipitation, especially in mountainous Southwest China (Jiang et al., 2014). With
this temperature and hydrology combination, Southwest China would still maintain the characteristics of a subtropical,
humid monsoon climate, higher speleothem 880 and lower 3"*C values (Fig. 10).

It is worth pointing out that the simplified concept model comprises the abovementioned five scenarios and does not
involve the complex cave factors that can cause isotopic fractionation of carbon, such as drip rate (Hansen et al., 2013),
cave ventilation (Spétl et al., 2005) and degassing of CO, (Fairchild et al., 2006; Mickler et al., 2006; Scholz et al., 2009;
Huang et al., 2016). So, speleothems from a cave with stable temperature, high humidity, poor ventilation, and that
are deposited at isotopic equilibrium fractionation (Hendy, 1971), are preferential for the reconstruction of paleoclimate
and paleoenvironment. In addition, the replication of speleothem records from a cave is commendatory for judging the
paleoclimatic suitability of speleothems (Dorale and Liu, 2009).

Case Study for Stalagmite §'*C, 5'®0, Mg/Ca and Paleoclimate

The climate- and environment-dominated organic signals carried by DIC-3'3C may be masked by some inorganic
and physical factors mentioned above. In such cases, the analysis of multi-proxies is recommended to assess the in-
fluences of these factors; e.g., higher Mg/Ca ratio and lower Ca?* concentration in drip water have been used to reflect
the PCP effect (Fairchild et al., 2006; Luo et al., 2013), and 8 Sr/®Sr has been used to reflect the dissolution of host rock
(Oster et al., 2010). Multi-proxy records from the same cave will undoubtedly raise the reliability of paleoclimate and
paleoenvironment reconstruction. Here, a case study to demonstrate this argument is presented.

Heshang Cave is in central China (30°27' N, 110°25' E, 294 m a.s.l, ~290 km northeast of Furong Cave) (Fig. 1B),
and has been monitored for more than 10 years (Hu et al., 2008a; Henderson et al., 2008). The 80O of rainwater above
Heshang Cave is not altered by evaporation when it filters into the cave and stalagmite 8'®0O has been used as the in-
dicator for changes in rainfall (Hu et al., 2008b). As shown in Figure 11, both the sub-annually resolved 80O, 3'*C and
Mg/Ca values of stalagmite HS-4 from Heshang Cave increased significantly during the 8.2 ka event, a global cold-cli-
matic event, which occurred at ~8.2 ka BP (Liu et al., 2013). In other words, the decrease in rainfall indicated by the
increased 380 of stalagmite HS-4 was strongly supported by higher 8'°C and high ratios of Mg/Ca (Liu et al., 2013). This
is because in Heshang Cave, lower rainfall means lower karst flow rates and more opportunity for PCP, which leads to
higher stalagmite 3'*C and Mg/Ca (Johnson et al., 2006; Hu et al., 2008a; Henderson et al., 2008; Liu et al., 2013), as
described in scenario Il (Fig. 10). In contrast, lower stalagmite 8'®0 means more rainfall, faster karst flow rates and no/
less PCP, which can result in lower §'*C and Mg/Ca ratio, as described in scenario | (Fig. 10).

It is known that stalagmite 3'*C shows significant variability and uncertainty, even in stalagmites from the same
cave. There are different correlations between the 5'*C and §'®0 values for a given stalagmite on different time scales,
e.g., orbital-, millennial- and centennial-scale (Liu et al., 2016). Complex factors may influence stalagmite 3'*C, such
as vegetation types and density, biomass, soil pCO,, and karst flow rate, which are all closely associated with climate
change-dominated temperature and precipitation (McDermott, 2004). Cave monitoring and multi-proxy analysis for
stalagmites, including 3'°C, §'®0, Mg/Ca, ®Sr/®Sr, is particularly important for the reliable interpretation of 8C (Li et
al.,, 2014b). In addition, lacustrine and peat records are a valuable source of information for subtropical Central and
Southern China, because pollen records from neighboring regions can provide direct evidence for variation in regional
vegetation and climate, and may provide supporting evidence for changes in local vegetation.

Conclusions

Although speleothem 33C has been used to trace the evolution of regional vegetation and rocky desertification his-
tory, there has not been a systematic investigation on the present vegetation types and isotopic composition of plants
in Southern and Central China areas with humid subtropical monsoon climate. In this study, 130 plant samples were
collected from five sites with different RDD in Southwest China, revealing most plants to be C3 plants. There was no
correlation between the 8°C,,, and RDD; in contrast, the DIC-3"C of drip water and 3™C of “modern deposits” in caves
changed with large amplitude due to hydrological conditions in the epikarst zone and geological and physical character-
istics of individual caves/drip sites. This study revealed that, at present, rocky desertification in Southwest China does
not cause the transition of C3 to C4 vegetation. Additionally, based on pollen records in Southern and Central China, it
was inferred that this transition did not occur during the Last Glacial period.

A concept model comprising five scenarios was proposed, indicating that the evolution of ASM and rocky deserti-
fication can be recorded in speleothem &'°*C, mainly by the change of epikarst hydrological conditions rather than the
change of vegetation types. Cave monitoring and multi-proxy analysis are recommended to identify the influence of
non-climatic factors, which are believed to be instrumental in providing a reliable explanation of speleothem 3*C and
reconstruction of paleoenvironment.
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