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THE UNITY AND DIVERSITY OF THE SUBTERRANEAN
REALM WITH RESPECT TO INVERTEBRATE BODY SIZE

TaniA Pipan' aAND Davip C. CULVER®*

Abstract:

A variety of subterranean habitats share an absence of light and a dependence on

allochthonous productivity, but they differ in many features, including habitat volume. We
examined the hypothesis that habitat volume is an important factor in community
organization, especially with reference to body size, for a variety of communities for
which data were available. We analyzed the results of ten studies that compared body sizes of
obligate subterranean dwelling species with respect to habitat. All of the studies confirmed the
hypothesis that habitat size was an important determinant of body size. However, surprisingly
little information is available on the relationship between body size and habitat size, and only
two of the studies reported directly on the size of habitat spaces. Habitat size appears to be an
important determinant of body size in subterranean species, but more detailed studies,

especially of habitat (pore) size are needed.

BACKGROUND

Scientists and naturalists have been aware of the subter-
ranean realm and the often bizarre-appearing organisms that
inhabit these habitats at least since the discovery, description,
and subsequent availability of specimens of the European cave
salamander Proteus anguinus in the eighteenth and nineteenth
centuries (Aljanci¢ et al., 1993; Shaw, 1999). The subterra-
nean fauna, best known from caves, is strongly convergent,
with obvious adaptations to subterranean life including
elaboration of extra-optic sensory structures and loss of eyes
and pigment (Culver et al., 1995). Subterranean habitats
themselves are similar to each other in the sense that they
share a complete absence of light (Culver and Pipan, 2014), a
nearly universal dependence on spatial subsidies of organic
carbon and nutrients (Fagan et al., 2007), and a reduction in
environmental variability (Covington and Perne, 2015). At the
same time, the subterranean environment is diverse, including
both karst and other landscapes with caves and landscapes
without caves. Racovitd (1907) emphasized the importance of
cracks and crevices in caves, rather than enterable cave
passages as primary habitats for the “cave” fauna. A few
biologists have even suggested that the entire cave fauna is
really a fauna of cracks and crevices (Karaman, 1954). Since
Racovita’s essay, a number of other subterranean habitats,
even in regions without caves, have been identified. Perhaps
the most prominent non-cave subterranean habitat is the
hyporheic, the underflow of rivers and streams (Malard et al.,
2000), a habitat with its own unique fauna, including eyeless
and depigmented species, that plays a critical role in the health
and functioning of streams and rivers (Environmental Agency,
2009). Culver and Pipan (2014) identified a number of other
shallow subterranean habitats occurring within a few meters
of the surface. These include a variety of terrestrial habitats in
the spaces and cracks in rocks, such as covered talus slopes,
which are collectively given the name milieu souterrain
superficiel (MSS) (Juberthie et al., 1980; Ortuio et al., 2013).
Although rarely discussed with other subterranean habitats

(but see Coiffait, [1958]), soil, especially deep soil, is also an
aphotic habitat dependent on allochtonous production, also
with a fauna with many eyeless and depigmented species. Still
other habitats that harbor troglomorphic fauna, such as
miniature perched drainage basins and their associated
seepage spring exits (the hypotelminorheic of Mestrov
[1962]), shallow calcrete aquifers found in arid regions of
Australia (Humphreys, 2001), and termite mounds (Fenolio,
2016), are less well studied. There are also spaces deeper
underground, including phreatic aquifers accessed by wells
(Malard et al., 1997), deep caves more than 1 km in depth
(Sendra and Reboleira, 2012), or mines that have specialized
invertebrates (Fiser et al., 2014).

What has been largely neglected are both the unifying
features of the subterranean realm beyond the obvious absence
of light, and how different subterranean habitats can be
quantified and ordered in a way that is important to the
biology of the inhabitants. In this paper, we explore a
potentially important organizing feature of the wide variety of
subterranean habitats—habitat size, or pore volume. Habitat
size is potentially a major determinant of maximum body size
and shape because the space available, such as the spaces
among rocks, can be the same order of magnitude in size as its
inhabitants.

The extent to which the size of subterranean organisms is
the result of the constraints of pore volume of the habitat may
be true in a trivial sense. Fish do not live among sand grains
(although they may temporarily bury themselves). There are
also trivial ways in which this conjecture is false. No one
expects beetles living in a cave passage 1 m in diameter to be
smaller than the beetles living in a cave passages 10 m in
diameter.

* Corresponding Author: dculver@american.edu

! Karst Research Institute at ZRC-SAZU, Titov trg 2, Postojna SI-6230, Slovenia,
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Figure 1. Hypothetical relationship between subterranean
habitat diameter (pore size) and body size, with selective
forces indicated by arrows. Below a minimum (m;), there is
not sufficient space for animals to occur without
burrowing. Above a maximum (m;), body size is likely
constrained by other factors, such as phylogenetic and
structural constraints. The relationship need not be linear
but is presented as such for simplicity.

What is interesting is the possibility that for a range of
habitat sizes, approximately 0.1 mm to 5 cm, size is the result
of two opposing sets of forces (Fig. 1). One force is the
constraint of habitat size which limits body size, and the
opposing forces are those selective forces that tend to
increase body size: increased fecundity as a result of
increased size (Culver et al, 1995; Fiser et al., 2013), escape
from predation (Jones et al., 1992), and storage of nutrients of
larger subterranean invertebrates (Hiippop, 2000). Below a
minimum pore diameter (m; in Fig. 1), there is not sufficient
space for an organism to survive without moving the
particles, and there is a maximum pore diameter (m; in Fig.
1), above which no organism can be large enough to fill the
pore volume.

Body size is a complex factor, subject to many selective
pressures, including physiological factors like volume—

surface area relationships (Sibley et al, 2012) and demo-
graphic factors like size-related fecundity (Kingsolver and
Pfennig, 2004). One summary of body size selection is
Cope’s rule, that body size tends to increase within lineages
(e.g., Alroy, 1998, but see Solow and Wang, 2008). The limit
on the maximum size m; is the likely result of phylogenetic
and developmental constraints. Our hypothesis is that the
range of body sizes between m; and m; is determined by the
habitat pore diameter, not physiological or ecological
constraints.

Finally, we propose a placement of different subterranean
habitats along this axis.

METHODS AND MATERIALS

To examine the validity of the habitat size and depth axes,
we surveyed the literature for data on the connection between
body size and habitat size. We have made this survey as
comprehensive as possible, but limited it to comparative
studies. We included the following subterranean habitats (see
Culver and Pipan [2014] for detailed discussion of habitat
types): caves (aquatic and terrestrial), epikarst (aquatic),
hyporheic and interstitial aquifers (aquatic), hypotelminorheic
and seepage springs (aquatic), soil, and intermediate-size
terrestrial subterranean habitats including the milieu souter-
rain superficiel (MSS) of Juberthie et al. (1980) and talus
slopes.

For the connection between body size and habitat size, we
consulted the publications listed in Table 1. Pore sizes were
estimated by Culver and Pipan (2014), and in some cases, pore
dimensions were given by the authors of the papers listed in
Table 1.

Ideally, it would be possible to combine these studies into a
meta-analysis (Borenstein et al., 2009), but the studies listed in
Table 1 do not share enough in common, including statistical
testing. Some analyze size without measurement of habitat
size; some compare species among habitats; and a few
compare body sizes and habitat sizes within a habitat type. For
this reason, we can only provide a narrative, and not a
statistical test.

Table 1. Literature consulted for relationship between habitat and body size.

Reference

Subject

Arnedo et al. (2007)
Coineau (2000)

Culver and Ehlinger (1980)
Culver et al. (2009)

Culver et al. (2010)

de Bovée et al. (1995)
Ducarme et al. (2004)
Ruzicka (1998)

Trontelj et al. (2012)

Body sizes of Dysdera spiders in cave, surface, and MSS habitats

Within and between habitat comparison of body sizes of aquatic interstitial crustaceans
Body sizes and gravel sizes of Caecidotea isopods in cave streams

Among habitat comparisons of copepod body sizes in epikarst and caves

Among habitat comparisons of Stygobromus amphipod sizes

Within habitat comparisons of body sizes of aquatic interstitial crustaceans
Comparison of body sizes of mites in soil and caves

Body sizes of Theonoe minutissima spiders in talus slopes and surface habitats

Among habitat comparison of Niphargusamphipod sizes
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Table 2. Characteristics of Caecidotea isopod and gravel size distributions in four West Virginia cave streams. Data from Culver and Ehlinger (1980).

Linwood Cave, Pocahontas

Glady Cave, Randolph Co.

Co. Harman Cave, Randolph Co. Bowden Cave, Randolph Co.

Isopod and Gravel Sizes

3.6 = 0.1

2.8 £0.2 2.5 £ 0.1

57 %02

C. holsingeri size with

standard errors (in mm)

C. cannula size with

70 £04

82 *+04

absent

absent

standard errors (in mm)
Body size distribution

Broadly unimodal, skewed

Bimodal, broad size range

Unimodal, narrow size

Unimodal, narrow size

to smaller sizes

8.7 (24— 19.1)

range, small in size

5.6 (2.4 —10.3)

range, intermediate in size

11.9 (5.9 — 19.1)

11.9 (1.4 — 19.1)

Median gravel size with

interquartile range (in mm

diameter)
Gravel distribution

Weakly bimodal

Strongly bimodal

Unimodal, skewed to small

Uniform for small gravel

sizes

T. Piean anp D.C. CULVER

RESuULTS

Arnedo et al. (2007) analyzed body sizes in Dysdera
spiders from lava tubes, MSS, and surface habitats in the
Canary Islands, with pore diameters (not directly measured)
largest in surface habitats and smallest in lava tubes.
Phylogeny of Canary Island Dysdera is shown in Figure 2.
When phylogenetic effects are taken into account and sister
species are compared, a pattern of correlation between habitat
and body size emerges. There are two MSS specialists,
Dysdera madai and D. esquiveli. Dysdera madai is smaller
(2.50 mm carapace length) than its sister species D. iguanensis
(3.12 mm), primarily a surface dweller, but sometimes in
MSS. D. esquiveli is the same size (2.21 mm) as a sister lava-
tube species (D. hernandezi, 2.18 mm) but smaller than the
ancestral surface species, D. brevisetae (3.60 mm). As far as
lava-tube species, all six of the species except for D.
hernandezi are larger, and in one case the same size, as their
surface sister species. All in all, MSS species are smaller than
surface dwellers while lava-tube species are larger, except for
D. hernandezi.

Coineau (2000) noted that there were major size differ-
ences, more than an order of magnitude, between interstitial
crustaceans and cave crustaceans. This is especially apparent
in amphipods in the family Ingolfiellidae, where cave species
range in size from 12 to 28 mm and species in interstitial sands
reach only 1 mm. She noted a strong correlation between
particle size and size of a variety of crustaceans within
interstitial habitats, with crustaceans reaching 1 to 3 mm long
in sandy gravels, while those in sands are less than 1 mm long,
although she did not quantify this relationship.

Culver and Ehlinger (1980) investigated the size distribu-
tions of both the Caecidotea isopods and the stream gravels
they inhabit (Table 2). Size distribution of C. holsingeri and C.
cannula paralleled that of the stream gravels. In the two caves
with bimodal distribution of gravel sizes, both species
occurred, and in the two caves with unimodal distributions
of gravel sizes, only one species occurred (Table 2). When
gravels were small, isopod sizes tended to be small. A
remarkable feature of the system was the size plasticity of C.
holsingeri, where adults ranged in size from 2.5 to 5.7 mm.
Culver and Ehlinger (1980) suggest that part of the reason for
the match of gravel and body size is that washout rates from
gravels, a source of mortality, is minimized when the size of
isopods and gravels are matched. Fertility selection then
presumably maximizes size within this constraint.

Culver et al. (2009) investigated possible differences in
body sizes of different ecological groups of copepods—
stygobionts known only from epikarst, stygobionts known
from other subterranean habitats as well, and stygophiles,
species known from surface habitats as well—found in drip
waters (epikarst) of six Slovenian caves. The pore size of the
epikarst habitat is small (Fairchild and Baker, 2012), for
example a soda straw formation through which epikarst water
exits has an outside diameter of approximately 5 mm (Curl,
1972). Culver et al. (2009) hypothesized that epikarst

Journal of Cave and Karst Studies, April 2017 « 3
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Harpactea hombergi

Stalita stygia

Harmpactocrates radulifer

Dysderccrates silvestris

Dysdera adnatica

Dysdera ninni

Dysders scabricula

Dysdora fuscipes

Dysdera of. seclusa

Dysdera sp. MB

Dysdera edumifera

Dysdera sp, MH

Dysdera atfantica

Dysders sp. MA

Dysdera mucronals

Dysdera sp. MD

Dysdera lucidipes melilensis

Dysdera sp.
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Dysdera maurntanica

Dysdera sp MC
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& Dysdera madai n.sp.
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O Dysdera sivatica P

Dysdera silvatica G
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® Dysdera unguimmanis
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Dysdera liostethus
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O Dysdera insulana

& Dysdera cribefiata
Dysdera rambiae
Dysdera orahan
Dysdera calderensis G
—& Dysdera calderensis P
8 Dysdera brevisping

& Dysdera verneay

<t Dysdara hreviselag

Dysdera esquiveli

Dysdera hernandez/ ]

EASTERN CANARIES

WESTERN-CENTRAL CANARIES

Figure 2. Strict consensus tree of the five most parsimonious trees for the spider genus Dysdera from the Canary Islands.
Thick branches denote clades recovered under all alignment parameter cost combinations. Black dots identify
trogloblionts, white dots refer to endemic Canarian species exclusively reported from epigean localities, and gray dots
show epigean species also collected in subterranean habitats. From Arnedo et al. (2007).
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Table 3. Analysis of copepod size in relation to ecological
classification, for all copepod sizes known from Slovenian
caves. For HSD (honestly significant difference) groups, those
not connected by the same letter are significantly different.
For ANOVA, F, 5, ="7.58, p <0.002. From Culver et al. (2009).

Mean Tukey-Kramer
Group n (mm) S.E. HSD group
Epikarst stygobionts 4 0495 0.061 a
Other stygobionts 25  0.652 0.045 b
Stygophiles 26 0.93 0.071 b

specialists would be smaller than more generalist species
because of pore-size constraints, and in fact, they did find that
stygobionts in epikarst were smaller than other species living
in epikarst (Table 3).

Culver et al. (2010) looked for correlations between habitat
size and body size for the amphipod genus Stygobromus. They
found that median body sizes for Stygobromus in the four
habitats ranged from 9 mm in cave streams to 5.4 mm in
epikarst (Fig. 3). Hypotelminorheic and phreatic species were
intermediate in size. This is in accord with the relative pore
size of the habitat, with the possible exception of phreatic
habitats, about which we know little, but are likely variable in
pore size. The variability of body sizes within a habitat
probably is the result not only of pore size differences but
competition among species as well. Additionally, there may
be a tradeoff between size and shape, such that large
amphipods may be narrower. However, Culver et al. (2010)
found no differences in shape, as measured by relative
antennal size, for different-size habitats.

In a study in Morocco, de Bovée et al. (1995) examined the
relationship between amphipods and isopods and granulom-
etry of sediments in two rivers in the High Atlas mountains.
They noted that silt in the sediment usually excluded
amphipods and isopods (see Fig. 1), and both isopod and
amphipod species typically were found in gravels as opposed
to clay and sand. They suggest that the amphipod and isopod
species may be further subdivided in the habitat by finer
differences in sediment size, but they present no direct
evidence on this point.

Ducarme et al. (2004) compared body sizes of mites in
deep soil and caves in Belgium. The largest cave species was
Veigaia paradoxa (1065 pm), and the largest deep-soil species
was Leptogamasus suecicus (610 pm, Table 4). In all seven
families with both deep soil and caves representatives, all the
cave species within a family were larger than all the deep soil
species within a family. The maximum size is likely set in part
by phylogenetic constraints.

Ruzicka (1998) compared body lengths of the spider
Theonoe minutissima in peat bogs and talus slopes, the latter
being a shallow subterrancan habitat. The subterranean
populations in talus slopes were larger than the surface
dwelling populations in peat bogs by about 10 percent.

T. Piean anp D.C. CULVER
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Figure 3. Box and whiskers plots of In female body length
of species of the amphipod genus Stygobromus for epikarst,
hypotelminorheic, cave streams, and phreatic habitats in
North America. The overall mean is represented by the
line across the entire figure. Boxes contain 50 percent of
the data points; the line across each box is the group
median; the whiskers show minimum and maximum
values. The widths of the rectangles are proportional to
sample size. Dots are individual data points. Plots with the
same letter (a or b) do not differ according to the Tukey-
Cramer HSD test. From Culver et al. (2010).

Presumably, pore sizes are larger in talus with its many rocks
than in peat bogs, largely composed of fine sediments.

Trontelj et al. (2012) also found that the body size of
Niphargus amphipods from species-rich cave communities of
the Dinaric karst of central and southeastern Europe was
correlated with pore size. They compared species from four
habitats within or directly connected to caves, epikarst, cave
interstitial, phreatic, and cave stream. Small-pore interstitial
and epikarst was represented by the ecomorph they called
small pore. Large-pore phreatic and cave streams were
represented by four ecomorphs, cave stream, cave lake, lake
giants, and daddy-longlegs (Fig. 4). The four large-pore
ecomorphs were also distinguished by different shapes in their
figure. As in Culver et al.’s (2010) study, phreatic species
were somewhat enigmatic, represented by three distinct
ecomorphs.

DiscussioNn

Overall, there is a match between habitat size and organism
size, as predicted (Fig. 1), and there seems to be a tradeoff
between environmental constraints (in terms of pore size) and
the benefits (in terms of reproductive fitness) of being large.
However, the data available for analysis are not entirely
satisfactory. In particular, relatively little attention has been
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Figure 4. Principal Components Analysis on morphometric traits (mean values) of 33 Niphargus species and populations
from seven cave communities in the Dinaric karst. The first two axes (PC1 and PC2) together explain 97.5 percent of the
total variation. The first principal component is body length only, and accounts for 72.4 percent of the total variation.
Cave microhabitats (symbols) and proposed ecomorphs (colors) are only partly in agreement. There is no morphological
distinction between inhabitants of the epikarst and the cave interstitial, and there are three distinct morphological groups
within the phreatic habitat. From Trontelj et al. (2012).

Table 4. Average body size (in pm) for deep soil and cave mite indicator species in Belgium. Adapted from Ducarme et al. (2004).

Deep Soil

Family Species

Body Length

Caves

Species

Body Length

Rhodacaridae
Rhodacarellus apophyseus

Parasitidae

Leptogamasus suecicus
Veigaiidae

Veigaia exigua
Eupodidae

Claveupodes sp.

Cocceupodes sp.
Rhagidiidae

Shibala longisensilla

Hammenia macrostella
Tydaeoidae

Tydaeolus sp.
Coccotydaeolus sp.
Sellnickochthonius facoti

366

610

491

227
281

583
309

154
154
148

Rhodacarus aequalis
Rhodacarus agrestis

Vulgarogamasus sp.
Veigaia paradoxa

Benoinyssus ereynetoides

Poecilophysis spelaea

Riccarodoellinae sp.

Liochthonius leptaleus
Liochthonius propinquus
Liochthonius strenzkei

588
645

1053

1065

285

1033

465

197
180
220
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Figure 5. Histograms of body lengths of inhabitants and log of pore size for different subterranean habitats.

paid to the actual pore size of subterranean habitats, the
exceptions being Culver and Ehlinger (1980) and de Bovée et
al. (1995). Pore size can be determined from particle size as
well, at least for uniformly sized particles. For example, a
sphere with a diameter of 0.828 » can be inserted into a
uniformly packed volume of sediments of radius r. Culver and
Pipan (2014) provided some general estimates of pore size for
different subterranean habitats, and overall the sizes of
organisms in these habitats seem to match pore size (Fig. 5).

Only two of the studies explicitly took into account
phylogenetic effects (Arnedo et al., 2007; Trontelj et al, 2012),
although most other studies limited comparisons to within

genera or families. The studies did encompass a wide variety
of taxonomic groups, including both aquatic (Amphipoda,
Copepoda, Isopoda) and terrestrial (Arancae, Acari) and
encompassed a number of different subterranean habitats,
including caves, lava tubes, interstitial habitats, talus slopes,
epikarst, and milieu souterrain superficiel.

Body length itself is but one measure of the habitat
dimensions needed by an organism. In an elegant study of
some Niphargus amphipods, Deli¢ et al. (2016) showed that
both water velocity and the presence of competitors had a
major effect on relative lengths of antennae and pereopods,
but a small effect on body size. Overall thinning and
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elongation of the body can occur as well, and it is carried to an
extreme in some deep-soil mites such as Gordialycus tuzetae,
which is nearly 3 mm long and only 0.05 mm wide (Thibaud
and Coineau, 1998). Differences in overall shape of organisms
are approximated by Principal Components Analysis as well
as other multivariate analyses. Such analyses are likely to be
informative in the present context (e.g., Trontelj et al., 2012.
Given the fundamental connection between habitat size and
organism size, it is curious that this connection is less well
studied than the effect of competition on body size (Vergnon
et al., 2013). Their study illustrates this very clearly; the ratio
of body sizes of dytisicid beetles in calcrete aquifers (1.3:1) is
that predicted by the theory of limiting similarity (MacArthur
and Levins, 1967). But the overall sizes of the beetles vary
from aquifer to aquifer, possibly the result of different pore
sizes in different habitats, but there is no data on granulometry
of these habitats.

In addition to habitat (pore) size, several other parameters
are likely to be useful in ordinating subterranean communities.
Communities in different subterranean habitats, such as caves,
talus slopes, and soil, differ in species richness and in the
frequency of troglomorphy among the resident species (see
Pipan and Culver, 2012; Culver and Pipan, 2015). Subterra-
nean habitats themselves vary along several important
parameters, including percent organic matter and connectivity
to the surface (Culver and Pipan, 2014), and water velocity
(Deli¢ et al., 2016). These habitats and their associated
communities can be ordered along an axis of depth, a proxy
for amount of organic matter and connection to surface
habitats, and species richness of communities, as well as the
degree of specialization of the component species, can then be
compared to depth. Together with pore size, depth is likely to
prove to be an important organizing principle for the variety
of subterranean communities. While clearly not a substitute
for the naming and description of different subterranean
habitats, it is a way to consider the unity of subterranean
habitats.

CONCLUSIONS

The role of habitat size in determining body size is far from
trivial. For a range of habitat sizes, the size of the
invertebrates occupying the habitat seems to approach some
maximum for that habitat, unless there are competing species
that further affect body size. The reasons that body size is
maximized within the constraints of habitat size are likely
twofold. First, larger subterranean animals have larger eggs
and higher fecundity (Fiser et al., 2013), resulting in natural
selection in favor of increased body size (Jones et al., 1992).
Second, the absence of large predators reduces or eliminates
the selective pressure toward smaller body size caused by
predation. In cases where body size does not appear to be
maximized, interspecific competition has been strongly
implicated (Trontelj et al., 2012; Vergnon et al., 2013).
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CAVE BIOFILMS: CHARACTERIZATION OF
PHOTOTROPHIC CYANOBACTERIA AND ALGAE AND
CHEMOTROPHIC FUNGI FROM THREE CAVES IN SERBIA
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NEVENA SAVIC3, AND MiLica LiaLiEvic GrBIC?

Abstract: Cyanobacteria, algae (Chlorophyta and Bacillariophyta), and fungi were
identified from biofilm samples from three caves in western Serbia: Ribnicka, Hadzi
Prodanova, and R¢anska. Temperature, light intensity, and relative humidity varied from 16.9
°C to 24.9 °C, 61% to 87%, and 215 Lux to 4400 Lux, respectively. In general, the highest
number of documented taxa belonged to Cyanobacteria, with chroococcalean taxa prevailing
and Gloeocapsa species as the most diverse. A large percentage of observed fungi were
Ascomycetes or Zygomycetes, while the only representative of Basidiomycetes was
Rhizoctonia s. lat. However, a redundancy analysis revealed that different taxonomic
groups were dominant at different localities: cyanobacteria and fungi in Ribnicka and Hadzi
Prodanova, and Chlorophyta and Bacillariophyta in R¢anska. The statistical analysis showed
that relative humidity is an important physical parameter influencing the development of
various microbial communities in different caves. Cyanobacteria were mostly found in places
with lower relative humidity, while Chlorophyta and Bacillariophyta were found in places
with higher humidity. The documented physical parameters did not have a significant impact
on the distribution of fungi. Measured chlorophyll-a content was highest on horizontal
surfaces, where the highest content of organic/inorganic matter were also recorded. The
highest water content was observed in biofilm samples from which many cyanobacteria taxa

were identified.

INTRODUCTION

The territory of Serbia is one of the curiosities of the world
in terms of the complexity of the geological composition, both
related to the number and diversity of lithologic and
stratigraphic units, as well as in terms of tectonic structure.
The geological heterogeneity of the territory is largely a
consequence of magmatic activity accompanied by intense
movements of the earth’s crust during the Cretaceous and
Tertiary Alpine tectonics. In a small area of 88,000 km?, the
six major geotectonic regions (Inner Dinarides, éumadijsko—
Kopaoni¢ka Zone, Serbian-Macedonian Mass, Carpatho-
Balkan Mountains, Moesian Platform, and the Pannonian
Basin) (Dimitrijevi¢, 1974), can be distinguished, along with
dozens of lower-order geotectonic areas or units. Carpatho
Balkanids and Inner Dinarides of western Serbia are regions
where the terrain is built of carbonate sediments with very
distinctive karst forms, both on the surface and underground
(Filipovi¢ et al., 2005). The underground karst forms are
characterized by a large number and great diversity of caves
and caverns, of which many are protected due to their
scientific and cultural relevance and importance.

Caves are not only unique natural monuments in terms of
geological structure and complexity, but also represent a
unique habitat for a large number of organisms such as
viruses, bacteria, fungi, lichen, algae, protozoa, plants and
animals (Falasco et al., 2014). Phototrophic microorganisms
can easily be found at cave entrances illuminated by direct or
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indirect sunlight and as lampenflora in areas near artificial
lights, usually associated with various heterotrophic microor-
ganisms, predominantly bacteria and fungi, also common in
the inner, non-illuminated parts of the cave (Mulec and Kosi,
2008; Czerwik-Marcinkowska, 2013). Various colorations on
speleothems, precipitates, corrosion residues, structural
changes, and biofilms represent evidence of a microbial
community (Ogorek et al., 2016).

Little is known about the microbiota of Serbian caves
(Popovic et al., 2015), unlike many other European countries:
Spain (Martinez and Asencio, 2010; Roldan and Hernandez-
Mariné, 2009; Urzi et al., 2010; Busquets et al., 2014), France
(Borderie et al., 2011, 2014; Bastian and Alabouvette, 2009),
Italy (Cennamo et al., 2012; Giordano et al., 2000), Poland
(Czerwik-Marcinkowska and Mrozinska, 2009, 2011; Czer-
wik-Marcinkowska, 2013; Ogorek et al., 2013; Pusz et al,,
2014), Slovenia (Klemenci¢ and Vrhovsek, 2005; Mulec and
Kosi, 2008; Mulec et al., 2008, 2012), Greece (Lamprinou et
al., 2009, 2012, 2014; Pantazidou and Roussomoustakaki,
2005), Czech Republic (Poulickova and Hasler, 2007), Turkey
(Selvi and Altuner, 2007), and Russia (Mazina and Maximov,
2011). We investigated cyanobacterial, algal, and fungal
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diversity in three karst caves in Serbia and related diversity to
the environmental factors of light, temperature, and relative
humidity and how these factors contribute to colonization by
microorganisms.

MATERIALS AND METHODS

SAMPLING SITES AND SAMPLING PROCEDURE

Ribnicka Cave (RIB) (Fig. la) is situated in the
northwestern part of Serbia, in the valley of the river Ribnica,
south of Mionica (44°1220.27”N, 20°5'32.59”E). The gorge
through which Ribnica River flows is constructed of Lower
and Upper Cretaceous and Lower Triassic limestone. The cave
entrance is 25 m wide and 12 m high and only 1 m above the
riverbed, and the total length of the cave is 127 m. From the
main chamber, several short galleries diverge (Purovi¢, 1998).
Because of the dimensions of the cave entrance and the main
hall, the microclimate of the cave is heavily influenced by
seasonal and daily fluctuations of outside climatic factors,
primarily temperature.

Hadzi Prodanova Cave (HP) (Fig. 1b) is located in the
upper part of the Rascanska River, 7 km from Ivanjica
(43°37'38.78"N, 20°14’25.30"E), in fissured Triassic lime-
stones. This cave is a spacious form of underground karst
topography and consists of an entrance channel, the central
hall, and radiating lateral canals, with a total length of about
420 m. The cave entrance is narrow and tall, about 5 to 6 m
high and approximately 2 m wide at the beginning, then
slightly narrows and continues to the spacious central hall.
The cave is very dry, and only dripping water makes it
hydrologically active (Purovic, 1998).

The Réanska Caves (RC) are located on the left side of the
Rcéanska River, in the Dragacevo territory (43°44'2.70"N,
20°14’29.37"E), and these partly explored underground karst
forms consist of Velika, Suva, and Slepa Caves and Bezdan
Pit, which are composed of mostly massive Upper Cretaceous
limestone, with the total length of the canals being about 750
m. The upper part of Velika Cave, with a total length of about
380 m (Fig. 1c), has a cascading elevation, while the lower
part is composed of three levels of galleries, the main canyon
with a cascading rocky floor, the hydrologically active level
that ends in a siphon, and a dry, hydrologically inactive level
(Purovic¢, 1998). The sampling was conducted at the entrance
of lower part of Velika Cave. This entrance is approximately
13 m wide and 17 m high. Since the investigated caves are still
not open for tourists, there are no anthropogenic activities that
may have affected the cave’s ecosystems.

For algological and mycological analyses, seven sampling
sites were chosen in Ribnic¢ka, while five sampling sites were
selected in Hadzi Prodanova and Réanska. The locations of
each sampling site near the cave entrance are shown in Fig. 1.
All samples, with the exception of samples from sampling
sites RC2 and RIB6, were collected from the cave walls where
variously colored biofilms were formed. Sampling site RC2
was located on the horizontal surface of a large stone in the

middle of the cave on which the mud deposits were observed,
while sampling site RIB6 was on the cave floor.

Light intensity, temperature, and relative humidity were
measured using the DMV 1300 Luxmeter, Velleman, Belgium
and Temperature Humidity Meter, Extech, USA. These
parameters were measured three times at each sampling site,
and for each parameter, the mean values and standard errors
were calculated.

ALGOLOGICAL AND MYCOLOGICAL ANALYSES

Samples for algological analyses were taken directly from
the stone substrata using a non-destructive, adhesive-tape
method (Gaylarde and Gaylarde, 1998; Urzi and de Leo, 2001)
and by scraping the biofilm with a flame-sterilized scalpel.
Afterward, the samples were stored in labeled sterile
polyethylene bags and transported on ice until laboratory
processing. The part of the scraped material was mixed with a
drop of glycerol, and it and the adhesive strips were directly
observed using the light microscope Zeiss Axio-Imager M.1
with software AxioVision 4.8. Algae and cyanobacteria were
identified using the appropriate literature: John et al. (2003),
Komarek and Anagnostidis (1998; 2005), Komarek (2013),
Komarek and Fott (1983), Krieger and Gerloff (1962),
Hofmann et al. (2013), and Starmach (1972).

For mycological analysis, five samples were collected
from each of the sampling sites by swabbing the stone
surfaces with sterile cotton swabs. After sampling, swabs
were put in sterile polyethylene bags until laboratory
processing. In laboratory conditions, swab samples were
diluted in 10 mL sterile, deionized water and shaken steadily
for 10 minutes. Aliquots of 1 mL prepared suspension were
inoculated onto dichloran 18% glycerol agar (DG18) and malt
extract agar (MEA), both with antibiotics added to suppress
bacterial growth. Chloramphenicol in the concentration of 0.1
g L ! was added to DG18 medium, while streptomycin (500
mg L") was added to MEA (Samson et al., 2010). Procedures
were done in triplicate. The inoculated plates were then
incubated in dark conditions for seven days at 25 °C
(Memmert Incubator UE500). Pure cultures of each isolate
were obtained via single conidial transfer of primary isolates
to the following nutrient media: Creatine sucrose agar
(CREA), Czapek Yeast extract agar (CYA), DG18, Dichloran
Rose Bengal Chloramphenicol agar (DRYES), MEA, Oat-
meal agar (OA), and Potato Carrot Agar (PCA). After an
incubation period of seven days, fungi were identified based
on colony macromorphology and microscopic features of
fungal reproductive structures using a stereomicroscope
(Stemi DV4, Zeiss) and light microscope (Carl Zeiss Axio
Imager M.1 with software AxioVision 4.8). Fungal isolates
were identified to the species or genus level using the
following dichotomous keys: Bensch et al. (2012), Ellis
(1971), Ellis and Ellis (1997), Garcia et al. (2006), Rapper
and Fennel (1965), Samson et al. (2010), Samson and Varga
(2007), Watanabe (2010), and Woudenberg et al. (2013).
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Figure 1. Maps of the three investigated caves with sampling sites near the entrance of each cave: a-Ribnicka (RIB1—
RIB7), b-Hadzi Prodanova (HP1-HP5), and c-Ré¢anka Caves (RC1-RC5). The sampling sites had the following distances
from the cave entrances: RIB1, 8 m; RIB2, 9 m; RIB3, 13 m; RIB4, 13.5 m; RIB5, 14 m; RIB6, 22 m; RIB7, 26 m; HP1, 5
m; HP2, 6 m; HP3, 7 m;, HP4, 7 m; HPS, 8 m; RC1, 22 m; RC2, 24 m; RC3, 34 m; RC4, 34 m; RC5, 30 m.
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Figure 2. Measured physical parameters: light intensity (LI in Lux), temperature (T in °C), and relative humidity (RH %)
at sampling sites from Ribnicka (RIB1-RIB7), Hadzi Prodanova (HP1-HP5), and Réanska (RC1-RC5) caves.

DETERMINATION OF CHLOROPHYLL-A, AND BIOFILM
CONTENT

A round metal matrix covering a surface of 3.14 cm? was
used to mark the surface on stone substrata from which the
two biofilm samples were scraped for chlorophyll-a extraction
and determination of the water content and content of
inorganic/organic matter in biofilm samples.

Stone surfaces on which the metal matrix was applied were
smooth and had minor imperfections. Scraped samples were
kept in sterile polyethylene bags, and upon the arrival in the
laboratory, samples were immediately prepared for the
chlorophyll-a extraction. The biofilm samples were weighted
and boiled in 20 mL of 100% ethanol. After homogenization,
the samples were filtered, and the absorbance of the filtrate
was measured before and after acidification at 665 nm and 750
nm on the spectrophotometer (Cecil CE 2501). The chloro-
phyll-a content was determined using the formula described in
the study by Popovi¢ et al. (2015), and was expressed as pg
Chl-a cm 2.

Samples for the determination of the water content were
kept in a sealed container to avoid water evaporation until
their arrival at the laboratory. The water content and organic/
inorganic matter in the biofilm samples expressed in percent
and mg cm > were determined based on the difference in
sample weight before and after drying at 105 °C and ashing at
550 °C The difference in biofilm weight between fresh
samples and those dried at 105 °C gave the water content of
the biofilm, while the difference between the weights at 105
°C and 550 °C was organic matter. The residue remaining at
550 °C was the inorganic part of the biofilm.

STATISTICAL ANALYSIS

Two redundancy analyses were performed using the
program CANOCO for Windows, Version 5.0 (Ter Braak
and Smilauer, 2012). The first RDA analysis was performed to
examine the potential effects of measured environmental
variables on cyanobacterial, algal, and fungal community with
the cave used as a supplementary variable. For project data,
presence/absence of all recorded taxa was used as a measure.
Then each taxon was assigned to a taxonomic group
(Cyanobacteria, Chlorophyta, Bacillariophyta, or fungi). In
further analysis, we used these groups instead of individual
taxa. The measured environmental variables temperature,
relative humidity, and light intensity were submitted to the
interactive forward selection, in which the statistical signifi-
cance of each variable was tested by the Monte Carlo
permutation test at a cutoff point of P=0.05. RDA with the
option ‘center and standardize’ was used. The main goal was
to show if some groups are influenced by any of the measured
environmental factors. The second RDA analysis, with cave as
an explanatory variable, was performed to demonstrate the
preference of microorganism groups for a certain cave, as well
as the proportion of documented taxa found in every cave.

REsSuLTS

Light intensity varied from the lowest value of 21.5 Lux,
measured at sampling site RC1, to the highest value of 4400
Lux, measured at sampling site HP1. The highest temperature
was measured at HP3 (24.9 °C) and the lowest at RIB7 (16.9
°C). The lowest relative humidity was measured at HP3
(61%), and the highest at RC4 (87%) (Fig. 2). The highest
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Figure 3. Micrographs of some documented cyanobacteria
and algae in biofilm samples from Ribnicka (a -
Aphanothece caldariorum; b - Asterocapsa sp.; ¢ -
Cyanothece aeruginosa; d - Gloeocapsa sanguinea; e -
Gloeocapsa alpina; h - Chroococcus ercegovicii), from
Hadzi Prodanova (f - Gloeocapsa novacekii; g -
Chroococcus sp.; i - Nostoc commune; m - Oscillatoria
sancta), and from Réanska (j - Cosmarium rectangulum; Kk -
Klebsormidium flaccidum; 1 - Luticola nivalis; n -
Phormidium sp.) caves. Scale bars 10 pm.

values of light intensity and temperature were measured in
Hadzi Prodanova. Measured relative-humidity values were
obviously lowest in Ribnic¢ka, where cyanobacteria prevailed,
and some sampling sites in Hadzi Prodanova. The differences
in the measured physical parameters were easily visible when
the data from all localities were compared, but there were no
significant differences among the sampling sites in any one
cave, except for light intensity.

The two methods of biofilm sampling for cyanobacterial
and algological analyses, non-destructive adhesive tape and
scraping the biofilm with flame-sterilized scalpels, were found
to support each other and contributed to a more detailed
identification of taxa in biofilm. During the survey in the
investigated caves, Cyanobacteria (Table 1) and algae
(Chlorophyta and Bacillariophyta) (Table 2) were document-
ed. The highest number of documented taxa belonged to
Cyanobacteria, with chroococcalean taxa prevailing and
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Figure 4. Culturable fungi (seven days, malt extract agar)
from Hadzi Prodanova, Réanska, and Ribnicka caves: a.
black yeast cells; b. didimospores of Cladosporium-like
dematiaceous Hyphomycetes; c¢. unbranched chain of
microcolonial fungi meristematic cells; d—g. aberant
conidiogenus apparatus in Aspergillus sect. Nidulantes
culture; h. microciclic conidiation in Penicillium sp.
culture.

species of the genus Gloeocapsa being the most diverse.
Oscillatoriales and Nostocales were present to a lesser extent.
Most of the cyanobacteria that were documented in these three
caves were aerophytic taxa, while Chlorophyta and Bacillar-
iophyta had aerophytic and freshwater representatives. Some
of the documented taxa are shown in Figure 3. Many
cyanobacterial and algal taxa were documented only in one
of the caves. Aphanothece saxicola, Desmococcus olivaceus,
Hantzschia amphioxys and Nitzschia sp. were documented in
all three, while Aphanocapsa muscicola, Chroococcus sp.,
Chroococcus turgidus, Gloeocapsa biformis, Gloeocapsa
reicheldtii, Gloeocapsa violascea, Leptolyngbya foveolarum,
Oscillatoria sancta, Nostoc commune, Trochiscia granulata
and Luticola nivalis were found in two caves.

In all investigated samples, 27 different fungal morphotypes,
including filamentous fungi, yeasts (Fig. 4a), and microcolonial
fungi (Fig. 4c) were isolated. A list of identified fungi is
presented in Table 3. The majority of documented fungi were
Ascomycetes or Zygomycetes. However, the plant pathogen
Rhizoctonia s. 1. (teleomorph: Thanatephorus sp.) was the only
member of Basidiomycetes documented in this study; it was
isolated from walls of Hadzi Prodanova. Microcolonial fungi,
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& C.Flahault sp. 3

well-known as rock-inhabiting fungi, were frequently encoun-
tered in all studied caves (Isola et al., 2016).

During laboratory cultivation, microscopic analyses re-
vealed the presence of atypical fungal structures, such as
aberrant conidial apparatus in Aspergillus sp. sect. Nidulantes
(Fig. 4d, g) and microcyclic conidiation in one Penicillium
isolate (Fig. 4h).

Interactive forward selection revealed that relative humid-
ity was the only measured environmental variable that was
statistically significant (Fig. 5A). The redundancy analysis
including humidity as an explanatory variable and Cyanobac-
teria, Chlorophyta, Bacillariophyta, and fungi as response data
showed that relative humidity was positively correlated with
the first RDA axis (r = 0.7067), which explained 23.99% of
the total variance in our data. Thus, the first axis represented
the variation in cyanobacterial, algal, and fungal assemblage
explainable by the humidity variable, and the second vertical
axis represented a part of residual variation that was not
explained by that variable, which suggested that there might
also have been other environmental factors influencing the
distribution of these groups of microorganisms. Still, the
effect of humidity was significant, as confirmed by the result
of the Monte Carlo permutation test (F = 4.6, p = 0.0075).
Bacillariophyta and Chlorophyta showed positive correlations
with the first RDA axis, which showed that most preferred
places are those with higher levels of air humidity. On the
other hand, cyanobacteria showed a negative correlation with
the first RDA axis, as they were mostly found in places with
lower humidity. Fungi showed a slightly negative, almost non-
existent correlation with the first RDA axis, but a highly
positive correlation with the second RDA axis, meaning that
other factors affected the appearance and development of
fungi in a certain locality. Cyanobacteria also showed a
correlation with the second axis, but it was negative.

The second redundancy analysis (Fig. 5B) showed that the
caves were separated along the first axis, as were taxonomic
groups. Cyanobacteria and fungi were placed on the left side
of the ordination diagram (they were mostly found in Hadzi
Prodanova and Ribnicka), while Chlorophyta and Bacillar-
iophyta were placed on the right side of the ordination
diagram (mostly found in R¢anska). In addition, each group is
represented as a pie symbol, in which the proportion of
documented taxa found in every cave can be seen.
Cyanobacterial taxa, with the most numerous being from the
order Chroococcales, were predominant in Ribnicka and
Hadzi Prodanova, while in R¢anska smaller number of taxa
were recorded. The fungi showed the same pattern. On the
other hand, Chlorophyta and Bacillariophyta were mostly
documented in samples from Réanska.

The lowest values of chlorophyll-a content, expressed as pg
Chl-a cm2, were documented at sampling sites RIB2 and
RIBS, where few cyanobacterial and algal taxa were found.
Two sampling sites that were on a horizontal substrate (RIB6
and RC2) had the highest concentrations of chlorophyll-a (Fig.
6). The content of organic matter expressed as mg cm > was
also the highest at RIB6 and RC2, and the highest content of
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Table 3. Identified culturable fungi in biofilm samples from Ribnicka (RIB1-RIB7), HadZi Prodanova (HP1-HP5) and Réanska
(RC1-RC5) caves and methods that are used for their identification.

Fungal Isolates

Source of Isolation

Identification Method

Alternaria spp. and Alternaria like genera
(3 morphotypes)
Alternaria Nees sp. 1 sect. Alternata
Alternaria Nees sp. 2 sect. Alternata
Aspergillus spp. (6 morphotypes)
Aspergillus P. Micheli sp. 1. sect. Usti

Aspergillus P. Micheli sp. 2. sect.
Nidulantes
Aspergillus P. Micheli sp. 3. sect. Nigri

Aspergillus P. Micheli sp. 4. sect.
Clavati
Aspergillus P. Micheli sp. 5. sect. Terei

Aspergillus P. Micheli sp. 6. sect.
Circummdati
Cladosporium spp. and Cladosporium like
genera (4 morphotypes)
Cladosporium cladosporioides (Fresen.)
G.A. de Vries s. lat
Cladosporium sphaerospermum Penz.
s. lat
Cladosporium Link spp.
Other Hyphomycetes
Aureobasidium pullulans (de Bary)
G. Arnaud
Botrytis cinerea Pers.
Epicoccum nigrum Link.

Paecilomyces variotii Bainier
Humicola Traaen sp.
Penicillium Link spp. (3 morphotypes)

Periconia bysoides Pers.
Zygomycetes (3 morphotypes)

Mucor Micheli: Fr. spp.

Rhizopus stolonifer (Ehrenb.) Vuill.
Basidiomycetes

Rhizoctonia DC. s. lat

HPI
RIB7

HP3
HP2, HP3, HP4

RIB7, HP1, HP3, HP4,
RC5
HP4, HPS

HPI1, HP5

HP4

RIB2, RIB6, RIB7, HPI,
HP5, RC2
RC3

RIBI1, RIB6, RC2, HP3
RIB2, RIBS, HP3, RC3

RIB1, RIB2

RIB1, RIBS, RIB7, HP1,
HP2, HP5

HPS, RC3

RC2, RC3, RC4

HP4, HP5, RIB1, RIB4,
RIBS, RIB6, RIB7,
HP3, HP4, RC1, RC4

HP3

RC3, RC4
HP4, HP5

HP2

PCA, DRYES, DG18 (Woudenberg et al., 2015)
PCA, DRYES, DG18 (Woudenberg et al., 2015)

CYA, MEA, DG18 (Rapper and Fennel, 1965;
Samson and Varga, 2007)

CYA, MEA, DGI18 (Rapper and Fennel, 1965;
Samson and Varga, 2007)

CYA, MEA, DG18 (Rapper and Fennel, 1965;
Samson and Varga, 2007)

CYA, MEA, DG18 (Rapper and Fennel, 1965;
Samson and Varga, 2007)

CYA, MEA, DGI18 (Rapper and Fennel, 1965;
Samson and Varga, 2007)

CYA, MEA, DG18 (Rapper and Fennel, 1965;
Samson and Varga, 2007)

MEA, DG18, DRYES (Bensch et al., 2012)
MEA, DG18, DRYES (Bensch et al., 2012)
MEA, DG18, DRYES (Bensch et al., 2012)

MEA, OA, DGI18 (Samson et al., 2010)

MEA, OA, DG18 (Samson et al., 2010)
MEA, OA, DG18 (Samson et al., 2010)

MEA, OA, DGI18 (Samson et al., 2010)

MEA, OA, DG18 (Watanabe, 2010)

CYA, MEA, CREA (Pitt, 1979; Samson et al.,
2010)

MEA, OA (Ellis, 1971; Ellis and Ellis, 1997)

MEA, OA, DGI18 (Samson et al., 2010)
MEA, OA, DG18 (Samson et al., 2010)

MEA, OA (Garcia et al., 2006)

Note: Nutrient media: CYA = Czapek Yeast extract agar; CREA - Creatine sucrose agar; DG18 = Dichloran 18% Glycerol agar; DG18 = Dichloran Rose Bengal

Chloramphenicol agar; MEA = Malt extract agar; OA = Oatmeal agar; PCA = Potato Carrot Agar.

inorganic matter was found at RC2 and RIB1. The water
content was high at RC2, RIB3, RIB6, and RC4. In general,

the highest biomass was observed at RIB6 and RC2. The
lowest values of all three biofilm parameters were recorded at
RIBS, HP4, and RC3. The table depicting the measured

biofilm parameters in percentages was included to display the
relationship of every measured component in each biofilm
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sample (Table 4). The water was the main biofilm constituent
at RIB3, RIB7, HP3 and RC4.

DiscussioN

Cyanobacteria and algae (with green algae and diatoms as
the most important (Falasco et al., 2014)), are the most
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Figure 5. A - Redundancy analysis biplot ordination on the basis of the measured environmental variable relative
humidity and cyanobacterial, algal (Chlorophyta and Bacillariophyta), and fungal community with cave as a
supplementary variable. B - Redundancy-analysis biplot ordination of cyanobacteria, algae (Chlorophyta and
Bacillariophyta), and fungi with locality as an explanatory variable. Each group was represented as a pie symbol, in
which the proportion of documented taxa found in every cave can be seen. Caves: Ribnicka RIB, Hadzi Prodanova HP,

and Rc¢anska RC.

common phototrophic constituents of cave ecosystems (Mulec
et al., 2008). Cyanobacteria and green algae are considered the
pioneer colonizers of many exposed surfaces, followed by
various heterotroph such as bacteria and fungi. These
organisms play an important role in biofilm genesis (Falasco
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et al.,, 2014). Cyanobacteria prevail compared to other
microorganisms (Czerwik-Marcinkowska, 2013; Mulec et
al., 2008; Selvi and Altuner, 2007; Mulec and Kosi, 2008;
Mazina and Maximov, 2011), especially in cave entrances
(Mulec and Kosi, 2008). Most of the documented cyanobac-

HPL1 HPE HPFI HPE HPS

Sampling sites
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Figure 6. Chlorophyll-a content (Chl-a) expressed as pg cm > water content (WC) and content of organic/inorganic matter
(OM/IM) expressed as mg cm > determined in biofilm samples from Ribnitka (RIBI-RIB7), HadZi Prodanova (HP1—
HP5), and R¢anska (RC1-RC5) caves.
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Table 4. Water content (WC) and content of organic/inorganic matter (OM/IM), represented as percentages, determined in
biofilm samples from Ribnicka (RIB1-RIB7), HadZi Prodanova (HP1-HP5) and Réanska (RC1-RC5) caves.

Biofilm
Content RIB1 RIB2 RIB3 RIB4 RIB5 RIB6 RIB7 HP1 HP2 HP3 HP4 HP5 RC1 RC2 RC3 RC4 RC5
WC 442 323 624 259 11.1 276 683 49.0 400 80.8 9.1 403 36.1 417 20 788 409

oM 10.6 27.7 143 107 333 662 113
M 452 40.0 233 633 556 6.2 205

129 176 6.7 50.0 27.0 375 74 20 41 4l
382 424 125 409 327

264 509 96.0 17.2 55.0

teria from the caves we investigated were typical aerophytic
taxa. Coccoid forms of cyanobacteria were the most common,
followed by Oscillatoriales and then Nostocales (Lamprinou et
al., 2009, 2012, 2014; Martinez and Asencio, 2010; Pantazi-
dou and Roussomoustakaki, 2005). Most coccoid cyanobac-
teria produce thick mucilaginous sheaths by which they attach
to the substrates to help further colonization by other
microorganisms. However, Oscillatoriales, which are usually
less present, can form hormogonia that help them colonize
new sites in the caves (Pantazidou and Roussomoustakaki,
2005). The most common genus found during this survey,
Gloeocapsa, has been reported in various habitats with many
different ecological characteristics, indicating its tolerance to
a wide range of environmental conditions (Cennamo et al.,
2012). Chlorophyta and Bacillariophyta are usually found
together with cyanobacteria (Czerwik-Marcinkowska, 2013;
Lamprinou et al., 2012; Cennamo et al., 2012; Selvi and
Altuner, 2007; Mazina and Maximov, 2011; Klemenci¢ and
Vrhovsek, 2005). Among green algae, unicellular forms tend
to dominate (Roldan and Hernandez-Mariné, 2009). These
groups are represented by both acrophytic and freshwater taxa.
In addition, aquatic taxa of Bacillariophyta can be present, but
they usually show some morphological modifications (Falasco
et al., 2014).

Even though cyanobacteria prevail in general, they are not
always predominant; in our case, Cyanobacteria, Chlorophyta
and Bacillariophyta were not equally distributed.

The temperature and relative humidity did not show large
differences among the sampling sites in one cave due to the
sampling sites’ proximity to each other, but light intensity
showed differences among all three examined caves; even
small differences can have an immense impact on the
ecosystem. The light intensity depended on factors like the
distance from the entrance, exposure of the sampling site, rock
depressions, and the presence of bigger cavities. Light
intensity and other factors are also affected by the size and
orientation of the cave entrance, as well as by the presence or
absence of vegetation in front of the entrance. The highest
temperature was usually measured at sampling sites that were
closest to the cave entrance or at the entrance. The highest
measured values of temperature and light intensity were
recorded in Hadzi Prodanova, which was probably due to the
specific shape of the narrow and tall entrance facing south,
allowing more light to reach cave walls. The highest humidity
values were mostly measured at sampling sites that were
farthest from the cave entrances, at places that were well
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shaded, and, as was the case with R¢anska, at sampling sites
where running and dripping water was present. Furthermore,
sampling sites in Réanska were farther from the entrance and
more isolated from external conditions compared to the other
two investigated localities.

The constrained analysis of measured ecological parame-
ters showed that only relative humidity was statistically
significant. The highest humidity values were documented in
Rcéanska, where most of Chlorophyta and Bacillariophyta
were recorded. On the contrary, the lowest humidity was
documented in Ribnicka and Hadzi Prodanova, where
Cyanobacteria were dominant. This suggests that humidity is
likely an important factor in the development of specific
communities in a given location. The presence of periodically
available water in forms such as rain, dew, or condensation is
important for the microbial colonization of rock surfaces
(Whitton, 2012). However, cyanobacteria are known to
produce extracellular polymeric substances (polysaccharides,
proteins, lipids, and nucleic acids) that, aside from having
many beneficial roles such as chelating toxic substances,
serving as a nutrient reservoir, regulating calcification
processes, and protecting from UV radiation, can also retain
water, which is of great importance (Whitton, 2012; Falasco et
al., 2014). For that reason, many cyanobacteria are very
desiccation-tolerant and are able to inhabit places that are
more arid compared to many other algal groups (Poulickova
and Hasler, 2007).

Chlorophyta and Bacillariophyta were recorded mainly in
places with higher humidity. They dominated the entrance
walls of Réanska, especially at sampling sites RC2, 3, and 4.
As mentioned, sampling site 2 was located on a horizontal
plane, where mud and water accumulated. Sites 3 and 4 were
characterized by the presence of dripping water, where algae
from the genus Klebsormidium were mostly present. Desmo-
coccus olivaceus, one of the most common aerophytic algae
(Rindi, 2007), was one of the most frequently found algal taxa
in this cave. On the other hand, Bacillariophyta were
unequally distributed in all three caves. In Ribnicka, they
were documented only on the cave floor, inhabiting accumu-
lated soil and mud (sampling site RIB 6). In Hadzi Prodanova,
most of the diatoms were found at the sampling site with
highest illumination (HP1) while, in Rcanska they were
present in association with Chlorophyta at the sampling site
where mosses were present (RCS). The appearance of diatoms
and changes in their composition were related to humidity
fluctuations. In general, surfaces that are illuminated, wet, and
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characterized by the presence of mosses are richer in diatoms.
Luticola nivalis and Hantzschia amphioxys are typical
aerophilous diatoms that can be found in the majority of
caves, and they can be considered cosmopolitan taxa.
Hantzschia amphioxys, common as an epiphytic diatom,
usually occurs on mosses (Falasco et al., 2014).

Aerophytic cyanobacteria and algae are significantly
influenced by temperature, light, and moisture conditions
(Poulickova and Hasler, 2007), but many other factors such as
the input of nutrients, type and physicochemical substrate
properties (pH, rock substance, porosity), cave morphology
(size, location, dimension, orientation), and water availability
affect the composition of the microbial communities and can
explain the variation in species composition (Czerwik-
Marcinkowska, 2013; Lamprinou et al., 2012; Pantazidou
and Roussomoustakaki, 2005). The importance of the
substrate can be seen from the fact that the calcareous,
alkaline nature of the substrate favors the proliferation of
cyanobacteria where the light is adequate (Pantazidou and
Roussomoustakaki, 2005).

At both sampling sites with the highest content of
chlorophyll-a, a thick green biofilm containing densely packed
cells of cyanobacteria and algae was present. Biofilm at RIB6
was mostly made of densely entangled Leptolyngbya sp.
According to Knott et al. (2004), horizontal surfaces collect
more algae than do vertical surfaces. Certain parts of biofilms
from cave walls can be washed with water that periodically
flows over the rocks, or it can just “fall off” from time to time.
In addition, these sampling sites contained the highest amount
of organic matter. Sampling sites RIB7 and HP3, which had
the highest water content expressed as a percentage, also had
the highest number of cyanobacterial taxa, for which
extracellular polymeric substances are responsible for retain-
ing water. The sampling site RC4 also had a high water
content percent because of the presence of seeping water. The
correlation between chlorophyll-a content and light intensity
was not observed (r =—0.061).

Fungal spores and hyphal fragments are introduced into
caves through the air and water flow (Hsu and Agoramoorthy,
2001). Likewise, trogloxenes, animals that live within caves
but periodically come out to feed, are known carriers of plant
and animal remains, organic debris, and fungal propagules.
The majority of fungi isolated and identified in this survey are
frequently cited as plant and leaf-litter inhabitants (members
of genera Alternaria, Aspergillus, Botrytis, Cladosporium,
Epicoccum, and Periconia), while fungi, represented by
species of genera Humicola, Mucor, Paecilomyces, Penicilli-
um, Rhizopus, and Rhizoctonia, are typical soil colonizers
(Dix and Webster, 1995). Hence the majority of identified
fungi can be considered transients in cave habitats (Vander-
wolf et al., 2013). On the other hand, yeast-like micro-colonial
fungi in the form of torulose, branched hyphae and
meristematic cells, documented via microscopic analyses of
cultured fungi in all studied caves, are nowadays recognized
as typical rock-inhabiting fungi (Ruibal et al., 2009). So this
phylogenetically diverse group of melanized ascomycetes can

be thought of as an autochthonous or residential fungal
community in caves.

The establishment of fungal communities in cave habitats
is mostly dependent on the availability of nutrients. The
highest number of culturable fungi were isolated from the
sampling sites where very developed biofilms were observed
and high biomass was documented, such as RIBI. On the
other hand, our recorded micro-environmental conditions of
temperature, light intensity, and relative humidity were shown
to not influence the distribution of fungi at sampling sites.
However, Sterling and Lewis (1998) reported that these
micro-environmental conditions were critical for the second-
ary release of spore and fungal growth within the caves and
heavily influenced differences in fungal communities inside
and outside of caves.

During the microscopic analyses of fungal isolates, the
presence of atypical structures, such as the aberrant con-
idiogenus apparatus in Aspergillus sp. sect. Nidulantes and
microcycle conidiation in one Penicillium culture, was
observed. Microcycle conidiation, the phenomena of the
direct production of conidia from asexual spores without
hyphal growth, bypassing the somatic phase in the normal
fungal life cycle, has been described in a broad range of fungi,
including the genera Acremonium, Aspergillus, Cercospora,
Neurospora, Paecilomyces, Penicillium and Trichoderma
(Hanlin, 1994). Presumably, morphological variances typical
of microcycle conidiation and aberrant conidiophore forma-
tion are a key mechanism for survival and proliferation of
mold spores of the aforementioned genera in adverse
environmental conditions (Lapaire and Dunkle, 2003).
Furthermore, microcycle conidiation encompasses a normal
phase in the life cycle of several fungal groups, among which
are rust and smut fungi, as well as other plant (e.g.,
Taphrinales and Calvicipitales) and insect pathogens (En-
tomophthorales).

CONCLUSIONS

Cyanobacteria, algae (Chlorophyta and Bacillariophyta),
and fungi were examined from biofilm samples taken from the
entrances of Ribnic¢ka, Hadzi Prodanova, and Rc¢anska caves.
Cyanobacteria, with chroococcalean taxa prevailing and
Gloeocapsa species as the most diverse, had the highest
number of documented taxa. The majority of identified fungi
were Ascomycetes or Zygomycetes, with Rhizoctonia s. 1. as
the only representative of Basidiomycetes. Physical parame-
ters temperature and relative humidity did not show such big
differences among sampling sites as did light intensity, which
was dependent on the distance from the entrance and rock
position. According to redundancy analysis and interactive
forward selection that were performed on all measured
environmental parameters, only relative humidity was a
physical parameter that was statistically significant, meaning
that it is likely an important factor influencing the develop-
ment of microbial communities at different localities. Most of
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Bacillariophyta and Chlorophyta were found at places with
higher relative humidity, while many cyanobacteria were
found in places where lower air humidity was measured.
Measured physical parameters did not have a significant
influence on the distribution of fungi. The second redundancy
analysis that was performed confirmed that different taxo-
nomic groups were dominant at different caves, cyanobacteria
and fungi in Ribnicka and Hadzi Prodanova and Chlorophyta
and Bacillariophyta in Réanska cave. Chlorophyll-a content
did not show correlation with light intensity. It was highest on
a horizontal surfaces where the highest content of organic and
inorganic matter were recorded. Higher water content in
biofilm was found in samples from which many cyanobacte-
rial taxa were identified.

It is known that many microorganisms from biofilms,
through various known mechanisms of biodeterioration, can
cause substantial damage to the stone surfaces. The explora-
tion of their diversity, especially of phototrophic components,
represents a contribution to the flora of Serbia, and is also the
basis for further research that will include more experimental
studies in terms of the conservation of these protected sites.
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ISOTOPIC EVIDENCE FOR THE MIGRATION OF
THERMOGENIC METHANE INTO A SULFIDIC CAVE,
CUEVA DE VILLA LUZ, TABASCO, MEXICO
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LENNON® , PENELOPE J. Boston®

Abstract: Methane (CHy) is an economic resource and a greenhouse gas, but its migration
through rocks is not immediately associated with speleogenesis. Sulfuric-acid speleogenesis is
a cave-forming mechanism that has produced a variety of economically important oil fields
and aquifers, and is theorized to be related to the oxidation of CH,4 and hydrocarbons. Despite
hypotheses that the oxidation of CH4 may provide a basis for the generation of sulfides during
sulfuric-acid speleogenesis, evidence from active systems has not yet been obtained. In this
study, we address how CH, influences the development of sulfidic cave systems by sampling
the CHy, H,S, and CO, concentrations, as well as 513CCH4, 52HCH4, and 513cco2 values, in a
cave currently forming by sulfuric-acid speleogenesis, Cueva de Villa Luz. CHy4, H,S, and
CO, concentrations were highest directly above springs in the cave, showing that all three
gases enter by means of the spring water. The 6'° Ccn, and (32HCH4 in the air of CVL ranged
from —47.92 £ 0.15 to —3547 £ 0.12 %o (VPDB) and —117 to —83 %o, (VSMOW),
respectively. Keeling plots suggest that CH4 with 513CCH4 =-24 *+ 3 %o and 52HCH4 =—40 *=
50 %o was outgassing from spring water. This stable-isotope signature does not fall within
traditional published 513CCH4 versus 52H(;H4 fields. Our data suggest that the CH,4 entering
Cueva de Villa Luz is the remnant of a larger thermogenic CH4 flux that is incompletely
oxidized in the subsurface as it travels to Cueva de Villa Luz. Our data support links between
the processes forming Cueva de Villa Luz and the proposed mechanisms for other caves
associated with sulfuric acid.

INTRODUCTION

The migration of subsurface methane (CHy4) through rock
units toward the earth’s surface creates natural gas deposits,
contributes to the atmospheric CH,; burden, and supports
microbial communities, but is rarely thought to alter the
encountered rock units. However, CH, and other hydrocarbons
may enhance the porosity and permeability of limestones by
fostering sulfuric-acid speleogenesis (Davis, 1980; Egemeier,
1981; Kirkland and Evans, 1976; Hill, 1990, 1995). As CHy-
rich fluids migrate within the subsurface and interact with
evaporites, such as anhydrite or gypsum, they obtain sulfate
(SOi_) that may react with CH, to form hydrogen sulfide (H,S):

Ca*" +2S0;™ + 2CHy4 + 2H' —2H,S + CaCO;
+3H,0 + CO, (1)

The introduction of sulfide to oxygen in near-surface
environments results in the formation of sulfuric acid
(H»S0,), a strong acid capable of rapidly dissolving limestone.

With some of the world’s largest hydrocarbon deposits and
aquifers hosted in sulfuric-acid dissolution-influenced lime-
stones (Hill, 1995), a better understanding of how these caves
form is important for finding new oil fields and drinking water.
The suggestion that sulfuric-acid speleogenesis is associated
with hydrocarbons originated from studies of Lower Kane
Cave in Wyoming (Davis, 1980; Egemeier, 1981). Later, the
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morphologies and mineral assemblages of caves in the
Guadalupe Mountains spurred hypotheses that these caves
formed through sulfuric-acid speleogenesis (Hill, 1990, 1995;
Peryt et al., 2012). The negative 5°*S values of hydrogen
sulfide from springs and sulfide minerals in the caves
suggested that microorganisms were responsible for the
generation of the sulfides. Additionally, o Cco, values from
carbonates in these and other settings suggested that CH4 and
hydrocarbons were oxidized in tandem with SO?‘_ reduction.
Although the migration of CH, is hypothesized to be
important for the formation of sulfidic caves, to our
knowledge no studies of these caves have measured CHy
concentrations in multiple locations from their entrances to
their interiors, nor have measurements of both (513CCH4 and
52HCH4 values been made in a cave currently undergoing
sulfuric-acid speleogenesis.
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! Department of Ecology and Evolution, University of Arizona, 1041 E Lowell St.,
Tuscan, Az. 85719, USA

2 Department of Earth and Atmospheric Sciences, Indiana University, 1001 E 10" St.,
Bloomington, IN 47405, USA

3 Department of Physical and Life Sciences, Nevada State College, School of Liberal
Arts and Sciences, 1021 Paradise Hills Drive, Ste. 246, Henderson, NV 89002, USA
4 Department of Biology, Indiana University, 1001 E 3™ St., Bloomington, IN 47405,
USA

5 NASA Astrobiology Institute, NASA Ames Research Center, Moffett Field, CA
94035



K.D. WEBSTER, L. RosALES LAGARDE, P.E. SAUER, A. ScHIMMELMANN, J.T. LENNON, AND P.J. BosTon

Stable-isotope ratios of carbon and hydrogen in CH, provide
a tool for understanding the origins and reactions of CH, in the
environment. For example, atmospheric CH4 has 513CCH4 and
52HCH4 values that are roughly —47.5 %0 (VPDB) and —100 %o
(VSMOW), respectively (Thom et al., 1993). Thermogenic
CH,, which forms from the breakdown of organic matter by
heat, has 513CCH4 and 52HCH4 values that generally range from
—56 to —20 %o and from —300 to —70 %o, respectively (Schoell,
1988; Whiticar, 1999). The original 513CCH4 and 52HCH4 values
are altered during both biotic and abiotic CH,4 oxidation; the
former causes an increase of 8.5 %o in (52HCH4 for each %o
increase in 513CCH4 (Feisthauer et al., 2011). Thermochemical
sulfate reduction, a form of abiotic methane oxidation, shows
513CCH4 and 52HCH4 values of roughly —30 and —120 %o
respectively (Liu et al., 2014). Furthermore, the mixing of CH,
from different sources can create CH4 with unusual isotopic
ratios. For example, the Homorod mud volcano of Romania
exhibits variations in (32HCH4 values from —25 to +30 %o that
result from mixing between microbially produced CH4 and
CH,4 with a 52HCH4 of +124 %o generated from incomplete
abiotic oxidation (Etiope et al., 2011).

CH,4 has been measured from only two caves undergoing
sulfuric-acid speleogenesis. The caves showed different
characteristics. In Movile Cave in Romania, the CH,4 in an
isolated pocket of air between the cave’s roof and a water
body had a concentration of 10,000 ppmv and a 6" Ccn, value
of —60 %o, indicating the presence of microbially generated
CH,; (Sarbu et al.,, 1996; Hutchens et al., 2004). CH,
concentrations in Frasassi Cave in Italy ranged from 1.9 to
2.2 ppmv at a single collection site (Jones et al., 2012),
although isotopic compositions were not reported. The current
CH, data set from sulfidic caves must be augmented in order
to rigorously test current theories about hydrocarbon-driven
sulfuric-acid speleogenesis.

We tested the hypothesis that hydrocarbons are fundamen-
tal in sulfuric-acid speleogenesis in the active Cueva de Villa
Luz (CVL) system by measuring CHy, H,S, and CO,
concentrations and 513CCH4, 52HCH4, and 513CCOZ values. If
CH, oxidation is responsible for the generation of H,S in
sulfidic caves, then abundances of CH,4, H,S, and CO, should
be correlated in cave air as the gases follow the same pathway
into the cave unless there are additional destruction or
production mechanisms along the way. Additionally, the
513CCH4 and (SZHCH4 values should show signs of oxidation,
and (313CCO2 values should be relatable to oxidized CHy4. This
study presents the first observations of CH,4 concentrations
along gradients from cave entrance to interior and of the
stable-isotope ratios of hydrogen in CH, in the air of an
actively forming sulfidic cave.

(GEOLOGICAL SETTING

REGIONAL GEOLOGICAL SETTING
CVL is a shallow cave, has several natural openings, and is
located in the Sierra de Chiapas 2 km south of Tapijulapa,

Tabasco, Mexico. It is hosted within a carbonate shelf of the
middle Cretaceous Sierra Madre Formation (Rosales Lagarde
et al.,, 2006; Fig. 1). The sedimentary record of the region
spans from the Jurassic to the Tertiary and includes
hydrocarbon formation (Aguilar Rodriguez, 2007; Clara
Valdéz et al., 2009). Regional hydrocarbons, such as oils
located about 50 km north of CVL, are presumably derived
from Cretaceous marine limestones (Guzman-Vega and
Mello, 1999).

Several potential sources of hydrogen sulfide (H,S) are
present in the CVL region. Possible sources of H,S for CVL
include the volcano El Chichon located 50 km west of CVL;
petroleum basins located 50 km north of CVL such as the
Macuspana and the Comalcalco basins; petroleum deposits
within the Sierra de Chiapas; and economic sulfide deposits 25
km west of CVL (Pantoja-Alor, 1989; Hose et al., 2000;
Rosales Lagarde et al., 2006, 2014; Fig. 1). However, sulfur-
isotope ratios of dissolved sulfide in the H,S-rich brackish
springs of CVL range from —24 to —6 %o Vienna Canyon
Diablo Troilite (VCDT) and indicate that biological sulfate
reduction of anhydrite-derived sulfate is the main mechanism
producing the hydrogen sulfide in the groundwater column
feeding the cave (Rosales Lagarde, 2013).

The regional tectonic history includes periods of extension
and compression resulting in large scale faulting, fracturing,
and folding (Meneses-Rocha, 2001; Alcantara Garcia et al.,
2004; Garcia Palomo et al., 2006). The main passage of CVL
follows the strike of east-northeast bedding planes of
Cretaceous limestone. This limestone is folded into a
northwest plunging anticline and cut by a thrust fault (Rosales
Lagarde, 2013; Fig. 1). Faulting and fracturing seem to
facilitate the upward migration of deeper fluids. Additionally,
hydrocarbon seeps in the region are common (Aguilar
Rodriguez, 2007; PEMEX, personal communication).

(GGEOMORPHOLOGY AND GGEOCHEMISTRY OF CUEVA DE

ViLLa Luz

The cave’s main entrance and twenty-four skylights
connect the air of CVL with the atmosphere (Fig. 2) (Hose
and Pisarowicz, 1999). CVL is a weakly hydrothermal system
and has a slightly elevated mean annual cave-air temperature
of 28 °C compared to the regional mean annual atmospheric
temperature of 27 °C. Sulfide-rich springs release H,S into the
cave air, where it ranges in concentration from 1 to 40 ppmv
depending on location (Hose and Pisarowicz, 1999). CVL is
known to experience strong H,S and carbon monoxide
outgassing events when the H,S concentration may increase
from < 12 ppmv to > 240 ppmv in less than 3 minutes
(Kleina, and Hose, pers. comm.; Boston, unpub. results). The
cause of these outgassing events is unknown.

CVL’s twenty-six known internal springs broadly fall into
two categories: (i) springs with < 4.3 mg L™ dissolved O, and
< 0.1 mg L™" dissolved H,S and (ii) springs with < 0.1 mg L™
dissolved O, and 300 to 500 mg L ! dissolved H,S (Hose et al.,
2000). Non-sulfidic springs have a higher temperature than
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Figure 1. The regional setting of the study area showing A) the location of the study area in Mexico and B) geological
features and units that may be influencing the CH, concentrations in Cueva de Villa Luz. Q: Quaternary sediments; Te:
Eocene units; To: Oligocene units; Tm: Miocene units; Km: Cretaceous units; J: Jurassic units. C) A cross-section from A
to A’ showing lithological units in the region. This map has been redrawn from Alcantara Garecia et al. (2004) and the U.S.

Geological Survey World Energy Assessment Team (2000).

those with sulfide (Rosales Lagarde, 2013). All springs are
brackish, and the water chemistry is influenced by dissolution
of limestone, dolomite, halite, and gypsum (Rosales Lagarde et
al., 2014; Hose et al., 2000, Spilde et al., 2004).

METHODS

AIR SAMPLING

The geochemistry of cave air is affected by atmospheric
conditions, which may dominate near entrances or skylights,
and internal cave processes, which may dominate the
chemistry in cave interiors (Peyraube et al., 2016). We
sampled air in CVL using in-situ and discrete techniques.
We used in-situ sampling to measure H,S concentrations and
obtained discrete air samples in 1 L Tedlar bags for later
analysis of CH; and CO,. We selected sampling locations
based on their proximity to springs and entrances and measured
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the distances from each sampling location to the nearest
entrance or spring based on the map of Hose and Pisarowicz
(1999). Samples were defined as “near a spring” if they were
obtained < 2 m from a spring and samples were defined as
“near an entrance” if they were < 10 m from an entrance.
We measured H,S concentrations with a GasBadge Pro
H,S instrument (Industrial Scientific, Pasadena, Texas) and a
Ventis MX4 device (Industrial Scientific, Pasadena, Texas)
from nine locations in CVL (Fig. 2) (Table 1). We measured
H,S concentrations at several elevations above the stream to
assess the extent to which exsolution of H,S from spring
waters altered the concentration of H,S in cave air. When data
were measured with both the GasBadge and the Ventis (Table
1), we took the average of the H,S concentrations (average
difference, Ventis — Gasbage = —2 ppmv). At locations 1
through 12 we obtained discrete air samples in the cave, and
we also obtained a discrete air sample from the local
atmosphere 20 m from the main entrance of CVL using



Table 1. H,S concentrations in Cueva de Villa Luz. Dates are listed as mm/dd/yyyy.

[H,S] 150 cm

[H,S] 100 cm

[H,S] 50 cm

[H,S] 20 cm

Closest

Closest

Entrance  Spring

Date
Collected

e (2SD)*  (ppmv) e (2SD)?* (ppmv) e (2SD)?

(ppmv)

e (2SD)*

(ppmv)

(m)

(m)

Name

Site

0.9 4.85 0.15

5.1

9
23

12/19/2013
12/16/2013
12/16/2013
12/16/2013
12/16/2013
12/16/2013
12/16/2013
12/16/2013
12/16/2013

Midway Springs
RBCSG"

Site 4

1.0e°
1.8

0.5

434
7.6

9.5

1.0
1.2
0.4

6.2°
SC

13.8

1.0
0.

11.6

27

Site 5

0.9
0.6
1.5

0.9

6.9
5.1

05

23.05

11.8

0

23

Slot Spring 2

Site 7

8.7
8C

0.6
0.6

1.1

0.7

15
14
20

Behind Spring

OPP°

Site 9

K.D.

6.6
2.9
2.9

59
1.5
3.6
24

Site 13

1.1
0.8

1.5

1.3
0.4

0.8

2.5

Sala Grande 1

Site 14
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1.0
1.1
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4.2

13
16
25

20

Sala Grande 2
Sala Grande 3

BYRf

Site 15

1.1

1.2
0.9

0.8

1.2
0.9

1.9
2.7

1.0

25

Site 16

1.0

24

Site 17

Standard Deviation.

*Sh =

® Room Before the Crawl to Sala Grande.

¢ Sample was obtained at 40 cm above the spring.

4 Sample was obtained at 60 cm above the spring.

¢ Outside of Perched Pool.
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Figure 2. A simplified map of Cueva de Villa Luz in
Mexico redrawn from Hose and Pisarowicz (1999). A
cross-section of the cave’s main passage is shown from A to
B. Numerous skylights and springs are present in the cave.
Arrows indicate air sample locations. Discrete air samples
were obtained from sites 1 to 12.

standard air-sampling techniques (Fig. 2) (Webster et al.,
2016). All discrete cave-air samples from locations near
springs were obtained 30 cm above the springs.

LABORATORY ANALYSES

We measured CH, and CO, concentrations from discrete
samples with a Varian 450 gas chromatograph (GC) (see
Webster et al., 2016). CH; and CO, calibration curves for
concentration and uncertainty estimates were calculated
following the methods of Webster et al. (2016).

We measured the 513CCH4, (SZHCH4 and 513Ccoz values to
help determine the sources of CH4 and CO, entering CVL.
513CCH4, 52HCH4 and 513CCO2 values were measured on a
Thermo Finnigan Delta Plus XP isotope-ratio mass-spectrom-
eter (IRMS). 5]3CCH4 and 52HCH4 values were measured in
continuous-flow mode using a gas chromatography-oxidation/
pyrolysis-IRMS (GC-ox/pyr-IRMS) interface following pre-
viously published methods (Miller et al., 2002; Webster et al.,
2016). 513Cc02 was measured with a Thermo Finnigan
GasBench II inlet connected to the IRMS.

Raw '3C/'2C and *H/H isotope ratios measured by the mass
spectrometer were converted to conventional J-values using
two-point calibrations. The in-house CH, reference materials
were calibrated against international measurement standards
NBS 19, LSVEC, VSMOW, and SLAP. Reference materials
had 6"*Ccy, values of —38.25 = 0.06 and —58.64 = 0.15 %o
and (52HCH4 values of 41 = 3 and —160 = 4 %o, respectively.
Analytical uncertainties of the 6" Ccp, and ESZHCH4 values of
the CH,4 reference materials ranged from £ 0.07 to = 0.15 %o
(2 SD), and = 8 to = 12 %o (2 SD), respectively, depending
on the day of measurement, and these were assigned to data
from air samples that were measured on the same day.

Raw '>C/'?C ratios of CO, were converted to (313CCO2
values on the VPDB scale using a single standard with
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Figure 3. H,S concentration in air 20 cm above the cave
stream versus distance to the nearest spring in Cueva de
Villa Luz. The elevated H,S concentration at a distance of
28 m from a spring may be related to turbulent water
entering from an adjacent room.

(513CCO2 = —12.0 = 0.2 %o. Samples and standards were
measured ten times. Sample uncertainties were assessed using
the methods of Webster et al. (2016).

QUANTITATIVE ANALYSES

Relationships between CH,4, CO,, and H,S concentrations
and their distances to a spring were assessed through two-
sample #-tests assuming unequal variance. Additionally,
correlations between CH, and CO, concentrations in the air
of CVL were examined through regression analysis. The
isotopic composition of the source of CH, from cave springs
was assessed using Keeling plots, as described in Thom et al.
(1993). This approach assumes that gas samples represent
varying mixtures of two gas end-members with contrasting
CH, concentrations and isotopic compositions. The 513CCH4
and 52HCH4 values of CH, entering from springs were
determined by the y-intercepts of linear regression analyses
of 513CCH4 and 52HCH4 values of air samples versus [CH,]™" of
the same samples (where [CHy] is the concentration of CH, in
ppmv). Keeling plots were also used to determine the potential
(313C(;o2 end member value of CO, in CVL air following the
methods of Rey et al. (2012).

RESULTS

H,S concentrations in the air of CVL ranged from 0.9 *
0.8 to 23.05 = 0.05 ppmv (Table 1) and were highest closest
to springs (two-sample 7-test unequal variance, 14, =3.02, p =
0.005; Fig. 3). CH,4 concentrations ranged from 1.88 = 0.10
ppmv to 3.67 £ 0.18 ppmv (n = 12), and CO, concentrations
ranged from 400 = 20 ppmv to 920 = 50 ppmv (n = 12; Fig.
4; Table 2). The concentrations of CH4 and CO, in the local
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Figure 4. CH,4 versus CO; concentrations in Cueva de Villa
Luz (CVL) showing a strong positive correlation (r = 0.95,
n=12, p < 0.01). Open circles represent CVL air samples,
whereas the black circle represents the open atmosphere
outside of the cave.

atmosphere were 1.96 £ 0.10 ppmv and 430 *= 20 ppmv,
respectively. CH4 and CO, concentrations were positively
correlated in the atmosphere of CVL (r =0.95, n =12, p <
0.01; Fig. 4). CH4 and CO, concentrations were higher at
locations close to springs than at other locations (CHy: two-
sample 7-test unequal variance, #5 stat = 3.57, p = 0.008; CO;:
two-sample #-test unequal variance, f¢ stat = 3.05, p = 0.01;
Fig. 5A). CH,4 and CO, concentrations were not related to the
distance from an entrance (CHy4: two-sample #-test unequal
variance, fs stat = —1.16, p = 0.15; CO,: two-sample r-test
unequal variance, 3 stat =—0.75, p = 0.25; Fig. 5B).

513Ccoz values ranged from —12.0 = 0.2 to —8.7 = 0.4 %o
(Table 3). Air samples near cave entrances showed the lowest
concentrations of CO, and had ' Cco, values around —9.6 to
—9.4 %o. The 6'3C of atmospheric CO,, —10.8 = 0.6 %o, did
not match the 513CCO2 values of other samples with near
atmospheric CO, concentrations, nor samples of atmospheric
CO, from other studies (Peyraube et al., 2013; Fernandez-
Cortes et al., 2015), and was excluded from further analyses.
As CO, concentrations increased, their 513CCO2 values
diverged from the (SIBCCO2 of low-CO, samples (Table 3).
The slope of 6" Cco, data in a Keeling plot was not different
from zero (¥ =0.23, n =12, p = 0.11).

The relationships between CH,4 concentration and o3 Cen,
and 52HCH4 values in CVL air fit a two end-member mixing
model in Keeling plots (Fig. 6). 513CCH4 ranged from —47.92
* 0.15 to —35.47 = 0.12 %o and was linearly related to the
inverse CH,4 concentration (513CCH4 =[-45 = 7] X [CH4] ' +
[-24 + 3],7°=0.98,n=9, p < 0.01; Fig. 6A). §’Hcy, ranged
from —117 = 9 to —65 £ 12 %o and was linearly related to
the inverse CH,4 concentration (52HCH4 = [-140 = 80] X
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Table 2. Sample collection dates and measurement dates for the concentrations of CH, and CO,. Dates are listed as mm/dd/yyyy.

CH, concentration CO, Concentration

Collection Analysis Conc. Analysis Conc.
Site Date Date (ppmv) e (2SD)* Date (ppmv) e (2SD)?
Site 1 12/17/2013 12/31/2013 1.89 0.09 12/31/2013 460 30
Site 2 12/17/2013 12/31/2013 2.14 0.11 12/31/2013 520 30
Site 3 12/17/2013 12/31/2013 2.12 0.11 12/31/2013 470 30
Site 3 12/17/2013 12/31/2013 2.03 0.10 12/31/2013 450 30
Site 4 12/17/2013 12/31/2013 1.98 0.10 12/31/2013 490 30
Site 5 12/16/2013 12/31/2013 1.97 0.10 12/31/2013 470 30
Site 6 12/16/2013 12/31/2013 1.88 0.09 12/31/2013 400 20
Site 7 12/16/2013 12/31/2013 3.16 0.16 12/31/2013 860 50
Site 7 12/16/2013 12/31/2013 3.03 0.15 12/31/2013 860 50
Site 8 12/16/2013 12/31/2013 2.63 0.13 12/31/2013 590 40
Site 8 12/16/2013 12/31/2013 2.33 0.12 12/31/2013 570 30
Site 9 12/16/2013 12/31/2013 3.67 0.18 12/31/2013 850 50
Site 10 12/16/2013 12/31/2013 2.74 0.14 12/31/2013 560 30
Site 11 12/17/2013 12/31/2013 3.58 0.18 12/31/2013 920 50
Site 12 12/17/2013 12/31/2013 2.09 0.10 12/31/2013 530 30
Outside Cave 12/17/2013 12/31/2013 1.96 0.10 12/31/2013 430 30
% SD = Standard deviation.
[CH4 " +[-40 * 50], * = 0.62, n = 8, p = 0.02; Fig. 6B). DISCUSSION

Air samples from locations nearest to entrances define one

end-member of CH, entering the cave with a 6'°Ccy, of  HYDROGEN SULFIDE, METHANE, AND CARBON DIOXIDE
—47.6 = 0.8 %0 and a 6°Hey, of —112 = 14 %0. Samples  ExTer CVL FROM SPRINGS

obtained near springs suggest a second source of CHy The observed concentrations in CVL of H,S, CH, and
entering CVL with a 6"*Ccyy, of =24 = 3 %o and a 6’Hep, of  CO,, and the stable-isotope compositions of CH, and CO,
—40 = 50 %o (Figs. 6, 7). result from a combination of airflow through the cave,

Table 3. Sample stable isotopic compositions of CH, and CO,_ Dates are listed as mm/dd/yyyy.

513CCH4 52HCH4 513Cco2
Collection  Analysis %00 Analysis %00 Analysis %00
Site Date Dates  (VPDB) e (2SD)® Dates (VSMOW) e (2SD)* Date (VPDB) e (2SD)*
Site 1 12/17/2013 4/9/2014  -47.26 0.12 LSV® 1/9/2014 9.4 0.2
Site 2 12/17/2013 4/3/2014  -45.71 0.15  3/18/2014 -96 10 1/9/2014  -10 0.2
Site 3 12/17/2013 4/3/2014  -46.51 0.15  3/19/2014 -97 12 1/9/2014 -9.6 0.3
Site 4 12/17/2013 SL*¢ LSV® 1/9/2014 -9.6 0.3
Site 5 12/16/2013 4/4/2014  -45.73 0.07  3/18/2014 -116 10 1/9/2014 -9.6 0.7
Site 6 12/16/2013 4/3/2014  -47.92 0.15  3/21/2014 -117 9 1/9/2014 -9.5 0.3
Site 7 12/16/2013 4/9/2014  -38.28 0.12  3/18/2014 -104 10 1/9/2014 -12 0.2
Site 8 12/16/2013 4/3/2014  -42.45 0.15  3/19/2014 -87 12 1/9/2014  -10.6 0.2
Site 9 12/16/2013 4/9/2014  -35.47 0.12  3/19/2014 -65 12 1/9/2014  -10.4 0.2
Site 9 12/16/2013 10/9/2014 -39 3
Site 10 12/16/2013 4/3/2014  -40.63 0.15  3/21/2014 -83 8 1/9/2014 -9.7 0.3
Site 11 12/17/2013 SL* LSV® 1/9/2014 9.1 0.3
Site 12 12/17/2013 SL*¢ LSV® 1/9/2014 -8.7 0.4

Outside Cave 12/17/2013 4/3/2014  -47.34 0.15 3/18/2014 -107 10 1/9/2014  -10.8¢ 0.6

% SD = Standard deviation.

® Sample was not measured due to low sample volume (LSV = low sample volume).

¢ The sample had leaked at the time of measurement (SL = sample leakage).

9 This measurement did not agree with other measurements of low CO, concentration air.
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Figure 5. A) CH, concentrations in cave air at different
distances from springs. B) CH,4 concentrations in cave air
at different distances from an entrance. Dashed lines
indicate the global atmospheric average CH,
concentration (Adushkin and Kudryavtsev, 2013).

biogeochemical processes operating within the cave, and
biogeochemical processes in the waters that feed the cave
springs. The temperature of the open atmosphere at the time of
sampling was lower than the temperature inside CVL, and
cool air was felt entering from the skylights. This type of
airflow should result in cave air composition near skylights
that resembles the open atmosphere, as was observed in CVL
at the time of sampling. Additionally, high rates of
atmospheric exchange are indicated by roughly atmospheric
CH,4 and CO, concentrations at sample sites that were neither
close to an entrance nor immediately adjacent to springs.
Elevated CH,4 and CO, concentrations at springs imply that
CH4 and CO, are exsolving from spring water (Fig. 4). The
only site located close to a spring that did not show elevated
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Figure 6. Keeling plot of 513CCH4 from cave air (A, (SI‘Q'CCH4
=45 = 7] X [CHy] "+ [24 = 3], » =098, n=9,p <
0.01) and 6’Hcy, (B, 8’Hey, = [-140 = 80] X [CHy] ' +
[—40 = 50], P = 0.62, n =8, p = 0.02. The error bars are
smaller than the data points in A. The star marks the y-
intercept that indicates the (513‘CCH4 and BZHCH4 of the
dissolved CH, in the spring water. The open circles
represent Cueva de Villa Luz air samples, and black
circles represent the outside atmosphere as measured
during the study.

CH,4 and CO, concentrations was Midway Spring (Site 4),
which is located 9 m from a skylight (Fig. 4). Elevated CH,
concentrations in cave air near springs have not been reported
from other caves. The CH,4 concentrations in CVL that were
not located by springs (1.9 to 2.2 ppmv) are more similar to
those measured in the sulfidic Frasassi Cave system (1.9 to 2.2
ppmv) in Italy (Jones et al., 2012) than they are to the sulfidic
Movile Cave (10,000 ppmv) in Romania (Hutchens et al.,
2004). This difference may be due to the lack of atmospheric
connectivity at the site in Movile Cave, which is mostly water-
filled. We did not observe CH, concentrations below 1.5
ppmv, as have been observed in many epigenic, non-sulfidic
caves in Gibraltar, Australia, the United States, and Spain
(Mattey et al., 2013; Fernandez-Cortes et al., 2015; McDo-
nough et al., 2016; Webster et al., 2016; Lennon et al., 2016).
Our results demonstrate that if in-situ CH,4 oxidation processes
were operating in CVL, they were not strong enough to react
all of the CH4 in the collected samples. We can therefore
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Figure 7. Isotopic characteristics of methane in air samples from Cueva de Villa Luz (CVL) plotted on published
occurrence envelopes for microbial, thermogenic (T), and abiotic methanes (Etiope and Sherwood Lollar, 2013). Solid
grey lines represent observed isotopic boundaries of methane from terrestrial and marine source rocks (Schoell, 1980).
Data from CVL air samples (squares) plot along a bidirectional mixing line between an atmospheric source of CH, and a

methane entering CVL with a stable isotopic signature of 513CCH4 =-24 *+ 3 %o, 52HCH4 =—40 = 50 %o.

conclude that two most likely processes affecting CH, in CVL
are atmospheric circulation and spring-water outgassing.

StaBLE IsoTtoric COMPOSITION AND SOURCES OF

METHANE

The CH, concentrations and values of 513CCH4 and (32HCH4
observed in CVL are consistent with mixing between an
atmospheric CHy4 source and a CH4 source entering from the
springs. The lowest concentrations of CHy in the air of CVL
were measured at locations that were both close to entrances
and far from springs. The 513CCH4 and 52HCH4 values from
these locations plot near the respective values of atmospheric
CH,4 (Figs. 6, 7). The concentrations and isotopic composition
of CH,4 from the local atmosphere and cave locations near
skylights agree with other measurements of atmospheric CHy
(Mikaloff Fletcher et al., 2004). The CH,4 concentrations in
CVL suggest that a secondary source of CH, with a 513CCH4 of
—24 * 3 %o and a §°Hcy, of —40 = 50 %o enters CVL
dissolved in spring water. CH, with this stable isotopic
composition does not closely match known isotopic compo-
sitions generated by primary biotic or abiotic processes, and is
driven largely by relatively positive (32HCH4 values (Fig. 7).

The origin of the CH4 entering CVL at springs can be
constrained in three ways, by comparing the CH, isotopically
to other CH,4 sources in the region, by taking into account the
regional thermal history, and by compensating for shifts in
CH, isotopic composition caused by oxidation. A possible
explanation for 513CCH4 values in cave air is that the CHy,
entering CVL from the springs has an original isotopic

composition with a 513CCH4 value of —24 = 3 %o and a 52HCH4
value of —40 = 50 %o, based on the Keeling analysis.
However, this 513’CCH4 of CH, from CVL spring water is
incompatible with CH,4 from neighboring sedimentary basins,
which have 513CCH4 values of —32 to —70 %o in the Macuspana
Basin; —38 to —45 %o in the Papaloapan Basin; —39 to —55 %o
in the Cuichapa Basin; and —40 to —52 %o in the Reforma
Basin (Clara Valdés et al., 2009). The most similar 5]3CCH4
value from a regional natural gas well is about —32 %o from
the Macuspana Basin (Talukdar et al., 2002; Clara Valdés et
al., 2009). Additionally, the proposed 52HCH4 value of CHy4
entering CVL from springs is very positive compared to
values from the literature (Schoell, 1980; Etiope et al., 2011;
Etiope and Sherwood Lollar et al., 2013). The evidence
implies that a parental CH, with the proposed 5]3CCH4 and
52HCH4 values is unlikely, and supports the idea that CH4
entering CVL in springs is the remnant of a larger CH, flux at
depth that has been mostly oxidized to CO, on the way to the
cave.

The thermal history of the CVL region provides a way to
help determine whether abiotic or biotic oxidation is most
likely to have altered the CH,4 entering CVL, because the
temperature ranges at which they occur do not overlap. The
minimum temperature for the onset of abiotic CH, oxidation
has been estimated to range from 100 to 140 °C, whereas
microbial CH,4 oxidation (methanotrophy) generally takes
place from 0 to 80 °C (Machel, 1998, 2001; Worden et al.,
1995; Holler et al., 2011). Vitrinite reflectance (R,) data from
source rocks in the region range from 0.5 to 0.8 % (Guzman-
Vega and Mello, 1999) and correspond to maximum
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subsurface temperatures of 60 to 90 °C (Bjerlykke, 1989).
Additionally, modern water temperatures from oil wells in the
region (30 to about 60 °C) and dissolved silica geothermom-
eters from ground water in the region do not suggest that
volcanic heat flow is affecting groundwater temperature
(Nencetti et al., 2005). These observations suggest that
methanotrophy is responsible for consuming CH, in the
subsurface before entering CVL.

Correcting for the expected isotopic shifts associated with
partial methanotrophic loss of CH4 can hindcast the original
isotopic composition and reveal the origin of CH, entering
CVL. Microbial oxidation imparts an increase of about 8.5 %o
in the (52HCH4 value for every increase of 1 %o in the ' Ccn,
value (Feisthauer et al., 2011). If methanotrophy is assumed to
be occurring in the subsurface, then the original stable isotopic
composition of the CH, entering CVL is hindcast to match a
thermogenic source (Fig. 7).

PossiBLE ELECTRON ACCEPTORS FOR METHANE

OXIDATION

The co-occurrence of CH4 and H,S supports our claim that
sulfate is the most likely electron acceptor, but what about
other potential acceptors? Alternative electron acceptors such
as O,, and nitrate (NO;) are known to be metabolically
coupled to CH4 oxidation in other environments (Hu et al.,
2011; Mattey et al., 2013). However, O, and NOj
concentrations in the anoxic springs of CVL were below
detection in previous studies, where the concentration of each
was < 0.1 mg L' (Hose et al., 2000; Rosales Lagarde et al.,
2014). Addionally, organoclastic sulfate reduction competes
with anaerobic CH,4 oxidation only when organic matter is
abundant (~ 1 % by sediment weight) (Malinverno and
Pohlman 2011; Pohlman et al., 2013), and the organic carbon
concentration in CVL spring water is comparatively low,
ranging from 0.5 to 3.5 mg L' (Rosales Lagarde, 2013).

STABLE Isotoric COMPOSITION AND SOURCES OF

CARBON DIOXIDE

The 6" Cco, values near springs suggest that oxidized CHy
is not the primary contributor to dissolved CO, in the spring
water. The lowest CO, concentration in CVL (Site 6, 1 m
from an entrance) had a (513CCO2 value of —9.5 *+ 0.3 %o which
matches known atmospheric CO, concentrations (400 = 20
ppmv) and 513CCO2 values (—10 %o) (Peyraube et al., 2013;
Fernandez-Cortes et al., 2015). The two highest CO,
concentrations in CVL at Site 11 (Sulfur Spring) and Site 7
(Slot Spring) were associated with the second-most-positive
8"Cco, value of —9.1 = 0.3 %o at Site 11 and the most
negative (513’CCO2 value of —12.0 £ 0.2 %o at Site 7. Processes
that may cause diverging 6'° Cco, values of CO, near springs
include the oxidation of CH4 and other organic compounds,
which are typically '*C-depleted, and the dissolution of
marine carbonates, like those that host CVL, that have §'3C
values from 1 to 4 %o (Keith and Weber, 1964; Knauth and
Kennedy, 2009). 6" Cco, values of the air above these springs
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are similar to the 5'>C values of —9 to —12 %o for dissolved
CO, measured in sulfidic springs 45 km northwest of CVL
(Nencetti et al. 2005). The similarity of 5 Cco, ranges from
both areas demonstrate that processes causing diverging
513Cco2 values at high CO, concentrations are regional rather
than specific to CVL.

CompARISON WITH OTHER SULFIDIC CAVE SYSTEMS

Our proposed model of CH,; migration into CVL from
petroleum basins not only provides sufficient CHy, but also
agrees with proposed pathways of sulfur migration into CVL
(Rosales Lagarde et al., 2014). The entrance of thermogenic
CH, into CVL also agrees with observations of CH, and
longer-chain hydrocarbons emanating from “Group II”
springs of the Sierra de Chiapas region northwest of CVL
(Nencetti et al., 2005). The CHy/ethane molecular ratios from
these springs generally match the CH,/ethane ratios from
petroleum basins when the ratios from springs are corrected
for the differential solubility of CH, and ethane in water
(Clara Valdés et al., 2009; Dai et al., 2014). More broadly, a
thermogenic source of CH,; suggests that the processes
forming CVL are analogous to those that are thought to have
formed Lower Kane Cave and the caves of the Guadalupe
Mountains (Kirkland and Evans, 1976; Davis, 1980; Hill,
1995).

CONCLUSIONS

High CH,4, H,S, and CO, concentrations occur in cave air
near springs in CVL, demonstrating that the three gases
entered in solution via spring water. The poor match of the
proposed stable isotopic signature of CH4 entering CVL from
springs (6"°Ccp, =24 = 3 %o, 0°Hep, =—40 = 50 %o) with
known (313(3(;}14 values from other studied systems and the
thermal history of the region implies that the CH, is of a
secondary origin, with subterranean anaerobic methanotrophy
as the most likely explanation. If methanotrophy is altering the
CHy, as it traveled to CVL, the original source of the CHy is
mathematically predicted to have a thermogenic origin. The
incomplete oxidation of CH, in the presence of sulfate appears
to be generating the H,S that enters CVL with spring water.
This evidence for CH, migrating from regional petroleum
basins while being oxidized in the presence of sulfates
connects the geochemical processes that are forming CVL to
other caves, like those of the Guadalupe Mountains and Lower
Kane Cave, whose origins have been attributed to sulfuric acid
speleogenesis.
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Abstract:

Cape Range, Australia, on the northwest coast of the continent at 21° S, 113° E, is

a north-northeast-striking anticlinal ridge 315 m high, 130 km long, and 32 km wide
extending into the sea and consisting of Miocene carbonate rocks with a series of coastal
terraces of Pliocene and Quaternary carbonates and siliciclastic dunes. Inland escarpments,
representing former sea cliffs, and deep valleys cutting the limbs of the anticlinal ridge host
many cave entrances at a variety of elevations. The lowest unit, the Mandu Formation, a
chalky and marly limestone, contains many tafoni (pseudokarst) caves with simple, single-
chamber plans and widths up to 15 m or more and height up to 10 m. The higher, purer
Miocene limestones and the younger Pliocene and Pleistocene coastal terrace limestones host
numerous flank margin caves from 300 m elevation in the Miocene rocks to sea level in the
Quaternary rocks. These caves have entrances up to 30 m wide and heights of 6 m, with
single-chamber caves being common, but complex caves are also present. Some caves are
entered by small entrances that lead to large phreatic chambers, which eliminates both sea
cave and tafoni as possible explanations. The close association of these caves with sea cliffs
and incised valleys argues against a deep hypogene origin, which would leave a cave pattern
unrelated to the surface configuration. Miocene uplift tapered off into the Pliocene. The flank
margin caves in the paleo sea cliffs represent the outcome of the interplay of tectonic activity
and glacioeustasy over a 300 m vertical range, with lowstands causing valley incision, while
highstands raised the fresh-water lens and allowed cave development in the valley walls. Cave
development began with the first tectonic-driven subaerial exposure in the Miocene and

continued through to the last Pleistocene interglacial.

INTRODUCTION

A May 2014 expedition to Cape Range at North West Cape
of Australia was conducted to look into what the flank margin
caves of Cape Range could reveal about the timing of the
uplift of the range and the interaction of that uplift with
eustatic sea-level change in the Miocene. These results could
be informative about the earliest time for cave generation and
put an upper time limit on the colonization of Cape Range
caves by troglobitic organisms. The research could also assist
in other questions about karst development in an active
tectonic setting on a continental margin. This expedition was a
reconnaissance designed to provide an overview of cave
configuration and setting at Cape Range, with a goal of
determining what speleogenetic hypotheses can be constructed
for later testing. The interpretations presented here are
therefore preliminary and speculative. Much more field data
are necessary to derive solid conclusions, and the ideas
expressed here will help guide future work.

The Cape Range peninsula, or North West Cape, is located
along the northwestern coast of Western Australia, from south
latitude 21° 45’ southward to 22° 30" and from east longitude
113° 30’ to 114° 15/, the largest inhabitation being the town of
Exmouth (Fig. 1). Cape Range is bounded by Australia’s
longest fringing reef, the Ningaloo Reef. The range is
constructed of Miocene to Quaternary sedimentary rocks,
primarily limestones that have been compressed by tectonics
into an anticlinal ridge that forms the axis of the peninsula,

striking north-northeast. Cape Range was the location of the
first producing oil well discovery, in 1953, in Western
Australia, with a further 36 wells being drilled there up
through 1995 (Collins et al., 2006). The interest of the
petroleum industry in this region has helped produce a series
of geological studies (e.g., Crostella, 1996), while more
recently tourism has focused interest on biological and
ecological studies (e.g., Humphreys, 1993).

Cape Range has a range of monthly average temperatures
from 17 to 27 °C, with a maximum temperature of 45 °C
frequently occurring in January (Collins et al., 2006). Rainfall
is approximately 300 mm annually, and some of the rainfall
occurs as single events from cyclones and mid-latitude
depressions; but evaporation is 1700 to 3050 mm annually,
creating a severe water deficit (Collins et al., 2006). Just prior
to this expedition, a catastrophic rainfall event caused major
flooding in the area, with destruction of roads, buildings, and
bridges.

! Department of Geosciences, Mississippi State University, Mississippi State, MS
39762 USA mylroie@geosci.msstate.edu

2 Western Australian Museum, Collections & Research, Welshpool, WA 6106,
Australia; Australian Centre for Evolutionary Biology and Biodiversity, and School
of Biological Sciences, the University of Adelaide, SA 5005, Australia; School of
Animal Biology, University of Western Australia, 35 Stirling Highway, Crawley, WA
6009, Australia

3 PO Box 710, Exmouth, WA 6707, Australia

4 PO Box 269, Sandy Bay, Tasmania 7006, Australia

Journal of Cave and Karst Studies, April 2017 < 35



FLANK MARGIN CAVE DEVELOPMENT AND TECTONIC UPLIFT, CAPE RANGE, AUSTRALIA

AUSTRALIA

%

t} TASMAMNIA

Figure 1. Map of Australia with the location of the Cape
Range highlighted.

THE GEOLOGY OF CAPE RANGE

Cape Range and Exmouth Gulf to the east are part of the
larger Carnavon Basin, where post-Eocene faulting has
resulted in compression and folding of basin sediments
(Collins et al., 2006), forming anticlinal ridges and domes
separated by synformal lowlands. The Cape Range anticline
that forms North West Cape is 130 km long and 32 km wide,
with a maximum elevation of 315 m (Whitney and Hengesh,
2015). The ridge is greatly dissected by stream valleys (Fig.
2), which creates significant local relief given the proximity of
sea level. The Cape Range anticline is separated from the
adjacent Rough Range anticline to the southeast by the
Bundegi and Patterson-Learmouth faults (Van de Graaff et al.,
1976).

The northward drift of the Australian continent since the
Middle Eocene resulted in the deposition of carbonate units in
the Cape Range area beginning in the Oligocene, with folding
initiated in the Miocene as carbonate deposition continued
(Allen, 1993). The geologic section of interest (Fig. 3) follows
that of Allen (1993), with late Oligocene to early Miocene
limestones resting unconformably on earlier units not exposed
at Cape Range. In Cape Range, the lowest exposed unit is the
Miocene Mandu Calcarenite (also known as the Mandu
Limestone or the Mandu Formation), a chalky to marly
calcarenite, calcisiltite, and calcilutite with moderate amounts
of quartz and up to 25 % clays, 280 m thick, and deposited in
water about 120 m deep (Chaproniere, 1975). The overlying
Tulki Limestone is a coarse-grained calcarenitic, muddy
foraminiferal packstone, and mud-free grainstone almost 100
m thick, deposited in shallow waters about 12 m in depth
(Chaproniere, 1975). The Trealla Limestone overlies the Tulki
Limestone, but the actual contact may be difficult to
distinguish unless the faunal assemblages are examined; it is
20 m thick (Collins et al., 2006). The unit is most clearly
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expressed on the east side of Cape Range, whereas on the west
side it interfingers with the Pilgramunna Formation, a quartz-
rich bioclasitc grainstone 25 m thick (Chaproniere, 1975) that
may have formed as a lagoonal barrier to the west (Collins et
al., 2006). The final Miocene unit is the Vlaming Sandstone,
65 m thick, a well-sorted calcarenite with significant quartz
content (Collins et al., 2006). The Vlaming is restricted to the
west side of the range.

Marine-carbonate deposition on the axis of the Cape Range
anticline had ceased by the Late Miocene, when uplift created
subaerial exposure (Collins et al., 2006), and the subsequent
Plio-Pleistocene depositional processes in this area were
dominated by eolian sands, both calcitic and quartzose. The
margins of the Cape Range anticline accumulated fringing
lagoonal deposits, as continued uplift created terraces
separated by escarpments (Fig. 4). These terraces are overlain
by the Exmouth Sand, a fine- to medium-grained calcarenite
with a basal coarse-grained to pebbly quartzose calcarenite
and with local coral boundstones unconformable on the
terrace below (Collins, et al., 2006). This sequence is
interpreted to be a transition from sublittoral to eolian
depositional environments, with the Muiron Member and
Milyering Member of the Exmouth Sandstone occupying the
top and penultimate terraces, respectively (Van de Graaff et
al., 1976). The lower two terraces are occupied by the Jurabi
(higher) and Tantabiddi (lower) Members of the Bundera
Calcarenite and contain extensive coralgal reef deposits
(Collins et al., 2006). The Jurabi Member is dominated by
coralgal boundstone considered late Pliocene based on the
occasional shark’s tooth (Wyroll, et al., 1993); the Tantabiddi
Member contains lagoonal carbonate gravels and sands and is
late Pleistocene (MIS 5e) based on a U/Th age of 132—127 ka
(Collins et al, 2006). Whitney and Hengesh (2015) provide a
compilation of Western Australia U/Th dates from late
Pleistocene fossil reefs and provide an age range of 130—
117 ka with a mean age of 123.5 = 6.5 ka. The Bundera
Calcarenite underlies most of the coastal plain that fringes
Cape Range. It consists primarily of calcarenite to calcirudite
with coralgal reef deposits. The Mowbowra Conglomerate
Member of the Bundera Calcarenite is a limestone pebble
conglomerate (locally a fanglomerate) that contains minor
coralgal reef deposits and well-sorted calcarenite. It forms an
extensive veneer over the lower terraces and hosts unusual
karren (Fig. 5), indicating that surficial denudation by karst
processes has lowered the land surface. Whitney and Hengesh
(2015) indicate that tectonic movement is still active at Cape
Range, with both uplift and subsidence occurring, with
respective ranges of 0.049 * 0.030 mm yr ' for uplift
locations and —0.013 * 0.034 mm yr ' for subsidence
locations. As they assumed no karst denudation, which would
place the dated corals at a higher elevation than measured
today when first emergent, these estimates are therefore a
minimum value. While denudation rates for uplifted MIS Se
coral terraces on Guam have been measured at 0.064 mm yr '
(Miklavic et al., 2012), Guam is a moist tropical island. Cape
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Terraces fronted by scarps
represent former sea-level poesitions

Figure 2. Low-altitude aerial photographs of the Cape-Range peninsula. A. Looking south along the east coast of the
range, with the gentle anticline rising to the crest at the right side of the image. B. Looking south along the west coast of the
range, with the gentle anticline rising to the crest at the left side of the image; note also the terraces. C. Closer image of the
deep stream-valley incisions into the anticline. D. View eastward across the peninsula, with terraces and their associated

scarps indicated by white arrows.

Range is an arid environment with a negative water budget, so
denudation rates would be expected to be much less.

THE CAVE QUESTION

The existence of epigenic stream caves in Cape Range is
well established, and caves with lengths of multiple kilometers
and depths over 100 m exist (e.g., Brooks, 2009; Fig. 6).
However, these caves are quite cryptic, with vertical entrances
commonly not in agreement with current landscape topogra-
phy. Most obvious to the casual observer are the many cave
entrances in the cliffs fronting the sea on the east and west
sides of the peninsula and within the walls of valleys and
gorges that drain the anticlinal ridge that forms Cape Range

(Fig. 7). These caves appear to be of two types (Fig. 8), tafoni,
pseudokarst caves formed by wind and subaerial weathering
(Owen, 2013), and flank margin caves, formed in a
discharging fresh-water lens (Mylroie, 2013). Superficially,
both cave types look similar, having entrances that are usually
wider than they are high and being a single, open chamber.
However, tafoni usually have a maximum interior width that is
little more than the entrance width and rarely have more than a
single, simple chamber (Waterstrat et al., 2010; Owen 2013).
Their configuration reflects their origin from the outside in by
surficial processes. The existing caves could also be sea or
littoral caves, formed by wave action against a rocky shore.
Sea caves are also formed by an outside in mechanism similar
to that forming tafoni. As a result, the entrance width and
maximum width tend to be similar, and the interior
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Figure 3. Geologic map of the Cape Range, showing the
Miocene carbonate units and the anticline that forms the
range. From Allen (1993).

morphology is simple compared to true karst caves, lacking
dissolutional cusps, thin bedrock pillars and partitions, and
complex passage connections. Waterstrat et al., (2010) discuss
in detail the criteria for separating sea caves and tafoni from
flank margin caves. Sea caves are tied to the exterior of the
rock mass they form in, derived from the interplay of wave
dynamics, tidal activity, and the rock’s mechanical character-
istics. As a result, once uplifted, sea caves are more vulnerable
to removal by surface erosion than are flank margin caves,
which are initially not exposed. It is unlikely that the caves of
the narrow interior gorges are sea caves, as wave energy
dynamics in such an enclosed water body most likely would
not produce the necessary mechanical erosion forces required
for sea-cave development.

Flank margin caves commonly have more elaborate
chamber patterns and can be a series of chambers, only one
of which may connect to the outside (Fig. 9). Entrances can be
very small, leading to chambers with elaborate phreatic
sculpturing, including wall pockets and cusps, bedrock
pendants and arches, and oval side passages called rimouts
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(Fig. 10). Because flank margin caves form in the discharging
margin of the fresh-water lens, under the flank of the enclosing
landmass (hence the name), they are very vulnerable to
breaching by surficial erosion processes. This mechanism also
means that the caves form from the inside out. As scarp or
slope retreat occurs, the caves are first tangentially intersected
to form a small entrance. As scarp and slope retreat continue,
the entire outer wall of the cave may be removed, creating a
chamber with an entrance width close to that of the maximum
chamber width. Such a large entrance allows external
weathering processes to influence the cave interior. In this
manner, flank margin caves can decay into apparent tafoni by
this overprinting action, confusing the observer as to the true
origin of the cave. In active coastal regions, breaching of flank
margin caves by marine processes can also lead to
overprinting to produce a hybrid cave (sensu Kambesis and
Machel, 2013). A fractal analysis of cave types (Kambesis et
al., 2015a) has demonstrated that caves of epigene, hypogene,
flank margin, tafoni, and littoral origin can be separated from
each other by analysis of their fractal dimension and
lacunarity as provided by cave maps.

In the Cape Range, the tafoni appear to be lithologically
biased, being formed mostly in the Miocene Mandu
Formation, a marl that underlies purer limestones higher in
the section. Those upper limestones, primarily the Tulki
Limestone across the range and, above it, the Pilmagrunna
Limestone on the west side and the Trealla Limestone on the
east side, host what appear to be primarily flank margin caves
and only a few tafoni. The Mandu Formation also appears to
host a few flank margin caves (e.g., Fig. 7D); its marly
characteristics make it an aquitard, and springs are perched on
its upper contact with the Tulki Limestone. Dissolution caves
of indeterminate origin also underlie the coastal plain on both
sides of the Cape Range, some developed in Quaternary
limestones.

Flank margin caves are found on the cliffs of the incised
valleys and in the cliffs that front each of the coastal terraces
(Fig. 2). From top to bottom, the caves are found fronting the
Muiron Terrace, the Milyering Terrace, the Jurabi Terrace,
and the Tantabiddi Terrace (Fig. 4).

FLank MARGIN CAVE ORIGIN IN CAPE RANGE

The morphology of the dissolution caves in the paleo sea
cliffs and gorge walls of Cape Range indicates that most are
undoubtedly phreatic in origin. They are almost certainly not
epigene caves, having no conduit-flow pattern, wall scallops,
or fluvial sediments and lacking a clear higher-elevation input
to lower-elevation output plan. This exclusion of an epigene
origin leaves two possibilities. First, the caves could be classic
hypogene caves formed at depth by aggressive fluids in a
laminar-flow system and now uplifted and breached by surface
processes. Or they could be flank margin caves, and a fresh-
water lens laminar-flow discharge produced the caves, formed
when sea level was at the elevations where the caves are now
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Figure 4. Depiction of the terraces and scarps on the west side of Cape Range, with Quaternary units stacked on terraces
cut into the Miocene limestones. Vertical range displayed is approximately 110 m. From Van de Graaff et al. (1976).

found or perhaps at lower elevations from which they have (Frank et al., 1996). Cave chambers in the Cape Range can be
been uplifted to their present position. large, 30 m or more long in the cliff-parallel axis and 15 m or
If the caves are hypogene in origin, their current expression ~ more deep into the cliff, with ceiling heights up to 6 m, but the
on the cliffs and gorge walls is an accident of random caves are usually not complex chamber associations with
intersection by surficial processes. If they are flank margin in numerous passage interconnections. Large but simple flank
origin, tied to the flank of the land, then the cave distribution margin cave patterns are associated with limited lens stability
should be controlled by the orientation of that flank, be it a time, meaning that as the caves were forming, sea level
paleo sea cliff fronting a coastal terrace or a gorge wall. The changed and the cave is either abandoned if sea level dropped
field work of the expedition indicates that the caves exist in a or flooded by non-speleogenetic marine water if sea level rose.
pattern that reflects the cliffed environment in which they are This type of flank margin cave development is observed in the
found. The long axis of the cave is almost always parallel to Mariana Islands (Jenson, et al., 2006), Barbados (Kambesis
the cliff in which they are located (a few exceptions do exist, and Machel, 2013), Curagao (Kambesis et al., 2015b),
such as Adit Cave). Hypogene caves should follow a regional Kangaroo Island, Australia (Mylroie and Mylroie, 2009b),
joint trend and be independent of the sea-cliff and gorge-axis and in Mallorca island (Mylroie, et al., 2015), areas with
directions, except to the degree to which jointing controls active tectonics. Flank margin cave development as a result of
those features. Hypogene caves should have their long axis tectonic influence on a passive continental coast has been
either at random or along the regional joint set. The caves in presented for the Naracoorte karst area in Southeastern
the cliffs do not show any secondary indicators of hypogene Australia (White and Webb, 2015).
development, such as residual native sulfur, gypsum, or calcite The flank margin caves in Cape Range with the greatest
spar wall coatings. degree of passage complexity are found at lower elevations, in
If one eliminates pseudokarst tafoni and sea caves and also what appear to be paleo coastal positions. There are two
eliminates epigene and hypogene caves, only flank margin explanations. One is that the sea level was stable for longer
caves remain. The observed caves contain all the features  periods of time at the lower elevations and the increase in
associated with flank margin caves. The Cape Range flank  lens-stability time allowed a longer duration for flank margin
margin caves are not as individually extensive as those found caves to mature. This longer stability time would be consistent
in other well-known flank margin cave settings, such as the with a decreasing tectonic uplift rate, given that uplift is
Bahamas (Mylroie and Mylroie, 2009a) or Isla de Mona  believed to have been completed by the Pliocene (Wyrwoll, et

Journal of Cave and Karst Studies, April 2017 « 39



FLANK MARGIN CAVE DEVELOPMENT AND TECTONIC UPLIFT, CAPE RANGE, AUSTRALIA

Pleistocene Mowbowra
Fn

lomerate

Figure 5. Karren in the Pleistocene Mowbowra Fanglomerate, east side of the Cape Range. Both the clasts and matrix are
dominated by carbonates. A. Dissolution holes that cut through both clasts and matrix. B. Vertical ledge showing the
variety of clasts (pencil 14 cm long for scale). C. Close-up of the unusual dissolution pattern produced in the carbonate
clasts (pencil as in B for scale). The amount of dissolution shown is an indication that karst denudation has been

significant, even in relatively young Pleistocene deposits.

al., 1993), or if it has continued (Whitney and Hengesh, 2015)
it has done so at a slow rate. The second explanation is that the
high-level caves in the gorges are older, more degraded by
surficial erosion, and have lost some of their original length
and complexity; in their original state they would have been
similar to the lower elevation paleo sea cliff caves. The
observed configuration of the higher-elevation caves would,
however, indicate that the main chambers observed today are
the original chambers and that there has been little loss of cave
complexity. If correct, this observation indicates that lens-
stability time varied, being shorter for older, high-elevation
caves and longer for younger, low-elevation caves, consistent
with a declining tectonic uplift rate.

FLaNK MARGIN CAVE GENESIS AND CAPE RANGE
GEeoLocIc History

Accepting for the moment that the observed caves in the
purer limestones (i.e., excluding the Mandu Formation) are
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flank margin caves, then what is the scenario that would allow
their development on both the paleo sea cliffs and gorge
walls? The paleo sea-cliff position is easy to explain. As the
limestones of Cape Range were exposed subaerially, meteoric
catchment and establishment of a fresh-water lens could
occur. Once the lens was established, it discharged to the sea,
and flank margin caves could form. As uplift continued or sea
level fell eustatically, the initial suite of flank margin caves
would be abandoned, and new ones would form at a lower
level within the limestones. This model works well to explain
flank margin caves on tectonically uplifted islands around the
world, such as Barbados, Curagao, Guam, and Mallorca, as
noted earlier.

The situation for flank margin caves found in the gorge
walls deep into the interior of Cape Range is more
problematic. Recently, a model to explain gullies on
Barbados, bokas on Curagao, and calas on Mallorca, all
cliffed rectilinear re-entrants in coastal limestones, has been
developed (Mylroie, 2013). The basic model argues that if
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Figure 6. Map of Wanderers Delight, an epigenic stream cave 6.86 km long and 69 m deep. From Brooks (2009).

there is a sea-level fall on a carbonate coast, inland overland
flow will cut valleys into the coastal limestones. If sea level
rises, these valleys become invaded by marine water, and the
valley walls become sites for flank margin cave development.
The islands listed above all share a history of tectonic uplift
associated with glacioeustasy. This condition guarantees that
coastal valleys will be cut and later invaded by marine water.
Applying this model to the Cape Range indicates that initial
uplift would produce a subaerial landmass, allowing devel-
opment of a fresh-water lens, but also allowing for surface
flow and valley incision. Continued uplift would allow deeper
valley incision. A subsequent eustatic sea-level rise would
flood those valleys and create the fresh-water lens discharge
necessary for flank margin cave development in those valley
walls. Because uplift is episodic but continuous over the long
term and Miocene glacioeustasy (Fig. 11) was an overprint on
that uplift, the stability period of the fresh-water lens could be
expected to be short, so that caves of high complexity did not

have time to develop. On Barbados, the presence of dense
calcite vadose speleothems such as stalactites, stalagmites,
and flowstone on the walls of gullies was initially interpreted
to indicate that the gullies themselves were collapsed epigenic
stream caves (Kambesis and Machel, 2013). However, the
width of some of those gullies was too great to have supported
such a cave passage. The speleothems have since been
interpreted as having grown in the caves after the marine
invasion and been exposed in the gully walls by relatively
minor wall retreat. (Kambesis and Machel, 2013). The deep,
wide gorges of the Cape Range are far too large to have been a
single cave-stream passage, and speleothems present are
commonly associated with flank margin caves in the gorge
walls. Figure 12 presents a model of valley invasion by marine
waters, subsequent flank margin cave formation, and cave
degradation.

One of the hallmarks of flank margin cave development is
the presence of a series of chambers, all at a single elevation.

Journal of Cave and Karst Studies, April 2017 « 41



FLANK MARGIN CAVE DEVELOPMENT AND TECTONIC UPLIFT, CAPE R_ANGE, AUSTRALIA

Figure 7. Flank margin caves of the Cape Range. A—C. Typical flank margin caves with entrances high on the valley wall
in the Tulki Limestone. D. Small dissolution caves, much modified by tafoni processes, Mandu Formation. Note that the
dissolution passages occupy joints, consistent with the Mandu Formation’s aquitard character.

This line of caves has been called beads-on-a-string, and it
reflects the sea level, and hence lens position, at the time of
cave development (Mylroie, 2013). Such lines of flank margin
caves are commonly found as multiple horizons on tectoni-
cally active islands, each line representing a sea-level position.
At Cape Range, the caves are commonly a series of chambers
along a common line, but in many places that line appears to
be tilted. This tilt may follow the dip of the beds at 3 to 8
degrees on the west side of Cape Range, and 3 to 6 degrees on
the east side (Whitney and Hengesh, 2015). This situation

could indicate cave development prior to continued folding of
the anticline, and an original straight line of caves could now
be bent as a result of the subsequent folding and uplift.
Alternatively, cave development could be favored at a specific
stratigraphic horizon, perhaps a bed of higher rock solubility,
and as dropping sea level “slid” down the limb of the
anticline, caves were developed in the same bed at
progressively lower elevations. Finally, valley incision could
have progressed into the distal portions of the anticlinal limbs
as uplift continued, and when the valley was invaded to a

Figure 8. Flank margin cave, at X, in the Tulki Limestone. Shallower, broader openings below the flank margin cave are

tafoni developed in the Mandu Formation.
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Figure 9. Maps of four flank margin caves in the Cape Range. A. Flank margin cave with multiple entrances and some
chamber complexity. B. Simple flank margin cave with one entrance. C. Complex flank margin cave with numerous
bedrock pillars subdividing the chambers. D. Flank margin cave with two small entrances leading into large chambers.

small degree during each sea level rise, it did so progressively
farther away from the anticlinal axis, displacing cave
development to only that portion of the valley that was
flooded.

An important question regarding the model of marine water
invading incised valleys during a transgression is: Where are
the marine deposits that should be associated with that
transgression? While one could expect to see fossil corals
attached to valley walls, the amount of cliff and slope retreat
necessary to expose the existing flank margin caves to the
degree seen today would have removed any coastal or
bioerosion notches, sea caves or fossil deposits, and similar
features associated with a cliffed rocky coast (Waterstrat et al.,
2010). It is possible that some of the fossil corals found in the
Mowbowra Conglomerate are material representing corals
deposited on, and then erosionally removed from, the paleo-
cliff line after a drop in sea level.

TESTING FLANK MARGIN CAVE DEVELOPMENT

The determination of how, and perhaps more importantly
when, the flank margin caves of the Cape Range formed
requires detailed data collection and analysis. A representative
sample of the caves need to be mapped. That mapping has to
establish cave elevation, long-axis orientation, and long-axis
inclination. The cave map subsequently needs to be analyzed
to create entrance width to maximum width ratios (EW/MW),
and area to perimeter (A/P) ratios. From these results the data
set can be compared to those from tafoni to demonstrate that
both cave types exist; A versus P is especially good at this
determination (see Waterstrat et al., 2010). The long axis
orientation data can be analyzed to see if the long axis
faithfully follows the valley wall’s orientation and can also be
compared to the regional joint sets’ orientations to see if there
is any correlation. As gorge-wall orientation will be influenced
by preexisting joint sets, differentiating cave orientation
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Figure 10. Speleogens in Cape Range flank margin caves. A and B. Dissolution pockets and rimouts (flashlight in circle in
B 15 cm long for scale). C. Remnant bedrock pillars. D. Remnant bedrock pillar slowly disarticulating from the roof and
floor. It is known as the Tornado.

produced by flow along joints in the hypogene condition from
more recent flank margin caves produced by joint-controlled
cliff orientation may be difficult. The cave elevation data will
help determine if there is any correlation between true
horizontality and position on the anticlinal limbs. The cave
inclination data can detect whether the caves follow the
bedding or cross it; if the caves cross bedding, it is an
indicator of horizontal control independent of bedding, such as
control by the fresh-water lens margin. In many places there
are definite horizons of cave development on the walls of the
gorges. The site-specific vertical separation of these horizons
needs to be determined. If there is always a set difference in
vertical separation between two cave horizons, then they
probably formed as horizontal lines of caves. Any elevation
disparities between widely spaced sites would then be due to
later folding.
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SUMMARY

The caves on the paleo sea cliffs on the east and west sides
of the Cape Range and the caves found in the deep gorges
draining the range are flank margin caves when the caves are
located in the Tulki or overlying limestones. The Mandu
Formation contains primarily tafoni. The younger Pliocene
and Pleistocene terrace limestones also host numerous flank
margin caves. The flank margin caves at high elevations are
very old, concurrent with the uplift and initial Miocene
subaerial exposure of the Cape Range. As rapid uplift is
thought to have ended in the Pliocene, even the lower-
elevation flank margin caves in the gorges are likely Late
Miocene in age, but those in the Jurabi Terrace are Pliocene in
age, and those in the Tantabiddi Terrace are late Pleistocene in
age. Cave development continued as the Quaternary carbon-
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Figure 11. Australian Miocene eustatic sea-level curve adapted from John et al. (2011). The rising sea level was more than
sufficient to flood valleys in the Cape Range during uplift in the Miocene.

ates were deposited and subjected to glacioeustasy and slower
rates of tectonic movement.

The flank margin caves in the Cape Range gorges and
valleys developed as a result of a complex interplay between
tectonic uplift and Miocene glacioeustasy. Some of the caves
may have developed while folding was still occurring, and
their original speleogenetic position altered as a result.
Following the Pliocene, cave development position was solely
controlled by the high-amplitude, short-wavelength glacioeu-
stasy of the Pleistocene with a minor tectonic overprint.
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THE IMPORTANCE OF UNDERSTANDING THE
HYDROGEOLOGY AND GEOCHEMISTRY OF KARST

TERRAINS FOR SAFELY SITING DAMS

ABOLFAZL REZAEII’Z, Han KARIMI3’*, HonGBIN ZHAN?

Abstract: Dam site selection in karst regions is an extremely important issue in terms of
dam safety and environmental impact. Groundwater in a karst aquifer near a selected dam site
is deemed to be impacted greatly by the dam. This study uses the Kangir Reservoir of Iran as
an example to illustrate the interrelationships of karst-groundwater condition, lithology of the
dam reservoir, future climate changes, and overexploitation of water resources in the area.
This study conducted a comprehensive analysis of water balance, groundwater flow,
hydrochemistry, characteristics of geologic formations with respect to the quantity and quality
of water, distribution of karst and evaporative formations in the catchment, and tectonic
setting to highlight the importance of hydrogeological conditions on the water quality and
quantity of the Kangir Reservoir. The main findings include, first, a major part of the highland
karst aquifer in the Asmari Formation within the dam catchment does not drain into the dam
reservoir. Instead, it leaks into the downstream Siahgel Region of the dam mainly along the
Zarneh-Siahgel fault zone through the karstic Asmari Formation. Second, selecting the dam
site on evaporative Gachsaran Formation causes degradation of water quality in the reservoir.
The results of this study demonstrate that considering karst hydrogeological conditions is
indispensable for dam site selection from the point of view of groundwater quantity and

quality impacted by the dam.

INTRODUCTION

Water storage is important for economic and social
development in nearly every country around the world.
Taking Iran as an example, where precipitation occurs in the
autumn and winter while farmers need water for irrigation in
the spring and summer, groundwater is usually the primary
source to meet the agricultural needs for crop irrigation. To
supplement the water supply, surface water reservoirs are
constructed to collect and store water during the non-irrigated
season of high rainfall and river flows. Most parts of Iran have
low precipitation and most streams in Iran are ephemeral,
thus, groundwater plays an indispensable role for supplying
water to the reservoirs, often through base flow.

In the most recent two decades, climate changes such as
drought together with overexploitation of surface water and
groundwater have reduced river discharge or even dried up
most rivers in Iran (Motagh et al., 2008; Lehane, 2014). Such
a recent negative development imposes challenges for dam
site selection that is often based on past and outdated
hydrological conditions, especially concerning river dis-
charge, without enough knowledge about groundwater
conditions. Indeed, it is important to revisit the interrelation-
ship of groundwater, surface water, and site selection under
the new hydrological conditions for designing better water
resource management plans.

A detailed knowledge of the geology of the dam site and
the future reservoir, as well as of its catchment area, is
necessary before the dam site is selected; acquiring such
knowledge should be vital in the siting, design, and
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construction of any dam (Best, 1981). Such knowledge is
critically important if the site is in a karst region because of
the intimate connection between surface water and ground-
water in the region and the rapid pathways or channels likely
to connect the surface water in the reservoir with the nearby
karst groundwater (Bonacci and Rubini¢, 2009; Milanovi¢ et
al., 2010; van Beynen, 2011; Kazemi, 2012).

The karst groundwater boundary may be very different
from the surface catchment boundary, as the groundwater flow
may be through underground conduits to discharge at springs
far beyond the catchment boundary (Currens, 2002; Chen et
al., 2004; Rezaei et al., 2013). In addition, the boundary of a
catchment area in karst terrains may occasionally or
permanently change due to both natural processes and
anthropogenic interventions (Bonacci et al., 2016). Dam site
selection in karst is always risky, and some inadequately
investigated dams have never fully filled with water or failed
to retain any water (Milanovi¢, 2000; Dokmanovic et al.,
2003; Bonacci and Rubini¢, 2009; Milanovic et al., 2010, van
Beynen, 2011). Therefore, understanding the hydrogeological
conditions, especially the recharge and discharge zones of the
catchment, is essential for selecting an appropriate dam site.
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Moreover, the hydrogeological conditions may affect the
water quality after the construction of the dam, depending on
the lithology of the reservoir rocks. For instance, if halite and
gypsum rocks exist in the reservoir site, they may dissolve
rapidly after the construction of the dam and eventually
change the surface and groundwater geochemistry and
degrade the water quality. For instance, the total dissolved
solids in evaporite formations containing halite, gypsum, or
anhydrite may rise two to three hundred thousand parts per
million (Clark, 2015). About 95% of the Kangir Reservoir sits
above the evaporate-rich Gachsaran Formation, dissolution of
which will have a major impact on reservoir water quality.
Sulfate concentrations in water usually equal 1000 mg/l in
gypsum-karst terrains, making them inappropriate for domes-
tic water supplies (Raeisi et al., 2013).

The dissolution of halite and gypsum beds at the reservoir
site will increase the water leakage rates from the reservoir
because dissolution of halite and gypsum is likely to augment
its permeability (Calcano and Aizura, 1967; James and
Lupton, 1978; James and Kirkpatrick, 1980; Warren et al.,
1990; Dreybrodt et al., 2002; Kiyani et al., 2008; Al-Rawi et
al.,, 2011). Weisbrod et al. (2012) reported that dissolution
fissures may be created if the seepage rate increases above a
threshold value, even in salt rocks that appears to be relatively
homogeneous and without fractures.

The Gachsaran Formation, with high solubility (Aghana-
bati, 2004), crops out over approximately 20 thousand square
kilometers in the south and southwest parts of Iran (Raeisi et
al., 2013). Despite its obvious effects of degrading water
quality of reservoirs and adjacent aquifers, they are sometimes
overlooked in the site-selection process. As a case in point, the
reservoir of the Upper Gotvand Dam in southwest of Iran,
constructed on the Karun River with electrical conductivity of
500 pS/cm, is located above halite layers of the formation
where the conductivity of water increased up to 170,000 puS/
cm in the lower layers of the reservoir because of halite
dissolution (Kayhan, 2015).

This study concerns the Kangir Reservoir catchment of
Iran, where the construction of the Kangir Reservoir dam
began in 1991 and was completed in 2013. It is an earthen
dam with impervious clay core, with a 745 m length of the
crest and 42 m height from the basement. The storage capacity
of the Kangir Reservoir, 2.13 km? in area, is about 20 million
cubic meters (MCM). This reservoir plays an important role in
supplying water to a community of 70,000, and provides
irrigation water for a cropland with an area of 2500 ha. The
reason we chose the Kangir Reservoir for this study is that this
reservoir was mainly designed on the basis of discharge
information of the Kangir River over the past three decades,
overlooking issues associated with climate change and
overexploitation of water resources. At present, the Kangir
River does not fill the reservoir. On the other hand, the
surrounding karst groundwater was not considered as a
potential source for the reservoir simply because there was
not enough knowledge about the karst hydrogeology in the
catchment before designing the dam. In addition, this reservoir
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is unique because about 95% of it is in direct contact with the
marl, gypsum, and halite units in the evaporite Gachsaran
Formation (Karimi and Pakzad, 2009).

The objective of this research was to find out how
important the karst groundwater conditions are and how the
rock types would affect the reservoir water. We employed a
host of investigative tools, including water balance analysis,
general flow direction, hydrochemistry, the distribution of
karst and evaporite formations in the catchment, and tectonic
setting to illustrate the issue from multiple angles. The final
objective was to use the results of our analyses to guide future
site selection in the karst terrain to meet the water-supply need
and at the same time to minimize the negative water quality
impact.

STUDY AREA

The study area is located 45 km north west of Ilam city,
Iran, between 45°50" and 46°27 longitude and 33°0.68" and
34°4’ latitude (Fig. 1). The site is characterized as a humid
climate with 667 mm average annual rainfall, 12.39 °C
average annual temperature, and 1783 mm average potential
evaporation (Rezaei, 2015). The watershed of the Kangir
Reservoir is surrounded by highlands of Bankul (north),
Manesht (east), and Sharezol (south). The Kangir River is the
main surface water inflow to the reservoir, with an average
long-term discharge rate of 1.53 m® s™'. Note that the average
discharge rate of the river has been decreased to about 0.68
m?/s in the last five years. The water levels in the piezometers
near the river at the eastern and middle parts of the Eivan
Plain are higher than the riverbed, so groundwater drains into
the river. However, in recent years the river has become
ephemeral during summer, since its water is diverted for
agricultural purposes.

The main geologic formations of the study area are the
Pabdeh marl and marl limestone, the Asmari limestone, and
the Gachsaran gypsum (Aghanabati, 2004), following a
decreasing order of age. The Asmari Formation, the main
karstic aquifer in Zagros, covers approximately 61% of the
catchment, primarily in the highlands area (Fig. 2). The
evaporite Gachsaran covers about 95% of the reservoir area to
an average thickness around 60 m (Karimi and Pakzad, 2009),
and it negatively affects the reservoir water quality, as it
mainly contains marl, gypsum, halite, and limestone. The
highly soluble gypsum and halite layers can elevate the
conductivity of groundwater from 1100 up to 12000 pS/cm
(Raeisi et al., 2013). The Pabdeh Formation usually acts as a
barrier to groundwater flow in the Zagros Mountains.

METHOD OF STUDY

The investigation was carried out in two phases. The first
phase studied the karst hydrogeological system; the second
phase examined the influence of the evaporate Gacharan
Formation on the water quality of the catchment area. In
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Figure 1. Location of the Kangir Dam site, the Kangir Reservoir catchment, and hydrograph stations.

addition, we predicted the impact of the GF on the quality of
the reservoir water. The hydrogeological condition in the
study area was studied by preparing groundwater equipotential
maps, investigating the water balance, and analyzing hydro-
chemistry data and the tectonic setting. We acquired the
discharges of springs, discharge of the Kangir River at the
reservoir inlet, hydrographs at the Eivan and Siahgel
hydrometric stations, and meteorological data of the study
area from the Ilam Regional Water Authority (IRWA) archive.
This archive contains weekly discharge data for the Kangir
River at the reservoir inlet and Eivan and Siahgel hydrometric
stations from January to April 2014. In addition, 15 water
samples from springs, wells, and the river from the Zarneh-
Siahgel fault zone area were collected and analyzed in
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October 2015. The discharges of the Kangir River at R2 and
R3 locations in Figure 2, upstream and downstream of
Sorkhejo Springs, were also measured when the Kangir River
at the reservoir inlet dried up and the outlet floodgates were
completely shut down. There were not enough observation
wells available for preparing an adequate equipotential map,
thus this map must be used with caution. We filled in the
spatial gaps between the observation wells using the
elevations of the static water table at production wells during
the no-pumping period in the autumn and winter seasons to
improve the equipotential map of the Zarneh Region as a part
of the Eivan Plain. To ensure that the wells were completely
recovered, we measured the water table about three months
after the pumping from the aquifer was stopped. Three months
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Journal of Cave and Karst Studies, April 2017 + 51



THE IMPORTANCE OF UNDERSTANDING THE HYDROGEOLOGY AND GEOCHEMISTRY OF KARST TERRAINS FOR SAFELY SITING DAMS

Table 1. Groundwater budget components in the basin.

Recharge, MCM

Discharge, MCM

Recharge Agricultural Production Base Flow Missing
from Rainfall Water Return Total Wells Springs of Kangir River Groundwater Total
112 1.5 113.5 9 28 27 49.5 = 21 113.5

seems to be reasonable time since (1) the alluvium in the
Zarneh Region contains coarse-grain soil according to the
lithological log of the piezometers; (2) the water table rapidly
responds to the recharge of precipitation since the time lag is
about 1 to 2 months (Rezaei, 2015), and (3) the total pumping
from the aquifer is not much in the summer. The production
wells we selected were in the same aquifer as the observation
wells to ensure data consistency since (1) the alluvial aquifer
in the Zarneh Region is a one-layer unconfined aquifer
(Rezaei, 2015); (2) the Zarneh piezometer is located
somewhere between the production wells that were used to
measure the water table and they have the same depth, and (3)
no screens were installed in the production wells, while the
screen in the piezometer is installed over the depth from the
water table to the bottom.

To understand the influence of the evaporite minerals in the
GF on water quality, we prepared zoning maps of electrical
conductivity and sulfate and calcium ions in the Eivan Plain,
as well as bivariate graphs of EC-sulfate and sulfate-calcium
using the available hydrochemistry samples held by the IRWA
archive for the period from 2006 to 2010. We also collected
water samples in October 2015 (Table S1, presented in
Supplementary Information).

The water samples were collected in clean plastic bottles
and were immediately sent to the Geochemistry Lab of Novin-
Rahavard, Zanjan, Iran. The water temperature, EC (by
Lovibond Conductivity meter, SensoDirect Con 110) and pH
(by Lovibond pH meter, SensoDirect pH 110) were measured
in the field during sampling. Calcium and magnesium
concentrations were determined using titration with EDTA
(Eriochrom Black-T and Murexide as indicators). Sodium and
potassium concentrations were estimated by flame photometry
methods. Sulfate and nitrate concentrations were determined
by spectrometry methods. Bicarbonate and chloride were
measured using titration with H,SO, (Methyl orange as
indicator) and silver nitrate (potassium chromate as indicator),
respectively.

GROUNDWATER BALANCE OF THE KANGIR RESERVOIR
CATCHMENT

The long-term water budget of the Kangir Reservoir
catchment from 1976 to 2011 reveals that about 112 MCM
of total precipitation (293 MCM) recharged the groundwater,
while the evapotranspiration and runoff were 160 and 21
MCM, respectively (Rezaei, 2015). These were climatologi-
cally estimated using observations like daily precipitation,
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temperature, evaporation, wind speed, and relative moisture of
air, along with monthly discharge values of the Kangir River.
Accordingly, the estimation of a long-term water budget of
groundwater in the catchment indicated that about 49 MCM of
groundwater drained into the surrounding regions (Table 1).
This value was obtained using the long-term components of
recharge and discharge in the catchment, which the average
error may be associated with it (ey,) was estimated to be
about 43% (ranges from 23 to 63); that is, about 21.9 (ranges
from 11.2 to 30.7) MCM. One can calculate the error using
(Winter 1981) eng = e + eawr + €pw + €5 +eps, where e, and
eawr are the error in the recharge from rainfall and the
agricultural water return flow, respectively. Terms e, e, and
epr represent the error in the groundwater pumping of
production wells, spring discharge, and the base flow of the
Kangir River, respectively. The main recharge components of
the groundwater system are recharge from precipitation (112
MCM) and agricultural water return flow (1.5 MCM). The
main discharge components include groundwater pumping (9
MCM), spring discharge (28 MCM), and the base flow of the
Kangir River (27 MCM). For practical purpose, we considered
the error of 12.5 (ranges from 5 to 20) percent in the long-term
groundwater recharge estimated by Rezaei (2015) in the area
(Mohammadi et al., 2014). Agricultural return flow is
considered to be 20 percent of the total used water with a
reasonable error of 5 percent according to the range values
applied in different plains of Iran (Alipour Shams-Abad, 1998;
TECC, 2010; Hosseini et al., 2010; Mohammadi et al., 2014).
The groundwater pumping data and springs’ discharges were
extracted from the archive of the IRWA. The estimation of the
error associated with the groundwater pumping data in Iran is
impossible, as there were no permanent flow meters on
production wells and the data were only collected for a few
years. From a practical point of view, we considered a 10
percent error in the withdrawal groundwater from production
wells. We also considered an error of 5 percent associated
with the springs discharge measurements (Kjelstrom, 1995).
The straight-line method (Chow et al., 1988) was used to
determine the long-term base flow of the Kangir River at the
reservoir inlet. In the absence of long-term discharge
observation at the reservoir inlet, we used the relationship
between the weekly discharges values at the reservoir inlet
and those of the Fivan and Siahgel hydrometric stations to
meet the need. This is possible because the discharge at the
reservoir inlet is nearly equivalent to the average discharge of
the Siahgel and Eivan stations; as can be seen on Fig. Sl
(presented in Supplementary Information). Consequently, the
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Figure 3. Schematic geological profile across the Eivan
Plain; the location is shown on Figure. 2).

long-term discharge at the reservoir inlet was taken as the
long-term average discharge of the Siahgel and Eivan stations.
Note that because the components used in the long-term
groundwater budget were average values, we were unable to
calculate the long-term change in the reservoir water volume.
We also considered a 17 percent error associated with the base
flow estimation according to the error ranging from 12 to 22
percent (Santhi et al., 2008).

DEFiciT IN GROUNDWATER BUDGET

As mentioned above, there is a 49.5 = 21 MCM
groundwater deficit for the Kangir Reservoir catchment. None
of this “missing” groundwater can rise into the northern plain
of the Bankul Anticline, with an elevation of 1300 m above
mean sea level, or the eastern plain of Manesht Anticline, with
an elevation of 1335 m, as they are much higher than the
Eivan Plain at 1070 m. In addition, the geological cross
section (Fig. 3) shows that the low-permeability Pabdeh
Formation in both anticlines lies structurally above the Asmari
Formation contact with the alluvium of Eivan Plain. Among
the surrounding regions, the southern plain of Sharezol
Anticline and Siahgel Region have lower elevations (1000
m and 890 m, respectively) than the Eivan Plain, so these
locations might receive the missing groundwater.

The Asmari Formation is completely missing from the
southern limb of the Sharezol Anticline as outlined near the A-
end in Figure 3. In addition, the geological cross section
indicates that the low-permeability Pabdeh Formation crops
out at a higher elevation (1600 m) than the Asmari Formation
contact with the Eivan Plain alluvium (1208 m). This
geometry prevents any water draining from the Eivan Plain
to the southern plain of the Sharezol Anticline. Consequently,
the “missing” groundwater is unlikely to end up there.
Therefore, the Siahgel Region is the most likely destination of
the groundwater. To test this hypothesis, the hydraulic
relationship between the groundwater of the Sharezol, Baye,
and Bankoul anticlines and the Siahgel Region was investi-
gated.

Sharezol Anticline: The hydraulic relationship between the
Sharezol Anticline and the Eivan Plain alluvium, from the
location of Khoran Spring (S4 in Fig. 2) toward the Siahgel
Region, is blocked by the low-permeability Gacharan
Formation. However, along the anticline axes toward the
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Siahgel _
Spring

Figure 4. The Piper Diagram for the water samples of
October 2015. Spring locations are shown in Figure 2.

northwest, the karstic Asmari Formation of the Sharezol
Anticline is in direct contact with the Siahgel Region and has
the lowest topographic elevation in the area. Furthermore, the
water sample from the Siahgel Spring (presented in Fig. 2) on
the Piper plot shows similar geochemical characteristics to the
Khoran Spring (S4 in Fig. 4), suggesting that they may share
the same source.

This hypothesis is also confirmed by our water budget
calculation for the Sharezol Anticline. The Asmari Formation
cropping out in that part of the Sharezol Anticline that falls
within the dam catchment has an area of 65 km?, and this area
is annually recharged by about 23.6 MCM of groundwater
because the recharge coefficient in this area is estimated to be
about 0.5 (Rahnemaaie, 1994; Pezeshkpour, 1991; Karimi et
al.,, 2001; Karimi et al., 2005; Ashjari and Raeisi, 2006;
Kalantari et al., 2016) and the annual precipitation is 726 mm.
The total discharge from karstic springs (Khoran (S4), Vent,
Danok and Sarab Springs shown in Fig. 2) in this area is about
18.54 MCM. Hence, when considering the water budget
estimation error (10%) associated with the karstic terrains of
the Zagros Mountains (Ashjari and Raeisi, 2006), it seems that
the total water produced in the Asmari Formation within the
catchment discharges from the karstic springs of Khoran,
Vent, Danok, and Sarab. But the groundwater produced by the
rest of the Asmari Formation in the Sharezol Anticline is
distributed out of the catchment and finally discharges into the
Kangir River near the outlet of the Siahgel Region.

Baye and Bankul Anticlines: The groundwater that escapes
from the Kangir Reservoir catchment drains mainly to the
Sorkhejo Springs (i.e. S6 to S9) and the Kangir River along
the Zarneh-Siahgel fault zone in the Siahgel Region (Fig. 2).
To support this claim, we provide the following evidence.
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First, there are no other springs in the Zarneh Region
(upper inset in Fig. 2) structurally beneath the southern limb of
the Bankul Anticline. In other words, the base level of erosion
of the anticline is presumably at a lower elevation than that in
the Zarneh Region and the Eivan Plain. Second, the fault zone
of Zarneh-Siahgel (Fig. 2) extends from the Bankul Anticline
toward the Siahgel Region. Furthermore, the groundwater
level at the east end of the fault zone in the Zarneh Region has
a depression cone around wells W19, W21, and AW3 (upper
inset in Fig. 2); therefore, it appears that the fault zone
transmits groundwater. Third, the minimum elevation of the
Asmari Formation in the Baye Anticline is in direct contact
with the Kangir River. This situation can easily allow the
groundwater of the Baye Anticline to drain into the river as the
discharge of the Kangir River increases along the Baye
Anticline at the west end of the Zarneh-Siahgel fault zone
(Fig. 2); the river drains the groundwater from the Baye
Anticline. As a case in point, in September 2015 the river
dried up just downstream of the dam, while its discharge
gradually increased towards the Sorkhejo Springs. Its
discharge finally reached 650 L s~' downstream of the
springs. Fourth, the water samples from the Sorkhejo Springs
(S6 to S9) on the Piper diagram (Fig. 4) reflect similar
geochemical features as those from wells W19 to W22 (see
Fig. 2), located at the east end of the fault zone in the Zarneh
Region.

Karimi and Pakzad (2009) reported that dye injected into
the northern margin of the Kangir Reservoir emerged 4 km
downstream of the dam at springs that have since dried up due
to successive droughts. Furthermore, the drilling records of
boreholes around the reservoir suggest that there are two
different water levels in two separate aquifers in the
Gachsaran and Asmari Formations, and the water level in
the Asmari Formation is much lower than that in the
Gachsaran (Karimi and Pakzad, 2009). Consequently, most
of the karst water produced in the catchment, especially in the
Bankul Anticline, does not enter the reservoir. Instead, it
drains to the Sorkhejo Springs and the Kangir River in the
Siahgel Region along the Zarneh-Siahgel fault zone that
intercepts the Asmari Formation beneath the Gachsaran
Formation. A precise calculation of the water leaking from
the Bankul Anticline into the Siahgel Region is not possible;
this is because an unknown amount of groundwater from the
Bankul Anticline recharges the Eivan Plain, where the
piezometric network is not dense enough to construct an
accurate enough equipotential map to calculate the flow under
the Eivan Plain.

HYDROCHEMISTRY

We used the water samples collected on October 2015 to
test the “missing” water hypothesis outlined above. Then the
impact of the Gachsaran Formation on water quality in the
Kangir Reservoir and the Eivan Plain was investigated using
not only all the available data in the IRWA archive for 2006 to
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2010, but also water samples collected in October 2015.
According to the water samples of October 2015 presented in
the Piper plot (Fig. 4), water samples taken from wells near
the Zarneh Piezometer have a conductivity range from 394 to
553 uS cm (W19 to W21). These exhibit geochemical features
similar to the Sorkhejo Springs water samples (S6 to S90) that
range from 671 to 745 pS cm™'. A point to note is that the
values of the Sorkhejo Springs are slightly higher than those
of the wells. This is probably due to the effect of the
Gachsaran Formation yielding higher EC values for wells
penetrating it, for instance an EC value of 2450 uS cm for
water sample fromW29.

Interestingly, as can be seen in Fig. 2, the spatial
distribution of wells W19 to W21 and the Sorkhejo Springs
spreads around the fault zone, suggesting that the fault zone
might provide a pathway for the groundwater drained from the
Bankul Anticline and the Zarneh Region towards the Sorkhejo
Springs in the Siahgel Region, downstream from the dam. In
addition, the locations of the Kangir River water samples with
conductivity of about 705 uS cm™' (R2 and R3, upstream and
downstream of the Sorkhejo Springs, respectively) on the
Piper plot are the same as those from the Sorkhejo Springs.

A notable issue is that the nitrate concentration in W20
(7.19 mg L"), measured on the southern limb of the Bankul
Anticline at the east end of the Zarneh-Siahgel fault zone, lies
within the range of nitrate concentrations values measured for
water samples from the Sorkhejo Springs (about 6.09 to 9.26
mg L"), This evidence confirms the hypothesis that the
Sorkhejo Springs drains most of the karst groundwater in the
Bankul Anticline.

Another notable geochemical issue is that most of the
Kangir Reservoir is in direct contact with the evaporite-rich
Gachsaran Formation. Investigation of the zoning maps of EC,
calcium, and sulfate (Figs. 5 a—) along with the Piper diagram
in Figure 6 indicates that the evaporate-rich GF degrades the
water quality of the karstic Asmari Formation in several ways.
First, it increases the values of conductivity, sulfate, and
calcium (Fig. 5). Second, it converts the bicarbonate water
type of the karstic Asmari Formation into sulfate and chloride
water as outlined in Fig. 6. The water samples collected from
the karstic Asmari Formation exhibit low conductivity and
bicarbonate water type; for example, water samples from W3—
W5, W7, W11, S4, and S5 on the northern limb of the
Sharezol Anticline have EC of 427 to 587 uS cm, and those
from W19—W22 on the southern limb of the Bankul Anticline
in the Zarneh Region have EC of 394 to 553 puS cm .

Consistent with the Gachsaran Formation distribution over
the area, the highest groundwater EC value is found in the
reservoir (M4 with chloride water type); this almost certainly
arises from the dissolution of gypsum and salty layers in the
GF. Water samples from W29 with an EC value of 2450 uS/
cm and M3 with an EC value of 2412 pS cm™' are
characterized as sulfate-water type. This is because both are
strongly affected by the dissolution of the GF (Fig. 5). The rest
of the water samples lie somewhere between these two water
categories of the Asmari Formation and the GF on the Piper
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Figure 5. The zoning maps of (a) electrical conductivity, (b) sulfate, and (c) calcium cation in the Eivan Plain.

plot (Fig. 6). In general, the values of EC, chloride, sulfate,
and calcium rise towards the dam, and the bicarbonate water
type changes to the sulfate water type (Fig. 5).

It appears that increasing the reservoir water level further
reduces the reservoir’s water quality, probably because the
relative contact area of the reservoir water with the GF
increases. For instance, we conducted one experiment by

pouring 100 ml of distilled water onto a 100 gr soil sample
taken from the gypsum on the base of the reservoir. The EC
value rose to 1450 uS cm ™' almost instantaneously and to
1950 pS/cm after two months.

Taking the above mentioned points into consideration, the
Kangir Reservoir site is undesirable from a geochemical
perspective. One must be aware that farmlands irrigated using
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water type of Gacksaran Formation

Figure 6. Piper Diagram of the water samples from the Eivan Plain. Sample locations are shown in Figure 5.

such a degraded Kangir Reservoir water can decrease
agricultural productivity through a slow process of salinization
and chemical deterioration of soil, and it will degrade the
fresh-water resources in the area by leaking the degraded
reservoir water into the relatively unpolluted groundwater and
surface water.

Investigation of the bivariate curves of conductivity-sulfate
and sulfate-calcium indicates that these three parameters have
a linear relationship with each other (Fig. 7). This signifies
that the water quality in the reservoir catchment increasingly
degrades with increasing concentrations of sulfate and
calcium from dissolution of gypsum in the Gachsaran
Formation. As shown in Figure 7, the water samples in the
GF (e.g., M4, W29, M3, W26, W15, W14, W16, and L1)
represent the highest values not only for EC, but also for
sulfate and calcium. As a case in point, water sample L1 (EC
= 885 uS cm ') taken directly from the reservoir, clearly
shows that the high quality of the Kangir River, characterized
by the long-term average EC of 564 uS cm ' and bicarbonate
water type at the Eivan Station, will no longer exist after
entering the Kangir Reservoir behind the Kangir dam. It is
worth pointing out that the L1 sample with its sulfate water
type was collected when the water level of the Kangir
Reservoir was almost in direct contact with the river alluvium.
The degradation is likely to worsen as the reservoir water level
rises and widens contact with the GF.

CONCLUSION

A large portion of the Kangir Reservoir catchment’s
groundwater drains out of the catchment and into the
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surrounding regions through subsurface pathways. The higher
elevation of the low-permeability Pabdeh Formation in the
Bankul, Manesht, and Sharezol anticlines prevents hydraulic
connection between the reservoir catchment to the surround-
ing plains in the north, east, and south. Groundwater escapes
from the Kangir Reservoir catchment into the Siahgel Region
and the Sorkhejo Springs downstream of the Kangir dam
through the Zarneh-Siahgel fault zone. The evaporite minerals
in the Gachsaran Formation that underlie most of the Kangir
Reservoir have a negative influence on water quality in the
Kangir Reservoir catchment; the highest values of conductiv-
ity, sulfate, calcium, and chloride are found in and near the
reservoir itself. The Kangir dam is poorly sited in the sense
that the dam can collect only a small portion (about one
quarter) of all the groundwater within its catchment, and the
reservoir is in direct contact with the evaporite-rich Gachsaran
Formation. This factor degrades water quality in the
catchment. The dam may be unstable as its foundation is on
the Zarneh-Siahgel fault zone. Finally, this study indicates that
hydrogeological and hydrogeochemical knowledge plays a
very important role in selecting and designing the reservoir
and dam sites, especially in karstic areas.
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Abstract:

Phreatic overgrowths on speleothems from Mallorca’s littoral caves are valuable

markers of former sea-level stands. These carbonate encrustations form as CO, degasses from
brackish cave water that is hydrologically connected to the Mediterranean Sea. This study
uses time series analysis to document relationships between surface conditions of
temperature, barometric pressure, precipitation, tidal level of the Mediterranean Sea, and
the coastal caves’ microenvironment of temperature, partial pressure of CO, (pCO,), and
water level to contextualize overgrowth formation in Cova des Pas de Vallgornera
(Vallgornera) and Coves del Drac (Drac). Water level in both caves was an attenuated
semidiurnal function of Mediterranean Sea level with a lag of about four hours. The impact of
individual rainfall events on cave water level was negligible during the study period. pCO, of
cave air at both sites reached an annual maximum in September and decreased rapidly when
surface air temperature fell below the cave air temperature (mean ~19 °C). As this threshold
was reached, cooler and denser tropospheric air descended into the caves, initiating cave
ventilation and displacing high-pCO, cave air that had accumulated. Observed pCO, was
lower in Drac than in Vallgornera, and had small daily fluctuations because of bigger
passages, fewer constrictions, and a large collapse entrance. The frequency and magnitude of
pCO, fluctuations were higher in Vallgornera than in Drac, with both caves showing twice-
daily water level maxima causing displacement of high-pCO, air from the cave alternating
with water level minima causing tropospheric air to enter the cave via a “piston effect.” A
secondary control on pCO, variation can be attributed to variation in tropospheric barometric
pressure. Thus, the geochemical conditions favorable for overgrowth formation are, in part,
the result of this tidally-controlled cycle of cave-water level. The cycle causes cave-
troposphere air exchange that drives CO, degassing, and therefore, the formation of phreatic

overgrowths on speleothems.

INTRODUCTION

Mallorca’s diverse Quaternary geomorphological features
have made the island a world-renowned location for
Quaternary sea level research (Ginés et al., 2012a). Coastal
features including wave cut notches, marine terraces, fossil
assemblages, and beach deposits document former sea level
stands (Butzer, 1962; Butzer & Cuerda, 1962, Goy & Zazo,
1986; Hearty et al., 1986; Hearty, 1987; Gonzalez-Hernandez
et al.,, 2001). The littoral caves of Mallorca host carbonate
encrustations known as phreatic overgrowths on speleothems
(POS) that have been used to refine the western Mediterranean
Sea eustatic curve (Vesica et al., 2000; Tuccimei et al., 2006;
Dorale et al., 2010; Ginés et al., 2012b). POS are robust sea
level proxies because they provide precise geographic
location, elevation, age, and tidal range (Ginés & Ginés,
1972; Pomar et al., 1979; Ginés & Ginés, 2007; van Hengstum
et al., 2015). POS form when CO, degasses at the air-water
interface (Pomar et al., 1976, 1979; Csoma et al., 2006; Boop

et al., 2014); they are widespread in Mallorca, with over 30
identified POS paleolevels from 46 m above to 23 m below
current sea level (Ginés, 2000). Some of the POS observed
above the water table have been correlated with fossil marine
terraces and beach deposits (Cuerda, 1975; Pomar and Cuerda,
1979). POS precipitated by former sea level stands are
generally left intact within the stable cave environment,
whereas beach deposits may be reworked and terraces or wave
cut notches may be removed or overprinted by subsequent
transgressions. In addition, encrustations that correspond to
former sea level lowstands are preserved and accessible,
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whereas surface geomorphological evidence of lowstands is
often inaccessible or destroyed by surficial processes.

Studies on the mechanisms of POS formation have focused
on their distribution and mineralogy (Pomar et al., 1979;
Csoma et al.,, 2006; Ginés et al., 2012a). However, the
interactions of the subterranean environment with external
forcings, including surface air temperature, precipitation,
barometric pressure, tide, and sea level have not been
quantified in high temporal resolution. This study uses time
series analysis on data collected in-sifu to investigate the
effect that external forcings have on the subsurface air and
water temperatures, partial pressure of CO, (pCO,), and cave
water level to address the following research questions: what
are the effects of rainfall and tidal fluctuations on cave water
level and to what extent is cave air CO, controlled by
atmospheric forcings like barometric pressure, temperature, or
tidal pumping?

METHODS

SITE CHARACTERISTICS

The island of Mallorca is located in the western
Mediterranean and is the largest of the Balearic Islands. The
geological structure of Mallorca consists of a set of northeast-
southwest trending horsts and grabens formed during the
middle-upper Miocene. Horsts correspond to the mountain
ranges structured as a thrust and fold belt during the Alpine
Orogeny, the Tramuntana range to the west and the gentler
Llevant ranges in the east, and the grabens correspond to the
basins, Es Pla and Migjorn among others, where horizontal
upper Miocene carbonate platforms crop out (Fornds et al.,
2002; Sabat et al., 2011). This extensional event responsible
for Mallorca’s present day topography occurred mainly in the
upper Miocene; since this event, Mallorca has remained
relatively stable in terms of vertical movements (Just et al.,
2011).

The climate of Mallorca is typical of the Mediterranean, with
hot, dry summers and mild winters. Mean annual temperature is
16.6 °C (Guijarro, 1995), and yearly rainfall totals are highly
variable, ranging from 300 mm in the central and south-eastern
part to 1400 mm along the Tramuntana range (Ginés et al.,
2012b). The coastal areas of Mallorca are considered low-
energy environments characterized by semidiurnal microtides
(< 25 cm). Tidal range, however, varies seasonally due to wind
stress and changes in barometric pressure, but remains between
0 and 23 cm (Garcia et al., 2000).

Two caves were selected for this study, both hosting
modern phreatic overgrowths on speleothems at the present
water table: Cova des Pas de Vallgornera (Vallgornera),
located on Mallorca’s southern coast near Cala Pi in the
Llucmajor municipality, and Coves del Drac, on the eastern
coast in the outskirts of Porto Cristo (Fig. 1). The two littoral
caves are each within a horizontal distance of about 400 m of
the coast and developed in upper Miocene calcarenites and
limestones at less than 25 m below the surface (Ginés &
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Ginés, 2007; Ginés et al., 2014). Vallgornera has 74 km of
mapped passage that is accessed by a single nearly-sealed
entrance (Merino et al., 2014). With less than 4 km of
passages (Gracia et al., 2007), Drac is the most visited cave in
Europe (Robledo & Duran, 2010). Since about 3000 tourists a
day spend about an hour covering 1.2 km of the cave, their
respiration likely increases the cave atmosphere pCO,. To
maintain the natural conditions of temperature, relative
humidity, and CO, concentration, the cave is artificially
ventilated, further altering the natural conditions. The study
area is in the non-touristic part of the cave. Therefore, any
impacts of present day tourism, including altered temperature,
relative humidity, and pCO,, are minimal at the monitoring
site. However, samples collected by Boop (2014) and JJF
suggest that higher pCO, is present in non-tourist areas of the
cave, likely due to the decomposition of bat guano, passage
morphology, and less efficient natural ventilation in this
section of the cave.

Data COLLECTION

This study was designed to monitor the physical and
chemical conditions at the air-water interface where over-
growths precipitate. Sensors were installed in both caves for
almost 16 months between December 2011 and March 2013.
Sample intervals varied by parameter based on the needs of
resolution, sensor memory, and the field schedule. Sensor
malfunctions resulted in incomplete records.

A YSI 6920 sonde was fitted into a foam float and tethered
to monitor conditions at 15 cm of depth within the water
column at a fixed location. Cave-water temperature (T.,)
(accuracy *=0.15 °C; precision 0.01 °C) was measured at 3 hr
intervals. Cave-water level (WL.) was calculated at 15 min
intervals using In-Situ Baro Merge software with water
pressure from an In-Situ Aqua TROLL (accuracy =*1.05
hPa; precision 0.5 hPa), and barometric pressure (p) (accuracy
*1.5 hPa; precision 0.075 hPa) from an In-Situ Baro TROLL
sensor, which also collected cave air temperature (T.)
(accuracy *=0.1 °C; precision 0.01 °C). The accuracy of the
barometric-pressure-based water level is =0.021 m. The mean
was subtracted from WL, to compare relative water level
fluctuations. The Aqua TROLL sensors in both caves failed 11
months after their deployment.

A CO2meter.com K33-ELG logger (accuracy =30 ppm;
precision 20 ppm) recorded hourly CO,. The CO, readings
were converted to partial pressure (pCO,) using the relation-
ship pCO, = COxawy X 1013/p, where CO; (raw) is the input
data and p is in-cave barometric pressure (Spétl et al., 2005).

Additional data were obtained from governmental organi-
zations to contextualize the cave specific data. Surface
temperature (T,) (°C; 3 hr intervals) and precipitation (P)
(mm; daily totals) from the Agencia Estatal de Meteorologia
(AEMet) weather stations Llucmajor II (Llucmajor) and
Manacor-Poliesportiu (Manacor) were the closest available
to Vallgornera and Drac, respectively. To determine maxima,
minima, and lags during 2012, the daily averages of cave air
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Coves del Drac
(Manacor)

Cova des Pas de Vallgornera
(Llucmajor)

Figure 1. Map of Mallorca and caves studied. Palma Sea Level Monitoring Facility is indicated by P; Llucmajor II AEMet
and the Manacor weather stations are indicated with L and M, respectively. The map of Drac is modified after Ginés and
Ginés (2007) and those of Vallgornera are modified from Merino et al. (1993, 2014).

Table 1. Maxima, minima, and averages for temperature (T) and pCO, during 2012. The average surface temperature (T,), cave
air temperature (T.), cave water temperature (T,,), and pCO, were computed for each day. This daily data was smoothed using a
7 day moving-average filter. pCO, averages were excluded due to missing data.

Vallgornera Drac
Parameter T, °C T, °C T, °C pCO,, ppm T, °C T, °C T,, °C pCO,, ppm
2012 Maximum 19.69 19.44 27.82 2,328 18.51 18.43 26.86 1,072
9/12/12 10/19/12 8/11/12 9/23/12 11/19/13 12/24/12 8/11/12 8/28/12
2012 Minimum 19.23 18.99 6.05 1,007 18.45 18.31 6.34 399
4/17/12 4/15/12 2/8/12 12/18/12 5/22/12 5/7/12 2/7/12 1/6/12
Study Average 19.4 19.2 15.6 18.5 18.4 15.5
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and cave water temperatures, surface temperatures, and pCO,
were computed, and then smoothed with a 7 day moving
average filter. Finally, absolute tide gauge level (WLp) from
the Palma de Mallorca UNESCO-IOC Sea Level Station
Monitoring Facility (2016) was downloaded in 15-min
intervals that corresponded with the measurements of the
cave-water level.

TIME SERIES ANALYSIS

Time series analysis was used to evaluate temporal trends
in data collected at regular intervals. Analyses presented
below were computed using commands in the Signal
Processing Toolbox of Matlab 2013a. Frequency-domain
figures are terminated below the Nyquist frequency, equal to
half of the sampling frequency.

The relationship between tide gauge and cave water levels
at each cave was investigated using coherency analysis. To
examine controls on cave pCO,, coherency analysis was also
used to investigate barometric pressure, cave and surface
temperatures, and water level in the caves. Coherency is a
function of the power-spectral densities of each time series,
and their cross-power spectral density. Coherency measures
how well correlated two time series are as a function of
frequency, with values between 0 (incoherent) and 1 (perfectly
coherent). It also measures the phase angle, 1/, between these
time series as a function of frequency. Thus if there is a strong
coherency at a particular frequency, both time series must
have significant energy at that frequency, and from i the time
lag in hours can be determined. Magnitude-squared coherency
estimates were computed using the MSCOHERE Matlab
command, using a Hamming window of length 256 samples
with an overlap of 128 samples.

Spectrograms are computed to investigate the temporal
behavior of periodic signals. To identify high-frequency pCO,
fluctuations, a stationary time series was created: the annual
signal was removed by subtracting a 20-point (20-hr) moving
average. Spectrograms were computed using the SPECTRO-
GRAM Matlab command, a window length of 24 samples, an
overlap of 12 samples, and a 2048-sample fast Fourier transform.

RESULTS

METEOROLOGICAL DATA

Surface temperature and precipitation show similar patterns
at both sites (Fig. 2). During the study period, mean T, was
15.6 °C at Llucmajor and 15.5 °C at Manacor. Relative to T,
which displays annual and daily fluctuations, cave air
temperatures were nearly stable within 0.5 °C (Figs. 2A—
2C). Total precipitation P differed between sites, with 485.4
mm recorded at Llucmajor (Fig. 2A) and 392.2 mm at
Manacor (Fig. 2B).

CAVE AIR AND WATER TEMPERATURE
Over the study period, mean water temperature in
Vallgornera was 19.4 °C, whereas mean cave air temperature
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was 19.2 °C (Table 1), and T,, was always greater than T, (Fig.
2C). During 2012, maximum T, lagged that of T,, by 37 days
(Table 1). In contrast, minimum T, lagged that of T, by two
days.

During the study, mean T, and Ty, in Drac were 18.4 and
18.5 °C, respectively, with ranges of only 0.2 and 0.15 °C,
respectively (Table 1). These values are similar to spot
measurements recorded in the touristic part of the cave by
BPO, where temperatures would rise well above 21 °C when
large groups (about 500 people) visited the cave and when
forced-air ventilation was not in operation.

As in Vallgornera, Ty, in Drac was always greater than T,
(Fig. 2C). The range of T, was lower in Drac, making it
difficult to determine maxima and minima and determine lag
times. During 2012, the maximum T, in Drac lagged T, by
135 days; the same lag in Vallgornera was only 69 days (Fig.
2; Table 1). Maximum T, in Vallgornera followed maximum
T, after 32 days. Minimum T, and Ty, in Vallgornera lag T, by
67 and 69 days, respectively. Minimum T, and T, in Drac
were recorded 90 and 105 days after minimum T,
respectively.

Cave PCO,

In both caves, peak pCO, occurred in August/September
(Table 1, Fig. 2D). pCO, in Vallgornera was higher than in
Drac and showed greater amplitude of variation on annual and
daily scales. The time between the highest and lowest
recorded pCO, values was 157 days in Vallgornera, and only
121 days in Drac.

There is significant surface temperature Ty — pCO,
coherency in Vallgornera (Table 2) at a 12 hr period. The
lag time of the January — April 2012 data was 4 hr, while that
of the May 2012 — March 2013 was 4.8 hr. An 8 hr period is
also present in the Vallgornera data; the lag is 3.9 hr in the
January — April 2012 data and 3.2 hr in the May 2012 — March
2013 series. No notable T, - pCO, relationship is observed in
Drac (Table 2).

The cave water levels in Vallgornera and Drac are shown in
Fig. 3A. WL, — pCO, coherency is present in Vallgornera at
the 11.6hr period (Fig. 4A, Table 2). Lead times are 4.4 hr for
the January — April 2012 time series, and 2.7 hr for the July —
November 2012 data (Fig. 4B). WL, —pCO, coherency is also
present at a 12.8 hr period with a 5 hr lead in the January —
April 2012 data from Drac (Fig. 4C and D), but no cycles were
identified in the July — November 2012 dataset.

Barometric pressure p — pCO, coherency is present at a
12.2hr period in Vallgornera, with lead times of 5.3 hr in the
January — April 2012 data and 4.5 hr in the July — November
2012 dataset (Table 2). Drac p — pCO, coherency analysis
identified an identical 12.2 hr period in the July — December
2012 series and a 12.8 hr period in the January — March 2013
data. The corresponding lead times are 9 min and 5.5 hr,
respectively. A similar p—pCO, coherency peak is not present
in the January — April 2012 data from Drac.
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Vallgornera (A) and Drac (B) from part C. C) Detailed cave air temperature (T.) and water temperature (T,,) and D) cave
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Figure 3. A) Cave water levels (WL.) and Mediterranean Sea Level from tide gauge (WL,). B) Barometric pressure (p).

pCO, records are reproduced next to the spectrograms of
filtered data for both Vallgornera and Drac in Fig. 5. High-
frequency pCO, fluctuations in Vallgornera (Fig. 5A) create
spectral power at the 12-hr period in Vallgornera (Fig. 5B). In
Drac, which has lower-amplitude pCO, fluctuations (Fig. 5C),
lower spectral power exists at the 12 hr cycle at some points
throughout the year (Fig. 5D).

CAvE WATER LEVEL

The cave water level WL, is similar in both caves (Fig.
3A), and both records show a similarity to the tide gauge
water level WLp. The strongest WLp — WL, coherency peak
(>0.96) in both caves corresponds to a 12.8-hr period, and the
second strongest peak (>0.92) occurs at a 25.6 hr period (Fig.
6, Table 2). In Vallgornera, the 12.8-hr WL, cycle lags WLp
by 4.0 hr, whereas the 25.8-hr cycle lags by 4.9 hr. The
corresponding lag in Drac of the 12.8-hr cycle was 3.6 hr,
while that of the 25.6-hr cycle was 3.9 hr.

The results from the coherency analyses indicate a period
close to, but not matching the lunar day (24.8 hr). However,
strong similarity between the cave (WL.) and tide gauge
(WLp) water levels is clearly seen when the data are
considered in the time domain (Fig. 7). Data from July 20 —
23, 2012 was chosen because no rainfall was recorded for >
30 days before this interval. The discrepancy between results
in the frequency and time domains is a consequence of the 3-
hr sample interval of the coherency analyses; the 24.8-hr lunar
day signal rounds up to the closest possible frequency output
(25.6 hr). The same discrepancy applies to the mixed semi-

diurnal 12.4-hr cycle that is output as strong coherency at 12.8
hr.

Over the entire study period, there was strong positive
linear correlation between WLp and WL, in both caves. In
Vallgornera, the r-value from Pearson’s correlation coefficient
for WLp and WL, was 0.88 (slope y = 0.82x + 141, n =
32,372), while that of Drac was 0.87 (slope y=0.76x+ 1.71, n
=32,419). WLp ranges 0.76 m, whereas the ranges in WL, at
Vallgornera and Drac are almost identical, 0.55 and 0.56 m,
respectively (Fig. 3A). Thus, over the study period, the
attenuation of WLp is approximately 0.2 m at both sites.

DiscussioN

CAVE AIR AND WATER TEMPERATURES

While it is generally accepted that cave temperature is a
good approximation of the annual average surface temperature
in the cave area (Wigley & Brown, 1976), over the study
period, mean cave T, and cave water T,, temperatures in both
caves are approximately 3 °C greater than mean surface
temperature during the same time interval. This observation
could be explained by either differences in cave ventilation
regimes or the heat exchange between seawater and cave
atmosphere due to each cave’s hydrologic connection to the
Mediterranean Sea. The higher T. and T, in Vallgornera
compared to Drac may be due to the cave’s proximity to a
region known to host a deep thermal reservoir (Lopez-Garcia
& Mateos-Ruiz, 2006). Merino et al. (2011) report tempera-
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tures of 27.1 °C and 23.6 °C in Cova de sa Guitarreta and Pou
de Can Carro, located less than 10 km northwest of
Vallgornera. Based on the presence of various hypogene
features and unusual mineral assemblages, thermal basal
recharge may have played a major role in the speleogenesis of
Vallgornera (Ginés et al., 2009, 2014; Fornds et al., 2011;
Onac et al., 2014).

PC02

Higher pCO, in Vallgornera compared to Drac may be
attributed to limited ventilation in the former cave, which has
a single closed entrance. A large, natural collapse entrance in
Drac, as well as less-restricted cave passages, likely allows for
stronger ventilation, maintaining lower pCO, in cave air (Ek
& Gewelt, 1985; Hu et al., 2008).

In both caves, pCO, increases in the summer months, with
the highest concentration observed at the end of the growing
season. Similar findings are reported in Banner et al. (2007),
Lifian et al. (2008), Faimon et al. (2012), Cowan et al. (2013),
Mandi¢ et al. (2013), and Lang et al. (2016). The pCO,
plateau noticed in Drac between August and early November
is due to this cave’s particular air circulation. Annual
ventilation is driven by the disparity between surface and
cave temperatures during winter, when cool, relatively dense
air descends into cave passages, forcing the CO,-rich air out
of the cave. Throughout the summer months, the outside
temperatures exceed those inside the cave causing the
ventilation to slow down or cease, allowing CO, to build
up. Dumitru et al. (2015) confirmed this bi-directional
ventilation regime in Drac by deploying radon sensors
throughout the non-touristic branch of the cave, including
one detector at the same site investigated in this study (Fig. 1).
In Vallgornera and Drac, this exchange is sufficiently slow
that rapid, high-amplitude decreases of T. do not coincide
with the seasonal decrease of pCO, (Fig. 2). Instead, the
thermal signal is buffered between the entrances and the study
sites. It is likely that the network of fractures in the overlying
bedrock at Vallgornera plays a major role in the seasonal
overturn, whereas in Drac, this ventilation occurs through the
cave’s large natural entrance.

The calculated surface temperature T, — pCO, coherency
values and corresponding lag times suggest the possibility of
overnight thermal- and density-driven ventilation in Vallgor-
nera, but there is no peak in spectral coherency at a 24 hr
period (Table 2). Additionally, during the summer months
when Ty consistently exceeds cave temperature T., thermal
cave gradients could not drive ventilation and high-frequency
pCO, variations.

pCO, can be controlled by cave-barometric pressure p in
some caves. For example, Baldini et al. (2006) report nightly
ventilation due to p minima. Cowan et al. (2013) present
diurnal fluctuations that correspond to p as global atmospheric
tide in caves in Texas, USA. Similarly, Benavente et al.
(2011) suggest that p may drive cave-air circulation during
summer, but state that their data are insufficient to support the
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Figure 4. Cave water level WL — pCO, coherency for
Vallgornera and Drac (A and C) and the corresponding
phase angles (B and D). Top axis labels: time domain;
bottom axis: frequency domain.

hypothesis. p — pCO, coherency was found throughout the
year in both Vallgornera and Drac in approximately 12-hr
cycles (Table 2). The different lead times do not support the
potential relationship identified by p — pCO, coherency
values, because p should exert a constant control irrespective
of surface temperature and other variables. Further, the lack of
replication of p — pCO, coherency values in Drac between the
January — April 2012 data and the January — March 2013
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Figure 5. Vallgornera and Drac pCO, time series (A and C) and their spectrograms (B and D).

series indicates that further work is necessary to evaluate the
control of p on pCO, fluctuations, at least in Drac. p — pCO,
coherency values and consistent period and lead times in
Vallgornera support the hypothesis that pCO, responds to p in
this near closed-system cave, but it is not the primary control.

Cave water level WL, — pCO, coherency values support
the hypothesis that WL, affects pCO, throughout the year in
Vallgornera and to a lesser extent during the summer months
in Drac (Fig. 4A and C, Table 2). This is reinforced by the
spectral power observed at approximately 12 hr in Vallgornera
(Fig. 5B). These observations suggest that the transition from
low- to high-water level forces higher-pCO, air from the cave
(Fig. 8A). Regardless of surface temperature, as the water
recedes, tropospheric air sinks into the cave, with a volume
equivalent to the volume reduction of seawater in the cave (a
function of water level WL.) (Fig. 8B). Significant cave
temperature variation was not observed at either study site;
any external thermal signal is attenuated.

In Vallgornera, a forward and reverse piston effect seems
to dominate semidiurnal cave air exchange through the
overlying bedrock, which is less than 20 m thick (Fig. 8).
Twice-daily pCO, variations on the order of 300 ppm were
recorded throughout the year. It is possible that in Vallgor-
nera’s extensive horizontal network of passages with limited
vertical extent, the sensor recorded the movement of a
boundary layer of CO, maintained by degassing from the
water (Badino, 2009), though no data are currently available
to support or refute the presence of such a boundary layer at
this site.

Exchange through the entrance likely dominates in Drac
(Fig. 8). In addition to maintaining lower pCO,, Drac’s large
passages and few constrictions allow for cave water level
driven exchange through its large entrance, which explains the
lower amplitude of semidiurnal fluctuations that are only
recorded during the summer months, when large-scale

temperature-driven ventilation is inactive. Compared to
Vallgornera, the Drac study room has greater volume, thus
the amplitude of recorded pCO, fluctuations may be much
smaller due to the homogenous cave atmosphere maintained
by temperature- and density-driven convection currents. More
in-depth spatial (horizontal and vertical) pCO, sampling is
necessary to better constrain the dynamics of cave troposphere
pCO, exchange in both caves.

CO, degassing from the cave water is an essential process
for the formation of phreatic overgrowths on speleothems
(Pomar et al., 1976, 1979; Csoma et al., 2006) and is driven by
the gradient between pCO, in the cave water and air (Boop et
al., 2014). The lower overall pCO, in Drac allows for periods
of degassing that cause water to become supersaturated with
respect to calcium carbonate, as evidenced by ephemeral rafts
of calcite observed throughout the year. Conversely, relatively
high pCO, in Vallgornera is not presently conducive to
extended periods of rapid CO, exsolution. Thus, the
conditions for supersaturation with respect to carbonate
minerals and subsequent precipitation of POS are not
currently satisfied (Boop et al., 2014). Based on the U/Th
dates from a Vallgornera POS sample, these unfavorable
geochemical conditions may have started 600 years ago
(Tuccimei et al., 2009, 2010).

CAVE WATER LEVEL

The attenuation of the tide gauge water level WLp inside
the littoral caves and the strong relationship between variation
in it and the cave level WL, illustrated by very high
coherency and robust linear correlations, further confirm that
POS are excellent recorders of mean sea-level position.

Though WL, fluctuates with a roughly 4-hr lag behind
WLy, there is limited evidence of direct Mediterranean Sea
water intrusion during this tidally-driven process (Boop et al.,
2014). Cave water temperatures T,, fluctuated less than 1 °C
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Figure 6. Vallgornera tide gauge level WL, — cave water
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(B); same analyses for Drac (C and D). Top axis: time
domain; bottom axis: frequency domain.

over the study period, with a higher range observed at
Vallgornera than in Drac. Direct mixing with the Mediterra-
nean Sea would introduce a strong annual period in T,,
because of changes in seawater temperature. Lack of mixing is
further supported by the low turbidity of the water, lack of
observed currents, and the maintenance of brackish water at
the surface of both study sites (Boop et al., 2014). The latter
condition is likely maintained throughout the year by meteoric
recharge.
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Figure 7. Expanded-scale cave water level (WL() variation
from July 20-23, 2012, and Mediterranean Sea level (WL,)
(black line: 5-point moving average).

Time series analysis did not reveal a relationship between
cave water levels and precipitation. In non-coastal areas, time
series analysis can identify the effect of rainfall on karst
aquifers (Padilla & Pulido-Bosch, 1995; Larocque et al.,
1998; Panagopoulos & Lambrakis, 2006; Bailly-Comte et al.,
2008). However, analyses based on spring discharge or
piezometric head are not applicable to understand controls on
water level in Mallorca’s littoral caves because water level is
dominantly controlled by the Mediterranean Sea level.
Similarly, Kim et al. (2005) were unable to identify any
effect of precipitation on coastal water levels in Korea and
attribute fluctuations solely to the tidal effect using time
series analysis.

CONCLUSIONS

The phreatic overgrowths on speleothems found in the
littoral caves of Mallorca are valuable paleo-sea level index
points. These encrustations form at the cave water table,
which is, and was in the past, coincident with sea level
because of the negligible hydraulic gradient between the caves
and the Mediterranean Sea. The present study validates the
assumption that the cave water levels fluctuate in response to
the Mediterranean Sea tide by identifying an approximately 4-
hr lag of WL behind the tide gauge level in the sea WLp. The
semidiurnal signal is preserved, though slightly attenuated, in
WL, at each study site. The primary control of WLp masks
any direct effect of P on WL..

The present study, Boop (2014), and Boop et al. (2014)
monitored conditions relevant to the precipitation of phreatic
overgrowths on speleothems. Some caves may be more likely
to host the specific geochemical conditions necessary for their
precipitation. These conditions are met when cave water is
supersaturated with respect to carbonate minerals at times
when CO, degasses from water into the cave atmosphere. A
high concentration gradient between pCO, of the water and air
promotes this process. Thus, faster degassing, and therefore
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Figure 8. A simplified model of semidiurnal pCO, dynamics in Vallgornera (left) and Drac (right) associated with the
rising (A) or receding (B) of the cave water level, which is overprinted on seasonal (winter) ventilation. Phreatic

overgrowths on speleothems appear to be actively growing today in Drac but not in Vallgornera. See text for additional
explanations.
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solution supersaturation and possible precipitation of POS, is
expected to occur with low cave air pCO,. The annual cycle in
pCO, is driven by cave ventilation in the winter months, when
colder, denser tropospheric air sinks through the bedrock or
entrances into subsurface voids, displacing cave air and
reducing pCO,. The thermal signature of this tropospheric air
is quickly attenuated within the caves; cave air and cave water
temperatures vary by less than 1 °C throughout the year and
lag behind surface temperature by several months. pCO,
fluctuations have larger amplitudes in Vallgornera, likely due
to the overall higher pCO, and the constricted nature of the
study site. It is likely that at both sites, rising cave water level
due to barometric pressure changes and tidal pumping (Fig.
8A) forces high pCO, air out from the cave, driving
semidiurnal tropospheric exchange throughout the year with
a roughly 12-hr period. In Vallgornera, air escapes dominantly
through the bedrock fissures (solid red line in Fig. 8A),
whereas Drac’s less-constricted passages promote displace-
ment through its large natural entrance. When WL, recedes
(Fig. 8B), tropospheric air sinks into the cave through the
bedrock in Vallgornera (solid yellow line) and primarily
through the entrance in Drac. Vallgornera’s nearly sealed
entrance, maze-like passages, and constrictions promote the
buildup of higher concentrations of pCO, throughout the year,
restricting CO, degassing from the water, thus suppressing
calcium carbonate supersaturation and POS precipitation. In
Drac, pCO, is lower throughout the year, which maintains
conditions for CO, to degas from the cave water to air; this
promotes calcium carbonate supersaturation, and thus, pre-
cipitation of ephemeral rafts and POS.
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Abstract: Low density polyethylene (LDPE) is used for making common shopping bags
and plastic sheets and is a significant source of environmental pollution. The present study
was aimed at testing the ability of bacterial strains identified as Serratia sp. KC1-MRL,
Bacillus licheniformis KC2-MRL, Bacillus sp. KC3-MRL and Stenotrophomonas sp. KC4-
MRL isolated from a limestone cave to degrade polyethylene. These strains were isolated
from soil of Kashmir Smast, a limestone cave in Buner, Pakistan. These strains showed
antibacterial activity against Micrococcus luteus, Klebsiella sp., Pseudomonas sp., and
Staphylococcus aureus. The pieces of LDPE plastic were incubated along with bacterial
strains for a period of one month and then analyzed. Degradation was observed in terms of
growth of microorganisms used in consortia, chemical changes in the composition of LDPE
by fourier-transform infrared spectroscopy, and changes in physical structure of LDPE by
scanning electron microscopy. Maximum growth (107x10° CFU mL™") at 28 °C and
subsequent change in chemical and physical properties of plastic were observed in the
presence of calcium and glucose. The cave soil sample had a very high concentration of
calcium. The microscopy showed adherence of bacteria with lots of mechanical damage and
erosion on the surface of plastic films incubated with bacterial consortia. The spectroscopy
showed breakdown and formation of many compounds, as evident by the appearance and
disappearance of peaks in LDPE treated with bacterial consortia as compared to the untreated
control. We conclude that antibiotic-producing cave bacteria were able to bring about
physical and chemical changes in LDPE pieces and degradation of LDPE was enhanced in

media augmented with calcium.

INTRODUCTION

Plastics are polymers of carbon, oxygen, and hydrogen and
that are synthetically derived from petrochemicals and
suitable for a wide range of usage. Since plastics are
artificially manufactured, they are xenobiotic compounds
and they resist degradation (Kawai, 2010).

Polyethylene is one of the most commonly used commer-
cial plastics, found in various products ranging from simple
plastic bags to artificial limbs (Orhan and Biiyiikgiing6r, 2000;
Shimao, 2001). Thermal and mechanical stability and their
morphologies make polymeric substances one of the most
popular commodity of the modern world (Rivard et al., 1995).
Plastic waste is an environmental hazard. Plastic debris poses
a direct threat to wildlife. The main dangers associated with
plastic objects for most species are related to entanglement
and ingestion. Juvenile animals, in particular, often become
entangled in plastic debris, which can result in serious injury
as the animal grows, not to mention restriction of movement,
preventing animals from properly feeding and, in the case of
mammals, breathing (Webb et al., 2012). Due to plastic’s
resilience against degradation and its proliferation in industry,
the issue of plastic pollution has evolved to become a threat to
global ecology.

Management of plastic waste is an ever-increasing
problem, and none of the current techniques of solid waste
management completely alleviate all the concerns related to
these recalcitrant polymers (Nkwachukwu et al., 2013). One
way to deal with these polymers could be to alter the
manufacturing process, and new formulations should be
developed with special considerations on mechanism for their
biodegradation. These alterations could include looking into
factors that can aid in biodegradation like pH, temperature,
chemical structure, polymeric morphology, presence or
absence of certain additives, and most importantly, the type
of organisms that can be involved (Gu and Gu, 2005).

Degradation of plastics is carried out by organisms that are
chemoheterotrophs. Many studies have shown the presence of
such bacteria in caves. Bacteria also have the ability to utilize
hydrocarbons as a source of energy. Studies have shown that a
variety of culturable chemoheterotrophs are present in micro-
habitats of caves and catacombs (De Leo et al., 2012). The
microorganisms living under stressful or low nutrient habitats
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can develop the ability to use any available nutrient to survive.
Studies on a bacterial strain belonging to the Arthrobacter
genus from alpine ice showed biodegradation of phenol under
various environmental conditions (Margesin et al., 2004).
Bacteria present in caves are capable of carrying out a variety
of biodegradative and biodeteriorative processes. Extensive
studies have reported biodeteriorative effects of microorgan-
isms in cave environment (Cuezva et al., 2012; Schabereiter-
Gurtner et al., 2002).

Despite much study, the knowledge is very limited about
microbial life in diverse and extreme habitats like caves.
There exists much potential for isolating and studying
microbes in caves that have unique and unexplored charac-
teristics of potential commercial applicability. These studies
can also be helpful in investigating evolutionary relationships
of microorganisms in cave environment. Most caves are
characterized as having very low nutrient availability, constant
low temperature, and high humidity. Caves can either be
terrestrial or aquatic. Some may be rich in specific natural
minerals or have exposure to nutrient sources, and therefore,
different caves will have different types of microorganisms
inhabiting various ecological niches (Zada et al., 2016).
Fauna, environmental factors, temperature, humidity, organic
matter, and other environmental factors influence activities
such as nutrient cycling, and geomicrobiological activities
including the formation or alteration of cave structures
(Adetutu and Ball, 2014). Cave organisms have evolved some
extraordinary abilities to survive and live in this inhospitable
environment.

Polyethylene makes a significant contribution to solid
waste in developed countries. Management of this waste can
be carried out by chemical, physical, and biological methods.
Various natural microflora of soil, including bacteria and
fungi, are reported to degrade low-density polyethylene
(LDPE) under various physical and chemical environments.
This study determines the degradation capacity of four
bacterial strains isolated from Kashmir Smast, Khyber
Pakhtoon Khwa, Pakistan. The bacteria isolated were
previously identified and tested positive for antibiotic
production in the Microbiology Research Laboratory (MRL),
Department of Microbiology, Quaid-e-Azam University,
Islamabad. Since antibiotic production and LDPE degradation
takes place under stressed environmental conditions, it was
hypothesized that bacteria positive for the first character may
also be positive for the other character. For this purpose,
commercially available LDPE from a shopping bag was used.
Bacterial isolates Serratia sp. KC1-MRL, Bacillus lichen-
iformis KC2-MRL, Bacillus sp. KC3-MRL, and Stenotropho-
monas sp. KC4-MRL were used in consortia. The study was
carried out in six different medium compositions or
modifications, and their individual effects were analyzed by
determining total viable cells, fourier-transform infrared
spectroscopy, and scanning electron microscopy. Isolated
bacteria were inoculated in mineral salt medium, and
sterilized LDPE pieces were added in the flasks.

74 « Journal of Cave and Karst Studies, April 2017

MATERIALS AND METHODS

SAMPLING SITE AND SAMPLE COLLECTION

Soil samples were collected from Kashmir Smast (cave),
Nanser, Buner, Khyber Pakhtunkhwa (Fig. 1). The Kashmir
Smast is a series of natural limestone caves probably of
marine origin (Khan, 2013). These caves are located in the
Babozai Mountains between Mardan and Buner in northern
Pakistan. The only source of water was drip water. Two soil
samples were collected from wall and ground surfaces of the
cave in sterile Falcon tubes under aseptic conditions.
Samples were collected from the dark end of the cave
about 188 m from the entrance. This cave is located far
away from human access, so human intervention is
negligible (Zada et al., 2016). The samples were then
brought to the laboratory in an icebox and stored at 4 °C for
further processing. The pH and temperature of soil was
recorded as 7.2 and 25 °C.

SoiL ANALYSIS BY ATOMIC ABSORPTION

For the quantitative analysis of elements in the soil sample,
atomic-absorption spectrophotometry was performed with a
AA240FS Fast Sequential Atomic Absorption Spectropho-
tometer. Soil digestion was performed to prepare samples for
analysis. One gram each of soil from the cave floor and
control soil from outside the cave were ground separately and
were then mixed in 15 mL aqua regia, heated at 15 °C, and left
overnight. Then 5 mL of HCIO, was added and again heated
at 150 °C. The solution almost became dry before brown
fumes were produced. Whatman filter paper (No. 42) was used
for filtration, and the volume was made up to 50 mL using
double-distilled water (Kelly et al., 2008).

SCREENING AND IsoLATION oF LDPE-DEGRADING

BACTERIA

Previously identified strains of Serratia sp. KC1-MRL,
Bacillus licheniformis KC2-MRL, Bacillus sp. KC3-MRL,
and Stenotrophomonas sp. KCMRL isolated from the cave
were used in consortium to carry out biodegradation of
polyethylene. Nutrient agar medium was used for isolation
of bacterial strains from cave soil. The strains were isolated
using standard serial dilution methods and subsequent
growth on Nutrient agar plates for 48h at 37 °C. All the
isolated strains were screened for polyethylene degradation.
For this purpose the strains were incubated for two weeks in
120 mL of mineral salt medium (g L™"): [KH,PO,, 2.0;
K,HPO,4, 7.0; MgSO4-7H,0, 0.1; ZnSO4-7H,O, 0.001;
FeSO,4-7H,0, 0.01; MnSO4-6H,0, 0.002; NH4NO;, 1.0;
CuSO4-7H,0, 0.0001; pH 7.2] at 37 °C with pieces of
polyethylene (1 by 1 cm) (Anwar et al., 2009). Polyethylene
used was pretreated by exposing it to UV light for three
minutes. At the end of two weeks of incubation, viable cells
were counted as CFU mL ™" by serial dilution. Four bacterial
strains were found active in terms of growth in the medium.
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Figure 1. Location and map of Kashmir Smast (Cave), Nanseer Buner, Khyber Pakhtunkhwa, Pakistan. Sourc Zada et al.

(2016).

Bacterial colonies were further purified and enriched on
nutrient agar plates.

PREPARATION OF INOCULUM

About 10 mL of nutrient broth was inoculated with two or
three loops of the pure culture of isolated strains. Bacterial
growth was evaluated at 25 °C, 37 °C and 40 °C. Maximum
growth was observed at 37 °C (O.D. at 600 nm). Consortia
were developed by taking inocula from each test tube into a
separate flask with 100 ml of nutrient broth. Five percent of
this prepared consortia was used as inoculum for further
biodegradation experiments.

MEDIUM PREPARATION AND INCUBATION

Different metabolites were used in combinations to study
their effects on biodegradation of polyethylene by the cave-
bacteria consortia. Glucose, yeast extract, and calcium were
used as co- metabolites. About 1% w/v of glucose and yeast
extract were used, whereas the concentration of calcium in the
medium was maintained at 0.03% to match the natural
concentration of calcium of the environment where the soil
was taken.

In total six combinations of these metabolites in mineral
salt medium with polyethylene pieces and bacterial consortia
were incubated at 150 rpm at pH 7.2 and temperature 37 °C
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for four weeks. A negative control was set by incubating
polyethylene pieces in mineral salt medium with no bacterial
inoculum.

BIODEGRADATION ANALYSIS

Biodegradation of polyethylene was analyzed by determin-
ing CFU mL™', fourier-transform infrared spectra, and
scanning electron microscope images. CFU mL™' was
determined after every week, whereas FTIR and SEM analysis
were performed after one month of incubation. The viable cell
count was done for bacterial growth determination through
serial dilution and calculating CFU mL". Test LDPE samples
were compared with the untreated control samples. FTIR
(Jasco FT/ IR — 620) analysis was performed to check the
degradation of LDPE pieces after being mixed with the
growing bacterial consortia in liquid medium. This analysis
detects any change in the functional groups. Spectrum was
recorded at 500-4000 wave-numbers cm ' for all the LDPE
samples. Surface morphology of LDPE pieces was observed
by SEM (JSM 5910 Joel, Japan) to look for any change in
structure or surface of LDPE piece after treating with
microbial consortia. After rinsing of the LDPE pieces with
autoclaved distilled water, LDPE pieces were mounted on the
copper stubs with gold paint. Gold coating was carried out
under vacuum by evaporation to make the samples conduct-
ing.

RESULTS

SoiL. ANALYSIS

Atomic absorption spectroscopy was performed to deter-
mine the concentration of elements in the cave soil sample
(ZADA et al., 2016). Ca was 332.938 mg kg ' as compared to
121.65 mg kg ' in control soil, Mg was 1.2576 mg kg ' in
cave soil and 1.023 mg kg ' in control soil. Ni 0.965 mg kg
in cave soil and 10.4 mg kg ' in control soil, Cr 0.571 mg kg '
in cave soil and 8.74 mg kg " in control soil, Co 0.266 mg kg '
in cave soil and 0.810 mg kg ' in control soil, Cu 1.824 mg
kg ' in cave soil and 4.7 mg kg ' in control soil, Zn 12.7311
mg kg ! in cave soil and 36.41 mg kg ' in control soil, and Pb
1.31 mg kg in cave soil and 8.14 mg kg™ in control soil were
much lower than those found in the control soil (Zada et al.,
2016).

ViaBLE CELL COUNT

The concentration of viable cells in CFU mL™' was
determined at time zero, before initial incubation, and then
after every week for a period of one month (Table 1). Since
polyethylene in the medium was the sole carbon source, CFU
mL ™" is directly proportional to the ability of organisms to
degrade polyethylene and use it as a carbon source. There was
a consistent decrease in CFU mL ™! after three and four weeks
of incubation. The soil from where the bacteria were isolated
contained exceptionally high concentration of calcium.
Considering this high amount of calcium in the native habitat
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Figure 2. Fourier-transform infrared spectra from control and different media after incubation at 37 °C for one month.

of the organism, extra calcium salt was added in the medium
so that the organisms experience minimum deviation from
their natural environment. Medium augmented with extra
calcium showed increasing values of viable cell count in the
first two weeks of incubation. Increase in the values of viable
cell count was also observed in the first two weeks of
incubation when the medium is augmented with glucose; these
higher values of CFU mL ™" in first two weeks were because
the bacteria were provided with glucose that acted as growth
activator. Additional amounts of calcium proved to be helpful
for better growth of bacterial colonies.

FOURrRIER TRANSFORM INFRA-RED SPECTROSCOPY

FTIR was carried out on LDPE films after incubation with
bacterial consortia for four weeks. The peaks formed were
compared with the control (Fig. 2).

LDPE in mineral salt medium containing bacterial
consortia: Absorbance peaks formed at 2915 cm ™' and 2848
cm ' suggest presence of C—H bonds. A peak of variable
strength at 1472 cm ' and 1462 cm ™' shows formation of C=C
bonds. A strong peak at 1035 cm ' shows formation of stretch
of C—O bonds. Absorbance peaks formed at 615 cm™', 718
cm ' and 730 cm ™' show presence of =C—H bending bonds.

LDPE in MSM containing calcium carbonate and bacterial
consortia: New peaks were formed at 1645 cm ™ that represent
formation of C=C, and a peak formed at 3442 cm ' shows
stretching of O-H bonds.

LDPE in MSM containing glucose and bacterial consortia:
Formation of new peak at 2978 cm ' shows stretching of C—H
bonds and peak at 3638 cm ™' represents of stretching of O—H
bonds.

LDPE in MSM containing calcium carbonate, glucose,
and bacterial consortia: Maximum variety of peaks was
observed in this film. Formation of peaks at 3251 ¢cm ' and
3032 cm ' shows formation of O—H bonds. A peak at 2915
cm ' and 2848 cm™' represents formation of stretch of C—H
bonds in the polyethylene. Peak formation at 2233 cm ',
2178 cm ', 2167 ecm ™', 2103 cm™', and 2013 cm ' shows
that new Nitrile bonds of -C = N are formed. Absorbance
peaks at 1462 cm ' and 1472 cm ' show bending of —C-H-
bonds. Peak at 1084 cm™' shows formation of stretch of C—O
functional group. Absorbance peaks formed at 615 cm ',
718 cm ™', and 730 cm ' shows presence of =C-H bending
bonds.

LDPE in MSM containing calcium carbonate, glucose,
yeast extract, and bacterial consortia: In comparison with
control, new peak was formed in this medium combination at
1033 cm ! represents formation of C—O bond.

LDPE in MSM containing calcium carbonate, yeast extract
and bacterial consortia: In comparison with control, anew
peak was formed in this medium combination at 1033 cm '
that represents formation of C-O bond.

ScANNING ELECTRON MICROSCOPY

SEM showed adherence of bacteria that caused mechan-
ical damage and erosion on the surface of plastic films
incubated with bacterial consortia as compared to the
untreated control (Fig. 3). More changes in surface topology
and attachment of cells, despite the washing, were observed
on the LDPE piece incubated in the presence of glucose and
calcium.
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B: No addiives

€. Added Calcium Carbonate

D Added Ghucose

A Control (untreated) sample

E: Added Caletam Carbonate
and Ghicose

F: Added Calcium Carbonate,
Glucose and Yeast exfract

G Added Caletam Carbonate
and Yeast extract

Figure. 3 A-G. Scanning electron microscopy of low-density polyethylene samples under specified treatment after

incubation with bacterial consortia at 37 °C for one month.

DiscussioNn

There is an increasing interest in investigating biodegra-
dation of non-degradable plastics using efficient microorgan-
isms (Bonhomme et al., 2003; Boonchan et al., 2000; Lee et
al., 1991). In our present study, bacterial isolates were
obtained from the soil of Kashmir Smast, which is a limestone
cave in Khyber Pakhtoonkhuwa province, Pakistan. The four
isolates were identified as Serratia sp. KC1-MRL, Bacillus
licheniformis KC2-MRL, Bacillus sp. KC3-MRL, and Sten-
otrophomonas sp. KC4-MRL. These strains were used in
consortia to check for the ability of these microbes to degrade
polyethylene. Since both antibiotic production and polyethyl-
ene degradation occur under stressed environmental condi-
tions, the hypothesis of the current study was that bacteria
having the first property are more likely to give positive result
for the other. Studies on Brevibacillus borstelensis 707
showed an increase in potential of polyethylene biodegrada-
tion when grown on nitrogen-limit stressed cultures (Hadad et
al., 2005). It was also observed that not only nitrogen
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deprivation, based on the amount of KNOj; in medium, but
also carbon limitation in a mannitol-free medium alone
enhanced degradation, which was also enhanced when used
in combination. It was observed that mannitol-free medium
supplemented with nitrogen source showed maximum bio-
degradation in 30 days of incubation. In the present study, it
was found that bacterial consortia showed higher viable cells
measured as CFU mL ™' when the medium was supplemented
with the nitrogen source.

Loss of tensile strength of plastic after incubation with
Pseudomonas stutzeri suggests that the bacterium is capable of
degrading the polymer (Sharma and Sharma, 2004). When
bacteria are grown in different media compositions along with
a polymer, maximum turbidity is observed on forty-fifth day
(Ciferri, 1999). The increase in growth rate in glucose, as well
as in minimal medium, suggests that the bacteria were
completely depending upon polyethylene film for its source of
carbon in the absence of glucose. CFU mL ™ increased from
10" to 10° from day 15 to day 30 (Table 1). These results
suggest that the bacteria growing in Lascaux Cave, France are
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capable of using plastics and other resins such as glue as their
sole source of carbon. Higher values of CFU mL™" in the first
two weeks were observed in all those media combinations in
which 1% glucose w/v was added at the beginning. When the
nutrients depleted, bacteria had polyethylene as the only
carbon source. Addition of easily available substrate like
glucose in MSM medium increases bacterial growth in initial
stages of pesticide degradation (Cycon et al., 2011). A similar
effect on growth was observed when MSM media is
augmented with yeast extract. The increased CFU mL™' was
observed in first two weeks of the experiment and then the
growth decreased, which indicates depletion of glucose in the
medium.

In our study, fourier-transform infrared spectral analysis
was carried out to check chemical degradation of polyethyl-
ene. Low- and high-density polyethylene are made of the
elements carbon and hydrogen forming chains of repeating —
CH, — units (Rajandas et al., 2012). In the process of
biodegradation of LDPE, enzymes catalyze a specific series of
biochemical reactions that lead to various kinds of chemical
conversions, such as oxidation, reduction, hydrolysis, esteri-
fication, and molecular inner conversion (Harshvardhan and
Jha, 2013). Keto and ester carbonyls have been reported as
major products in the presence of oxidoreductase (Karlsson
and Albertsson, 1998). Analysis of FTIR showed new peaks
when LDPE is treated with bacterial consortia, indicating
polymer breakdown and formation of new functional groups.
The results of scanning electron microscopy have shown that
all those media to which calcium was added showed strong
biofilm development and hence increased biodegradation. It is
also evident in several studies that bacteria release various
surface-active substances extracellularly, which increase the
bioavailability to the polymer. Studies on Pseudomonas sp.
AKS2 showed that the strain was capable of degradation 5 =
1 % of initial LDPE in 45 days (Tribedi and Sil, 2013). The
degradation by Pseudomonas depends on its capability to
colonize the surface of the polymer and degrade it. Addition
of calcium increases biofilm development of Xylella fastidiosa
under in vitro conditions (Cruz et al., 2012). The efficient
increase in formation of biofilm was observed when at least
1.0 mM CacCl, was added in the medium. There was no effect
of Ca on attachment when bacteria were treated with
tetracycline, indicating that Ca has a regulatory role in
colonization or attachment of the cells. In another study, Ehret
and Bo6l (2013) showed that Ca ions crosslink alginates, which
is the key constituent of the extracellular polymeric material
produced by the mucoid P. aeruginosa strain to produce
biofilms. Ciferri reported a list of bacteria responsible for
degradation of paints (Ciferri, 1999).

In the present study, SEM showed discoloration, spots,
erosion, and cracking on the surface of polyethylene film.
Modification on the surface of polyethylene after bacterial
treatment was also reported by (Matsunaga and Whitney,
2000). Formation of pits and erosion on the surface of LDPE
when observed through electron microscopy when incubated

with Fusarium sp. indicating adherence and degradation of
LDPE (Hasan et al., 2007).

Bacteria capable of adhering to plastic surfaces, growing,
and possibly degrading it by oxidation are commonly present
in soil. Microorganisms that can adhere to the surface of pre-
oxidized PE are also commonly present in soil. If the pre-
oxidant technology is commonly employed in the PE
manufacturing process, one can expect that these plastics will
be able to degrade in waste disposal sites. In the current study,
structural and surface changes in PE in the form of depression,
pits, and erosions were visible in SEM. Physical erosion of the
surface of polyethylene observed through SEM by fungi has
been reported by Bonhomme et al. (2003). Polymer treated
with microorganism loses its physical strength and disinte-
grates on applying mild pressure. Wide spread pits and holes
in polycaprolactone surface are reported by Shaw et al. (2015)
after ten days of incubation with thermophilic bacterium
Ralstonia sp. strain MRL-TL. SEM has shown that biofilms
develop on the surface of polyethylene with time by PE-
degrading bacteria. It is known that formation of biofilm on
the surface of plastics favors adhesion of bacteria on the
surface and helps them survive under low nutrient conditions
and to use polyethylene as their source of carbon (Linos et al.,
2000).

CONCLUSIONS

Our study indicates that antibiotic producing bacteria in
consortia isolated from a limestone cave could degrade the
synthetic polymer polyethylene. Maximum biodegradation
was observed when the medium was augmented with calcium
salt, indicating higher degradation potential of bacterial
consortia when in a medium close to the natural chemical
composition of their native environment. Spectroscopy and
microscopy results showed certain changes in low-density
polyethylene test samples as compared to a control, indicating
microbial breakdown of LDPE. Further research is needed to
understand the mechanism of degradation of LDPE at a
molecular level. All the bacterial strains were found to viable
at the end of the experiment.
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