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Abstract:

Keywords:

Folia are speleothems that resemble bells, inverted cups, or bracket fungi, and whose origins
are still controversial. Cenote Zapote (an underwater cave) in the Yucatán Peninsula (México),
is home to some of the largest folia reported to date. These speleothems are currently
growing in an active underwater system, meaning this site offers an excellent opportunity
to constrain the different formation models proposed for folia, which have traditionally
relied on inactive examples. In Cenote Zapote, folia are closely related to bubble trails and
cupolas, suggesting an underwater CO2-degassing process. In thin section, they display a
succession of columnar-open and columnar-elongated endings in micrite-dendritic fabrics.
Our petrographic and geochemical results demonstrate the abiotic origin of these folia and
indicate carbonate precipitation from cold water by CO2 degassing below the water table that
started at least 5,210 yrs BP. We conclude that these folia formed as a result of subaqueous
calcite precipitation around CO2 bubbles trapped below overhanging walls of the cave. The
sequential alternation of columnar and micritic fabrics can be explained by changes in the
position of the halocline and H2S-rich water mass while the exceptional size is the result of
carbonate precipitation from waters saturated in CaCO3 during thousans of years. Then we
propose the classification of these speleothems as a subtype of folia. This subtype could be
named Hells Bells, respecting its original description.
folia, bubble trails, karst, cenote, underwater caves, speleothems, Hells Bells
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INTRODUCTION
The origin of folia speleothems is still a matter of
debate among karst researchers (Kolesar & Rigg,
2004; Audra et al., 2009; Queen, 2009; Davis, 2012;
Stinnesbeck et al., 2018). Folia speleothems typically
resemble inverted rimstone dams, inverted cups,
bells, or bracket fungi growing downwards (Hill &
Forti, 1997; Audra et al., 2009; Davis, 2012) (Fig. 1)
and have been reported in at least 30 caves worldwide
*ralopezm@geologia.unam.mx

(e.g., Audra et al., 2009; Davis, 2012; Gázquez &
Calaforra, 2013; D’Angeli et al., 2015). They often
appear close to other subaqueous speleothems,
including calcite rafts, mammillary crusts, calcite
raft cones, and “mushrooms” (Gázquez & Calaforra,
2013; D’Angeli et al., 2015). Even though most
examples of folia have been reported in hypogenic,
hydrothermal caves, there are also some cases
described in epigenetic, cold-water caves (Plan &
De Waele, 2001).
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Fig. 1. Some examples of folia reported in caves around the world. A) Cueva de Santa Catalina, Cuba; B) Pal Volgyi Cave, Hungary
(A–B photographs by Philippe Crochet); C) Sima de la Higuera (Murcia, Spain; photograph by Andrés Ros); D) Grotta Acqua Mintina
(sulfur folia; photograph by Marco Vattano).

Past works
Though identification of folia is relatively simple
because of their typical shape, the mechanisms
involved in their genesis and classification are still
controversial. Indeed, Audra et al. (2009) proposed
that only calcite forms can be considered as real folia,
while Davis (2012) includes a variety of shapes and
mineral for the term. Despite most folia reported to
date being made of calcite, some examples of folia
composed of native sulfur have been described (Hose et
al., 2000, 2009; Lugli et al., 2017; D’Angeli et al., 2018).
At present, two main models explain the formation
of folia, including (1) precipitation at the air-water
interphase as a “border” speleothem and (2) underwater
formation througth CO2 degassing, biologically, or
other processes. Davis (1997, 2012) explained the
growth of folia by accretion of particles at the air-water
interface, including calcite precipitation brought
about by CO2 degassing and occasional evaporation.
As such, the water level fluctuations determine the
vertical distribution of the folia on the cave walls and
ceilings. More recently, D´Angeli et al. (2015) provided
robust geochemical and textural evidence for folia
precipitation at the air-water interface as “border”
speleothems in Santa Catalina Cave (Matanzas,
Cuba). Their results also allowed the reconstruction
of sea level variations and uplift rates in that region
(De Waele et al., 2017, 2018). A similar approach was
used to explain the formation of folia in the Devil’s
Hole (Nevada, USA) (Kolesar & Rigg, 2004).
In contrast, some authors have proposed a formation
model for folia that involves subaqueous carbonate
precipitation tens of centimetres to metres below
the water surface. These include the underwater

precipitation model proposed by Green (1991, 1997),
later adopted by Audra et al. (2009) that conceives
folia as subaqueous speleothems in the strict sense.
In particular, Green (1991; 1997) claimed that the
genesis of folia is directly related to the accumulations
of CO2 bubbles stemming from the degassing of
thermal water that gets trapped by wall irregularities
with calcite precipitation downwards around the
bubble-water interface. A similar approach was used
by Audra et al. (2009) to interpret the formation of
folia and bubble pockets in Grotte de l’Adaouste
(Provence, France) as well as in other caves worldwide.
These authors highlighted the importance of cave wall
geometry, as it plays a decisive role in controlling the
genesis of folia.
As the debate is still ongoing, Davis (2012)
challenged the scientific community to find (1) active
folia sites with evidence of deeper bubble degassing
(to rule out the possibility of surface degassing) and
(2) brine/fresh-water mixing environments with no
precipitation of calcite rafts. Here we present field and
petrographic folia results from Cenote Zapote (Yucatán
Peninsula, México) that fulfill these requirements.
These speleothems were first studied by Stinnesbeck
et al. (2018), who developed a genetic model based on
biological-mediated processes (excellent videos about
diving in Cenote Zapote are available at: https://
www.youtube.com/watch?v=28qQzQ36sXc).
Although these authors did not refer explicitly to
the term folia, their morphologies match those of folia
speleothems. We aim to (1) demonstrate the abiotic
origin of folia in Cenote Zapote speleothems and (2)
shed light on the general genetic model of folia and
their relationship with bubble trails.
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GEOLOGICAL SETTINGS AND SITE
DESCRIPTION
The Yucatán Peninsula is a shallow carbonate
platform composed of a >3000 m thick limestone
sequence (López-Ramos, 1983; Ward et al., 1985,
1995). The whole peninsula has been affected by
intense karstification processes, resulting in a high
density of karst systems, including the most extensive
underwater caves in the world (Sac Actun Cave is
368 km in length) (https://caves.org/project/qrss/
qrlongesp.htm).
The genesis and enlargement of these caves came
about as a result of two speleogenetic processes:
dissolution at the halocline (seawater-freshwater
mixing) (Beddows, 2004; Smart et al., 2006) and
oxidation of organic carbon (Gulley et al., 2016).
Cenote Zapote (Fig. 2) is a typical vertical pit-cenote,
about 20 km inland in Quintana Roo state, México.
It was first surveyed by Vicente Fito, who discovered
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the speleothems and named them as “Hells Bells”
(Stinnesbeck et al., 2017).
The cenote is about 60 m deep (50 m infilled by
water) with an “hourglass” shape. A narrow vertical
conduit connects two large voids, and no horizontal
passages exist. In the central part, there is a massive
accumulation of debris, as a result of the roof
collapsing, accompanied by a large amount of organic
matter, including leaves and remains of an ancient
ceiba tree (Ceiba pentandra) dated to 3,568–3,453 cal
yr BP (Stinesbeck et al., 2018).
Cenote Zapote hosts a stagnant water body with a
stratified water column that can be divided from top
to bottom into fresh oxygenated water (0–30 m); brine
water with a sulfide cloud (30–40 m) and briny oxygendepleted waters at the bottom (40–50 m). A detailed
description of the water chemistry can be found in
Stinnesbeck et al. (2018) and Ritter et al. (2019). Folia
appear at a depth ranging from ~29 to ~36 m, but some
initial stages of growth were documented at ~39 m.

Fig. 2. A) Location and map of Cenote Zapote in the Yucatan Peninsula. Cenote Zapote is located near Puerto Morelos in the Mayan “Ruta
de los Cenotes”; B) Note the hourglass shape of the cenote and the water-column stratification, including the mixing zone with hydrogen
sulfide; C) General view of the folia on the overhanging wall; D) The bottom is covered with an extensive debris cone of organic matter,
including leaves and wood, which is the source of the hydrogen sulfide. The map of the cenote was modified from Stinnesbeck et al. (2017).
International Journal of Speleology, 49 (3), 173-186. Tampa, FL (USA) September 2020
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METHODS
Documentation and sampling of the folia were
conducted in July 2015 with typical cave diving
procedures. Three small samples of the folia at different
growth stages were taken from non-visible locations
to avoid deterioration of the cave. Morphologies and
structures were measured in situ and documented by
photography and video.
Petrography and mineralogy
We analyzed longitudinal and cross thin-sections
of samples under an Olympus BX51 microscope.
In addition, thin sections were examined under
epifluorescence of 590 nm for the detection of organic
compounds such as fulvic acids (van Beynen et al.,
2001; Brennan & White, 2013). For the description
of fabric, we adopted the terminology of Frisia et al.
(2000) and Frisia (2014), whereas for layer boundaries
we used the terminology of Railsback et al. (2013).
We selected four samples (Fig. 3) at different stages
of folia growth for mineralogical analysis by powder
X-ray diffraction at the National Laboratory of
Geochemistry and Mineralogy (LANGEM), part of the
Institute of Geology, National Autonomous University
of México (UNAM), México. We used an EMPYREAN
XRD diffractometer operating with an accelerating
voltage of 45 kV and a filament current of 40 mA,
using CuKα radiation, nickel filter, and PIXcel 3D
detector. The sample was scanned in the 2θ angle
range of 4-70° measured with a step size of 0.04° (2θ)
and 40 s scan step time. The diffraction patterns were
analyzed with version 4.5 of the HighScore program
with reference patterns from the ICDD PDF-2 and
ICSD databases.

Fig. 3. Position of the samples used for X-ray diffraction and stable
isotope analysis. Zap 2 represents the initial growing phase, whereas
Zap 1 shows the well-developed crystals. Sample Zap 2A was
selected for U/Th dating.

Geochemical analyses
Four powder subsamples (~0.9 mg) were extracted
from sample Zap1 and Zap2 using a micro drill (Fig. 3)
and analysed for stable carbon and oxygen isotopes
(δ13Ccarb and δ18Ocarb) at the National Laboratory of
Geochemistry and Mineralogy (LANGEM), part of the
Institute of Geology, National Autonomous University
of México (UNAM), México. The carbonate was
reacted with orthophosphoric acid at 25°C for 54 h

under vacuum conditions following the guidelines of
McCrea (1950). After that, the released CO2 was
analysed by a Thermo Finnigan MAT 253 mass
spectrometer coupled with a Gas Bench II. Results
are reported in per mil versus V-PDB (Vienna Pee
Dee Belemnite) with reproducibility within 0.2‰ for
δ13Ccarb and δ18Ocarb.
The age of the inner part of sample Zap 2A (Fig. 3)
was determined by U-Th dating, using a ThermoFinnigan Neptune Plus at Centro de Geociencias,
Juriquilla Campus, UNAM (Querétaro, México),
following the conventional method described
elsewhere (McCulloch & Mortimer, 2008; HernándezMendiola et al., 2011).

RESULTS
Morphologies
Bubble trails and cupolas
Bubble trails were first recognized in the karst
literature by Chiesi & Forti (1987) and are closely
related to folia (Audra et al., 2009). They are small
subaqueous channels carved into the carbonate host
rock of the cave wall, as a result of dissolution due to
the rise of CO2 bubbles (Audra et al., 2009). In Cenote
Zapote, some morphologies are the result of such a
process, including bubble trails, and cupolas (Fig. 4).
Morphologies vary from certain structures
resembling inverted rillenkarren, trittkarren, and
kamenitza (Fig. 4A-C) to channels (Fig. 4C-E) (see
examples of these structures in subaereal conditions
in picture 4.11, page 48, and picture 4.46, page 135
of Veress, 2010). Channels are straight to slightly
curved depending on irregularities and variation of
the slope of the overhanging walls. Width generally
decreases upwards, with a maximum of 25 cm.
Fig. 4C shows the relationship between bubble trails
and cupolas in Cenote Zapote, where small channels
(arrow 1) feed a cupola (arrow 2). Beyond the point
where the cupola cannot store all the gas supplied by
these feeding channels, a decantation runnel allows
the excess gas to escape (arrow 3).
Folia
In Cenote Zapote, folia occur on the overhanging
walls (Fig. 2), and their lengths vary from 1-2 cm to
up to 2 m. Their cross-sections can be seen as arch
shapes with various degrees of amplitude (Fig. 5A, B).
Nonetheless, they do not grow around the entire
circumference from the beginning, as displayed in
Fig. 5C, where 1-5 represent different stages of growth.
Initially, folia growth starts as an inverted “knobby
stalagmite” (Fig. 5C). As it continues growing, it
develops a “stem” (Fig. 5D). After that, the outer part
of the stem grows faster while the inner is laggard,
leading to the formation of an apex. During the last
formation stage, well-developed crystals precipitate
on the surface, very similar to phreatic overgrowth
(Fig. 5D). Generally, well-developed folia display a
composite pattern, with numerous small folia growing
over bigger ones (Fig. 5E). Note that moving up the
wall, folia decrease in size until they disappear. They
also tend to be flatter in shape. (Fig. 5F).
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Fig. 4. Morphologies of bubble trails. A) General view of the relationship between folia and bubble trails; B) Detailed view
of picture A. Note the similarity between the inverted rillenkarren, trittkarren and kamenitza; C) Morphologies of bubble
trails and their relationship with cupolas. Arrow 1 denotes bubble trails feeding a cupola (arrow 2) and arrow 3 points to a
decantation runnel which allows the excess gas to escape. Arrow 4 indicates a gas bubble product of the diving activity;
D–E) Details of the bubble trails on the upper part of the roof (see arrows). Note that moving up the wall, the folia size
decreases, until only bubble-trails appear.

Textural observations and mineralogy
The studied folia display irregular alternate
banding of white (spar) and dark (micrite) laminae
(Fig. 6A, B). In the longitudinal section, laminae are
thick along the growth axis and become thinner to
both sides (Fig. 6A). This part of the stem resembles
a stalagmite, although the first can be observed in
the cross-section of the apex (Fig. 6B). Here, the first
steps of speleothem growth show a “flower” pattern
with multiple nucleation centers and the first steps
of preferential growth in one direction. Small dots,
mainly concentrated in the micritic parts, are made
of pyrite (FeS2) and siderite (FeCO3), as confirmed by
XRD analyses (Table 1).
The growth succession starts with columnaropen fabric, continues with columnar-elongated,

and ends with micritic-dendrite fabric (Fig. 6C).
The columnar-open fabric displays a series of wellformed calcite crystals with different orientations
and high inter-crystalline porosity (Figs. 6D, E, 8A).
Under epifluorescence, the crystals exhibit bands
with different degrees of fluorescence (Fig. 6E).
We observed that the crystals display flat-convex
surface terminations (Fig. 8B, arrows 1 and 2). These
terminations are typical of growth at an air-water
interface along which the air limits the development
of crystals (e.g., Kovacs et al., 2017b).
The columnar-open fabric to columnar-elongated
(Ce) fabric transition displays large calcite crystals
following a preferential growth direction and some
slightly divergent crystallites (Fig. 7A). This fabric
exhibits blade termination (Fig. 7B) covered with
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Fig. 5. Details of folia morphologies. A) Vertical downward view. Note the different morphologies from full circumference to semi-circumference
with coiling edges; B) Features of the typical folia resembling inverted rimstone; C) Various growth stages of folia (1-5) starting from a “knobby
stalagmite” and finishing in a well-developed circular folia. Some cupolas are full of gas; D) Details of the first stages of the folia. On the left side is
the stem and apex of the folia, while on the right is the crystalline phase; E) Folia speleothems at different development stages. Number 1 indicates
the “knobby” part with apex development, whereas 2 shows the full folia in the crystalline phase, and 3 shows a composite type, with small folia using the
bigger ones as a substrate. Note that folia grow in the opposite direction to the substrate, which can be the wall or other folia; F) Higher up the wall,
the folia decrease in size, and their shapes tend to be flatter. Scales are approximate due to various depths of field in photos in A, B, C, E, and F.
Table 1. Mineralogical and isotopic composition of the studied samples.

Zap 1A

Calcite
(%)

Siderite
(%)

Quartz
(%)

Pyrite
(%)

δ13C
(‰)

δ18O
(‰)

99.5

-

0.5

-

–12.5

–5.2

Zap 1B

100

-

-

-

–12.7

–5.1

Zap 2A

99.1

0.9

-

-

–12.4

–5.2

Zap 2B

>99

Traces

Traces

Traces

–11.9

–5.3
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Fig. 6. Petrography of the folia from Cenote Zapote. The arrow indicates the growth direction. A) A longitudinal cut through the stem of the folia.
The light laminae are formed of spars, while the dark ones are micrite. Note how the laminae are thicker in the growth axis and thinner to the
sides, similar to stalagmites; B) Cross-section of the apex. Small dots of pyrite and siderite appear within the micritic bands; C) Evolution of the
calcite fabrics from columnar-open to columnar-elongated and finally micritic-dendrite fabric. The arrow indicates the growth direction; D) Columnaropen fabric under planar polarization; E) The same fabric subject to epifluorescence of 590 nm. Note the different fluorescence grades related to
the presence of organic substances with low molecular weight.

a dark micritic fabric (M). The elongated columnar
and micrite displays a Type-E contact (dissolutionerosion), according to Railsback et al. (2013), with
the presence of micro-cavities (Fig. 6C) and coated
particles along the border (Fig. 7D).
The micrite fabric is dark under plane polarization
and is variable in width, from very thin (as in Fig.
7B) to a more developed band. This is a result of a
destructive process of micritization of the previous
fabric (mainly elongated columnar). Micrite is more
luminescent under UV light, suggesting the presence
of soil-derived organic compounds (e.g., fulvic acid) at

the time of formation. Within the micrite layer, some
examples of dendritic fabric (D) with typical scaffoldlike morphology have been found (Figs. 7H, 8C, D).
In places, the formation of in situ micrite (particle
size less than 2µm) from the destruction of columnar
fabric can be observed (Fig. 8D-F).
Geochemical analyses
The δ¹³CVPDB values of the studied samples range
from –11.9 to –12.7‰, whereas the δ18OVPDB values
vary from –5.1 to –5.3‰ (Table 1). The inner part of
sample Zap2 2A is 5,210 ± 140 yr BP (Table 2).
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Fig. 7. Petrography of the folia from Cenote Zapote. A) Columnar-elongated fabric (cross-polarisation); B) The columnar-elongated
fabric ends in a blade shape alternating with a micritic zone; C) Dissolution micro-cavities in contact with the columnar-elongated fabric
and micrite zone; D) Coated particles along the contact between both fabrics; E–F) Contact between well-developed crystals and
micrite viewed in plan polarized (E) and under epifluorescence (F) light. Note the micritization process is destroying the crystal. The
epifluorescence shows a more fluorescent micrite due to the presence of organic compounds; G) Greater detail of the micritization
process; H) Dendritic fabric with the typical scaffold-like morphology.
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Fig. 8. SEM observation of the studied folia samples. A) General view of the columnar-open (Co) and columnar-elongated (Ce)
fabrics; B) Details of the crystallites in the columnar-open fabric. Arrow 1 indicates the flat termination surface of the fabric, while
arrow 2 shows a crystallite with convex shape growing from the near-flat surface; C) Micritic fabric with the details of the scaffoldlike morphology; D) Broken edges of calcite crystals with the formation of in situ micrites (particle size less than 2 µm); E) The same
process of micrite formation (M), starting from columnar fabrics (C); F) Details of dissolution features (D) in the columnar fabrics
leading to the creation of micrite particles.
Table 2. U-Th dating data for sample Zap 2A.
Sample
Zap 2A

238
U
(ng/g)

232

Th (ng/g)

644.8 ± 0.3 0.3913 ± 0.1004

Th/232Th
(activity)

230

252 ± 9

Th/238U
(activity)

234
U/238U
(activity)

δ234Um
(‰)

δ234Ui (‰)

Age (ka)
Uncorr.

Age (ka)
Corr.

0.047 ± 0.001

1.02 ± 0.001

22.6 ± 1.3

23 ± 1.3

5.21 ± 0.14

5.19 ± 0.14

230

DISCUSSION
Bubble trails-folia connection and conditions for
subaqueous calcite precipitation in Cenote Zapote
Previous studies suggested that all the folia formation
stages in Cenote Zapote occurred underwater and that
the vertical variations of the halocline is connected to
regional recharge of the aquifer during storms which
affected their growth (Ritter et al., 2019). However,
these authors did not note the presence of bubble
trails, which are closely related to folia formation in
this cave.

Owing to hydrostatic pressure, CO2 in underwater
environments generally remains dissolved at depths
>40 m (Audra et al., 2009). Once the pressure decreases,
it tends to escape from solution and forms small
bubbles. The CO2 bubbles are channelled along bubble
trails, move upwards, and dissolve the limestone cave
walls, which releases the Ca2+ necessary for secondary
carbonate precipitation. The CO2 degassing from the
bubbles occurs by diffusion to the water surrounding
the bubble, triggering calcite precipitation along its
edge. The flat-curved edge of some crystallites (Fig. 8B)
is typical of crystals growing at the air-water interface
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(e.g., calcite rafts; Kovacs et al., 2017b) and supports
the hypothesis of calcite growth in connection with
CO2 bubbles. As a result, folia usually occur along the
edges of bubble trails and cupolas (Fig. 9A, B) that are
located below overhanging walls, as observed in other
caves (Audra et al., 2009). No evidence for biologicallymediated calcite precipitation has been detected (e.g.,

mineralized microbes, stromatolitic structure, etc.;
Jones, 2001), which means that the formation of
folia in Cenote Zapote is an abiotic mechanism. This
contrasts with previous studies that classified these
folia as “biothems” (Stinnesbeck et al., 2018), which
in our view, is not correct and agree with results of
Ritter et al. (2019).

Fig. 9. Relationship between the growth of folia (F) and dissolution structures, including cupolas (C) and bubble trails. A-B) on the upper part of the
wall, folia are scarce, and it is possible to observe the relationship more clearly. Folia appear more commonly on the upper part of the cupola, but
small forms also appear to the sides of the bubble trails.

The δ18OVPDB values of the carbonate (–5.1 to –5.3‰)
indicate that these speleothems precipitated from freshwater (δ18Owater ~–4 to –5‰, relative to the international
standar V-SMOW) at a relatively low temperature
(~20oC) ruling out hydrothermal/hypogene calcite
precipitation, that usually gives rise to lower δ18OVPDB
values (e.g., Gázquez et al., 2018). In addition, the
δ13CVPDB values (–11.9 to –12.7‰) indicate that the
primary source of carbon for carbonate precipitation
was the decay of organic matter, including the organic
debris in the bottom and leaching from the soil above
the cave, rather than CO2 from hypogenic processes
(Gázquez et al., 2018). Likewise, the δ234U of 22.69 ±
1.34‰ does not point toward seawater contributions
(δ234Usea of 146.8 ± 0.1‰; Andersen et al., 2010)
during calcite precipitation, but crystallization from
a fresh-water lens. Our U-Th dating results show
that the Cenote Zapote folia grew at least as early as
5,210 ± 140 yr BP. Stinnesbeck et al. (2018) reported
slightly younger ages (<4,500 yr BP) for the same
speleothems. Accordingly, it is possible to extend the
record of these folia by ~1,000 years.
Evolution model of folia formation
The evolution of the Cenote Zapote folia involves
a complex mechanism that combines carbonate
dissolution and precipitation. Initially, the roof of
the cenote collapsed, allowing the input of a large
amount of organic matter into the stagnant water.
Organic matter oxidation led to the consumption
of dissolved O2 in the lower water lens and due to
bacterial sulfate reduction processes, CO2 and H2S
are produced. The CO 2 bubbles trapped in some
wall irregularities produce a water-gas interface
and CO2 degassing, leading to calcite precipitation
along the edges of the bubble in a tangential position
(Fig. 10A, B). The studied samples display nucleation
centres corresponding to the top of the bubble.

This process also explains the circular shape of
the folia.
On sub-vertical walls, the most efficient CO2
degassing and calcite precipitation occurs in the outer
part of the bubble (as opposed to the wall) because
there is more space for crystal development (Fig. 10B).
In contrast, bubbles trapped in an almost horizontal
position develop without a preferential growth
direction and display near-circular shapes (Fig. 10A).
In summary, the morphology of the substrate on
which folia form controls their shapes.
Subsequently, precipitation of columnar-open fabrics
changes to columnar-elongated fabrics. The exposition
of the columnar-open fabric to the calcium carbonate
saturated fresh-water lens leads to the growth of large
crystals typical of the columnar-elongated arrangement
(Fig. 10F). This crystal development is interrupted
by the periodic elevation of the halocline (Fig. 10G).
During this time, the columnar fabrics are partially
dissolved by calcium carbonate unsaturated water,
which is slightly acidic because of the presence of H2S.
At this stage, micrite calcite forms. As evidenced
by the luminescence, soil-derived compounds
are incorporated into the calcite at this stage, which
are probably more abundant in the water lens under
the halocline. Additionally, this process occurs in
oxygen-depleted water, leading to the precipitation of
pyrite and siderite. The presence of pyrite and siderite
within the micrite bands is a strong evidence that its
formation is influenced by microbial activity in lowoxygen conditions similar to those described in marine
environments (Wilkin et al., 1997; Wignall et al., 2010;
Núñez-Useche et al., 2016; Martínez-Yañez et al.,
2017). Once the mixing zone moves back to a deeper
position, the micrite fabrics become exposed to the
saturated fresh water lens and act as nucleation points
for the development of new columnar fabrics (Fig. 9G),
as observed elsewhere (Dickson, 1993).
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Fig. 10. Genetic model of folia formation in Cenote Zapote and the calcite precipitation process occurring in the gas bubble, depending on the wall
morphology. At this stage (A), the precipitation of the columnar-open fabrics occurs along the horizontal parts of walls. In this case, calcite crystals
precipitate around the bubble, leading to the formation of circular folia; B) In sub-vertical walls, the calcite crystals tend to precipitate along the
boundary of the bubble-wall zone; C-E) The shape of the folia is related to the wall inclination and morphology. It can vary from circular (C, D) to
slightly flat (E); F) Once exposed to calcite saturated fresh water, the columnar elongated crystal grows out from the previous open-elongated.
G. The rise of the halocline due to seasonal or sporadic events (e.g., storms or hurricanes) exposes the calcite crystals to non-saturated waters
leading to dissolution. This process produces micrite fabrics; H) Once the halocline returns to normal levels, the micritic fabrics act as a precipitation
nucleus for a new generation of columnar elongated calcitic fabric. The repetition of these process within saturated and stagnant waters allow the
rapid growth and exceptional size of the folia in the Cenote Zapote.
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Abstract:

Keywords:

Classically, the Upper Cretaceous Chalk Group aquifer of northwest Europe is conceptualized
as a homogenous dual-porosity aquifer, with high porosity related to its fine-grained porous
matrix, and intermediate hydraulic conductivity associated with fractures. However, an
increasing number of hydrological studies visualize the Chalk as a heterogeneous karst aquifer
due to the localised presence of dissolutionally enlarged conduits. Field investigation suggests
that cave development is guided by distinct stratigraphical and tectonic discontinuities within
the rock mass. Identifying which potential inception horizons within the Chalk aquifer are
favoured, and why, is important for developing future robust conceptual models of groundwater
behaviour. This study focusses on the Chalk of the Upper Normandy region in France where
karstic conduits are common and are linked to major sources of groundwater for public water
supply. We analyse the geometry and geomorphology of six chalk caves exposed in the Seine
Valley with an aggregated length of over 5.7 km, along with other caves in southern England,
and identify the key inception horizons associated with their development. The data shows that
prominent Turonian, Coniacian and Santonian hardgrounds have influenced the development
of 68% of the studied caves length, with sheet-flints and marl seams also playing a prominent
role. Caves developed on or between hardgrounds typically display a complex interlinked
anastomotic passage network, whereas passages subjected to paragenetic conditions
caused by a high sediment flux tend to be concentrated into fewer, larger conduits. The new
evidence from Normandy and Southern England demonstrates the role of lithostratigraphy,
and in particular stratigraphical discontinuities on conduit development. The data reinforces
the idea that the Chalk aquifer should be viewed as a heterogeneous triple porosity karstic
aquifer, in which conduit development is influenced by key stratigraphical discontinuities. This
improved conceptual model can be used to develop better groundwater flow models and
improved catchment delineation.
cave, chalk, groundwater, hydrogeology, karst aquifer, speleogenesis
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INTRODUCTION
The Upper Cretaceous Chalk Group of north-western
Europe is a major groundwater aquifer covering over
120,000 km2 and supplying more than 60% of the
drinking water of northern France, southeast England,
Belgium, Denmark and the Netherlands (Price et
al., 1993). It comprises a sequence of fine grained
micritic limestones 300-600 m thick formed mainly
by the accumulation of carbonate coccolithophores
(<10 µm in size) and, locally, algae nannoconus
and calcispheres (Mortimore, 2019). Therefore, the
groundwater chemistry is dominated by Ca-HCO3
*carole.nehme@univ-rouen.fr

(Valdes et al., 2014). Although it possesses a high
primary porosity (14-46%), hydraulic conductivities
for bulk samples are generally very low even though
measurements of transmissivity commonly exceed
1000 m2 day-1 (Descamps et al., 2017). Values typically
range between 10-4 and 10-2 m day-1 (Price et al., 1976),
although locally they can be higher, up to 0.28 m day-1
(Rahman & Rosolem, 2017; Thiéry et al., 2018). Much
of the conductivity is within secondary porosity due to
fracturing or dissolution (Arbonnier et al., 2004; Zouhri
et al., 2009; Mougin et al., 2011). This accounts for
the bulk of the specific yield (Price et al., 2000) and
the hydraulic conductivity or transmissivity (Allen et
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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al., 1997). Due to the high porosity of the rock matrix,
the Chalk is normally considered as a dual-porosity or
double-permeability aquifer (Butler et al., 2014; Azeez
et al., 2015; Zghibi et al., 2016; Descamps et al., 2017;
Hakoun et al., 2017). Storage is predominantly within
the matrix. Up to 90% of the porosity is contained
within pores 100-600 nm in size (Faÿ-Gomord et al.,
2016), but hydraulic conductivities are low because the
typical pore throat diameter of 0.5 µm is too small to
permit efficient flow (Price et al., 1976).
Traditionally, the Chalk is viewed as being a
homogeneous medium, with flow and contaminant
transport by a combination of slow matrix flow and
more rapid fissure flow (Le Vine et al., 2016). The role
of dissolution and the development of secondary karst
permeability is often not considered or it is assumed
to have a minor role in aquifer development (Roux et
al., 2019). Nevertheless, dissolution cavities, sinking
streams, conduits, sinkholes and other karst features
have been reported in the Chalk (MacDonald et al.,
1998; Laignel et al., 2004; Maurice et al., 2012; Grube
et al., 2017). Lamont-Black and Mortimore (2000)
described the role of mixing corrosion in the formation
of karstic conduits related to hardgrounds, sheetflints and marl seams. In practice, in many areas,
the functioning of the Chalk groundwater system is
rather more similar to a karst aquifer than a granular
or single porosity media (Bloomfield et al., 2013;
Barhoum et al., 2014). Flow velocities measured from
tracer tests can be >300-400 m h-1 (Maurice et al.,
2006; Keim et al., 2012) and spring discharges in
excess of 5 m3 s−1 (Brenner et al., 2018). For these
reasons, an increasing number of hydrogeological
studies consider the Chalk as a triple porosity aquifer,
with a combination of fracture and matrix porosity,
and localized karst permeability (Mangin, 1975;
Pennequin et al., 2017), or just as a karst aquifer
in which karstification is less well developed than
in other more massive and indurated limestones
(Maurice et al., 2006; El Janyani et al., 2014).
Notwithstanding the above, the Chalk aquifer is
still far too often visualized as a homogeneous porous
medium (Brenner et al., 2018), rather than a karstic
aquifer. Only a few studies have considered the
role of lithological heterogeneity and stratigraphical
discontinuities on groundwater flow (Descostes et al.,
2012; Gallagher et al., 2012; Barhoum et al., 2014).
In many karst aquifers, the role of lithology on
conduit development can be evaluated through the
direct exploration of active conduits. Hydrologically
active caves offer a window on contemporary
groundwater flow within the aquifer. Whilst large
springs are common in the Chalk, indicating the
existence of significant conduit systems, the conduits
feeding them are usually inaccessible. Most are
blocked by sediment, too small to enter, or rendered
inaccessible by public water supply infrastructure.
An alternative way to investigate the role of lithology
on karst development in the chalk aquifer is through
the direct investigation of relict chalk caves. Caves are
protected from surface erosion and degradation, and
preserve evidence of past flow history and conduit
development over long timescales.

In this paper, we examine the role of Chalk lithology
on karst development through the study of relict caves
in the lower Seine Valley in northern France. Over 6
km of Chalk caves have been explored and surveyed
in the region (Rodet, 2007). We combine a detailed
analysis of the geometry and geomorphology of six
study caves totalling 5.7 km in length with a study of
karstic conduits exposed on coastal cliff sections in
Normandy and southern England. The stratigraphical
position of these caves and conduits is assessed
using a high resolution stratigraphical framework,
which enables us to identify the key lithological
horizons that guide conduit development. Additional
evidence from springs and other caves are also used.
Not only do caves provide evidence of stratigraphical
guidance of groundwater flow (Lowe, 2000), but the
cave geomorphology also yields information on the
paleohydrology of the aquifer (Palmer, 1991). Caves
formed in the phreatic and epiphreatic zones have
a distinctive passage morphology, and past flow
directions can be ascertained through the examination
of asymmetric dissolutional flow markings known
as scallops. The wider geomorphological and
hydrogeological setting can be derived from the
geometry, spatial and vertical distribution of conduit
networks (Nehme et al., 2020).

SETTING
The Upper Normandy region of northern France
(Fig. 1A, B) comprises an extensive plateau developed
at an elevation of 100-200 m above sea level (asl).
This plateau is incised to a depth of ~100 m by the
Seine River, a major river system that drains much
of northern France with a catchment area of ~76,000
km2. The region has a temperate maritime climate,
with mean monthly temperatures between 3 and
17ºC, and 600-1100 mm annual precipitation.
Around 90% of the region is underlain by the
Upper Cretaceous Chalk Group, a sequence of flinty
limestones up to 350 m thick deposited on the
western margin of the Anglo-Paris Basin (Lasseur
et al., 2009; Mortimore, 2019). The geological
structure is relatively subdued, characterised by
gentle folds with sub-horizontal bedding (<10º dip),
and punctuated by occasional large faults with up to
200 m of displacement occurring during the Turonian
to the late Miocene (Duperret et al., 2012; Gupta et
al., 2017). Around 90% of the Chalk is covered by
Cenozoic and Quaternary sediments up to 50 m thick.
These comprise outliers of Paleogene sand and clay,
Pliocene-early Pleistocene marine and fluvio-marine
sand preserved in karst depressions (Hauchard &
Laignel, 2008), up to 40 m of Clay-with-Flints derived
from the in-situ weathering of the Paleogene cover
(Catt, 1986; Quesnel et al., 2003), Quaternary fluvial
terrace deposits, and Upper Pleistocene loess deposits
up to 5 m thickness (Antoine et al., 2016).
Chalk stratigraphy
The dominant lithology of the Chalk Group
is rhythmically bedded, bioturbated coccolithic
biomicrite with variable minor amounts of foraminifera,
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Fig. 1. A) Location of the Chalk Group outcrop in northwest Europe; B) Geological map of the Chalk Group, Upper Normandy.
Around 90% of the Mesozoic bedrock is covered by Cenozoic rocks and Quaternary sediments; C) Generalized stratigraphical
vertical section with Norman geological formations detailed in Fig. 2; D) Study caves in the lower Seine Valley. Geology is based
on data courtesy of BRGM (Van Lint et al., 2003; Quesnel et al., 2008).

ostracod and bryozoan debris (Quince & Bosence,
1991; Mortimore et al., 2001). Locally inoceramid,
echinoderm and crinoid debris form more calcarenitic
beds (Kennedy & Juignet 1974). The succession is
punctuated by numerous regionally extensive lithostratigraphical horizons including hardgrounds,
sponge beds, marl seams, and various types of flint
bands (semi-tabular, nodular and sheet-flints). Some
are local in extent, sometimes arranged in complex
3D geometries; others are more regional scale or
basin-wide features (Woods, 2015; Mortimore, 2019).
They have an important role in the development of
dissolutionally enlarged conduit systems, forming
potential inception horizons along which dissolution
is focused (Lowe & Gunn, 1995; Lowe, 2000).
Hardgrounds, marl seams and sheet flints constitute
beds with low permeability compared to other parts

of the succession (Saïag, 2016; Saïag et al., 2019),
hence they represent permeability barriers within the
Chalk aquifer (Van Buchem et al., 2017; Gaillard et
al., 2018). These barriers are mainly sub-horizontal
due to the relative little effect of the Alpine/Pyrenean
deformation in the Anglo-Paris Basin.
Hardgrounds result from depositional and early
diagenetic events associated with reduced sedimentary
rates and long sea-floor exposure during periods of
low sea-level (Kennedy & Garrison, 1975; Bromley &
Gale, 1982). They are characterized by a thin zone
of cemented, nodular, bored chalk typically 5-20 cm
thick, often mineralized by glauconite and phosphate
(Quince & Bosence, 1991; Juignet & Breton, 1992).
They are a common feature in the Normandy area,
reflecting the basin margin setting. More than fifty
hardgrounds are recognised in the Cenomanian to
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middle Turonian chalks (Juignet & Breton, 1992;
Lasseur et al., 2009; Gale, 2019), with a further
thirty hardgrounds in the upper Turonian to lower
Campanian chalks (Hoyez, 2008). Fewer hardgrounds
occur in more basinal Chalk sequences further north
and east, and across the English Channel in southeastern England. Locally several hardgrounds may
coalesce to form a thick unit of chalkstone up to 2-3 m
thick, such as the ‘Chalk Rock’ of the Chiltern Hills in
England. Sponge beds are similar to hardgrounds in
that they represent hiatuses in sediment deposition,
enabling colonization of the sea-floor by sponges
(Quince & Bosence, 1991). They are characterized
by indurated, often iron stained horizons with fossil
sponge remains.
Marl seams are thin concentrations of terrigenous
clay or in some cases bentonitic ash fall deposits
(Wray, 1999) typically a few cm thick. Some form
distinctive marker beds which can be correlated across
the Anglo-Paris Basin (Mortimore, 2019; Gale, 2019).
Their occurrence and thickness vary both spatially
and temporally through the sequence, thinning over
structural highs. They are common in certain parts
of the succession, notably the Val-St-Nicolas, StPierre-en-Port and Sotteville (New Pit, Lewes Nodular
and Newhaven Chalk) formations, and in the lower
Veulette (Seaford Chalk) Formation.
Flint bands are common and take several forms.
The most common are nodular flints typically 5-40
cm in diameter arranged in horizontal bands spaced
at regular intervals of 0.4-1 m apart through the
succession from the Cenomanian to the lower
Campanian (Quince & Bosence, 1991). The succession
in Normandy is particularly flinty compared to
southern England where flints are absent in the
Cenomanian and early Turonian (Mortimore, 2019).
Sometimes, flint forms semi-tabular bands, some
of which represent identifiable basin-wide marker
beds such as the Coniacian Seven Sisters Flint band
(Mortimore & Pomerol, 1987). Sheet-flints are a
particularly distinctive type of flint formed by the early
silicification of shear planes and other fractures during
diagenesis. They form continuous sheets of flint 1-10
cm thick along existing discontinuities, such as bed
parallel slides (Mortimore, 2011), extending laterally
for tens to hundreds of metres, and exceptionally
kilometres. They are particularly prevalent in the StPierre-en-Port (Lewes Nodular Chalk) Formation.
Other discontinuities were formed during diagenesis
and compression including stylolites (Mortimore,
2011, 2019) and fracture networks. Mortimore &
Pomerol (1987) demonstrated that intra-Cretaceous
tectonism influenced sediment thickness, chalk
lithology and fracture style; factors that are important
for karst development.
In the lower Seine Valley, the Chalk Group can
be divided into nine formations (Figs. 1 and 2),
which are well exposed on the coast (Hoyez, 2008).
These formations are correlated with the Chalk
stratigraphy in southern England (Hopson, 2005;
Mortimore, 2011; Gale, 2019). The engineering and
hydrogeological properties of each formation vary
depending on lithology, the number and extent of

stratigraphical discontinuities, fracture style, and
fracture characteristics including tightness, volume,
connectivity and degree of infilling (Mortimore, 1993).
Chalk aquifer and cave development
In Upper Normandy, the Chalk constitutes a
single karst aquifer 50-350 m thick and over
12,000 km2 in extent. The aquifer is cut by faults
that compartmentalize the aquifer into blocks with
minor differences in behaviour (Slimani et al., 2009;
Pennequin et al., 2017). The water table elevation
varies across the region from 0 to 35 m altitude.
The unsaturated zone is up to ~150 m thick whilst
the saturated zone reaches a maximum of 350 m
thickness in the central part of the Normandy plateau
(Mougin et al., 2011). Water tables and hydraulic
gradients dip ~1º or less towards the Seine River and
to the coast. Fluctuations in the water table show
multi-year variations linked to climatic conditions
and, near the coast and adjacent to the Seine Estuary,
daily oscillations related to tide (Fournier et al., 2008;
Slimani et al., 2009).
Recharge is influenced by the thick low permeable
superficial deposits that cover much of the Chalk
(Valdes et al., 2014). Where the cover is particularly
thick or consists of very low permeable clay, the
aquifer recharge is restricted (El Janyani et al.,
2012, 2014). In areas where the superficial deposits
are thinner, or around the feather edge of Paleogene
detrital rocks, recharge is more focused, favouring the
development of karst features such as stream sinks,
sinkholes (known locally as ‘bétoires’) and sedimentfilled dissolution pipes. Where the superficial cover is
very thin or absent, recharge to the underlying chalk
is more diffuse (El Janyani et al., 2014; Valdes et al.,
2014). In these areas, dissolution still occurs, but is
distributed across many potential flow paths, rather
than being focused in a few specific locations.
Once surface recharge infiltrates down to the Chalk,
flow through the vadose zone is predominantly via
vertical or sub-vertical conjugate fractures (El Janyani
et al., 2014), or more rarely open shafts (Chédeville et
al., 2015), with a slower component migrating down
to the water table via the rock matrix. On reaching
the water table, groundwater flow changes to quasihorizontal conduits and fracture systems to reach
springs in the major valleys or along the coast (El
Janyani et al., 2012, 2014). Flow velocities of 300-400
m h-1 have been recorded over pathways longer than
10 km (Fournier et al., 2008). Aquifer discharge takes
place mainly through the alluvial aquifers of Seine
Valley (Weng et al., 1999) and via karst springs. Some
springs associated with known karst conduits as the
Yport spring have discharges up to 2.5 m3 s-1 (Fig. 1B)
(Roux et al., 2019).
Whilst the occurrence of karst conduits in
Normandy has long been known (Rodet, 2007, 2013),
little attempt was made to systematically relate the
development of these conduits to Chalk stratigraphy.
Recently, Gaillard et al. (2018) highlighted the
role of facies variability and the Tilleul 2 and other
hardgrounds in the Senneville and Pierre-en-Port
formations in the location of coastal springs at La
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Fig. 2. Synthetic stratigraphical section of Upper Cretaceous Chalk Group of Normandy based on Lasseur et al. (2009), Hoyez (2008),
Mortimore (2011, 2019), Gale (2019). Position of the study caves in Normandy and Southern England is indicated in the stratigraphical
section. St-Jouin and Senneville formations were defined by Juignet & Breton (1992), Rouen Fm by Juignet (1980), Fécamp and Val-StNicolas formations by Lasseur et al. (2009), and St-Pierre-en-Port, Veulettes, Sotteville and Vasterival formations by Juignet (1991).

Point de Caux (Fig. 1B). The conduit systems were
developed on hardgrounds but focused along the
axis of synsedimentary channels. Around thirty karst
caves with an aggregate explored length of ~6 km are
documented in the lower Seine Valley (Rodet, 2007).
These epigenic, mostly relict cavities are characterized
by sub-horizontal anastomotic networks of partially or
totally sediment-filled passages converging into larger
tubular or elliptical galleries, forming branchwork
cave networks (Palmer, 1991).
Cave development is linked to the Quaternary
incision of the Seine River, which defines the regional
base level. During the last one million years, repeated

phases of cave formation, cold-stage valley incision and
subsequent terrace aggradation, followed by renewed
conduit development has created a stacked sequence
of ancient cave levels preserved between 5 and 100 m
altitude above current base level (Nehme et al., 2020).
Cave development is also influenced by the influx of
sediment into the conduit system from the overlying
Cenozoic cover (Chédeville et al., 2015). Sediment
is entrained into the conduit system via dissolution
pipes, stream sinks and sinkhole collapse. Repeated
influxes of sediment into phreatic conduits causes
dissolution to be focused upwards on the conduit
ceiling as the passage floors are mantled with sediment.
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Over time, this leads to the upwards enlargement of
the conduit, a process known as paragenesis (Farrant
& Smart, 2011; Nehme et al., 2020), also named per
ascensum speleogenesis (Mocochain et al., 2009) or
antigravitative erosion (Pasini, 2009). Paragenetic
cave development is common in the Normandy chalk
caves. Many of the known caves have been discovered
through the excavation of the sediment infilling the
cave systems (Rodet & Staigre, 2019).

METHODOLOGY
To determine the role of stratigraphical heterogeneity
on conduit development and aquifer function, six
karst caves were studied in detail. Additional evidence
was obtained from six caves and conduits elsewhere
in Normandy and southern England. For each cave,
a detailed cave survey was produced, followed by
geomorphological and morphometric analysis of the
passage and sediments.
The caves were surveyed using standard cave
surveying methods, which involve measuring the
distance, direction and inclination between successive
survey stations within the cave using a DistoX2 laser
range-finder that incorporates a digital compass and
inclinometer. The heights and widths of the passages
were also measured at each survey station. The raw
survey data were computed using Compass software
to create the georeferenced survey in a geographical
information system (GIS) (ArcGIS 11.3). The precision
of the cave surveys was estimated in 1-3% using
closed survey loops.
The geomorphological analysis involved identifying
the mode of cave formation from passage morphology,
distinguishing
between
phreatic,
epiphreatic,
paragenetic and vadose phases. The cave surveys
were used to classify the plan pattern of each cave

into branchwork and maze types following the scheme
outlined by Palmer (1991). The palaeo-hydrology of
each cave system was deduced from flow direction
indicators including scallops, passage geometry and
gradient, and, where present, sedimentary structures
such as cross bedding and ripple marks recognised
in the cave infill (Ballesteros et al., 2019; Pennos et
al., 2019).
The stratigraphical position of the cave within the
Chalk Group was identified in order to establish the
geological context of each cave. This was done by
identifying key marker beds and biostratigraphy. The
stratigraphy is based on sections exposed along the
Normandy coast, and from inland sections and shown
on geological maps (Quince & Bosence, 1991; Juignet
and Breton, 1992; Van Lint et al., 2003; Hoyez, 2008;
Quesnel et al., 2008; Lasseur et al., 2009; Mortimore,
2011, 2019; Gale, 2019). Additional data was derived
from more detailed, targeted geological mapping of the
area and detailed section logging at key sites including
within the caves. Petrographical analysis of 17 thin
sections was used to integrate the existing geological
map. Profiles of each cave were extracted from the
cave survey data and projected onto high-resolution
stratigraphical sections.
Finally, we quantified the 3D geometry of the
study caves using 14 key morphometric parameters
(Klimchouk, 2006; Piccini, 2011) to establish a
relationship between the cave geometry and Chalk
stratigraphy (Table 1). These morphometric parameters
are related to the hydrogeological and geomorphological
context of the caves, and can be used to distinguish,
for instance, between confined or unconfined settings
(Klimchouk, 2006). In many caves, the presence of
thick sediment fills obscured the 3D geometry of the
conduit, so in some cases values are estimated from
the contextual setting of the cave.

Table 1. Morphometric parameters and indices described in Ballesteros et al. (2015) and selected from Klimchouk (2006) and Piccini (2011).
Parameter/Index

Symbol

Value

Calculation method

Real length

Lr

Cave conduits 3D length

Sum of the distances between survey stations

Plan length

Lp

2D Length of cave conduits projected on a plan

Vertical range

VR

Cave vertical dimension

Cave area

Ac

Cave floor area

Cave volume

Vc

Cave conduits volume

Sum of the prisms volume of the cave 3D model

Asymmetry ratio

R

Cave conduits shape

Average of the quotient between wide and high
of the conduits per meter of Lr

Specific volume

SV

Ratio between the cave volume and real length

Sum of the distances between survey stations
projected on a plan
Altitude difference between the highest and
lowest cave passage
Area enclosed by the conduit contours from the
cave survey

SV=Vc/Lr
Quotient between the Lr and the area of the
polygon that enclose the cave plan (minimum
convex polygon)
Quotient between the Ac and the area of the
polygon that enclose the cave plan (minimum
convex polygon)
Quotient between the Vc and the volume of the
3D cuboid that enclose the cave

Passage density

D

Ratio of cave conduits per karst surface

Areal coverage

Ac

Ratio between cave surface and karst extension

Cave porosity

Pc

Percentage of the karst occupied by the cave

Vertical index

VI

Cave verticality grade

Horizontal index

HI

Cave horizontality grade

HI=Lp/Lr

HCI

Cave horizontality and tortuosity grade

CHI=Lp/Ex, where Ex is the plan distance
between the farther passages of the cave

LI

Cave tortuosity/sinuosity grade

LI=(2 Ex+3 VR) 0.5/Lr

Complex horizontal
index
Linearity index

VI=VR/Lr
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RESULTS
Relations between study caves
and bedrock stratigraphy
Funiculaire Cave
The entrance of the Funiculaire Cave (49°26’39.70”N,
0°51’14.56”E) is located on the outer, north bank of
the Jumièges meander, 16 km downstream of Rouen
(Fig. 1D). The cave is 360 m long and characterised by
a quasi-horizontal anastomotic network of small relict
phreatic/epiphreatic conduits that lead off a single
larger gallery (Fig. 3). Later fluvial incision modified
the main gallery creating a vadose trench that was
later filled by more than 2 m of detrital sediments,
mostly allochthonous clay and silt with some sand,
together with autogenic flint pebbles derived from
passage breakdown. Scalloping and passage geometry
suggest groundwater flow was to the southeast
(Coquerel et al., 1993).
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Funiculaire Cave is located within the upper part of
Val-St-Nicolas Fm, which comprises a white bioclastic
wacke- to packstone chalk with stratified flint nodules
and marl seams (Fig. 3B, C). The ceiling of the main
gallery follows the Tilleul 1 and Tilleul 2 hardgrounds
(Kennedy & Juignet, 1974), which are each 20-40 cm
thick and of regional extent. The hardgrounds are
characterised by green glauconitic and phosphatic
nodules perforated by non-indurated burrows
(Fig. 3D, E). Other stratigraphical markers include
nodular chalk with burrow-form flints (Chrondrites),
the Fourquet joint and the Antifer Flint defined by
Hoyez (2008) at Le Tilleul beach (Fig. 1B). The latter
marl and flint couplet are observed in the small
labyrinthine passages below the main conduit and
influence the development of these galleries (Fig. 3B).
The main passage initially developed along the top
or within the hardgrounds and on the Forquet joint,
before enlarging by vadose incision and paragenesis.

Fig. 3. A) Geological map of the Funiculaire cave area (the location of which is shown in Fig. 1D); B) Cave profile plotted on the
geological cross-section highlighting stratigraphical horizons that influence the geometry of the cave; C) Entrance of the cave
displaying the Tilleul hardgrounds (lines represents the top of each hardground), (Kennedy & Juignet, 1974), chalk with silicified
chondrites, and the Fourquet joint surface defined by Hoyez (2008); D) Tilleul 1 Hardground limiting the top of the main phreatic/
epiphreatic gallery; E) Vertical section of Tilleul 1 hardground highlighted by the presence of green glauconite and phosphatic nodules.
International Journal of Speleology, 49 (3), 187-208. Tampa, FL (USA) September 2020
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Caumont cave system
The Caumont cave system (49°22’41”N, 0°54’47”E)
is developed on the south bank of the Caumont
meander 25 km southwest of Rouen (Fig. 1D). It
comprises a maze network of passages 4.1 km long
with 60 m vertical range discovered and partially
truncated during the excavation of an underground
quarry. Two cave levels can be identified: an upper
level at ~50 m altitude comprising 230 m of relict
phreatic galleries; and a more extensive lower series
with ca. 3.9 km of passage (Robots Stream, Jacqueline
Cave and other passages) at 11-18 m asl. Both levels
are linked by vadose vertical shafts such as the
Trou de Chien shaft. The main lower level conduit is
a 2.4 km long passage at an elevation of ~15 m asl
(Fig. 4A), descending gradually to the northeast. In
the northwest part, this conduit is occupied by the

Robots Stream (<3 L s-1 discharge), flowing to the
northeast. The Robots stream has incised a vadose
canyon 2-3 m deep beneath the initial phreatic
conduit (Fig. 4B). The survey of the caves, allowing
for segments removed by quarrying or infilled
with sediments and/or quarry waste, reveals a
branchwork system. In general, scallops preserved on
the conduit walls indicate that ancient groundwater
flowed to the northeast. The passage was largely filled
with clay, silt and sand, capped by speleothem and
breakdown deposits (Nehme et al., 2020). Part of this
sediment fill has been removed, leaving remnants
of speleothem false floors in some parts of the
system between the Trou du Chien and Jacqueline
passages (Fig. 4B). The downstream end of the cave
stream terminates in a sump connected with the
Seine River.

Fig. 4. A )Plan view of the Caumont cave system and quarries plotted on the geological map. Cave position is indicated in Fig. 1D; B) Geological profile
of Caumont cave system, showing the Etigue, Epivent and Bocage hardgrounds and the Hope Gap sheet flint; C) Section along the Robots streamway
following the Epivent hardground; D) Intersection between the Robots Stream gallery and Caumont quarry showing the Epivent hardground (the top is
represented by a line). A normal fault located in the northernmost part of the cave system produced a 10 m-vertical displacement.

The Caumont cave system is developed at the top
of St-Pierre-en-Port Fm and the base of the overlying
Veulettes Fm (Fig. 4A, B). Both geological units crop
out in the side of the Seine Valley between Tancarville
and Les Andelys (Fig. 1D). In the Caumont area, the
chalk is a dedolomitized bioclastic packstone. The
key stratigraphical markers identified in the bedrock
include the Shoreham Marl, five hardgrounds,
abundant marl seams and one or two prominent
sheet-flints which are at the same stratigraphical level

as the Hope Gap sheet-flint identified in Sussex, UK
(Fig. 1A; Mortimore, 2019). The chalk dips 1-2° to the
SW, in the opposite direction to the Robots Stream,
which flows to the northeast. The upper level of Caumont
cave system coincides with the Etigue hardground
while the lower level is developed along the Hope Gap
sheet-flint and the Belval and Epivent hardgrounds
(Fig. 4B), which can be observed on the Normandy
coast (Hoyez, 2008). The Epivent hardground (Hoyez,
2008) is 20 cm thick and associated with flint nodules
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20-30 cm in diameter. It can be correlated with the
Cliffe hardground in Sussex, UK (Fig. 1A) (Mortimore,
1986), while the Bocage hardground is of more local
extent (Hoyez, 2008). The south-western end of the
known cave passages is developed on the Hope Gap
sheet-flint and on the top of Belval hardground
(Fig. 4C), with the conduit passing down to the
Belval and Epivent hardgrounds in the centre part of
Caumont system (Fig. 4D). Minor faulting drops the
Hope Gap sheet-flint back down to the Jacqueline
cave level at the northern end of the quarry (Fig. 4B).
Six Frères Cave
Six Frères Cave (49°14’51.30”N, 1°23’43.66”E)
is situated on the side of a dry valley near Orival
(Fig. 1D). It comprises a large phreatic/epiphreatic
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entrance gallery 17 m long with sediments exposed
on the floor, with a smaller phreatic passage leading
off at floor level. This small passage is 59 m long,
and has some minor vadose modification (Fig. 5A).
In plan view, the cave survey indicates a branchwork
pattern. The cave is located at the top of Veulette
Fm, of middle Santonian age, and comprises white
bioclastic wackestone chalk with abundant stratified
flint nodules. This part of the succession contains the
well-developed 20-30 cm thick Ormelet hardground
(Fig. 5B) and the Ectot tabular flint beds (around 5-10
cm thickness) as defined by Hoyez (2008). The position
of the main gallery of Six Frères cave is coincident
with hardground, with a breakout dome formed by
collapse extending upwards, while the small galleries
are related to the tabular flint beds (Fig. 5C).

Fig. 5. A) Plan view of Six Frères Cave plotted on the geological map. Cave position is shown in Fig. 1D; B)
Main gallery of the cavity influenced by the Ormelet hardground; C) Geological section of Six Frères cave
showing the Ormelet hardground (the line represents its top) and Ectot flint beds. The main gallery (~40º
inclination) shows a higher apparent slope due to its projection on an oblique cross-section.

Roche Foulon Cave
The Roche Foulon Cave (49º19’7.5” N, 1º00’13.1”E)
is located at the Cléon meander 15 km south of Rouen
(Fig. 1D). The cavity comprises phreatic/epiphreatic
passages 170 m long, developed on two levels at 82
and 88 m altitude, connected by small sub-vertical to
inclined vadose conduits (Fig. 6A). The passages are
largely infilled with clay, silt and sand which have been
partially excavated by speleologists (Chédeville et al.,
2015). Over 2 m of sediment is preserved in a section
at the southern entrance, with several other 0.5 to 1 m
sections elsewhere in the cave. The influx of sediment has
led to paragenetic overprinting and continued upwards
enlargement of the passage (Nehme et al., 2020).
The cave is developed in the middle part of the Veulette
Fm, which comprises white bryozoan wackstone chalk

with stratified flint nodules. Phreatic/epiphreatic
conduits were developed above two hardgrounds
0.5 m apart (Fig. 6B-E), a thick nodular flint band
and a sheet-flint. These three stratigraphical markers
are concentrated in a zone of Chalk 4 m thick. This
association suggests that the hardgrounds seen in
the cave are the Veulettes hardgrounds defined by
Hoyez (2008) in Veulettes-les-Roses on the coast
(Fig. 1D). The hardgrounds, typically 20-30 cm thick,
are located between the Michel Dean and Seven
Sisters flints, two well-developed semi-continuous
nodular flints that occur widely across the Anglo-Paris
Basin (Mortimore & Pomerol, 1987). The cave initially
developed on these stratigraphical horizons, and
then enlarged upwards under paragenetic conditions
(Nehme et al., 2020).
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Fig. 6. A) Plan view of Roche Foulon Cave plotted on the geological map. Cave position is shown in Fig. 1D; B) Main gallery
of the cavity influenced by a sheet-flint and the Veulettes hardgrounds, which are covered by sediments on the bottom of the
gallery; C) Entrance 3 of the cave developed above the upper Veulettes hardground (their tops are displayed by a line);
D) Veulettes hardgrounds identified in the cliff adjacent to the entrance; E) Geological profile of Roche Foulon Cave whose
lower passages were developed along Veulettes hardgrounds, a thin flint bed and a sheet-flint.

Roche Percée Cave
The Roche Percée Cave (49°15’20.9”N, 1°21’55.3”E),
is located on the north side of the Les Andelys meander
30 km southeast of Rouen. The cave is situated at the
top of a rocky bluff above the Seine River and is 480 m
long. It comprises a horizontal labyrinthine network
of phreatic/epiphreatic passages partially filled with
silt, sand, clay and flint nodules, and vadose canyons
(Fig. 7A). Two vertical shafts developed along a minor
fault represent sediment-filled dissolution pipes.
The over 300 m-long network of small labyrinthine
galleries converges on a main phreatic/epiphreatic
conduit of 125 m long, drained to the south.
The cave was formed within yellowish to white
bioclastic packstone chalk in the upper part of the
Veullettes Fm (Fig. 7A). The main phreatic/epiphreatic
conduits were formed between two hardgrounds, which
can be correlated with the Veulettes hardgrounds on
the coast. The small labyrinthine phreatic/epiphreatic
passages are mainly developed on the lower of the
two hardgrounds, with 1 m of separation (Fig. 7B-D).
The vadose canyons in the northern end of the cave
cut down into the underlying chalk along a fracture,
with marked steps related to the occurrence of
sheet-flints.
Mont-Pivin cave system
The Mont-Pivin cave system is located on the north
side of the Les Andelys meander 30 km southeast of

Rouen, 2.7 km east-southeast of the Roche Percée
cave (Fig. 1D). The Mont-Pivin cave system comprises
two caves: the l’Hôpital (49°14’51.30”N, 1°23’43.66”E)
and St-Jacques caves (49°14’52.49”N, 1°23’37.88”E),
together with several other smaller isolated cavities
located at the same altitude (Fig. 8A). Prior to
excavation, both caves were almost filled to the roof
with sediment. They were connected together by
excavating the cave deposits creating a single system
with a combined length of 328 m. Both caves are
very close to the surface of the plateau and contain
well-stratified clay, silt and sand deposits reworked
from the overlying surface deposits including
loess (Rodet et al., 2006). Vertical shafts filled with
sediment are also present. Small flowstone formations
are located along the cave wall and close to the cave
ceiling.
This cave system comprises two phreatic conduits
that have undergone subsequent paragenetic
enlargement following the episodic influx of more
than 4 m of detrital infill (Fig. 8B). In plan view, the
cave has a branchwork pattern. The geometry of the
conduit network and scallops indicate flow to the
northwest. The stratigraphical position of the MontPivin cave system is the same as the Rouche Foulon,
Trou d’Enfer and Roche Percée caves. The Mont-Pivin
cave system initiated on the Veulettes hardgrounds
(Fig. 8C), and then evolved upwards under paragenetic
conditions.
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Fig. 7. A) Plan view of Roche Percée Cave plotted on the geological map. Cave position is displayed in Fig. 1D; B) Cave entrance
developed on the lower Veulettes hardground (its top is represented by a line); C) Main gallery following the Veulettes hardgrounds;
D) Geological section of Roche Percée Cave developed following the lower Veulettes hardground and two sheet-flints that
influenced the development of a vadose canyon. A normal fault with 0.2 m-vertical displacement is associated with a shaft
infilled with Clay-with-Flints.

Fig. 8. A) Plan view of Mont-Pivin cave system (St-Jacques and l’Hôpital caves), the location of which is indicated in Fig. 1D; B) Main gallery
influenced by a flint band and partially filled by detrital sediments; C) Geological section of Mont-Pivin cave system, the cave initiated
on the Veulettes hardgrounds (the top of which is indicated by a line) and enlarged upwards by paragenesis. The hardgrounds are
recognised in the southeast part of the cave.
International Journal of Speleology, 49 (3), 187-208. Tampa, FL (USA) September 2020
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Cave morphometric analyses
Table 2 shows the values of the 14 morphometric
parameters calculated from cave survey data in order
to quantify the cave geometry. The length (Lr) of the
caves varies from 76 to 4164 m, whilst the cave area
(Ac) ranges between 132 to 11,059 m2. The cave
volume (Vc) is also very variable, ranging from 200
to 32,728 m3. For most caves, the calculated volume
is an underestimate of the true value because of the
presence of significant volumes of cave infill (Nehme
et al., 2020), which have been partially excavated
to enable exploration. These factors distort also the
values of the asymmetry ratio, specific volume and
cave porosity. Asymmetry ratios (R = quotient of
horizontal and vertical diameters) are generally >1
indicating low flat conduits rather than tall narrow
ones. The exceptions are the Funiculaire Cave, whose
conduits show rounded sections (R = 0.99) typical
of phreatic/epiphreatic systems, and the Mont-Pivin
cave system, where the conduit sections are more
canyon-like in form (R=0.38). In the latter case, the
influx of sediment has caused the upward erosion
of the passage, creating a paragenetic canyon. The
specific volume (SV = cave volume/cave real length)
is low (1.17-4.80 m3 m-1) suggesting a low degree of
karstification. However, the Caumont cave system
has the highest specific volume (SV = 7.86 m3 m-1) of
the studied caves indicating greater cave development
and karstification, possibly due to the local
dedolomitization of the chalk bedrock (Ballesteros
et al., 2021). This process caused a reduction in

rock primary porosity, significantly changing the
hydrogeological properties of the chalk (Nader et al.,
2013), making the dedolomitized chalk petrologically
more similar to common karstified limestones.
The cave porosity values (Pc = cave volume/cave 3D
cuboid volume) for the Roche Percée, Funiculaire, Six
Frères and Roche Foulon caves (Pc = 1.4-3.1%) are
larger than 1% because they are mainly maze caves,
whilst the Caumont and Mont-Pivin cave systems have
branchwork patterns with cave porosities of 0.1-0.4%.
The values of passage density (PD = 0.14-0.21 m m-2)
and areal coverage (AC = 13.73-37.88 m2 m-2) of the
caves (except for the Caumont cave system) coincide
with the mean values (PD = ~0.17 m m-2 and AC =
~29.7 m2 m-2) suggested for maze caves by Klimchouk
(2006), reflecting the development of paragenetic
anastomotic networks and, in the case of Mont-Pivin
cave system, the formation of a paragenetic canyon.
The Caumont cave system presents a passage density
of 0.02 m m-2 and an areal coverage of 6.06 m2 m-2,
values more typical of conduit development within
common limestone and unconfined settings (PD =
~0.02 m m-2 and AC = ~6.4 m2 m-2, Klimchouk, 2006).
The Vertical Index and Horizontal Index values (0.010.16 and 0.89-0.99 respectively) are characteristic of
horizontal phreatic cave systems within low gradient
settings. The complex horizontal indexes (1.71-5.30)
are lower than typical values for common caves,
including maze caves (Piccini, 2011). This probably
reflects the less karstified nature of the Chalk
compared to other limestone areas.

Table 2. Morphometric parameters of the six study caves ordered from largest to smallest real length. Calculation methods are detailed in Table 1.
Parameter/Index

Caumont
Roche
cave system Percée Cave

Unit

Funiculaire
Cave

Mont-Pivin
Roche
cave system Foulon Cave

Six Frères
Cave

Real length (Lr)

m

4164

571

406

328

170

76

Plan length (Lp)

m

3685

556

403

321

162

71

Vertical range (VR)

m

60

18

4

11

9

13

Cave area (Ac)

2

m

11059

593

365

325

132

205

Cave volume (Vc)

m3

32728

1260

483

629

200

365

Asymmetry ratio (R)

-

1.52

1.24

0.99

0.68

1.16

2.27

Specific volume (SV)

m3/m

7.86

2.21

1.19

1.92

1.17

4.80

Passage density (PD)

m/m

0.02

0.21

0.15

0.19

0.20

0.14

Areal coverage (Ac)

m /m

6.06

21.84

13.73

18.59

15.28

37.88

Cave porosity (Pc)

%

0.1

1.4

2.1

0.4

1.9

3.1

Vertical index (VI)

-

0.01

0.03

0.01

0.03

0.05

0.16

Horizontal index (HI)

-

0.89

0.97

0.99

0.98

0.95

0.94

Complex horizontal index (CHI)

-

2.67

5.30

4.87

2.28

2.14

1.71

Linearity index (LI)

-

0.35

0.23

0.22

0.48

0.52

0.80

2

2

2

The sinuosity (or tortuosity) and anastomotic
aspect indicated by the complex horizontal (CHI)
and linearity indexes (LI) suggest cave development
forced by the presence of hardgrounds (Fig. 9),
despite the small sample size and other constraints
of the morphometrical analyses. The Funiculaire
and Roche Percée caves, developed between two
regional and well-defined hardgrounds, have the
highest complex horizontal index (4.87-5.3) values
and lowest coefficients of linearity index (0.220.23). Their geometries are more horizontal, sinuous

and labyrinthine than the other studied caves. The
Mont-Pivin cave system and Rouche Foulon caves
have moderate complex horizontal index (2.142.28) and linearity index (0.48-0.52) values (Fig. 9)
since they are clearly developed under conditions
of high sediment flux, with upward paragenetic
cave development from the Veulettes hardgrounds.
These values are similar to the indexes calculated
for the Caumont cave system (CHI = 2.67; LI = 0.35)
suggesting a similar origin for the formation of this
cavity. In those caves where there has been significant
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sediment influx, the bulk of the conduit is developed
above the inception horizon, unlike the Funiculaire
and Roche Percée caves, modifying the CHI and LI
indices. Finally, the Six Frères cave is influenced by
only one hardground and displays the lowest value
of CHI (1.81) and highest coefficient of LI (0.75). The
data suggests that chalk caves developed between/
or on hardgrounds have greater tortuosity values and
are typically more horizontal than caves that develop
above a hardground. This probably reflects the change
in morphology which occurs when a cave undergoes
subsequent paragenetic enlargement.

phreatic conduit 2-5 m diameter, which was infilled
by >10m of detrital sediment partially excavated by
speleologists. The bedrock stratigraphy exposed
in the cave is similar to that seen in the Caumont
cave system, with the Nostrils hardground and
the Shoreham marls exposed in the main passage
(Fig. 10), (Hoyez, 2013). The Epivent hardground,
approximately 5 m lower, is exposed in the places
where the sediment has been fully excavated. The
passage morphology and extensive sediment fill
indicate that much of the cave system initiated at the
level of the Epivent hardground (locally lower) and
enlarged upwards under paragenetic conditions
(Chédeville et al., 2015).
In Normandy, the main karst springs are
related to hardgrounds, marl seams and sheetflints within the Turonian to Coniacian chalk
(Table 3). Gaillard et al. (2012) reported that
karst springs located in the intertidal zone at
Yport (Fig. 1B) discharge up from the Chicard
Cape hardground, which is correlated with the
Navigation hardground (Lewes Nodular Chalk)
of southern England. The springs are fed by
a well-developed karst conduit system with
an extensive catchment covering more than
106 km2 (Gaillard et al., 2012). The springs are
highly productive with rapid transfer through
conduits. In Yport village, a 40-m-borehole
intercepted a water filled karst conduit about
3 m in diameter associated with the Navigation
Fig. 9. Correlation of the Complex Horizontal Index (CHI) vs. the Linearity Index
hardground. This hardground is linked with
(LI) of the studied caves (detailed in Table 2) showing a correlation coefficient
other large karst springs along the Normandy
(R2) of 0.75. Three groups can be identified reflecting stratigraphical influence:
Coast, including the Gouffre and Poule springs
caves developed between hardgrounds (Roche Percée and Funiculaire caves),
paragenetic caves formed per ascensum above hardgrounds (Mont-Pivin cave
(Table 3; Fig. 1B). In the Seine River catchment,
system, Roche Foulon Cave, and probably the Caumont cave system), and caves
significant karst springs are associated to the
developed along a hardground (Six Frères cave).
Turonian Southerham marl and the Tilleul
Evidence from other caves and conduits
hardgrounds (e.g., the Funiculaire Cave; section
in Normandy.
4.1.1). Some of these springs constitute major public
Other significant chalk caves occur in the Normandy
water sources, including the Radicatel springs, which
area. The 1.4 km long Petites-Dales cave near Fécamp
supply ~50% of the potable water supply for the city
on the Normandy coast (Fig. 10) consists of a subof Le Havre (Fig. 1B). Tracer tests to the main karst
horizontal main gallery with four tributary branches,
springs indicate groundwater velocities of 200-300 m
some of which connect to vertical sediment-filled
h-1 (Table 1) reinforcing the conceptualization of the
pipes (Chédeville et al., 2015). The main passage is a
chalk as a karstic aquifer.

Fig. 10. A) Plan view of the Petites-Dales Cave (Rodet & Viard, 2009) plotted on the geological map. The location is shown in Fig. 1B; B) Transverse
section of the main gallery, largely infilled by detrital sediment, with the Nostrils hardground and Shoreham marl (Hoyez, 2013); C) Upper part of the
main gallery showing the Nostrils HG and Shoreham Marl. The position of Petite Dales Cave in the stratigraphical section is shown in Fig. 3.
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Table 3. Karst springs with average discharges larger than 200 L s-1 during low water conditions and their associated stratigraphical layers.
Discharges and groundwater velocities are inferred from dye tracing experiments published on a public platform (http://sigessn.brgm.fr/). The
position of the springs is shown in Fig. 1B.
Karst springs
Yport

Discharges
(L s-1)

Geological formations

Stratigraphical layer

Groundwater
velocities (m h-1)

>2400

St-Pierre-en-Port

Navigation hardground

238-290
159-277

Moulin (Moulineaux)

1500

St-Pierre-en-Port

Hope Gap sheet-flint
Epivent / Cliff hardground

La Forge (Bonneville-sur-Iton)

1250

Rouen
Fécamp

Antifer hardgrounds

169-310

La Fontaine de Hondouville

1180

Senneville

Southerham marl (?)

>90

Gaudreville-la-Rivière

1050

Rouen
Fécamp

Antifer hardgrounds

180-290

Radicatel (Tancarville)

~750

St-Pierre-en-Port

Navigation hardground

224-700

Senneville
Val-St-Nicolas
Senneville
Val-St-Nicolas

Tilleul hardgrounds
Southerham marl

199-244

Tilleul (?) hardgrounds

~250

Val-St-Martin (Beaumont-le-Roger)
Bec-de-Mortagne

1050
550

Les Cressonnieres (Cailly-sur-Eure)

~500

St-Pierre-en-Port

Senneville hardgrounds

250-254

Bernay West

~400

Fécamp

Antifer hardgrounds (?)

223-300

450

Senneville

Southerham marl

206-252

Le Vivier de Valmont

342

Senneville
Val-St-Nicolas

Tilleul hardgrounds (?)

N/A

Les Cressonnieres (Fontaine-sous-Préaux)

390

Senneville

Southerham marl (?)

~360

250

St-Pierre-en-Port

Lewes / Navigation marl

N/A

~200

St-Pierre-en-Port

Lewes / Navigation marl

N/A

Roger (Beaumont-le-Roger)

Gouffre (Dieppe)
Poule (Melleville-sur-Mer)

The exceptional cliff sections along >150 km of
coastline between Le Havre and Le Tréport (Fig. 1B),
expose numerous karst conduits and water sources
related to marl beds and hardgrounds. At Le Tilleul
beach, a perched phreatic conduit was developed on
the Tilleul 2 hardground (Fig. 11A) while karst springs
such as Les Pissuers de Valaine emerge from the cliff
along the Southerham marl (Fig. 11B), which here
forms a prominent dolomitised body (Hoyez, 2008).
Sediment-filled conduits at the same level show
clear evidence of upwards paragenetic development.
Other short caves nearby are developed on the same
hardground. Further to the south, minor springs
(e.g., Les Pissuers La Place) emerge from the Antifer
Marl at the base of the Fourquet cliff (Fig. 11C). This
is an important regional karst inception horizon
which forms a relative low permeability horizon
associated with a prominent spring line on the coast.
At Senneville and Etretat, springs are developed on
marl seams in the lower part of the Val-St-Nicolas
(New Pit Chalk) Formation. (Fig. 11D-F), as well as
many karst conduits originated on hardgrounds
(Fig. 11G). Further north at Dieppe, the prominent
semi-tabular Seven Sisters flint band (lower Seaford
Chalk Fm) forms a well-developed inception horizon
with many sediment filled conduits developed along
its upper surface (Fig. 11H).
Evidence from caves and conduits
in southern England.
In southern England, cave systems are not as
well developed, with few known enterable caves,
although karst features such as stream sinks,
dissolution pipes and large springs are common.
Evidence from coastal sections in Sussex and Kent
indicate that conduit systems usually occur at certain
stratigraphical levels, most typically on marl seams

and sheet flints. Hardgrounds are fewer and less well
developed in the more basinal Chalk sequence and
tend to be concentrated in the Lewes Nodular Chalk
(equivalent to the St Pierre-en-Port Fm) and Holywell
Nodular Chalk formations (Fig. 2, Mortimore, 2019;
Gale, 2019).
In Sussex, over 60 conduits have been identified
on the coast between Seaford Head and Eastbourne
(Fig. 1A). All are developed on sheet flints or marl
seams, notably the Belle Tout marls in the lower
Seaford Chalk, the Shoreham and Navigation
marls in the upper Lewes Nodular Chalk, and the
Hope Gap sheet flint (Fig. 12). They are typically
associated with a zone of tubule karst up to 0.5 m
thick above the inception horizon (Fig. 12B) (LamontBlack & Mortimore, 2000). The largest is the 400 m
long Beachy Head Cave (Waltham et al., 1997) near
Eastbourne, a small relict quasi-horizontal phreatic
branchwork system developed on a localised sheetflint in the upper part of the Lewes Nodular Chalk
Fm. At Seaford Head, many small relict phreatic caves
and conduits occur along a sheet-flint immediately
above the Hope Gap hardground (Fig. 12D), some
with subsequent vadose incision. Conduits are rare
in the middle and upper Seaford Chalk Formation,
where marl seams, hardgrounds and sheet flints
are absent. At St Margaret’s Bay in Kent, north of
Dover, the 120-m long Canterbury Cave is a small
relict phreatic conduit developed on a sheet-flint in
the upper part of the Lewes Nodular Chalk Fm. Many
other smaller conduits occur at this level in the cliffs
nearby (Fig. 12A). Elsewhere in Kent, a sediment filled
conduit 3 m wide, up to 4 m high and 40 m long was
discovered in 1879 during construction of a water
adit deep beneath Strood Waterworks, near Chatham
(Fig. 1B). This cave is also developed on a sheet-flint
in the upper Lewes Nodular Chalk Fm.
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Fig.11. A) Karst conduit developed on middle Turonian Tilleul 2 hardground at Le Tilleul beach; B) Pisseuses de Valaine karst spring
(500 north Le Tilleul Beach) emerging at the upper Turonian Southerham marl; C) Roche-qui-Pleure spring associated with the Belle
Tout marl 2 at Grainval; D and E) Upper Cenomanian Antifer Marl related to minor water sources at Fourquet beach; F) Les Mousses
spring associated with Bélval HG at Etretat; G) Karst conduits developed on the upper Turonian Villainville hardground at Etretat;
H) Grès cave and minor sediment-filled karst conduit following middle Coniacian Seven Sisters semi-tabular flint at Veulettes-lesRoses. Stratigraphical interpretations after Kennedy & Juignet (1974) and Hoyez (2008). The top of the hardgrounds is highlighted in
the pictures. The position of the locations is shown in Fig. 1B.

DISCUSSION
Role of sheet-flints and hardgrounds
on conduit development
The combination of robust cave surveys and a detailed
stratigraphical framework enables the proportion
of cave passage (cave real length) that is developed
along a certain stratigraphical horizon (Table 4) to
be calculated. The greatest density of cave passages
corresponds to the part of the Chalk sequence with the
highest concentration of hardgrounds; the St-Pierreen-Port Formation (Lewes Nodular Chalk) (Fig. 2). In
the overlying Veulettes Fm (Seaford Chalk Fm), all the
Normandy caves are associated with hardgrounds,
despite them being relatively scarce in this part of the
succession. Additional evidence can be gained from
identifying the stratigraphical elevation of springs and

other karstic features exposed along the Seine Valley,
on the Normandy coast and in southern England.
The data collected from the studied caves and coastal
sections is used to identify the key stratigraphical
inception horizons that guide groundwater flow in the
aquifer.
In our study, ~68% of the passage length in the
studied caves were influenced by the middle Turonian
Le Tilleul hardgrounds located at the top of Val-StNicolas Fm, the lower Coniacian Epivent and Bocage
hardgrounds at the top of the St-Pierre-en-Port Fm,
and the upper Coniacian Veulettes hardgrounds
within the Veulettes Fm (Table 4). The Tilleul and
Epivent hardgrounds are basin scale features than
can be recognised across northern France, whilst
other hardgrounds are more localised regional-scale
horizons (Hoyez, 2008).
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Fig. 12. Dissolutional conduits formed by mixing dissolution above a sheet flint (arrowed). A) St Margaret’s Bay, Kent;
B) Detail looking up at the underside of a bedding surface (the sheet flint has fallen away) showing a conduit network
embedded in a mesh of small dissolutional voids (‘tubule karst’ of Lamont-Black & Mortimore, 2000), Beachy Head,
Sussex; C) St Margaret’s Bay, Kent; D) Hope Gap, Seaford Head, Sussex.
Table 4. Length and percentage of phreatic/epiphreatic study cave conduits forced by hardground and flint beds. 22% of studied cave conduits are
vadose or phreatic/epiphreatic passages not influenced by any identified stratigraphical horizons.
Cave
Funiculaire
Caumont
Six Frères

Cave real length (m)

Sheet-flints and flint beds

Hardgrounds

405

-

Tilleul hardgrounds
65 m
16%

4164
76

Hope Gap sheet-flint
505 m

12%

Ectot tabular flint beds
59 m

78%

Roche Foulon

172

-

Grotte Percée

439

-

Mont-Pivin

328

-

TOTAL

5584

564 m

Sheet and semi-tabular flint bands influence the
development of ~10% (0.6 km) of the studied phreatic/
epiphreatic passage in the Normandy caves (Table 4).
Of these, the sheet-flint correlated with that observed
at Hope Gap in Sussex (Mortimore, 2019) is the most
significant as it influences conduit development in
parts of Caumont cave system (section 4.1.1) and
at Seaford Head in Sussex. Other sheet-flint and
flint beds recognised in Six Frères, Roche Foulon,
Roche Percée and the Mont-Pivin systems played a
secondary role in the development of the cave. Finally,
the remaining 22% of study cave conduits detailed in
Table 4 do not appear to be related to any identifiable
stratigraphical horizon.

Etigue, Epivent and Bocage hardgrounds
2941 m

71%

Veulettes hardgrounds
17 m

22%

Veulettes hardgrounds
97 m
56%
Veulettes hardgrounds
395 m
90%
Veulettes hardgrounds
301 m
92%
10%

3816 m

68%

The evidence from coastal sections tells a similar
story. The vast majority of known caves, conduits
and springs on the Normandy coast are associated
with either hardgrounds, sheet flints or marl seams.
Sheet-flints influence the development of the majority
of the known chalk cave systems in southeast
England (Beachy Head Cave, the Hope Gap caves,
Strood Waterworks Cave, and Canterbury Cave).
Many of the caves and conduits in southern England
are embedded within a well-developed, up to 0.5 m
thick zone of enhanced dissolutional porosity formed
by mixing corrosion (the tubule karst of LamontBlack & Mortimore, 2000) just above a sheet-flint
or hardground (Fig. 12D). It is characterised by
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a honeycombed network of small anastomosing
conduits and isolated vuggy porosity within which
larger conduits are embedded. The extensive nature
of this high porosity zone which can extend for many
hundreds of metres along suitable inception horizons
suggests that lateral flow and mixing dissolution play
a major role in conduit development. The coastal
surveys demonstrate that where hardgrounds, sheet
flints or marl seams are absent, karstic conduits are
also rare or absent.
The density of conduits and caves is greater
in Normandy because the basin margin setting
of the Chalk Group favoured the development of
numerous hardgrounds, sheet and semi-tabular
flints (Mortimore, 2011, 2019), more so than in the
more basinal setting in southern England. Moreover,
the Cainozoic and Quaternary cover is thicker and
more extensive, focusing more point recharge to the
underlying Chalk.
Speleogenesis along inception horizons
In the Chalk, most groundwater flow occurs along
solutionally enlarged fractures and discontinuities
(Descamps et al., 2017; Hakoun et al., 2017), rather
than via the matrix. The high matrix porosity causes
any influent water to tend towards saturation very
quickly compared to other less porous carbonate
aquifers (Price et al., 2000). In addition, the fracture
density of the Chalk offers the potential for many
alternative flow-paths, enabling dissolution to be
dispersed along many fractures and within the
matrix. These two factors slow the rate of conduit
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development and inhibit the development of large
conduit systems within geomorphically relevant
timescales. The exception is where stratigraphical
discontinuities such as sheet-flints, marl seams and
hardgrounds serve to concentrate flow and enhance
conduit development through mixing dissolution.
The permeability barriers presented by hardgrounds,
sheet flints and marl seams promote lateral flow
along the top of the inception horizon (e.g., Fig. 11G).
Water descending down fractures (Fig. 13) meets the
low permeability zone and flows laterally, allowing
waters of different chemical composition to mix,
causing additional dissolution and triggering the
formation of karst protoconduits (Lowe & Gunn,
1995; Lowe, 2000). If conditions are favourable for
continued dissolution over sufficient periods of time,
branchwork or maze systems will develop, depending
of the aquifer recharge (Palmer, 1991), eventually
enlarging into an accessible cave. Once a conduit
has developed, it can be modified either by vadose
incision, or by upwards paragenetic enlargement
(Fig. 1). The spatial and vertical distribution of the
inception horizons also influence passage geometry.
Where inception horizons are widely spaced, conduits
that initiate through mixing dissolution along the
top of the hardground, sheet flint or marl seam may
enlarge to create a phreatic or epiphreatic branchwork
conduit, which can be up to 2 m in diameter (Fig. 13).
Subsequent detrital sedimentary aggradation and
paragenetic enlargement can modify the original cave
geometry (Nehme et al., 2020). This is the case in the
Six Frères, Roche Foulon and Mont-Pivin caves.

Fig. 13. Conceptual model of chalk cave genesis associated with hardgrounds, sheet flints and marl seams.
Groundwater flow seeping down conjugate fractures meets a low permeability barrier and flows laterally. Mixing
zone dissolution above the barrier forms small-scale elliptical conduits on the inception horizon. The conduits
can be subsequently modified by vadose incision or if sediment is entrained in the system, the conduits may
enlarge upwards by paragenesis.
International Journal of Speleology, 49 (3), 187-208. Tampa, FL (USA) September 2020
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Where inception horizons are closely spaced (Fig. 13),
more complex 3D mazes can develop as flow can
converge and diverge on multiple horizons, especially
during paragenetic development, resulting in the
maze pattern exhibited by Funiculaire and Roche
Percée caves.
Implications for Chalk hydrogeology
The study reinforces the concept that the chalk
aquifer is heterogeneous and should be treated
as a karst aquifer (e.g., El Janyani et al., 2014;
Valdes et al., 2014; Chédeville et al., 2015; Delbart
et al., 2016; Grube et al., 2017 and Brenner et al.,
2018). The evidence from our study indicates that
conduit development in the Chalk is often guided by
hardgrounds, sheet/semi-tabular flint bands and marl
seams (section 5.1). Most groundwater models do not
currently consider karst development in the Chalk or
single out preferential flow horizons, preferring to treat
the chalk as a homogenous single porous medium.
The identification of key stratigraphical horizons
that are potential for conduit development may
help in understanding groundwater flow pathways
and high transmissivity zones within the aquifer.
Combining the identification of key stratigraphical
horizons with high resolution 3D geological models to
determine the geometry of these flow horizons may
lead to the development of more robust and accurate
groundwater models.

CONCLUSIONS
The
combination
of
geomorphological
and
morphometric analyses of Chalk caves and highresolution stratigraphical analysis of the host bedrock
is used to define the role of lithological discontinuities
on conduit development in the Chalk aquifer. In the
Seine Valley and along the Normandy coast, prominent
Turonian, Coniacian and Santonian hardgrounds
have influenced the genesis of 68% (5.5 km) of
studied conduits, with sheet-flints and marl seams
also playing a role, especially in southern England.
This strong stratigraphical influence has favoured the
development of sinuous and anastomosing conduit
networks along these discontinuities. Branchwork
conduit systems will develop where groundwater flow
is concentrated above a hardground or sheet-flint.
Where the conduits are sufficiently large and wellconnected to transmit surface-derived sediments,
paragenetic cave development will occur, with
conduits enlarging upwards (per ascensum) over a
sediment fill, unless terminated by a hardground or
sheet-flint.
The evidence presented here reinforces the
visualization of the Chalk Group as a karst aquifer
where groundwater flow and the aquifer discharge
are strongly influenced by conduit development
along hardgrounds, marl seams, sheet-flints and
semi-tabular flint bands, which act as permeability
barriers. The spatial and temporal distribution of
these lithostratigraphical discontinuities is linked
to their location within the Anglo-Paris basin. Synsedimentary slumping and depositional hiatuses that

lead to the formation of hardgrounds and sheet-flints
are more common at the basin margins. This favours
the development of conduit systems within the
Chalk succession. The relative lack of such features
within the thick basinal successions of south-eastern
England (Sussex and Kent) combined with less
conducive geomorphological settings may explain the
paucity of large cave systems in this area compared
to the Seine Valley and Pays de Caux. Understanding
the geometry, spatial and stratigraphical distribution
of these lithostratigraphical discontinuities in a
3D geological model is an essential pre-requisite to
developing more accurate hydrogeological models in
the future.
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Abstract:

Keywords:

Although molecular approaches can identify members of microbial communities in the
environment, genomic information does not necessarily correlate with environmental
phenotype. Understanding functional roles can be done by cultivating representative species,
yet the culturablility of bacteria from caves remains low, at 0.02%, limiting our understanding
of microbial community interactions and processes. We have investigated several factors
influencing culturability of bacteria from a single sample location in Maxwelton Sink Cave,
WV, USA. Extended incubation of inoculated plates showed a significant increase in colony
counts from two to four weeks, indicating that extended incubations increase culturability.
There were no significant differences in plate counts or diversity measures when the sample
was suspended in different buffers prior to cultivation, while samples plated immediately
after collection demonstrated higher culturability. Although supplementing the media with
antibiotics reduced colony counts and cultured diversity, these plates did appear to contain
a higher proportion of slow-growing oligotrophs. Finally, among a selection of culture media
used, pyruvate agar showed the highest culturability and bacterial diversity, which may be
a result of the oxygen radical scavenging effects of pyruvate. By identifying methods that
improve culturable diversity, we hope to further understand the roles played by bacteria in
cave communities, and test hypotheses that are best assessed using culture-based methods,
such as screening for bioactive compounds or confirming in situ metabolic strategies.
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INTRODUCTION
Caves contain diverse microbial populations,
despite limitations in energy input (Barton, 2015). The
majority of this diversity has been revealed through
molecular approaches, which have identified both a
core biome and rarer specialists (Hershey & Barton,
2018). Although DNA sequencing and metagenomics
can reveal bacterial metabolic potential, cultivation
gives a better idea of functional metabolic activity
under different conditions. Nonetheless, our ability
to culture microorganisms from the environment
is limited. This is the so-called “great plate count
anomaly”, which describes the discrepancy between
the total number of bacterial cells in an environmental
sample (which may be counted using microscopic
techniques) and the culturable population of that
sample (Winterberg, 1898; Staley & Konopka, 1985). It
has been estimated that for most environments, only
0.1-1% of species can be cultured under standard
*keb154@zips.uakron.edu

laboratory conditions (Amann et al., 1995; Kaeberlein
et al., 2002; Vartoukian et al., 2010). This “culturable
fraction” is even lower in caves, where previous work
has seen culturability as low as 0.02% of the total cells
present (Barton et al., 2006). The low culturability of
cave microbes therefore presents a significant barrier
to understanding metabolic activities that support
microbial growth in this environment.
Strategies for increasing cultivation have been
explored in soil and marine environments (Vartoukian
et al., 2010; Stewart, 2012; Overmann et al., 2017).
A recent increase in the cultivation of targeted
organisms is linked to identifying the necessary
nutritional requirements by genome sequencing and
key metabolic requirements (e.g., Könneke et al., 2005;
Tripp et al., 2008; Bomar et al., 2011; Overmann et
al., 2017). This strategy has also been employed in an
untargeted manner, where synthetic growth media are
designed to replicate the environmental conditions,
for example through mineral composition, sources of
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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organic carbon, and pH (e.g., Zengler, 2009; Stewart,
2012). These are a number of strategies that have yet
to be comparatively explored in cave culturability:
1) Extended incubation times have been shown
to increase culturable diversity (Zengler, 2009;
Vartoukian et al., 2010); this strategy contributed
to the first isolation of the SAR11 and OM43
clades (Connon & Giovannoni, 2002; Rappé
et al., 2002), and is key in culturing extreme
oligotrophs (Song et al., 2009). Despite conflicting
results on whether extended incubations increase
the likelihood of cultivating other rare species
(Davis et al., 2005; Kurm et al., 2019), prolonged
incubation does appear to improve diversity for
slow-growing oligotrophs (Alain & Querellou,
2009).
2) Reducing organic carbon inputs in culture
media to approach the level of carbon in caves,
which commonly have organic carbon inputs of
less than 0.5 mg/L (Barton, 2015; Hershey &
Barton, 2018), can also be an effective cultivation
strategy. Conventional culture media (e.g., tryptic
soy broth or R2A) contain organic carbon several
orders of magnitude higher than that in caves and
other oligotrophic environments (Rappé et al.,
2002; Overmann et al., 2017). As a result, such
media must be diluted before use (e.g., Watve,
Shejval, Sonawane, Rahalkar, Matapurkar, et al.,
2000; Aagot et al., 2001; Connon & Giovannoni,
2002; Janssen et al., 2002), which has been a
successful strategy for culturing oligotrophic taxa
(e.g., SAR11, Rappé et al., 2002; Verrucomicrobia,
Sangwan et al., 2005). Alternately, using culture
media with a range of organic carbon sources
and mineral compositions can also increase the
diversity of cultured isolates from an environment
(e.g., Köpke et al., 2005; Vartoukian et al., 2010;
Kurm et al., 2019).
3) Slower-growing
species
that
are
underrepresented in culture libraries may be selected
for by supplementing culture media with low
concentrations of antibiotics (e.g., chloramphenicol
and nalidixic acid). Theoretically, these antibiotics
would slow the growth of fast-growing culture
“weeds”: r-strategists, opportunistic fast growing
species with flexible metabolic strategies. In
contrast, the slower-growing oligotrophs (that
are less represented in culture libraries) are
K-strategists, whose growth rates are fixed but
are better adapted to low-nutrient conditions
(Andrews & Harris, 1986; Watve, Shejval,
Sonawane, Rahalkar, Matapurkar, et al., 2000;
Zengler, 2009; Barton, 2015). In high-nutrient
conditions, r-strategists should out-compete
K-strategists; by including antibiotics, the
growth of these organisms should be slowed
and/or inhibited in favour of cultivating a greater
diversity of oligotrophs (Alain & Querellou, 2009).
4) The buffer in which solid samples are resuspended
may also influence culturability. Previous
studies of cave communities (e.g., Bhullar et al.,
2012) have resuspended samples in sterilized
water obtained from that cave. Although this

may improve culturability by making sample
suspensions geochemically similar to the cave
environment (e.g., Zengler, 2009; Stewart, 2012),
osmotic stress and low salinity have been shown
to induce a viable but non culturable state in
bacteria (Gin & Goh, 2013; Li et al., 2014; Dong
et al., 2020). This suggests that suspension
solutions buffered to physiological conditions (for
example, pH, sodium, and potassium; Kobayashi,
1985; Padan et al., 2005) may be effective for
increasing culturability.
Finally, caves include additional challenges for
cultivation-based research: travelling to sample
collection sites may require negotiating vertical
obstacles and/or small spaces in the cave, along with
arduous travel times from the entrance. Research
materials must also be transported by hand, requiring
an approach that is efficient in the weight and volume
of materials transported into the cave when sampling
the most remote sites. One way of overcoming these
limitations is by collecting samples in the cave, but
returning to the entrance for sample processing and
plating, which may not occur until several hours later.
It is unknown how each of these approaches (varying
carbon source, nutrient load, antibiotics, and time
between sample collection and processing) influences
bacterial culturability from caves. In order to examine
each of these, we carried out an extensive culture trial
in Maxwelton Sink Cave, West Virginia, a relatively
shallow, epigenic cave (145 m depth), with an upper
level that is easily accessible for sampling and a gate to
limit access (West Virginia Cave Conservancy, 2018;
N. Socky, pers. comm., 2020). Maxwelton Sink Cave
is therefore a broadly representative cave environment
to examine the influence of each of these approaches
on culturability, which are assessed using direct cell
counting and sequence-based methodologies.

METHODS
Sample collection and culture conditions
We decided to test the impact of a number of
parameters on culturability of samples. These
included: sample suspension buffer; processing time
(immediately on site, or post-collection); the addition
of antibiotics; and carbon-chemistry of the cultivation
media. We collected eight individual ~5 g pieces of
rock from the same wall location in Maxwelton Sink
Cave, which were crushed using a sterile mortar and
pestle then suspended in liquid for further processing.
Sample processing parameters are summarized in
Table 1.
One rock portion (CC) was crushed on site
immediately after collection and preserved in filtered
(0.2 µm) 70% ethanol for cell counting. The control
rock (CTL) was crushed on site, resuspended in 10
mL 0.2 µm filter-sterilized cave water, and inoculated
(0.1 mL) on diluted R2A agar (1:100 and 1:1,000; BD
Difco, Franklin Lakes, NJ) and water agar (containing
1.5% agar only). In order to limit the growth of fast
growing bacterial species, 10 μg/mL nalidixic acid
and chloramphenicol (Sigma-Aldrich, St. Louis, MO)
were added, while 4 μg/mL nystatin (Fisher Scientific,
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Table 1. Sample collection parameters for each group of subsamples. Standard media consists of water agar, 1:1,000 R2A agar, and 1:100 R2A agar.
Treatment

Processing

Buffer

Media

CC

ID

Cell Counting

-

-

-

-

CTL

Control

Immediately

Cave water

Standard media

Included

BP
BR

Buffers

Immediately

PBS
Ringers

Standard media

Included

Cave water

Standard media

Included

Water

Standard media

Not included

PL
CL
nAB

Processing
Antibiotics

Crushed on site, plated 6h later
Crushed and plated 6h later
Immediately

OM-SA

Soil agar

OM-PA

Pyruvate agar

OM-ISP2
OM-IS4

Other Media

Immediately

Cave water

ISP2
ISP4

OM-ISP5

ISP5

OM-ISP7

ISP7

Waltham, MA) was included to limit fungal growth.
Buffers used included filter-sterilized cave water,
Ringer’s solution (2.25 g NaCl, 0.05 g NaHCO3, 0.12 g
CaCO3), and phosphate-buffered saline (PBS; SigmaAldrich, St. Louis, MO). Rock portions were either
crushed on site and streaked on media immediately,
crushed on site and inoculated onto media ~6 hours
later, or crushed ~6 hours after collection and then
inoculated onto media. The role of antibiotics was
evaluated by plating identical media with and without
the addition of chloramphenicol and nalidixic acid
(lack of antibiotics is indicated by nAB). Alternate
carbon sources in media included pyruvate agar
(see Barton et al., 2005), soil agar (see Nguyen et
al., 2018), and ISP media 2, 4, 5, and 7 from the
International Streptomyces project (see Shirling
& Gottlieb, 1966). All crushed rock portions were
resuspended in 10 mL of the appropriate buffer for
each set of sampling conditions (Table 1) and a 0.1
mL volume was inoculated onto plates using a sterile
swab. Resuspended rock for all sets of sampling
conditions were inoculated onto agar in triplicate,
transported back to the lab at 4°C and then incubated
in the dark at 25˚C for 4 weeks. Although 4 μg/mL
nystatin was added to all media to limit fungal growth,
some plates did demonstrate fungal contamination,
presumably from nystatin-resistant genera. Plates
with fungal growth were discarded from additional
analyses.
Cell and Colony Forming Unit (CFU) counting
To determine the total number of cells present in
the sample, 0.1 mL of the rock preserved in 70%
ethanol (CC) was added to 0.9 mL sterile PBS and
stained with SYBR Green I for 15 minutes, following
the manufacturer’s recommended protocol (SigmaAldrich, St. Louis, MO). The full stained sample was
filtered onto a 25 mm diameter, 0.2 µm membrane
filter (Anodisc or Cyclopore; Whatman, Piscataway,
NJ) and counted at a 1,000x magnification via
epifluorescence using an Olympus BX53 microscope
(Olympus America Inc, Center Valley, PA). The
average number of cells from at least 50 fields-of-view
was used to calculate the number of cells per mL in
the original suspension (Hershey et al., 2018). Visible
colonies on plates were counted every two weeks.

Antibiotics

Included

To determine how these colony counts compared to
the total number of cells in the original rock sample,
triplicate subsamples of 1 mL of each suspended,
crushed portion of rock were dried and weighed.
This allowed us to determine the average weight
(in g) of rock per mL, and hence the average amount
of material in the 0.1 mL streaked on plates or used in
microscopy. Using these values, direct cell counts and
CFUs could be standardized per g of the rock sample.
Percent culturability was calculated by dividing plate
count values (per g) the number of cells counted via
microscopy (per g).
Molecular techniques and DNA sequencing
Colonies were collected from the surface of the plate
using 5 mL of the buffer in which the crushed rock
portion was originally suspended. Of this, 2 mL was
centrifuged in an Eppendorf 5424 microcentrifuge
(Eppendorf AG, Hamburg, Germany) at maximum
speed (21,130 x g) for two minutes to form a pellet
for genomic DNA extraction using a Zymo QuickDNA Fungal/Bacterial Miniprep Kit (Zymo Research,
Irvine, CA). The 16S rRNA gene sequences were then
amplified via polymerase chain reaction (PCR) using a
modified version of the protocol outlined in Caporaso,
Lauber, Walters, Berg-Lyons, Huntley, et al. (2012).
Briefly, Illumina iTag-barcoded universal primers
targeting the V4 region of the bacterial/archaeal 16S
rRNA gene (515F 5’-GTGYCAGCMGCCGCGGTAA;
806R 5’-GGACTACNVGGGTWTCTAAT) were used
with Illumina multiplexed (barcoded) sequencing
(Apprill et al., 2015; Parada et al., 2016). Amplification
was carried out using HotStarTaq Plus Master Mix Kit
(Qiagen, Germantown, MD) and an initial denaturing
step at 94˚C for 3 minutes, followed by 30 cycles of
94˚C for 45 s, 53˚C for 40 s, and 72˚C for 60 s, and
a final elongation step at 72˚C for 5 min. The PCR
products were checked for successful amplification
using gel electrophoresis, pooled, and purified using
Ampure XP beads. Sequencing was carried out using
the Illumina MiSeq platform (2x250) by MrDNA
Molecular Research (Shallowater, TX).
Sample diversity was determined from the Illumina
data using QIIME version 1.9.1 (Caporaso, Kuczynski,
Stombaugh, Bittinger, Bushman, et al., 2010). Paired
end reads were joined and barcodes extracted, then
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iTag libraries were demultiplexed and merged into a
complete dataset for each sample. Chimera checking
was performed, followed by open-reference OTU
picking (Haas, Gevers, Earl, Feldgarden, Ward, et
al., 2011; Caporaso, Lauber, Walters, Berg-Lyons,
Huntley, et al., 2012; Rideout, He, Navas-Molina,
Walters, Ursell, et al., 2014). The OTUs generated
were assigned using the SILVA QIIME 16S reference
database (SILVA 132; Quast et al., 2013).
Subsequent analyses of diversity were performed
using QIIME and R (R version 3.6.1, R Core Team,
2019). The phyloseq package in R (McMurdie &
Holmes, 2013) was used to determine alpha-diversity,
using observed OTUs and inverse Simpson metrics
(Simpson, 1949). The phyloseq package was also used
to generate principal coordinate analysis (PCoA) plots
using the unweighted UniFrac metric to visualize
differences in community structure (Lozupone &
Knight, 2005). phyloseq analyses were visualized
using the ggplot2 package (Wickham, 2016).

RESULTS
The culturability of bacteria in Maxwelton Sink
Cave was measured in two ways: the total number
of culturable isolates, and the diversity of these
isolates. We used direct cell counting via fluorescence
microscopy to determine the total number cells in
the rock sample, which was 1.75 × 106 cells/g (SD
± 45.3%). Culturability was measured by counting
colonies at two and four weeks after initial plating.
Across all tested conditions, there was a statistically
significant increase in observable colony counts
(Student’s t-test, p = 0.001), with average of 4.63 x
103 CFU/g after two weeks, increasing to 5.97 x 103
CFU/g at four weeks, demonstrating a 1.5 to 2-fold
increase in culturability.
Culturability, expressed as the percentage of
culturable cells from the rock sample, was calculated
for each growth condition (Table 2). When using
media that had previously been using in caves
(water and dilute R2A agar) the greatest culturability
was observed when no nutrients were added to the
media (water agar; Table 2). Media with varying
carbon sources showed mixed results, from little to
no growth, such as ISP2, ISP4 and soil agar with no
growth, 0.006% and 0.19% respectively, to pyruvate,
which demonstrated 1.76% culturability. The growth
on pyruvate was higher than any other media used

(Table 2). Our data also demonstrated that the
absence of antibiotics increased culturability.
Our cultivation approaches resulted in individual
media plates with growth ranging from none, to
hundreds of colonies. The colonies were washed off of
all the plates for analysis. While we obtained sequence
data for plates with low colony counts (<10 CFU/
plate), the Illumina data obtained for these plates had
a low number of sequence reads and those below an
average of 75,000 reads/sample were excluded from
further analysis (Fig. 1; yellow points). Other samples
were eliminated based on a high (>0.5%) presence
of Euryarchaeota or unassigned OTUs, which would
not be expected to be present in cultivation-based
datasets, suggesting contamination in the sequence
data (Fig. 1, green points; Solden et al., 2016; Baker
et al., 2020). Poorly-represented taxa (<0.1% relative
family-level abundance in a sample) were excluded
from further analysis in their respective samples. The
removal of these samples made direct comparison of
community structure difficult, as we often had only
one available sample per condition, so we focused our
efforts on understanding broader measures of diversity.
Role of sample suspension buffer in culturability
To assess the impact of resuspension buffer on
culturability, we used Ringer’s solution, PBS, and
sterile cave water (pH 8.2) to resuspend rock samples
before inoculation onto plates. The results (Fig. 2A)
demonstrate that the rock samples suspended in
water produced the greatest number of colonies when
plated on water agar. This trend was not repeated
for other media. For example, on R2A agar, PBS
increased colony counts compared with the other
buffers. These data suggest that sample suspension
buffers may impact culturability depending on the
growth medium, although significance was not seen
for the impact of buffer alone (Single-factor ANOVA,
F2,24 = 1.22, p = 0.314) or any combination of media
and buffer (Two-factor ANOVA, F4,18 = 1.09, p = 0.392).
In order to determine if there were any similarities
between community diversity based on suspension
buffer, we used a principal coordinate analysis (PCoA)
to evaluate beta-diversity, which incorporates OTU
phylogenetic distance into community comparisons.
The PCoA plot in Fig. 2B demonstrates a high degree of
overlap in diversity between communities, suggesting
that there are no meaningful differences in culturable
diversity when using different buffers.

Table 2. Average culturability by sample collection condition.
Media

CTL

BP

BR

PL

CL

nAB

OM

Water agar

0.970%

0.130%

0.205%

0.294%

0.051%

1.307%

-

1:1,000 R2A

0.133%

0.225%

0.058%

0.204%

0.022%

0.797%

-

1:100 R2A

0.261%

0.347%

0.101%

0.025%

0.022%

1.143%

-

Pyruvate agar

-

-

-

-

-

-

1.759%

Soil agar

-

-

-

-

-

-

0.019%

ISP2

-

-

-

-

-

-

0.000%

ISP4

-

-

-

-

-

-

0.006%

ISP5

-

-

-

-

-

-

0.094%

ISP7

-

-

-

-

-

-

0.003%

International Journal of Speleology, 49 (3), 209-220. Tampa, FL (USA) September 2020

Impact of sampling method, media on cultivation of cave bacteria

213

Fig. 1. Plotted relationship between the number of sequences reads for DNA extracted from each
plate, compared with the observed number of CFU on the same plate. The calculated R2 = 0.0419
was low and indicated significant noise in the sequencing data at lower CFU counts (500 CFU/g is
equivalent to less than 10 CFU/plate).

Fig. 2. The influence of suspension buffer on bacterial culturability (A) (based on colony forming units per g of crushed rock) and
beta-diversity (B) based on Illumina sequencing of growth on plates. Beta-diversity is represented by a PCoA of the unweighted
UniFrac metric; ellipses represent 95% confidence intervals.

Role of sample processing in culturability
To evaluate the impact of sample processing time
(i.e., the time when the rock sample was crushed and
plated onto media after collection) on culturability, we
examined rock samples that were crushed and plated
immediately after collection, crushed immediately
and plated ~6 hours later, and crushed and plated
~6 hours later (Fig. 3). Rock samples plated on
water agar and 1:100 R2A agar suggest that rock
portions crushed on-site and inoculated immediately

demonstrate the highest culturability; however,
this trend was not statistically significant (ANOVA,
F2,24 = 1.92, p = 0.169). Only rock samples processed
immediately on site generated enough colonies
for high-quality sequence data analysis. The rock
samples where processing was delayed produced so
few colonies that they were eliminated in the sample
curation process (see Fig. 1). As a result, no taxonomic
or diversity analyses can be performed for this
dataset.

Fig. 3. The influence of processing time on bacterial culturability (based on colony
forming units per g of crushed rock) of samples after collection.
International Journal of Speleology, 49 (3), 209-220. Tampa, FL (USA) September 2020
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Role of antibiotics in culturable diversity
To assess the effect of antibiotics on culturability,
media were prepared with and without 10 μg/
mL chloramphenicol and nalidixic acid. At low
concentrations, these antibiotics are bacteriostatic
(i.e., they inhibit growth, but do not kill bacteria),
inhibiting
translation
and
DNA
replication,
respectively (Jardetzky, 1963; Emmerson & Jones,
2003). As a result, these antibiotics have previously
been used to inhibit the growth of rapidly growing
species in culture that would otherwise overwhelm
the plate and reduce overall diversity. The data
(Fig. 4A) suggest that antibiotics suppress overall
bacterial growth, and media without antibiotics had
a statistically significant increase in colony counts
(ANOVA, F1,16 = 4.60, p = 0.0476). In all cases, our
data suggest that media without antibiotics contained
both higher species richness and evenness in observed
bacterial growth (Fig. 4B). Communities grown on
water agar demonstrated a significant increase in
both species richness and evenness, regardless of
whether antibiotics were present (ANOVA; observed
OTUs, F1,4 = 25.4, p = 0.00727; inverse Simpson,
F1,4 = 15.2, p = 0.0176). Nonetheless, the community
structure (Fig. 4C) suggests that the actual diversity
of isolates is distinct in the presence and absence of
antibiotics. As we obtained sufficient Illumina data
for samples on water agar, 1:1,000 R2A, and 1:100
R2A in both the presence and absence of antibiotics,
we were able to carry out a comparative analysis of
the bacterial diversity on these plates (Fig. 4D). The
data support the PCoA analyses, demonstrating
several distinctive differences between growth in the
presence and absence of antibiotics. At the family
level, plates without antibiotics were dominated
by fast-growing members of the Actinobacteria
(Dietziaceae, Dermacoccaceae, and Micrococcaceae)
and Gammaproteobacteria (Burkholderiaceae and
Moraxellaceae). In contrast, the use of antibiotics
appears to select for the growth of Alphaproteobacteria,
with higher relative abundances of members of the
slow-growing Xanthobacteraceae and Reyranellaceae,
and an increased prevalence of the Nocardiaceae and
Promicromonosporaceae within the Actinobacteria.
It is interesting to note that many of the differences
in culturability with and without antibiotics were
not always shared across media types. For example,
antibiotics only enhanced the growth of the
Intrasporangiaceae on water agar (12.6% total growth),
with little (0.12%) or no representation in culture in
culture on 1:1,000 and 1:100 R2A, respectively. In
contrast, media without antibiotics promoted growth
of the Intrasporangiaceae, only slightly on water
agar (6.8%), but significantly on 1:1,000 and 1:100
R2A (15.4% and 16.6%, respectively). This suggests
that the effects of nutrients within the media can
differentially select for growth, depending upon other
stressors on the cell.
Impact of carbon source
Finally, we examined the role of carbon source on
culturability, using pyruvate, soil extract, and ISP2,
ISP4, ISP5, and ISP7 media. The results (Fig. 5A)

show that pyruvate agar produced the greatest
culturability of any media used, followed by water
agar. No significant improvement in culturability
over water agar was seen on any other media. Soil
agar and ISP2 were particularly poor in culturing
isolates from this environment, with 0.003% and no
growth, respectively. Although an ANOVA detected
significant differences in culturability between all
media types (ANOVA, F8,18 = 5.04, p = 0.002), no
significant difference was detected between pyruvate
and previously used cave cultivation media (i.e.,
water agar, 1:1,000 R2A, and 1:100 R2A; ANOVA, F3,8
= 3.40, p = 0.074). Illumina data suggested that the
pyruvate agar produces a greater diversity of bacterial
species than other media, although when compared
with water agar and dilute R2A, these differences were
not significant. The beta-diversity of these samples,
visualized using PCoA (Fig. 5B) indicate significant
differences in community structure between pyruvate
agar and previously used cave culture media,
suggesting that these media grow different subsets
of the culturable species from the cave environment;
however, we did not obtain sufficient data for a direct
phylogenetic comparison.

DISCUSSION
Increasing the culturable diversity of microbes
allows a more thorough assessment of the metabolic,
biosynthetic, and functional activities of these
organisms in their environment (Lagier et al., 2018).
Increasing this culturability (culturomics) has been
shown to dramatically increase our understanding of
ecosystem function (Lagier et al., 2018). While previous
work has indicated that caves are a potential source
of novel natural products, including novel antibiotics
(e.g., Laiz et al., 1999; Laiz et al., 2003; Bhullar et al.,
2012; Leo et al., 2012; Cheeptham, 2013; Pawlowski
et al., 2016; Adam et al., 2018), there have been no
systematic studies on how to improve culturability from
these environments. In this study, a number of sample
processing conditions and growth media were assessed
for their effectiveness in increasing culturable bacterial
diversity from a single sample site. We hypothesized
that factors in sample collection and incubation, such
as the of physiological buffers to resuspend samples,
processing samples immediately after collection, and
using an extended (i.e., 4-week) incubation period
could increase culturability. We also investigated the
influence of the growth media with and without the
addition of antibiotics to reduce fast growing species on
increased culturable diversity. Using a single sample
site to inoculate all of these culture conditions makes
such comparative analyses possible.
We found a significant increase in culturability after
extended incubation of the plates (from two to four
weeks). This is in line with previous studies which
have suggested that the number of cultured isolates
increases with incubation time; however, there
are conflicting results on whether these extended
incubations increase the diversity of isolates or
increase the likelihood of culturing rare species
(Davis et al., 2005; Kurm et al., 2019). Because of the
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Fig. 4. The influence of antibiotics on culturability (A) and diversity. Illumina sequencing of plate growth was used to obtain
the alpha-diversity (B), assessed using observed OTUs (Observed) and the inverse Simpson (InvSimpson) indices;
beta-diversity (C), represented by a PCoA of the unweighted UniFrac metric with ellipses representing 95% confidence
intervals; and averaged taxonomic composition (D) of growth on media. Taxa are represented at the family level and
grouped by colour at the order level.

Fig. 5. The impact of different carbon sources in the media on culturability (A) and beta-diversity (B). Beta-diversity is
obtained by Illumina sequencing of growth and is represented by a PCoA of the unweighted UniFrac metric; ellipses
represent 95% confidence intervals.
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destructive sampling required for DNA extraction, we
were only able to obtain sequence data from cultures
with 4 weeks of growth and did not evaluate such
changes in diversity, although such studies would
prove important for future work.
Although the choice of sample suspension buffers
showed no differences in culturability or diversity (Fig.
2), other factors did show pronounced effects, such
as the use of antibiotics in the culture media. Past
research on culturing cave microbes has included low
concentrations of antibiotics (e.g., chloramphenicol
and nalidixic acid) to suppress the growth of fastgrowing species (r-strategists) in favour of slowergrowing oligotrophs (K-strategists). Theoretically, in
high-nutrient conditions, r-strategists should outcompete K-strategists and antibiotics should slow
and/or inhibit fast-growing species in favour of
cultivating a greater diversity of oligotrophs (Alain &
Querellou, 2009). Although alpha-diversity results
(Fig. 4B) suggest that antibiotics may reduce the
culturability of many bacterial species, the taxonomic
distributions shown in Fig. 4D suggest that it does
enrich for slow-growing species. The families that
were more prevalent in media without antibiotics
include the Micrococcaceae, Burkholderiaceae, and
Moraxellaceae. Members of the Micrococcaceae and
Burkholderiaceae are metabolically flexible (Coenye,
2014; Dastager et al., 2014), and the cultured
Moraxellaceae belong to nonfastidious members of
this bacterial family (Teixeira & Merquior, 2014). All
the families dominant in samples without antibiotics
therefore have flexible metabolic strategies and higher
growth rates - i.e., they are r-strategists.
In contrast, the families dominating the media
containing antibiotics have slower growth rates
and often benefit from strategies that reduce the
proliferation of other bacteria when they are targeted
for isolation. One of the most significant increases in
relative abundance on media containing antibiotics
is the family Xanthobacteraceae. While many of its
member genera are often instead classified into the
Bradyrhizobiaceae, both the Xanthobacteraceae
and Bradyrhizobiaceae generally grow best on low
nutrient media and their members commonly have
slow growth rates (de Souza et al., 2014; Oren,
2014). The Reyranellaceae also show a considerable
increase in relative abundance on media containing
antibiotics. This is a poorly-cultured family with only
five characterized species, which commonly require
2-7 days to grow sufficiently for analysis (Pagnier et
al., 2011; Cui et al., 2017; Lee et al., 2017). Among
the Actinobacteria, media containing antibiotics
showed higher abundances of the Nocardiaceae and
Promicromonosporaceae, both of which have been
shown to benefit from targeted isolation strategies
that limit the growth of other bacteria (Tiwari &
Gupta, 2012).
Together, these results suggest that antibiotics
select against opportunistic, metabolically flexible
r-strategists,
and
select
for
slower-growing
K-strategists, as predicted. This is also supported by
the community structures shown in Fig. 4C, which
indicate that media with and without antibiotics grow

distinct species profiles. With the added context of
the taxonomic results, we can infer that the opposing
dominances of slow and fast-growing species in media
with and without antibiotics are the major causes of
these differences. These results suggest that to access
the greatest culturable diversity of this environment,
both media with and without antibiotics should both
be used, even though media lacking antibiotics are
likely to culture the fast-growing species that are
already over-represented in culture libraries (Keller &
Zengler, 2004).
In contrast to previous cave work (Barton et al.,
2005), our findings suggest that using pyruvate as
a carbon source increases culturability, producing a
distinctly different culturable profile when compared
to other media (Fig. 5). In the previous work, the
reduction in diversity on pyruvate agar was attributed
to the ability of this organic carbon to feed directly into
the tri-carboxylic acid cycle (Barton, 2015), although
pyruvate does demonstrate oxygen radical scavenging
properties. Other studies have shown that, when
compounds inducing oxidative stress are present in
culture media, there is a reduction in culturability and
culturable diversity (Tanaka et al., 2014; Kawasaki &
Kamagata, 2017). This effect can be reversed, however,
by including oxygen radical scavengers such as
pyruvate or catalase in media, or by modifying media
preparation protocols (Martin et al., 1976; Alain &
Querellou, 2009; Kato, Yamagishi, Daimon, Kawasaki,
Tamaki, et al., 2018). These approaches may present
a way to mitigate the metabolic stresses faced by caveadapted oligotrophs when inoculated on nutrient-rich
culture media, orthogonal to the current strategy of
using dilute culture media. Nonetheless, the increase
in culturability seen must also be controlled against
the use of HEPES buffer in the media, which has
been shown to improve bacterial culturability in lake
water bacteria (e.g., Bartscht et al., 1999, Bussmann
et al., 2001).
In their study of soil bacteria, Janssen et al.
(2002) established several techniques to increase
culturability of soil communities. In that study, the
authors increased their viable plate counts from 1.4%
(using previously established techniques) to 14.1%. Of
the 30 isolates that they sequenced, 12 were members
of then-uncultured taxa (Janssen et al., 2002). This
result demonstrated that increasing culturability leads
to an increase in rare species, making it reasonable
to infer that increased CFU counts will result in
increased diversity. Given the differences in resources
required to assess culturability (colony counts) versus
diversity (DNA extraction, PCR amplification and
purification, Illumina sequencing, and bioinformatic
analysis), colony counts may serve as a rough proxy
to assess and optimize culture conditions (Lagier et
al., 2018).
Based on the results we obtained, there are a number
of possible avenues for future work investigating the
culturability of cave microbial communities. Although
over 80% of the colonies present in their final (12week) plate count were present after 4 weeks of
incubation, Janssen et al. (2002) found that CFU
counts continued to increase up to 10 weeks after
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inoculation; these later-growing colonies are more
likely to be rare species (Davis et al., 2005; Kurm et al.,
2019), indicating that extended incubations should
be considered. Further studies should also attempt
to more accurately replicate environmental conditions
in both media and incubation conditions. This would
be ideally achieved through the use of diffusion
chambers (e.g., Nichols et al., 2010) for an initial, incave incubation followed by amending media (e.g.,
including carbonate compounds and buffering media
to cave-relevant pH, building on the results of Barton
et al., 2005) and environmental conditions (e.g., light,
temperature, humidity) to imitate the cave environment
for improved isolation (Zengler, 2009; Stewart, 2012).
Future work should also study the potential effects of
different antibiotics in culture media on culturability,
and a titration of antibiotic concentration to determine
if there is an ideal combination/concentration to
promote oligotrophic growth. To allow for comparative
analyses, we used a single sample site for this study
to reduce the impact of other variables, such as
location (ceiling, floor, distance from entrance, depth)
and nutrient availability on diversity. It is possible
that the impacts of the cultivation techniques we
have evaluated here may not translate to other cave
surfaces, and comparative analyses from such sites
would also be valuable.
Overall, these data suggest that the best strategy
for cultivating the greatest diversity of bacteria in
caves is to use a variety of culture media, as has
been shown in other environments (e.g., Köpke et
al., 2005; Alain & Querellou, 2009; Vartoukian et
al., 2010). This study has highlighted several culture
techniques that influence the culturability of cave
microbial communities, and suggests that there is
considerable opportunity for culturomic approaches
in cave environments.
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Abstract:

Keywords:

Cave-dwelling organisms share different ecological and evolutionary relationships with caves.
Based on these interactions, they are categorized as troglobites, troglophiles, and trogloxenes.
In India, caves are meagerly explored, and thus cave study is in its infancy in India. Through
the present study, we attempted to understand and model the distribution of crickets (Family
Phalangopsidae), a critical group of insects - being the primary consumers in the cave ecosystems.
We sampled seven caves using belt transects (N = 184; total area covered = 1294.9 m2) with 1 m
width. During the survey, we encountered 818 individual crickets (116.85 ± 47.16 SD per cave). Of
these, 87.7% encounters were on walls, 7.09% were on the ceiling, and 5.13% were on the cave
floor. We used the Single-species Multi-season occupancy model to calculate the overall, zonewise, and cave-specific occupancy. Cricket occupancy in Baratang caves is seasonal and highly
zonal, with detectability ≤1. The cave with less distinct zones has more consistent occupancies
and zero chances of extinction and colonization. Hence, these caves serve as suitable habitat
for the source population. A negative correlation of cave morphometric features (cave volume,
wall surface area, and floor surface area), and density of crickets (p < 0.05), might need further
validation. The study shows the need for detailed studies regarding cricket taxonomy and ecology
towards establishing the conservation importance of the species and their habitat in the islands.
cave fauna, cave zones, occupancy, subterranean ecosystem, species distribution
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INTRODUCTION
Based on their ecological and evolutionary
relationships with caves, cave dwelling organisms
can be separated into three categories - troglobites,
troglophiles, and trogloxenes (Racovitza, 1907; Sket,
2008; Trajano & Carvalho, 2017). Troglobites are the
obligatory cave organisms that spend their entire life
in caves. Troglophiles depend on caves for parts of
their life but must exit the cave for critical biological
functions. Trogloxenes are temporary visitors to caves
(Romero, 2009; Moldovan et al., 2018).
Caves form a complex network of habitats with
cracks, crevices, branches, and nodes of various sizes,
most inaccessible to humans (Campbell et al., 2007).
Variations in temperature, humidity, and intensity of
light within caves create different microhabitats and
attract temporary visitors, along with the permanently
resident organisms. Terrestrial subterranean habitats
are strongly zoned and defined based on the physical
environment, especially the levels of light intensity,
moisture, airflow, gas concentration (mainly CO2),
and evaporative power of the air. Five such cave
*ediblenest@gmail.com

zones are the entrance, twilight, transition, deep,
and stagnant air zones (Howarth, 1993; Moldovan
et al., 2018). However, traditionally, according to the
variations in the intensity of light, a cave is divided
into Entrance, Twilight, and Dark zones (Biswas,
2009; Culver & Pipan, 2009; Manenti et al., 2015).
The entrance zone (EZ) or euphotic zone is the cave
opening and immediate area where there is sufficient
light for vascular plant life to grow. It supports the
highest number of species as the mixing of epigean
and hypogean (endogean) fauna occurs here. The
twilight zone (TZ) or disphotic zone is the region with
reduced/dim light and is not influenced directly by
external factors. Beyond the twilight zone is total
darkness where most obligatory cave animals occur.
Microclimatic conditions in the dark zone (DZ) or
aphotic zone are more or less constant, but periodically
stagnates and gas concentrations, particularly carbon
dioxide, become stressful (Howarth, 1993; Moldovan
et al., 2018). According to Moldovan et al. (2018),
zonation in caves provides a useful classification
scheme to understand cave ecology. In the TZ, species
diversity is low and mostly composed of strays from
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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neighboring zones, surface animals seeking shelter,
scavengers, and predators. It is increasingly evident
that the DZ is a principal zone and the primary
habitat of troglobitic, obligatory cave species, present
in mesocavernous cracks and voids. In TZ and DZ,
minimum or no light results in limited or no primary
energy production.
Crickets are hygrophilous insects that prefer highly
humid environments like tropical rainforests (Biswas,
2009), thus found in large numbers in caves. Crickets of
the family Rhaphidophoridae and Phalangopsidae are
commonly known cavernicoles (Desutter-Grandcolas,
1998). These nocturnal feeders forage outside the
caves and use caves as shelter, to breed, to digest
food, and to defecate (Poulson et al., 1995; Lavoie
et al., 2007). Most cave crickets are cavernicolous
(Desutter-Grandcolas, 1998). Crickets gregariously
overwinter on cave walls and ceilings in the twilight
zone, both in temperate (Kozel et al., 2015; Lipovšek
et al., 2016) and subtropical regions (Chelini et al.,
2011). Crickets, including their feces and eggs, are
a vital source of energy for other organisms in caves
(Studier and Lavoie, 1990; Culver & Pipan, 2009). Cave
crickets subsidize several rare, endemic, and obligate
cave-dwelling invertebrates through their active and
regular transfer of organic matter from the surface to
subsurface levels (Culver et al., 2000). Hence, these
primary producers in many subterranean food webs
are also the keystone species (Poulson & Lavoie, 2000;
Lavoie et al., 2007). The cave crickets have adapted
to the DZ by significantly reducing their ability and
propensity to jump since this behavior increases the
predation rate (Howarth, 1983).
India is the second most diverse region, after the
Neotropics, in terms of crickets of family Phalangopsidae
(Desutter-Grandcolas & Jaiswara, 2012). The country
is known to harbor six cavernicolous cricket species,
mainly from the Eastern and North-Eastern states
of India. However, the cave fauna of Andaman and
Nicobar Islands are still unexplored; thus, there are
no previous records of any cave-dwelling cricket
species from the islands. During several visits to the
caves, we frequently encountered crickets. Knowing
the primary ecological role of crickets in caves,
we conducted a preliminary study to understand
the population status and distribution pattern of
crickets of the subfamily Phalangopsinae, family
Phalangopsidae. We conducted the present study in
select caves of the largest-known cave complex in the
Andaman and Nicobar Islands of India. This study
highlights the population and distribution of crickets
within selected limestone caves. Further, we also
attempted to understand the influence of structural
variations between the morphology of caves and the
cricket population living in them.

METHODS
Study area
The Andaman and Nicobar Islands are situated in
the Bay of Bengal, towards south-east of the mainland
India. The study area, viz., the Baratang Island (12°05´
N, 92°45´E) is in the south of the Middle Andaman

and north of South Andaman Islands (Fig. 1). It is a
large island with an area of 251.85 km2. Baratang and
Port Meadow groups, with the rock type of Mithakhari
(Early to Middle Eocene), have interstratified massive
and graded polymict conglomerates, massive crossstratified and graded sandstone, shales and thin coals
(Allen et al., 2007; Bandopadhyay & Carter, 2017). It
has unique karstland vegetation (Mane et al., 2019),
mostly dominated by Andaman tropical evergreen
and Andaman semi-evergreen forests (Champion &
Seth, 2005). North and Middle Andaman experiences
significant rainfall throughout the year (8-536.5 mm)
with a short dry season between March and May
(Hydromet Division, 2015).
The cave complex between Wraffter’s Creek and Naya
Dera on Baratang Island is spread across 0.77 km2
(Mane & Manchi, 2017; 2018) and has more than 175
limestone caves (Sankaran, 2001; Manchi & Sankaran,
2014; Bandopadhyay & Carter, 2017), mostly
inaccessible to people. We surveyed seven accessible
caves to study the population and distribution of
cave crickets. None of the study caves are gated or
visited by tourists or locals. Out of the seven caves,
six are occupied by bats, albeit in small numbers.
Each cave was divided into transects of 1 m width
with a maximum 2.5 m length (maximum accessible
with minimum disturbance to the ecosystem) on both
walls, amounting to total effort of 184 fixed-width
transects with a range of 18 to 46 transects per cave
(26.2 ± 11.2 SD). We divided the caves into three zones
– entrance zone (EZ), twilight zone (TZ), and dark zone
(DZ) based mainly on natural visibility of cave features
by eye in the absence of artificial light (Biswas, 2009).
We spent ten minutes at each transect to note the
number and location (walls, ground, ceiling) of the
crickets encountered in various zones. We conducted
three repetitive surveys during the monsoon and
post-monsoon seasons, i.e., June 2018, January,
and February 2019, between 1000 hours and 1300
hours. We randomly noted temperature and relative
humidity using handheld environment meter (Kestrel
3000) inside the caves during various visits. Using a
standard survey method (Ford & Cullingford, 1976;
Kawalkar & Manchi, 2020) and Leica Distometer
S910, we recorded the morphometric measurements
of the study caves to estimate the Cave Length (CL),
Ceiling Surface Area (CSA), Wall Surface Area (WSA),
Floor Area (FA) and Cave Volume (CV).
Data Analysis
We used Microsoft Excel (Ver. 2010) to perform the
descriptive analysis (mean, standard deviation, range).
We made comparisons of means (Student’s t-test,
p < 0.05), using XLSTAT Ver 2020 1.2 (Addinsoft,
2020). The density (D) of the crickets was estimated
following D = N/A*, where N is the number of individuals
encountered, and A is the total area surveyed. Ab =
N/TN calculated the abundance (Ab), where T is a
number of individuals encountered in a cave, and TN
is the total number of individuals encountered in all
caves (Macarthur, 1965). We performed a multiple
regression fit to test the dependency of cricket
abundance on morphometric parameters of caves.
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Fig. 1. Location of the Baratang cave complex on the Baratang Island of the Andaman and Nicobar Island.

Further, we used the Spearman Rank Correlation test
to determine the nature of the correlation between
cave morphometry variables and cricket abundance
and density using XLSTAT Ver 2020 1.2 (Addinsoft,
2020) and using PRESENCE (Hines, 2006) ver. 12.7,
we generated the Single-species Multi-season model
for understanding the occupancy and distribution of
crickets throughout the study caves (Mackenzie et al.,
2002). Further, we treated the models for cave wise and
cave zone wise occupancy (psi), colonization (gamma),
extinction (epsilon), and detection probability (P).
We considered the model with the lowest Akaike
Information Criterion (AIC) value as the best fit.

The limestone study caves on Baratang Island
maintained nearly stable temperatures throughout
the study period, with a slight variation of 2°C (23
to 25°C). Whereas, the relative humidity in the study
caves varied considerably between 92% and 100%.
As part of a more extensive study, we prepared the
maps and surveyed seven caves in the study area.
The general description of the caves surveyed is
in Table 1.
The seven caves surveyed during the study
were of various Lengths, Volume, Floor Area, Wall
Surface Area, and Ceiling Surface Area (Table 2).
We encountered 818 individual crickets (Fig. 2;
Range = 52-174) in all the seven caves with an average
of 116.85 ± 47.16 (Mean ± SD) crickets per cave. In
184 transects, covering a total area of 1294.9 m2, we
encountered 5.41 ± 4.9 crickets per transect. Of the
total 818 individuals encountered, 87.7% were on
walls, 7.09% were on the ceiling, and 5.13% were on
the cave floor.

RESULTS
General Description of caves
Baratang is the largest known karst diverse area in
the Andaman group of Islands. It harbors limestone
caves/voids ranging from 5 m to 220 m in length.
Table 1. General description of the seven sampled caves.
Cave
No.
1

Cricket
frequency

Length
(m)

Entrance
width (m)

# of
Entrances

EZ

TZ

DZ

Cave shape/type

Structural
heterogeneity

Presence of bat/
bird guano

33.33 ±21.64

16

1.5

1

Yes

Yes

Yes

Horizontal

Low

Both

Low

Bird only

1.3

1

Yes

Yes

No

Horizontal
fracture

18.4

2

1

Yes

Yes

Yes

Horizontal

Medium

Both

20

1.2

1

Yes

Yes

Yes

Horizontal

Medium

Both

22.2

2.3

2

Yes

Yes

Yes

Horizontal

Medium

Both

40

0.8

2

No

Yes

Yes

Hybrid

High

Both

39.5

3.08

1

Yes

Yes

Yes

Horizontal

High

Both

2

87.00±31.00

11.2

3

53.67±21.48

4

32.67±14.82

5

21.33±13.91

6

26.00±18.00

7

56.33±4.78

Table 2. Descriptive statistics of the morphometric parameters obtained from the seven sampled caves.
Units

Range

Mean ± SD

Cave Length (CL)

Cave parameter (abbreviation)

m

11.2 - 40

23.90 ± 10.52

Cave Volume (CV)

m3

6.1 - 804.1

268.47 ± 272.35

Cave Floor Area (FA)

m2

18.5 - 95.8

55.71 ± 24.76

Cave Wall Surface Area (WSA)

m2

55.9 - 729.3

301.14 ± 241.13

Cave Ceiling Surface Area (CSA)

m2

2.5 - 114.3

55.49 ± 46.24
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Among the surveyed caves, the highest density of
crickets was 1.39 individuals per m2, and the lowest
was 0.25/m2. The caves with the highest density
also had the highest abundance and vice-a-versa.
The abundance and density of the crickets varied
significantly (p < 0.05) between the zones. TZ had
the highest density (0.9/m2) and lowest abundance
(0.20) of crickets, as compared to the other two
zones (Fig. 3).

(CV), were highly statistically significant with both
abundance and density (Table 3). These two predictors
accounted for the 89% variability with density
(R2 = 0.89) and 79% with the abundance (R2 = 0.79).
It indicates that CL and CV influence the abundance
and density of cave crickets.
The Spearman Rank Correlation (ρ) depicted a
significant negative correlation between the cricket
density and the cave morphometric parameters such
as CV, WSA, and FA (p < 0.05) (Table 4).
Single-Species Multi-season Occupancy
Overall and Zone wise
Crickets occupied all the sampled caves, with
seasonal variations in their occupancy between dry
(January and February) and wet season (June).
Though crickets tend to occupy all caves and zones,
with the detection probability (p ≤ 1), the occupancy
pattern of the crickets is highly zonal. EZ had the
highest occupancy and colonization, and lowest
extinction rates as compared to the TZ and DZ (Table 5).

Fig. 2. Cave crickets (Subfamily: Phalangopsinae) from the study
caves of Baratang Island, Andaman and Nicobar Islands.

Cave specific model
When we treated the data at each cave level, C1 and
C2 had consistently high occupancies as compared to
the other caves. There are seasonal variations in the
occupancy, detection probability, colonization, and
extinction in all the sampled caves (Table 6).

DISCUSSION
Crickets are one of the most common and abundant
invertebrates found in the caves (Taylor et al., 2005;
Fagan et al., 2007; Lavoie et al., 2007; Yoder et al.,
2011; Weckerly, 2012), and the caves on Baratang
Island are no exception. As documented by Hubbell &
Norton (1978), we also encountered most of the crickets
clinging singly or in groups to the walls and ceilings
inside caves, which might be to avoid predators or to
find an optimal microclimate. Moreover, the nymphs
of the crickets were seen on the ceiling of the study
caves, where they may be less vulnerable to predators
(Norton et al., 1975).
Based on the calculated average density of crickets
(0.64/m2) in the caves on Baratang Island, we
estimate around three cricket individuals in every
2 m2 of the sampled area inside the cave. Though
various studies on cave crickets and their habitats

Fig. 3. Zone-wise average abundance and density of crickets.

Cave morphometric parameters and cricket density
and abundance
When we regressed the density and abundance of
crickets with the cave morphometric parameters, two
predictors, the cave length (CL) and the cave volume

0.21

0.38

-5.18

-136.99

8.28

173.1

CL

0.03

0.7

0.09

1.96

0.3

0.36

0.81

0.78

-1.05

-24.15

1.1

25.54

Density

1.48

Pr > |t|

Abundance

2.93

Density

12.2

t

Abundance

Abundance

0.53

Standard error

Density

Density

Abundance

18.05

Value

Density

1.55

Source

Abundance

Intercept

Density

Abundance

Table 3. Multi-regression model of the predictor variables (CL- Cave Length, CV- Cave Volume, CSA- Ceiling Surface Area, WSA- Wall Surface
Area, FA- Floor Area) with abundance and density of crickets.

Lower bound (95%) Upper bound (95%)

CV

0.01

0.1

0.01

0.16

0.69

0.6

0.61

0.66

-0.08

-1.91

0.09

2.1

CSA

-0.01

-0.09

0.01

0.29

-0.74

-0.31

0.59

0.81

-0.17

-3.8

0.15

3.62

WSA

-0.01

-0.08

0.01

0.23

-0.5

-0.34

0.71

0.79

-0.13

-3.05

0.12

2.89

FA

-0.01

-0.3

0.01

0.21

-1.31

-1.44

0.42

0.39

-0.13

-2.97

0.1

2.37
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Table 4. Spearman Rank Correlation tests for cricket abundance (A), density (D), cave length (CL), cave volume (CV), ceiling surface area (CSA),
wall surface area (WSA) and floor area (FA) with significance values at p <0.05 (Note- values in bold represent the correlation and significance
values <0.05).
Variables

A

D

CL

CV

CSA

WSA

FA

Statistical
value (p-value)

Statistical
value (p-value)

Statistical
value (p-value)

Statistical
value (p-value)

Statistical
value (p-value)

Statistical
value (p-value)

Statistical
value (p-value)

A

1 (0)

D

0.607 (0.167)

CL

-0.143 (0.783)

-0.714 (0.088)

1 (0)

CV

-0.357 (0.444)

-0.929 (0.007)

0.857 (0.024)

1 (0)

CSA

0.464 (0.302)

0.071 (0.906)

0.429 (0.354)

0.214 (0.662)

1 (0)

WSA

-0.357 (0.444)

-0.929 (0.007)

0.857 (0.024)

1.000 (<0.0001)

0.214 (0.662)

1 (0)

FA

-0.357 (0.444)

-0.929 (0.007)

0.857 (0.024)

1.000 (<0.0001)

0.214 (0.662)

1.000 (< 0.0001)

1 (0)

1 (0)

Table 5. Overall and zone-wise occupancy model.
-2log
(likelihood)

AIC

Occupancy across surveys (psi)
1

2

Colonization
(gamma)

3

Extinction
(epsilon)

Detection Probability across
surveys (P)
1

2

3

Overall

758.81

750.81

0.65 ± 0.03 0.470 ± 0.02 0.44 ± 0.02

0.37 ± 0.03

0.48 ± 0.03 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00

Entrance zone (EZ)

145.41

137.41

0.92 ± 0.03

0.47 ± 0.06

0.45 ± 0.06

0.42 ± 0.09

0.51 ± 0.06 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00

Twilight zone (TZ)

150.29

142.29

1.00 ± 0.00

0.81 ± 0.10

0.85 ± 0.06

1.00 ± 0.00

0.18 ± 0.10 0.77 ± 0.06 0.77 ± 0.06 0.77 ± 0.06

434.2

426.2

0.51 ± 0.04 0.374 ± 0.03 0.35 ± 0.03

0.31 ± 0.04

0.57 ± 0.05 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00

Dark Zone (DZ)

Table 6. Cave-specific occupancy model.
Cave

C1

Survey

-2log(likelihood)

AIC

Occupancy (psi)

Colonization
(gamma)

Extinction
(epsilon)

Detection
probability (p)

1

66

74

0.90 ± 0.07

00.0 ± 0.00

00.0 ± 0.00

0.73 ± 0.06

2

0.90 ± 0.07

00.0 ± 0.00

00.0 ± 0.00

0.73 ± 0.06

3

0.90 ± 0.07

00.0 ± 0.00

00.0 ± 0.00

0.73 ± 0.06

0.81 ± 0.06

1.00 ± 0.00

0.45 ± 0.12

0.81 ± 0.06

0.81 ± 0.06

1.00 ± 0.00

0.45 ± 0.12

0.81 ± 0.06

0.81 ± 0.06

1.00 ± 0.00

0.45 ± 0.12

0.81 ± 0.06

0.80 ± 0.08

0.33 ± 0.12

0.33 ± 0.09

1.00 ± 0.00

2

0.60 ± 0.08

0.33 ± 0.12

0.33 ± 0.09

1.00 ± 0.00

3

0.53 ± 0.09

0.33 ± 0.12

0.33 ± 0.09

1.00 ± 0.00

1
C2

71.22

79.22

2
3
1

C3

1
C4

0.83 ± 0.08

0.50 ± 0.13

0.40 ± 0.10

1.00 ± 0.00

0.57 ± 0.09

0.50 ± 0.13

0.40 ± 0.10

1.00 ± 0.00

3

0.55 ± 0.09

0.50 ± 0.13

0.40 ± 0.10

1.00 ± 0.00

0.60 ± 0.10

0.30 ± 0.09

0.60 ± 0.10

1.00 ± 0.00

2

0.35 ± 0.07

0.30 ± 0.09

0.60 ± 0.10

1.00 ± 0.00

3

0.33 ± 0.07

0.30 ± 0.09

0.60 ± 0.10

1.00 ± 0.00

0.62 ± 0.70

0.56 ± 1.09

0.65 ± 0.44

0.48 ± 0.60

0.42 ± 0.51

0.56 ± 1.09

0.65 ± 0.44

0.48 ± 0.60

0.47 ± 0.68

0.56 ± 1.09

0.65 ± 0.44

0.48 ± 0.60

0.88 ± 0.55

0.52 ± 0.23

0.38 ± 0.38

0.88 ± 0.54

2

0.60 ± 0.40

0.52 ± 0.23

0.38 ± 0.38

0.88 ± 0.54

3

0.57 ± 0.34

0.52 ± 0.23

0.38 ± 0.38

0.88 ± 0.54

1
C6

65.4

81.92

2
1

C5

73.92

89.85

138.88

73.4

97.85

146.88

2
3
1

C7

175.25

183.25

explained some cave characters as part of the
cricket habitat, the present study might be the first,
considering cave morphometry as one of the critical
habitat components, influencing the existence and
population of the crickets in caves. Lavoie et al.
(2007) documented that the crickets roost in small
crevices and stay away from open spaces. This may
be a possible explanation for the correlations between
the cricket density and abundance and the cave
morphometric parameters observed in the present
study. High density and abundance of crickets were
in the smallest and shortest cave (a crack type cave

with 11.2 m length and 6.1 m3 volume), and lowest
density and abundance were in one of the longest and
largest caves surveyed (39.5 m length and 427 m3
volume). It confirms the negative correlation of these
cave morphometric parameters with the population
of crickets in the caves. The cricket population also
depicted a similar relationship with the FA. Based
on the relationship between the cave structure (CL
and CV) and cricket abundance and density, we
understand that these parameters also affect the
cricket occupancy. A study by Souza et al. (2020) on
the invertebrates in Neotropical mountain quartzite
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caves described that the CL (cave extension) and
presence of streams were the main factors determining
the variation of species composition among caves.
Furthermore, he concluded that the total richness
and richness of troglobitic species in caves increased
with CL. Though CL and CV affect cricket density and
abundance, we understand that the microclimatic
parameters might also be contributing factors.
In the cave-wise occupancy, unlike all other six
caves, C1 does not depict any local extinction of
crickets. It may be because this 16 m long cave has
only two zones, EZ (≤ 2 m long) and DZ, which implies
to low interaction between epigean and hypogean
environments. The availability of more suitable
breeding areas for crickets complements the behavior
of the cave crickets. Further, we presume that C1
might act as the primary breeding site, as the cave
has longer dark zone as compared to the entrance
and twilight zones. Also, the presence of mud in the
twilight and dark zones along with bird and bat guano
can serve as breeding habitats for the crickets. This
cave might also function as a nearest breeding site
for most of the populations in this cave complex, or
at least for the adjacent caves, to have the source
population (Poulson et al., 1998), which can further
disperse to the other nearby caves.
The cricket occupancy was highly zonal in the
caves on Baratang Island. The EZ and TZ had the
highest occupancy as compared to DZ. Crickets,
the nocturnal foragers, are understood to utilize EZ
and TZ primarily to roost during the light hours and
also to assess the external conditions before exiting
to forage after dusk. A study by Tobin et al. (2013)
on the spatial and temporal changes in invertebrate
assemblage structure from the entrance to the deepcave zone of a temperate marble cave documented
that the physiological limitations of the organisms
might result in higher trogloxenes diversity close
to the entrance of caves. Some long-term biomonitoring studies (Hubbell & Norton, 1978; Lavoie
et al., 2007) documented that large populations of
crickets of all sizes ready to exit the cave and forage,
with predominant adults, were found in the EZ. It
supports our finding of high colonization and the low
extinction of crickets in the TZ of Baratang caves. DZ,
the cricket breeding habitat, is occupied consistently
by breeding adults and the young ones. As they breed
in DZ and spend the first part of their life in the dark,
According to Howarth (1983), cave crickets and other
jumping arthropods, have significantly reduced their
ability and propensity to jump since this behavior is
hazardous in total darkness. It supports the finding of
the present study that the cricket occupancy is more
in EZ and TZ.
Lavoie et al. (2007) observed that roost counts of the
cave crickets are higher in the evenings (18:00 hours)
and lower in the early morning (06:00 hours) because
of the nocturnal foraging outside the caves. Whereas,
the present study with the observation timing was
between 10:00 hours and 13:00 hours, depicted no
significant variation in the abundance and density
of crickets between all three zones. As we could not
encounter any previous studies made during these

timings, we presume that the crickets might disperse
to all the zones after returning from foraging and then
again aggregate in the EZ and TZ before coming out
for foraging after sunset. However, this needs further
exploration and confirmation. On the other hand,
the EZ has shown high occupancy in the caves at
Baratang during observational period (10:00 hours to
13:00 hours). It might be a result of the cave structure
and the presence of microhabitats. According to some
studies, locations where cave crickets reside are
relatively stable with low temperature, high moisture,
and dampness with complete darkness (Hobbs, 1992;
Hill, 2003). These moisture-rich conditions with
darkness are particularly true for the upper recesses
and scallops in walls and bells in ceilings (of passages
away from fast-moving desiccating air currents)
where these crickets aggregate (Hazelton & Hobbs,
2003) showcasing lower abundance visibility of the
individuals. There might be fewer individuals detected
in the TZ and DZ than what are present because
of the complex structure of the caves, presence of
speleothems, and other microhabitats for roosting
of crickets. As per our observations in the caves of
Baratang, the EZ is less structurally heterogeneous
in comparison with TZ and DZ, which might help in
better detection of the cricket individuals here. Also,
due to physiological requirements and microclimatic
suitability, various species occupy their suitable
zone (Lunghi et al., 2014), and seasonal changes in
the microclimate of the caves result in variations in
the faunal distribution (Lunghi et al., 2017). The
heterogeneous microclimatic conditions result in
abundant troglophile and trogloxene fauna in the EZ
and TZ of the caves.
Apart from the numerical outputs, the regular
presence of small-sized individuals of crickets in the
DZ allowed us to presume that the cave crickets in
the Andaman and Nicobar islands might be breeding
round the year. However, further studies are required
to understand more about cricket biology.

CONCLUSION
The present study concludes that the limestone
caves of Baratang Island support a good population
of crickets of the sub-family Phalangopsinae. They
occupy a range of caves of different morphologies
and are present in all the cave zones. Various factors
influence the use of a particular zone or a microhabitat
in a cave. While they were seen more in the EZ and
TZ, DZ also has a good number of individual crickets.
Though, the crickets are distributed across the zones,
unequal distribution indicates high zonal occupancy.
Further, it can be entirely dependent on survey
timings and cave structure in a particular zone, which
needs further validation. It is also worth noting that
the cave length and cave volume influence the most
abundant invertebrate in the Baratang caves. There
is a possibility that the adult crickets prefer EZ and
TZ, whereas the juveniles might be using DZ for better
protection.
In India, especially in the Andaman and Nicobar
Islands, no studies are available on cave crickets or
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on any other cave fauna. There is a need to initiate
taxonomic studies for the Andaman cave crickets
and other invertebrates. Detailed research regarding
invertebrate taxonomy, distribution, population, and
ecology is required to ascertain whether the cricket
species encountered are new to science, endemic to the
islands, and of any conservation importance. Based
on this preliminary study, further research focus can
be on the taxonomy and ecology of crickets, effects of
microclimate on their distribution, breeding, roosting,
and feeding behavior in caves of the Andaman Islands.
These studies will help understand the role of crickets
in caves of tropical islands, prioritization of caves/
species of conservation importance, and appropriate
management of these tropical caves and the karst
landscape.
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Abstract:

The preservation of caves is a challenge during long-duration cave expeditions where human
waste can add significant nitrogen to the cave ecosystem. Since the removal of urine that
accumulates during a multi-day caving trip is not always feasible due to weight and volume
constraints, a light-weight and portable filtration system that is capable of reducing urine volume
would be desirable. In this study we tested the Aquaporin Inside hollow fiber membrane in a
forward osmosis (FO) setup to evaluate its capability to reduce urine volume while rejecting
nitrogenous compounds using different draw solution chemistries and water recovery rates.
As a result, we introduce a light-weight and portable FO prototype that was able to reduce
urine volume by over 80%. Although total nitrogen (TN) rejection in this process did not exceed
70%, allowing some nitrogen to move across the membrane into the draw solution, evaporation
allowed draw solution recycling without loss of nitrogenous compounds into the atmosphere.
These data suggest that FO may be a suitable strategy to reduce urine volume and improve
methods for nitrogenous waste handling during long-term cave exploration.
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INTRODUCTION
Caves are generally nutrient-limited ecosystems
that are sensitive to human impact, including
human waste (Borer et al., 2014). This is particularly
problematic in hydrologically inactive caves, such
as Lechuguilla Cave, New Mexico, which does not
receive surface water that would normally flush
out contaminants and minimize ecological damage
(Cunningham et al., 1995; Davis, 2000; Northup et
al., 2003; Johnston et al., 2012; Borer et al., 2014).
Human urine is particularly problematic in caves,
as it adds significant amounts of nitrogen to what is
otherwise a low energy, nitrogen-limited ecosystem
(Johnston et al., 2012; Borer et al., 2014).
Due to the size of the cave, expeditions in Lechuguilla
Cave can last up to 8 days (Reames, 1999; National
Park Service, 2006). Considering that a well-hydrated
human excretes about 800 to 2500 mL of urine
per day (Fischbach & Dunning, 2008), the removal
of urine during a week-long cave expedition is not
feasible due to the weight (approaching 15 kg) and
*se24@zips.uakron.edu

volume that would have to be carried (Johnston et al.,
2012; Borer et al., 2014). As a result, urine is poured
into the sediment at different designated sites near
each camp throughout Lechuguilla Cave (Northup et
al., 1997; Reames, 1999; Johnston et al., 2012). If
a light-weight, portable and energy-efficient/neutral
filtration system could be developed that would reduce
urine volume to a practical weight to be carried from
the cave, the impacts of such cave exploration could
be mitigated.
A promising technology for water removal from
urine is forward osmosis (FO), which uses an
osmotic differential between a feed solution and a
more concentrated draw solution to facilitate water
transport across a semi-permeable membrane. This
membrane ideally rejects any molecule larger than
water, leading to the concentration of the feed stream
while the draw stream is being diluted as water crosses
the membrane from feed to draw (Cath et al., 2006).
In a recent study, the X-Pack FO system from
HTI (Hydration Innovation Technology, Albany,
OR) was tested for urine mitigation during cave
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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exploration (Borer et al., 2014). The system was not
recommended due to a performance loss of water
recovery dropping from 80 to 47% after 1 week of use.
Furthermore, the X-Pack required a diffusion time up
to 48 hours to process 1.5 L of urine. A promising
alternative membrane that could be integrated
into a light-weight and portable FO system is the
Aquaporin Inside membrane. This aquaporin-based
FO membrane (ABM) makes use of water-selective
aquaporin (AQP) proteins that are embedded into its
active layer in order to improve solute rejection and
water permeability (Tang et al., 2013; Aquaporin A/S,
2018). The Aquaporin Inside membrane is also the
only FO membrane on the market that is available
in a compact hollow fiber configuration, making
it ideal for integrating into a FO system for urine
filtration.
The main challenge of a FO system used to
recover water from urine is the effective rejection
of nitrogenous compounds, including urea, which
is difficult due to the uncharged nature and small
size of the urea molecule (molecular length of an
urea molecule = 0.58 nm, molecular length of a

water molecule = 0.28 nm) (Engelhardt et al., 2019).
In this study, we evaluated the total nitrogen (TN)
rejection capabilities of an Aquaporin Inside hollow
fiber membrane to reduce the volume of human urine
under different draw solution and water recovery
scenarios. Our data demonstrate a proof-of-concept
prototype of a portable FO system that could continue
to be developed for cave exploration.

EXPERIMENTAL
Forward osmosis membranes
Two different size hollow fiber FO membrane
modules were obtained from Aquaporin A/S (Kongens
Lyngby, Denmark). Membrane specifications can be
found in Table 1. We used the larger 2.3 m2 module
to determine TN rejection rates under different draw
solutions and water recovery rates while the smaller
0.6 m2 unit was used for the prototyping portion of
this study. Prior to first use, both membrane modules
were flushed with DI water for 1 hour. After initial
wetting, both units were filled with DI water and
stored at 2°C when not in use.

Table 1. Specifications for the Aquaporin Inside HFFO2 and HHFO.6 membrane module (Aquaporin A/S, 2019a, b).
Membrane module

Aquaporin Inside – AQP HFFO2

Aquaporin Inside – AQP HFFO.6

Module dimensions

Length: 300 mm, diameter: 70 mm

Length: 150 mm, diameter: 50 mm

Module weight (when filled with DI water)*

650 g

220 g

Module dry weight*

200 g

100 g

Active area (lumen side/shell side)

2.3 m2

0.6 m2

Inner diameter of fibers

0.2 mm

0.2 mm

15 ± 1 L/m2/hr

20 ± 1 L/m2/hr

Water flux
Specific reverse salt flux

0.15 ± 0.05 g/L

0.15 ± 0.05 g/L

Recommended flow rates

60 L/h in feed; 25 L/h in draw

25 L/h in feed and draw

*determined by the authors

Draw and feed solution composition
Urine was collected from men (ages 20 – 35) due
to chemical stability of male urine (Fong & Kretsch,
1993) and sterilized through a 0.2 µm bottle top
vacuum filtration system, which does not change
the chemistry of the urine (VWR, Radnor, PA). This
sterilized urine was stored at 2°C and used within
2 days for all FO experiments. Draw solutions were
prepared using D-glucose, NaCl or MgCl2. All chemicals
were obtained from Fisher Scientific (Hampton, NH).
TN concentrations from the pre-filtered urine ranged
from 6,100 to 7,900 mg/L.
Forward osmosis setup and testing
of the AQP-HFFO2 module
Figure 1 shows a schematic illustration of the FO
setup used to determine TN rejection rates under
different water recovery rates and draw solutions
using the 2.3 m2 HFFO2 membrane module. Initial
volumes of 2 L were used for the feed as well as for
the draw solutions in each experiment. Feed and draw
solution were passed through the membrane using

peristaltic pumps. As recommended by the membrane
manufacturer, we set the feed flow rate to 1,000 mL/
min while the draw stream flow rate was adjusted to
400 mL/min. The feed stream was passed through
the active lumen side of the membrane’s hollow fibers,
while the draw stream was run through the shell side
of the membrane module. The feed solution reservoir
was placed on a scale to quantify water recovery (or feed
volume reduction) over the course of the FO experiment.
Samples from the feed were taken before each FO
experiment while draw samples were collected after

Fig. 1. Schematic overview of the FO system used (Engelhardt et al.,
2020).
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a feed volume reduction (or water recovery) of 25%,
50%, and 75% was achieved. After each experiment,
the FO system was flushed with DI water for about 30
minutes. All experiments were performed in triplicate
and samples were analyzed immediately after FO.
In order to determine TN concentrations, we used
the TNTplus 826 assay from Hach (Loveland, CO)
following the manufacturer recommended protocol.
A 30 minute persulfate digestion at 120°C was
performed in a Hach DRB 200 heating reactor before
TN concentrations were determined using a Hach DR
2800 spectrophotometer.
Rejection rate calculation
Mass balance-based TN rejection rates (RTN)
were calculated using formula (1) where Vde is the
end volume of the draw solution in L, Cde the TN
concentration measured in the final draw sample
in mg/L, Vdi the initial volume of the draw solution,
Cdi the initial TN concentration of the draw stream,
Vfi the initial volume of the urine feed solution and
Cfi the urine’s initial TN concentration before the FO
experiment.

R TN


V C V C 
 1  de de di di   100%  (1)
Vfi  Cfi



FO system prototyping and testing
Four 2 L hydration bladders (Kuyou Sports Goods,
Dongguan, China) were used as fluid reservoirs.
Tubing fittings and adapters were used to connect
the hydration bladders to the 0.6 m2 AQP-HFFP.6
module. In each experiment, 1 L of urine was added
to the feed reservoir while 500 mL of a 4 M NaCl draw
solution was used in the draw reservoir. We decided
to use a draw solution volume of 500 mL with a higher
osmolarity draw solution to mitigate the dilution of
the draw solution and volume processing using 2 L
bladders.
By lifting both liquid-containing bladders above the
membrane module, fluid flow was initiated by gravity
after opening 10 mm Keck ramp tubing clamps (ColeParmer, Vernon Hills, IL). Both solutions flowed
through the membrane and into the outlet reservoirs,
whereupon the tubing clamps were closed and the
outlet hydration bladders were weighed to quantify
water transport from feed to draw. By turning the FO
system upside down, this process could be repeated
several times, until water volumes in feed and draw
did not change noticeably (<50 mL per single pass
through membrane module). All experiments were
performed in triplicate and samples were taken from
the feed and draw reservoir before and after the
FO experiments to measure TN concentration and
determine TN rejection. The membrane module was
flushed with DI water for a few minutes in between
experiments.
To recover the NaCl draw solution, we used a Jetboil
Flash stove (Johnson Outdoors, Racine, WI) to boil
water off the draw solution to 500 mL. We repeated
this procedure after three consecutive FO experiments
and monitored changes of TN concentration in the
draw solution.

Fig. 2. Schematic illustration of the tested light-weight FO prototype.

RESULTS AND DISCUSSION
TN rejection for the AQP-HFFO2 module
We used the larger size 2.3 m2 AQP-HFFO2 module
to determine TN rejection under a range of water
recovery rates and draw solutions. This module is the
second generation of the 2.3 m2 AQP-HFFO module,
which has already been tested for its capability to
reject nitrogenous compounds from urea solutions
and synthetic urine in previous studies (Engelhardt
et al., 2019, 2020). By using a module of the same
size, identical flow rates and fluid volumes could be
used, allowing for a better comparison of our results
to existing data.
Significant urine concentration and volume
reduction (see Fig. 3) could be achieved by the FO
process as water is absorbed into the draw solution.
Figure 3 shows an image of the feed and draw solution
before and after FO. The initial draw and feed volumes
(Fig. 3a) were 2 L while the TN concentration in the
feed was 5.8 g/L. After the experiment (Fig. 3b) the
feed volume dropped to 0.55 L with a TN concentration
of 16.7 g/L, while the final draw solution volume was
3.45 L with a TN concentration of 0.7 g/L.
We repeated this experiment with the synthetic urine
feed solution used in previous studies (Engelhardt et
al., 2019, 2020). TN rejection for artificial urine was

Fig. 3. Urine feed solution and NaCl draw solution a) before and
b) after FO.
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significantly lower if compared to human urine,
approximating 54% after 75% water recovery
using a 2 M NaCl draw (data not shown);
however, the TN rejection rates between the
HFFO2 membrane and the first generation
HFFO modules used in previous studies (e.g.,
46% TN rejection after 75% water recovery
using a 2 M NaCl draw solution; see Engelhardt
et al., 2020), demonstrated higher TN rejection
with the newer membrane modules. As these
modules continue to improve, a similar
improvement in TN selectivity may be seen.
Fig. 4. TN rejection for the AQP-HFFO2 membrane module under different water
Average TN rejection rates for the AQP-HFFO2 recovery rates when using urine feed solutions against 2 M glucose, 2 M NaCl
module under different water recovery rates and 2 M MgCl2 draw solutions. All experiments were done using independent
replicates. Confidence intervals represent SE (n = 3).
and draw solutions are displayed in Fig. 4.
Overall, TN rejection decreased with increasing water
was 80.87% (SE = 0.43%) and the total experimental
recovery. As previous studies have suggested, this
time to process 1 L of urine ranged from 15 to 20
is due to the increasing concentration of the feed
minutes. TN rejection averaged 69.82% (SE = 1.00%)
stream, leading to a higher passage of urea molecules
and the mean TN concentration of the final draw
across the membrane, as well as the declining rate
samples was 2.05 g/L (SE = 0.07 g/L). The mean
of draw solution dilution as a result of decreasing
TN concentration of the initial urine was 9.09 g/L
osmotic pressure over time (Engelhardt et al., 2019,
(SE = 0.3 g/L).
2020). Lowest overall TN rejection was observed
Even though TN rejection of the membrane did not
when MgCl2 draw solutions were being used (e.g.,
exceed 70%, the resulting draw solution after the FO
78% TN rejection after 75% water recovery), while the
process contained much lower TN values (Fig. 3). We
highest overall rejection was attained for glucose draw
therefore decided to test whether the salts in the draw
solutions, averaging 86% TN rejection after 75% water
solution could be recovered for re-use by evaporation
recovery. Statistical analyzes showed significant
of the water in the draw solution. To do this, we used an
difference in TN rejection between the different draw
outdoor stove often used during cave expeditions (e.g.,
solutions for all three water recovery rates tested
https://www.derekbristol.com/stoves). By boiling
(ANOVA, P < 0.05, n = 3). The utilization of glucose
the draw solution in the stove, we were able to
might allow for a drinkable draw solution that could
reduce the volume to 500 mL. By repeating this
be consumed by the caver during cave exploration.
process three times, the TN concentration in the
Therefore, high water recovery would be crucial, not
boiled-down draw solution increased from 5.4 to
only to effectively reduce urine volume, but also to
13.6 g/L while TN rejection increased from 68 to 76%,
dilute the glucose draw solution to make it drinkable.
presumably through osmotic effects and changes in
Nonetheless, the loss of 14% TN into the draw solution
chemical gradients from the accumulation of urea in
is not safe for a drinkable glucose draw solution, as
the draw solution. Overall, our data demonstrated that
prolonged consumption of a high TN solution may
nitrogenous compounds stay in the draw solution, as
lead to the accumulation of nitrogenous compounds
TN quantified in the draw prior to the evaporation
in the caver’s blood stream and substantial stress
step matched the amount of TN measured in the
on the kidneys, with additional need for hydration,
recovered draw solution after boiling. Furthermore,
leading to greater urine output. Therefore, the more
no noticeable odors were released during the draw
inert NaCl or MgCl2 draw solutions may be preferable,
solution evaporation process. These experiments
as these could possibly be left inside the cave for retherefore confirm that draw solution recovery via
use. NaCl has the advantage that its lower molecular
weight makes it lighter, reducing the overall weight to
be brought into the cave. For example, to create 1 L
of a 2 M (or 0.5 L of a 4 M) NaCl draw solution, 117 g
of NaCl are required compared to 190 g of MgCl2. We
therefore focused our work on NaCl as the draw solute
in all prototype tests.
FO prototype testing
The progression of feed and draw solution volume
with increasing number of passes (1 pass = complete
fluid transfer from liquid-containing to empty
bladders) through the 0.6 m2 AQP-HFFO.6 membrane
module is shown in Fig. 5. After 5 passes through the
membrane, water transfer from feed to draw became
minimal (<50 mL) as the system approached osmotic
equilibrium. The average volume reduction of the feed
solution (urine) after 5 passes through the membrane

Fig. 5. Volume changes of feed and draw solution with passes through
the AQP-HFFO.6 membrane module. All experiments were done using
independent replicates. Confidence intervals represent SE (n = 3).
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evaporation may be an alternative strategy to avoid
the deposition of NaCl or MgCl2 draw solutions in the
cave; however, we did not test whether the evaporate
from boiling urine contained TN without FO preprocessing, which would reduce the overall complexity
of this approach.
Considering that this FO membrane did not reject
the entire TN of the urine, draw solution recovery and
re-use may be a possible strategy to prevent adding
excessive amounts of weight and volume to the
equipment that must be carried. For comparison: if we
assume that a single caver excretes about 2 L of urine
per day throughout an 8 day cave expedition, the total
fluid volume that would ideally be removed from the
cave would amount to 16 L. If we consider that the
draw solution can be reused in multiple FO processes
while urine volume can be reduced by 80%, only a total
of about 3.2 L of additional volume (plus remaining
salts and accumulated nitrogenous compounds of
the final evaporated draw solution) would have to be
removed from the cave instead of 16 L of unprocessed
urine. The recovery of the draw solution would also
minimize the amount of water needed for draw
solution setup. Nonetheless, the evaporation of water
from the draw solution took a considerable amount
of energy (in the form of butane gas) and may not
provide a practical solution. Additionally, evaporation
was carried out under laboratory conditions and not
the high humidity of a cave, which may further reduce
efficiency. As ABMs become more selective, it may be
possible that FO may exclude sufficient TN that the
glucose/drinking approach may be safe. Alternatively,
more cave appropriate draw salts (such as CaSO4)
could be used that would limit chemical impact on
the cave system.
In setting up the prototype, we used a small FO
module (0.6 m2) that would be easier to carry into
the cave. Nonetheless, this membrane required five
passes of the urine through the membrane column to
treat 1 L of urine and took ~20 minutes. Given that
an eight person expedition could produce over 100 L
of urine in one week, this obviously is an impractical
approach. The larger 2.3 m2 FO module may be
more cost effective ($450 each as opposed to $400
for the 0.6 m2 module) and, with an energy efficient
circulation system, could provide a more practical
approach. It is hoped that future work can determine
the weight and power constraints that would allow
such a module to be engineered to work in the cave
environment.

CONCLUSION
Our data suggest that FO could be an effective
strategy to reduce urine volume during long-duration
cave exploration; however, TN rejection by the FO
membrane did not exceed 86% at water recovery
(or urine volume reduction) rates of 75%. To allow
for drinkable sugar draw solutions that could be
consumed during cave expedition, significantly
higher TN rejection would be desirable. Alternatively,
NaCl or MgCl2 draw solutions could be disposed of
inside the cave, as they represent more inert solutions
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containing lower nitrogen concentrations compared to
the urine, although the impact of these salts on water
chemistry within the cave would need to be carefully
considered. Our draw solution recovery experiments
showed that nitrogenous compounds remained in
the draw solution during water evaporation, which
suggests that the entire removal of nitrogenous waste
from the cave is feasible. We suggest that more work
should be done with respect to prototype size and
whether a pump should be used to circulate urine
and draw solution through the FO system, which
would help regulating feed and draw flow rates more
precisely. Furthermore, membrane performance has
to be evaluated after long-term usage as biofouling
may occur if the membrane module is not adequately
rinsed and properly stored after FO.
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Abstract:

Keywords:

This study reveals the influence of some climatic elements on radon concentration in
Saeva Dupka Cave, Bulgaria. The research is based mainly on statistical methods. Radon
concentration in the cave is determined by two main mechanisms. The first one is through
penetration of radon from soil and rocks around the cave (present all year round, but has
leading role during the warm half of the year). The second one is through thermodynamic
exchange of air between inside of the cave and outside atmosphere (cold half of the year).
Climatic factors that affect radon concentration in the cave are temperatures (air, surface, soil)
and amount of water, expressed by precipitation or by volumetric water content in the soil. In
the cold half of the year, an important factor is the duration and depth of snow cover. Statistical
models and projections show that by the year 2070 CE radon concentration in the cave will
increase. This increase will occur primarily in the warm half of the year due to the increase in
outside air temperatures that will decrease thermodynamic exchange of air between the cave
and the atmosphere. By the middle of the 21st century, it is expected that the studied area
will no longer have a permanent snow cover and the temperature will remain the only factor
for the increase of radon concentration in the cold half of the year. Water content in the soil
and precipitation are important factors for radon concentration in the cave, but they have no
significant trend and they are not expected to exert any influence in the next 50 years. The
projected increase of radon concentration in Saeva Dupka Cave creates a serious risk for the
health of the tour guides working there. That is why it is necessary to develop a plan to protect
the health of the cave staff. On the other hand, the projected increase of radon concentration
does not pose any significant health risk for the tourists visiting the cave.
radon concentration, climate, statistical model, projection, Saeva Dupka Cave
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INTRODUCTION
In recent decades, the issue of climate change has
become increasingly important. These changes are
mainly expressed through increase of air temperature
of the lowest atmospheric layer, the troposphere. This
increase in the second half of the 20th century and
the beginning of the 21st century (1951–2012) was
0.72°C according to the Fifth Assessment Report of
the IPCC (Hartmann et al., 2013). Similar trends in
air temperature are observed in Bulgaria (Nojarov,
2014, 2019). Climate change also leads to changes in
atmospheric circulation both globally and regionally.
In turn, these changes lead to changes in precipitation,
cloud cover, snow cover, sunshine duration, wind
direction and velocity, and other climatic elements.
There has been a significant increase in greenhouse
*pnojarov@abv.bg

gases and a decrease in the amount of aerosols in the
atmosphere over Bulgaria in recent decades (Nojarov,
2016). This largely explains the significant positive
trend in air temperatures. In Bulgaria there is also
a serious redistribution in intra-annual course of
precipitation (Drenovski & Stoyanov, 2009, 2010),
which is due to changes in atmospheric circulation
(Nojarov, 2017a, b).
Long lasting studies of Rn-222 (hereafter radon)
concentration in caves (e.g., Cigna, 2005; Dumitru et al.,
2015) usually show a typical regular periodic course, but
with irregular year-to-year variations of concentration
values (Kowalczk & Froelich, 2010; Perrier & Richon,
2010). Their correlation with year-to-year variations of
climatic elements has not yet been tested in detail in
multiparametric studies for a relatively long period (>8
years) of continuous radon monitoring.
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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No systematic radiation studies focused on radon
in the caves have been conducted for the territory of
Bulgaria, although there are over 6000 known caves.
There is only one study focused on the concentration
of radon in nine caves (Varbanov et al., 1975), but it
does not include the Saeva Dupka Cave. In 2007 a
team of karstologists within the academic cooperation
between Bulgarian Academy of Science (BAS) and
Czech Academy of Sciences (CAS) initiated systematic
radiological cave research. During the first years of
investigation, the methodology and experimental
techniques were tested and adapted, including the
design of a measuring chamber for passive detectors
and exposure time to optimize the measurement of
radon concentration, in accordance with morphological
and microclimatic features and seasonal dynamics
in selected caves (Turek et al., 2012, 2015). More
in-depth speleological monitoring of radon began in
2011 in connection with the experimentally developed
model for integrated karst monitoring within the
ProKARSTerra project. Saeva Dupka Cave is a major
object in the development and testing of this model.
The aim of the study is to reveal the influence of
some climatic elements on radon concentration
in Saeva Dupka Cave, Bulgaria. The inspection of
various climatic elements (different temperatures,
precipitation, soil water content, snow cover, wind
speed and direction) has showed that those that have
a significant influence are air and soil temperatures,
precipitation, volumetric soil water content and snow
cover during the cold half of the year. Accordingly,
a correlation was made between these climate
elements and radon concentration in order to reveal
the relationships. Based on these correlations,

statistical models were created that describe the
complex influence of the studied climatic elements
on radon concentration in the cave and project this
concentration in future periods.

OBJECT OF THE STUDY
Saeva Dupka Cave is situated in the transition zone
between the Danube Plain and the Balkan Mountains
in northern Bulgaria. The cave is developed in graywhite intraclastic, micro-grained or organogenic
(often bio-morphic) limestone with a thickness of over
450 m and very high carbonate content, between
97-99% (Kovachev, 1959). In the lithostratigraphic
division of Bulgaria these limestones are referred to
as “Brestnitsa Formation” (Tsankov et al., 1994).
The cave entrance (4.5 m height/4.2 m width) is in
a small rock wreath at 500 m above sea level in the
fault slope of the ridge Lednishki Rit, which is the
southern limit of the Brestnitsa karst field, the largest
in Bulgaria (Popov, 1962, 1969). It is a sub-horizontal
cave, 210 m long (170 m along the axis, Fig. 1). The
denivelation between the highest part (Cosmos Hall)
and the lowest accessible part (Rockfall Hall) is
20 m (denivelation to the cave entrance: +3 m and
−17 m). There are four cave halls (Fig. 1), the total
cave area is approx. 4,500 m2 and the volume is
50,000 m3. There is no permanent water flow in the
cave, but an active infiltration of precipitation water
takes place through numerous stalactites and rock
cracks in the ceiling, which is 8 to 32 m thick. Saeva
Dupka Cave is part of the Brestnitsa karst geosystem,
which drains into the large karst spring Glava Panega
(type Vaucluse).

Fig. 1. Saeva Dupka Cave plan and longitudinal profile with radon monitoring sites (1-5) and cave halls: A - Stack Hall, B
- Rockfall Hall, C - Concert Hall, and D - Cosmos Hall (Turek et al., 2020).
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On the surface above Saeva Dupka Cave there is a
typical karst landscape with karren (clints, grikes) and
dolines (sinkholes). The soils are humus-carbonate
(Rendzic Leptosols, LPk) and are 0.2−0.5 m to 1−1.5
m thick locally in the grooves of the subsoil karren.
Bush and tree vegetation with predominance of the
formation of eastern hornbeam (Carpineta orientalis)
grow over the cave. The climate in the area of the
cave is of low mountainous type and belongs to the
transition zone between subtropical and temperate
climates (Nojarov, 2017c). The average annual
temperature for the period 1979–2018 is 10.3°С and
the average annual amount of precipitation is 845
mm (Nojarov, 2020).
Saeva Dupka is very rich in secondary calcite
speleothems and is one of the most beautiful caves
in Bulgaria. In 1962 it was declared a protected area
(Natural landmark with 20 ha adjacent area). Since
1964 it has been managed by the Bulgarian Tourist
Union, and since 1967 it has been a show cave and
offers tourist visits (Popov, 1969). This is one of the
most visited caves in Bulgaria, with ~50,000 visitors
in 2019. The entire tourist route is about 450 m
long, and the guided tour of the cave lasts an average
30−40 minutes.
In this study Saeva Dupka was chosen as a
representative cave, because the Experimental
Laboratory of Karstology at NIGGG-BAS has developed
for the cave a model for long term Integrated Monitoring
of Karst System (Speleo-MIKS “Saeva Dupka”, http://
www.prokarstterra.bas.bg/lab/EN/base.html), which
includes radon measurements since 2011 (Stefanov et
al., 2014; Turek et al., 2020). Saeva Dupka is a major
site in the specialized scientific network BGSpeleoRadNet (for monitoring of radon in Bulgarian caves).
The network is based at the NIGGG-BAS (http://www.
prokarstterra.bas.bg/lab/EN/sci-networks.html) and
is maintained in cooperation with the Department
of Radiation Dosimetry of the Institute of Nuclear
Physics of the Czech Academy of Sciences, Prague.
The choice of points for radiological monitoring in
the cave is consistent with its morphological features
and microclimatic zoning, based on regular profile
microclimatic measurement (2009−2014). In general,
in Saeva Dupka Cave, three speleoclimatic zones can
be recognized: Entrance (perturbation) zone (with outer
part at the entrance and inner part (antechamber),
a Transition zone (the Stack and Rockfall Halls) and
Internal (stable) zone (the Concert Hall) with a high
warm part (Cosmos Hall). As should be expected,
the Entrance (perturbation) zone shows highest
annual amplitudes of microindicators. Temperature
fluctuations in outer and inner parts are from 0 to
14.8°С and from 1.9 to 11.7°С, respectively. In the
whole cave system, the lowest mean temperature
has been observed in the bottom of Rockfall Hall,
from 6.2°С (winter) to 10°С (summer). The highest
temperature is measured in the Cosmos Hall – from
10.3 to 11.5°С. The relative humidity of the cave
is constantly high (98%), and active condensation
on the cave walls and ceiling is observed during
the warm period from May/June to September/
October.
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DATA AND METHODS
Monitoring of the concentration of radon in Saeva
Dupka Cave (Fig. 1) began in November 2011. This
determines the main study period, which is from
08.11.2011 to 02.02.2020 (dates are in DD.MM.
YYYY format). The air temperature in the cave was
measured manually at 15 points (at irregular intervals
from 15 to 45 days) since the beginning of 2010, and
since January 2019 there has been continuous (at 10
minutes interval) instrumental monitoring with two
weather stations.
In the Saeva Dupka Cave, the monitoring of radon
is at four measurement sites (from No. 2 to 5) and
one control point (No. 1) above the entrance to the
cave (Fig. 1). The passive method of measuring radon
concentration is used. Track etch detectors (Durrani
& Bull, 1987) were utilized for radon concentration
measurement. These passive detectors are commonly
used for monitoring (Vaupotič et al., 2001; Lario et al.,
2005; Sainz et al., 2007; Paar et al., 2013) because
they show a long-term resistance to practically
100% humidity typical for the cave microclimate.
Because of the simple design and low price of the
detector, simultaneous measurements can be carried
out across a large number of measurement points.
During exposure, detectors were placed inside plastic
chambers. Based on previous experience, small
(~20 ml) cylindrical plastic vials with a thin window
were used. The window area of 2 cm2 is closed
hermetically by thin (6 µm) polyethylene foil. This foil
allows the penetration of radon into the measuring
space by diffusion, but it is impermeable for the radon
daughter products. Several α-particle sensitive CR-39
plastic discs (Page Mouldings Ltd, later Track Analysis
Systems Ltd, both UK) 16 mm in diameter and 0.5−
0.7 mm thick are utilized as track detectors. Exposure
intervals vary mostly between 1 week and 4−5 months
(on average, approximately 46 days). Processing of
the exposed detectors was performed using combined
chemical and electrochemical etching, enlarging the
primary alpha-particle tracks (Tommasino, 1970).
The described above measurement arrangement
was calibrated in the radon chamber at the National
Institute for Nuclear, Chemical and Biological
Protection, Kamenná near Příbram, Czech Republic
(http://www.sujchbo.cz/), at different values of the
time integral of radon activity within 8−35 kBq m−3
hour. The response R is 2.29 ± 0.28 tracks cm−2 per
1 kBq m−3 hour.
Exposed and etched detectors were scanned
using a high resolution (4,800 dpi) scanner Epson
Perfection 4990. Photo and α-track densities ρ, tracks
per cm2, were evaluated from binary pictures using
the software ImageJ (http://rsbweb.nih.gov/ij/
download.html). In the case of track densities >5,000
cm−2, the effectiveness of track counting by the SW
decreases due to the track overlapping, therefore an
experimentally determined correcting function was
used:





  SW  1   9.920  106  SW  1  109  SW 2   (1)



where ρSW is track density obtained by Image J.

International Journal of Speleology, 49 (3), 235-248. Tampa, FL (USA) September 2020

238

Nojarov et al.

The mean value of radon activity concentration over
the period of exposure texp (days), here mentioned as
AV,exp (kBq m−3), is then calculated according to the
formula

AV ,exp 
Rtexp   (2)
For the entire radon monitoring period (08.11.2011
– 02.02.2020) more than 400 detectors has been
processed and evaluated.
In 2018−2019, in the Concert Hall, an automatic
measurement (15 minutes interval) of the concentration
of radon with the device AlphaE (Saphymo GmbH)
has been conducted. Results of the electronic device
AlphaE (continual) and track etch detectors in vials
(passive, integral) were compared in parallel for three
exposure periods with good agreement, AV(TED) ≈
AV(AlphaE), ∆ ≤ 11% (Turek et al., 2020).
The manual measurement of the air temperature in
the cave is performed every 1−2 months with Asman
aspiration psychrometer (measurement accuracy
0.1−0.2°C). The automatic measurement within the
monitoring network Speleo-MIKS “Saeva Dupka”
is performed with two automatic weather stations
VAISALA WTW530 Weather Transmitter Series (Output
resolution 0.1°C, accuracy for sensor element ±0.3°C).
Their location is in accordance with the microclimatic
zoning of the cave: the first station was installed in
Stack Hall (transitional speleoclimatic zone), and the
second one, in Concert Hall (inner zone). At the same
time, the outside air temperature (in the cave office) is
measured with an automatic weather station VAISALA
WTW520 Weather Transmitter Series. The automatic
stations are set to measure at 10-minute intervals.
The main climatic elements data source is The
European Center for Medium-Range Weather
Forecasts (ECMWF), ERA5 reanalysis (Copernicus
Climate Change Service (C3S), 2017). The resolution
of these data is 0.25° × 0.25° (30 × 30 km). The
study area at this resolution is covered by two grid
cells - 42.45−43°N, 24−24.15°E and 42.45−43°N,
24.15−24.30°E. Accordingly, the data for these two
grid cells were averaged. The climatic elements that
fall within the scope of this study are as follows: air
temperature, precipitation, skin (surface) temperature,
soil temperature layer 1 (0–7 cm below surface), soil
temperature layer 2 (7–28 cm), soil temperature layer
3 (28–100 cm), soil temperature layer 4 (100–289 cm),
volumetric soil water layer 1 (0–7 cm), volumetric soil
water layer 2 (7–28 cm), volumetric soil water layer 3
(28–100 cm), volumetric soil water layer 4 (100–289
cm), and snow cover depth in the cold half of the
year. It should be noted that soil layers, as defined in
ERA5 reanalysis database, in the area of the cave also
include bedrock, because the soil layer there is rarely
over 100 cm thick. In order to comply with radon
measurement periods, climatic elements data were
collected from the database “ERA5 hourly data on
single levels from 1979 to present”, which allows for
acquisition of average values between specific dates
that correspond to radon measurements. In this way,
a total of 69 comparable subperiods were obtained
with measurements of both radon concentration
and studied climatic elements. The study period set

up this way is too short to identify any significant
trends sodata for the studied climatic elements from
the database “ERA5 monthly averaged data on single
levels from 1979 to present” were also used. The
period of this database is from 1979 to 2019 (41 years
total) and reveals statistically significant trends in the
studied climatic elements. These trends were then
used as input data for statistical models that project
future radon concentrations in the cave.
Depending on the radon concentration, the year
was conditionally divided (according to outside air
temperature) into two subperiods; one with low
concentration, cold subperiod (November–April) and
one with high concentration, warm subperiod (May–
October). This makes it possible to avoid, to some
extent, the seasonality of the various studied elements,
which has a significant impact on the correlation
coefficients and, accordingly, on the statistical
models used to project future radon concentrations
in the cave. When analyzing radon concentration in
the different subperiods, a total of eight subperiods
were identified, which are of a transient type, i.e., in
which radon concentration increases from low to high
values (March, April, and May) or decreases from high
to low values (October, November). Accordingly, these
subperiods are not typical for either the cold half or
the warm half of the year and, therefore were excluded
from the study. Thus, the subperiods that belong to
the cold half of the year are 21 and those that belong
to the warm half of the year are 40. Further statistical
analyzes and projections are performed for the
respective half of the year, warm or cold.
This study uses mainly statistical methods (Wilks,
2006). The level of statistical significance for all
calculations is p < 0.05. The trend analysis was done
by means of linear regression. The linear regression
represents the relationship between the independent
variable (time) and the dependent variable (different
variables – radon concentration, air temperature,
precipitation, etc.) through a linear equation based
on the observed values. The trends were calculated
separately for the warm and cold halves of the year.
Spearman’s rank-order correlation coefficient rs was
used in order to establish the relationships between
the various climatic elements and radon concentration
in the cave. The advantage of this correlation is that it
does not depend on the type of statistical distribution
of the studied variables. Statistical distributions of the
various variables were also checked and the results
showed that they are close to normal distribution.
This makes it possible to use multiple linear
regression models to show the complex influence of
climatic elements on radon concentration in Saeva
Dupka Cave. The different climatic elements serve as
potential predictor variables in the created statistical
models, and radon concentration is predicted
variable. Which variables will be included as potential
predictor variables is determined largely based on
Spearman’s rank-order correlation coefficient. The
statistical models are created separately for the cold
and warm halves of the year. The criterion that was
used as to which predictor (climatic variable) would
eventually be included in the statistical model was the
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adjusted R criterion. These multiple linear regression
models are then used to calculate the projected
values of radon concentration in the cave for the
next 50 years (2021–2070). These calculations use
statistically significant trends of the predictors for the
period 1979–2019, which is long enough, and not for
the period 2011–2019, which is too short for revealing
any stable trends. Those variables, which do not have
a statistically significant trend for the period 1979–
2019, are included in the model with their average
values for this period.
2

RESULTS AND DISCUSSION
Figure 2 shows the course of radon concentration
in the Concert Hall for the period 08.11.2011 to
02.02.2020. This is the hall with the highest radon
concentration. It can be seen that the course has
a clear seasonal cycle with a maximum in summer
and a minimum in winter. This cycle coincides with
the course of outside atmospheric air temperature,
which means that it has a significant impact on
radon concentration in the cave. This influence could
be exercised in two ways. Firstly, by penetration of
radon from the soil and rocks above the cave, which
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penetration is accelerated at higher temperatures. As
the temperature rises, the soil dries out (cracks and
capillaries remain open) and becomes more permeable
to radon. Higher temperatures and soil moisture
during the warm period lead to higher organic
activity, and respectively to higher CO2 amount in the
soil. Acidic soil solutions are formed, which accelerate
karst processes favoring the release of radon from the
rocks. The influence of precipitation events is also
important: during the warm half of the year they are
usually intense but of short duration and penetrate
only into the upper soil layers, blocking soil aeration
and helping to increase the concentration of radon
in the soil, and thus radon penetrates downwards.
Secondly, through air circulation in the cave, which
largely depends on the difference in temperatures
inside and outside the cave. Given that the
temperature amplitude in the cave is relatively small,
the main factor is the temperature of the air outside
the cave. The morphology of the cave also contributes
to this (Fig. 1), facilitating the intrusion of colder
(and denser) air into the cave cavities lower than the
entrance. This second mechanism determines the
significant difference in radon concentration in the
cold and warm half of the year.

Fig. 2. Evolution of radon concentration in the Concert Hall, Saeva Dupka Cave for
the period 08.11.2011 - 02.02.2020.

The course of air temperature in the transition zone
of the cave (Stack Hall) and outside for the period
with continuous automatic measurements in the
cave, which includes 2019 and early 2020, as well as
the course of radon concentration in Stack Hall, are
shown in Figure 3. It can be seen that the maximum
temperature of the air in the cave is in November.
This is largely due to the specifics of the course of
air temperature outside the cave in 2019, October
and November showing a retention in temperature
decrease, which means that during these months
the air temperature was higher than normal. The
average annual air temperature in the Stack Hall is
9°С. The morphology of the cave is such that when
the air temperature outside the cave drops below
9°С, it descends into the cave because it is colder
and heavier and ventilates the cave, thus reducing
radon concentration to low values typical for the
cold half of the year. When air temperature outside
the cave is above 9°С, the warmer outside air cannot
penetrate into the cave and radon in the cave starts
to accumulate, reaching high values typical for the

warm half of the year. This mechanism of circulation
in the cave can be traced very clearly in Figures 2
and 3. Figure 3 shows that only when air temperature
outside the cave drops permanently below 9°C, which
occurs in the second half of November, a decrease
in air temperature in the cave and a corresponding
decrease in radon concentration begin (Fig. 2 and 3).
Seasonal variations of air temperatures and radon
concentrations along the longitudinal profile of
the cave are shown in Figure 4. It is obvious that
temperature variations are insignificant in the
internal zone of the cave (Concert Hall and especially
Cosmos Hall). In this area, the concentration of radon
increases sharply, and in the warm half of the year it
shows large fluctuations (from 3,150 to 6,850 Bq m–3
in the Concert Hall), which may be associated with
the climatic features of the respective year. Figure
5 illustrates another established dependence, a
delay of more than a month of the annual peak
in average radon concentration in the cave (e.g.,
Concert Hall) compared to the peak of outside air
temperature.

International Journal of Speleology, 49 (3), 235-248. Tampa, FL (USA) September 2020

240

Nojarov et al.

Fig. 3. Changes of the air temperature in the transition zone of Saeva Dupka Cave (Stack Hall),
outside air temperature and radon concentration for the period 24.03.2019 – 02.02.2020.

Fig. 4. Seasonal variations (cold–warm periods) of the temperatures and average concentrations
of radon along the longitudinal profile of the Saeva Dupka Cave (Turek et al., 2020).
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Fig. 5. Seasonal radon concentrations (maximum and average) in the Concert Hall and outside
air temperature Tout (monthly average) during the period 2011–2020 (Turek et al., 2020).

Once this second mechanism of influence of outside
air temperature, leading to a pronounced seasonal
course of radon concentration in the cave, has been
clarified, it should be removed from the primary data
in order to see the influence of outside air temperature
through the first mechanism. This is done by the
described above division of the data into data for the
cold half of the year and data for the warm half of the
year, with some transition subperiods being removed
from the study. Usually these transition subperiods
include April when a smooth increase in radon
concentration starts, and October or November when
a sharp drop in radon concentration occurs. In the
subsequent presentation of the results, the processes
and relationships between the various studied
elements will be presented by the respective half
years, thus clarifying, to some extent, the seasonality
caused by air circulation in the cave.
Figure 6 shows average annual air temperatures
in the cave (Concert Hall) for the period 2010–2019.
The figure also depicts the course of the average air
temperatures outside the cave in the warm and cold
halves of the year. It is clear that air temperature
outside the cave in the cold half of the year largely
determines the average annual air temperature in the
cave. This is due to the revealed mechanism of air

circulation in the cave, which is active only in the cold
half of the year. Air temperatures outside the cave in
the warm half of the year have practically no direct
connection with air temperature in the cave. Some
connection could exist through heat exchange with
the soil and rock above the cave, but this process
is slow and therefore could only have a long term
influence. To see if there are any trends, Table 1 shows
the corresponding trends in air temperatures for the
period 2010–2019. In all four halls where monitoring
is carried out, there is a statistically significant
positive trend in air temperature. This is largely due
to the first three years (2010–2012), which are cold
in the cave (Fig. 6). There is no significant trend in
air temperatures outside the cave, but it should be
noted that only air temperatures in the cold half of
the year have positive trend and this coincides with
the trend in air temperatures in the cave. This further
confirms the conclusion that it is the air temperature
outside the cave in the cold half of the year that has
the strongest influence on air temperature in the cave.
Due to the short-time period, the revealed trends in
the cave should be accepted with some caution. Air
temperature in the cave follows approximately the
trends in air temperature outside the cave, but with
some delay.

Fig. 6. Average annual air temperatures in Saeva Dupka Cave (Concert Hall) and average
outside air temperature in the warm and cold half of the year for the period 2010–2019.
International Journal of Speleology, 49 (3), 235-248. Tampa, FL (USA) September 2020
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Table 1. Trends in average annual (or half annual) air temperatures
in the different halls of the cave and outside the cave for the period
2010–2019. Statistically significant values are shown in bold font.
Location

T (°C)

Cosmos Hall

0.081

Concert Hall

0.099

Rockfall Hall

0.093

Stack Hall

0.122

Outside the cave – warm half year

-0.032

Outside the cave – cold half year

0.062

The trends in the other parameters for which
there are continuous measurements in the period
08.11.2011 - 02.02.2020 for the warm half of the year
are shown in Table 2. The third column of Table 2
shows the trends of the parameters for which there
are data for the period 1979–2019. The table shows
that there is a statistically significant increase in

radon concentration only in the Concert Hall. In the
other halls the trends are not significant. There are
no statistically significant trends in the other studied
elements of the environment external to the cave.
This is explained by the short data period. For this
reason, the period for these elements was extended
back in time to 1979. These data show that all studied
temperatures (air, skin and different soil layers)
increase significantly at approximately the same rate.
Amongst the other elements, only volumetric soil
water content layer 4 (the deepest) shows a significant
decreasing trend in the warm half of the year. The table
also shows that the trends in the second and third
columns differ as a sign, which shows the importance
of the selected period. However, the trends in the
third column should be considered more reliable and
they are used in the subsequent projecting of radon
concentrations in the cave.

Table 2. Trends in different parameters in the warm and cold half of the year for which there are continuous measurements in the period 08.11.2011
- 02.02.2020 and for which there are data for the period 1979–2019. Statistically significant values are shown in bold font.
Parameters

2011 – 2020 warm

Cosmos Hall – radon (Bq m–3)

1979 – 2019 warm

2011 – 2020 cold

1.139

1.4419

Concert Hall – radon (Bq m–3)

36.701

0.5342

Rockfall Hall – radon (Bq m–3)

-14.638

1.5595

1979 – 2019 cold

Stack Hall – radon (Bq m–3)

3.982

Air temperature outside (°C)

-0.0163

0.0335

0.3066
0.0113

0.0492

Skin temperature (°C)

-0.0146

0.0398

0.0116

0.0467

Soil temperature layer 1 (°C)

-0.0208

0.0332

0.0021

0.0298

Soil temperature layer 2 (°C)

-0.0150

0.0381

0.0028

0.0251

Soil temperature layer 3 (°C)

-0.0111

0.0384

0.0074

0.0237

-0.0007

0.0388

0.0160

0.0226

Precipitation (mm)

-0.012514

0.00244

-0.003098

0.00372

Volumetric soil water layer 1 (m3 m–3)

0.000123

-0.000441

0.000015

-0.000393

Volumetric soil water layer 2 (m3 m–3)

0.000237

-0.000355

-0.000032

-0.000396

Volumetric soil water layer 3 (m m )

0.000027

-0.000240

-0.000372

-0.000417

Volumetric soil water layer 4 (m3 m–3)

0.000082

-0.000658

0.000041

-0.000488

-0.063207

-0.1402

Soil temperature layer 4 (°C)

3

–3

Snow depth (mm)

Table 2 also shows trends in the studied parameters
for the cold half of the year, for the periods 08.11.2011
- 02.02.2020 and 1979–2019, respectively. Here, the
snow depth is included as an additional element.
It can be seen that in the second column (shorter
period) there are no statistically significant trends. In
the third column (longer period) there are statistically
significant trends in all types of temperatures (air,
skin and different soil layers). Soil temperature
trends are approximately one half those of the air and
skin temperatures. This is largely due to the snow
cover, which acts as a thermal insulator. However,
its depth decreases significantly during the studied
period, due to the constantly rising air temperature.
At some point, this will lead to its predominant nonpermanent existence, and then it is likely that the
trends in different temperatures will equalize, as is
the situation in the warm half of the year. Amongst
the other elements, only volumetric soil water content
in layer 1 shows a statistically significant negative
trend. It should also be noted that in the studied area
precipitation does not show any significant trend
either in the cold or in the warm halves of the year.

Table 3 shows the Spearman rank-order correlation
coefficients of the relationship between radon
concentration in the four cave halls and other
parameters in the warm half of the year for the period
08.11.2011 - 02.02.2020. In the Cosmos Hall radon has
statistically significant positive correlation coefficients
with almost all studied temperatures, except the air
temperature outside the cave. The highest correlation
coefficient is observed with soil temperature of layer
3. The correlation coefficients with precipitation
and volumetric water content in the different soil
layers are also significant, and the relationship is
inversely proportional (i.e., higher amounts of radon
are associated with less precipitation and volumetric
water content in the soil layers and vice versa). In
the Concert Hall the type of relationships is the same
as in the Cosmos Hall, but statistically significant
coefficients are less. The highest correlation with
radon concentration in this hall has the temperature
of soil layer 4 (positive correlation) and volumetric
water content in soil layer 1 (negative correlation).
In the Rockfall Hall, the only statistically significant
correlation coefficients are with temperature of soil
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layer 4 (positive correlation) and volumetric water
content in soil layer 4 (negative correlation). In the
Stack Hall, all correlation coefficients are statistically
significant. The table shows that to a large extent the
correlation coefficients depend on the location of the
different halls in the cave. Cosmos and Stack halls
are located higher and closer to the surface (arch
thickness above the cave is 10.5–11.5 m and 5–12 m,
respectively), and show a better correlation with all the
studied elements that reflect the climatic conditions
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outside the cave. Stack Hall is also just below the
cave entrance and reacts quickly to external climatic
fluctuations. It has already been clarified that cave
morphology directly affects the ventilation regime in the
cave. It should also be noted that during the warm half
of the year the temperature (regardless of air, skin, or
soil) is positively correlated with radon concentration in
the cave. Water (whether as precipitation or volumetric
water content in the soil) is negatively correlated with
radon concentration in the cave.

Table 3. Spearman rank-order correlation coefficients between radon concentration in the four cave halls and other parameters in the
warm and cold half of the year for the period 08.11.2011 - 02.02.2020. Statistically significant coefficients are shown in bold font.
Parameters

Cosmos Hall–
radon (rs)

Concert Hall–
radon (rs)

Rockfall Hall–
radon (rs)

Stack Hall–
radon (rs)

warm

cold

warm

cold

warm

cold

warm

cold

Air temperature outside (°C)

0.30

0.44

0.26

0.65

0.16

0.17

0.41

0.63

Skin temperature

0.34

0.47

0.27

0.67

0.14

0.18

0.43

0.62

Soil temperature layer 1 (°C)

0.33

0.39

0.26

0.61

0.15

0.27

0.41

0.53

Soil temperature layer 2 (°C)

0.40

0.36

0.37

0.61

0.24

0.30

0.51

0.50

Soil temperature layer 3 (°C)

0.52

0.17

0.53

0.35

0.34

0.19

0.63

0.17

Soil temperature layer 4 (°C)

0.47

-0.15

0.63

-0.05

0.46

0.08

0.61

-0.12

-0.38

0.12

-0.30

0.12

0.00

0.26

-0.45

-0.01

Volumetric soil water layer 1 (m m )

-0.59

0.15

-0.48

0.29

-0.33

0.19

-0.64

0.03

Volumetric soil water layer 2 (m3 m–3)

-0.59

0.21

-0.48

0.32

-0.30

0.16

-0.60

0.06

Volumetric soil water layer 3 (m3 m–3)

-0.52

0.22

-0.36

0.31

-0.21

0.08

-0.50

0.09

Volumetric soil water layer 4 (m3 m–3)

-0.42

0.34

-0.37

0.41

-0.54

0.41

-0.46

0.26

Precipitation (mm)
3

Snow depth (mm)

–3

-0.16

Table 3 also shows the Spearman rank-order
correlation coefficients of the relationship between
radon concentration in the four cave halls and other
climatic parameters in the cold half of the year for the
period 08.11.2011 - 02.02.2020. In the Cosmos Hall
the only statistically significant positive correlation
coefficient is between radon concentration and
skin temperature. In the Concert Hall, statistically
significant positive relationships are observed with air,
skin, and the first two soil layers temperatures. There
are no statistically significant correlation coefficients
in the Rockfall Hall (the deepest in the cave). In the
Stack Hall, the significant correlation coefficients are
the same as in the Concert Hall. In general, it can be
summarized that in the cold half of the year only the
temperature (of air, skin, and soil) has any significant
influence on radon concentration in the cave and only
in its higher parts. During this period of the year air
circulation in the cave (inflow of colder, but also with
low radon concentration air from outside to inside the
cave) is almost constant and the temperature of the air
outside the cave is essential for radon concentration
inside. Based on these functional relationships, it can
be concluded that in the warm half of the year the
inflow of radon from soil and rocks is essential for
its concentration in the cave, while in the cold half of
the year the thermodynamic air exchange between the
cave and the atmosphere is more important.
Spearman rank-order correlation coefficients shown
in Table 3 were used to determine which predictors
will be used initially in multiple linear regression
models. There are two groups of similar elements in
the studied climatic elements. The first group includes
skin temperature and temperatures of the four soil

-0.34

0.13

-0.30

layers. From this group, the element that has the
best correlation with radon concentration according
to Table 3 was selected. The second group includes
volumetric water content in the four soil layers. The
element that shows the best correlation with radon
concentration was selected from this group. Air
temperature outside the cave, precipitation and snow
depth only in the cold half of the year were added
to the selected from the above two groups’ potential
predictors (listed in the next two paragraphs). Based
on the adjusted R2 criterion, only those predictors
that have a significant contribution to the variations
of the dependent variable (radon concentration) were
selected to be included in the final multiple linear
regression model.
In the warm half of the year in the Concert Hall,
the statistical model describes 33.3% of the variations
in radon concentration. It includes as predictors
the temperature of soil layer 4 (in the model it has a
positive sign and describes 76.6% of the variations
of the dependent variable) and volumetric water
content in soil layer 1 (in the model it has a negative
sign and describes 23.4% of the variations of the
dependent variable). Figure 7a shows the course of
measured and modeled, by the statistical model,
radon concentrations during the warm half of the year
for the period 08.11.2011 - 02.02.2020 in the Concert
Hall. In general, the model describes well measured
course of radon concentration except for some peak
values in 2017 and 2019. In the Cosmos Hall, the
statistical model describes 33.4% of the variations
in radon concentration in the warm half of the year.
The model includes as predictors the volumetric water
content in soil layer 1 (in the model it has a negative
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sign and describes 64.8% of the variations of the
dependent variable) and the temperature of soil layer
3 (in the model it has a positive sign and describes
35.2% of the variations of the dependent variable). The
statistical model for the Rockfall Hall describes 37%
of the variations in radon concentration in the warm
half of the year. The predictors that are included in
this model are volumetric water content in soil layer
4 (in the model it has a negative sign and describes
49.5% of the variations of the dependent variable),
temperature of soil layer 4 (in the model it has a
positive sign and describes 24.4% of the variations of
the dependent variable), precipitation (in the model it
has a positive sign and describes 16% of the variations
of the dependent variable) and air temperature (in the
model it has a positive sign and describes 10.1% of the
variations of the dependent variable). The statistical
model for the Stack Hall describes 42.9% of the
variations in radon concentration in the warm half of
the year. It includes as predictors the temperature of
soil layer 3 (in the model it has a positive sign and
describes 68.9% of the variations of the dependent
variable) and precipitation (in the model it has a
negative sign and describes 31.1% of the variations of
the dependent variable). The course of the measured
and modeled radon concentrations in this hall during
the warm half of the year for the period 08.11.2011 02.02.2020 is shown in Figure 7b, which document a
good agreement, and only some extremes in 2016 and
2018 are less well modeled.

In the cold half of the year in the Concert Hall, the
statistical model describes 65.6% of the variations in
radon concentration. It includes as predictors skin
temperature (in the model it has a positive sign and
describes 66% of the variations of the dependent
variable), snow depth (in the model it has a positive
sign and describes 21.7% of the variations of the
dependent variable), precipitation (in the model it has
a negative sign and describes 7.4% of the variations of
the dependent variable) and volumetric water content
in soil layer 4 (in the model it has a positive sign and
describes 4.9% of the variations of the dependent
variable). Figure 8a shows the course of measured and
modeled, by this model, radon concentrations during
the cold half of the year for the period 08.11.2011 02.02.2020 in the Concert Hall. It can be seen that
there is a very good agreement between the two graphs
except for some peak values. The statistical model for
the Cosmos Hall describes 42.3% of the variations
in radon concentration in the cold half of the year.
It includes as predictors skin temperature (in the
model it has a positive sign and describes 55% of the
variations of the dependent variable) and snow depth
(in the model it has a positive sign and describes 45%
of the variations of the dependent variable). In the
Rockfall Hall, the statistical model describes 48.6%
of the variations in radon concentration in the cold
half of the year. The predictors in this model are snow
depth (in the model it has a positive sign and describes
50.7% of the variations of the dependent variable)
and temperature of soil layer 2 (in the model
it has a positive sign and describes 49.3% of
the variations of the dependent variable). In the
Stack Hall, the statistical model describes 65.8%
of radon concentration variations in the cold half
of the year. The predictors that are included are
air temperature (in the model it has a positive
sign and describes 59% of the variations of the
dependent variable), snow depth (in the model
it has a positive sign and describes 33.7% of
the variations of the dependent variable) and
precipitation (in the model it has a negative
sign and describes 7.2% of the variations of the
dependent variable). Figure 8b shows the course
a
of measured and modeled radon concentrations
in the Stack Hall in the cold half of the year for
the period 08.11.2011 - 02.02.2020. It can be
seen that there is a good agreement between
the two graphs except for 2014. In conclusion,
based on the predictors that are included in the
statistical models, the very important role of the
snow cover becomes obvious. This role is not
so clear if only the results of Table 3 are taken
into account. In general, the snow cover seals
the soil and rock above the cave and radon
formed there can only flow downwards towards
the cave. This explains the positive correlation
between snow depth and radon concentration
in the cave.
b
The projected values regarding radon
concentration in the cave in the warm and
Fig. 7. Observed and modeled (by the statistical model) radon concentrations in
cold half of the year for the period 2021–2070
Saeva Dupka Cave during the warm half of the year for the period 08.11.2011 are shown in Figure 9. Once again, it should
02.02.2020 in the Concert Hall (a) and Stack Hall (b).
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year. The increase in air temperatures inside and
outside the cave is approximately synchronous,
as shown in Tables 1 and 2. This means that in
the future the temperature defining whether or not
there is thermodynamic ventilation in the cave will
increase above 9°C, but outside air temperature will
also increase. Accordingly, this is not leading to a
change in the intensity or direction of air exchange
between the cave and outside atmosphere.
In general, the time frames of the period with
accumulation of radon in the cave (warm half year)
and the period with low concentration of radon in
the cave (cold half year) will remain the same.

a

CONCLUSION

b
Fig. 8. Observed and modeled (using statistical model) radon concentrations
in Saeva Dupka Cave during the cold half of the year for the period 08.11.2011
- 02.02.2020 in the Concert Hall (a) and Stack Hall (b).

be stressed that the projections are made based
on predictor trends in the respective statistical
models for the period 1979–2019. Those of the
trends that are statistically significant in this past
period are extrapolated to the future period on the
basis of linear regression. For those predictors that
do not have a statistically significant trend in the
period 1979–2019, the average values for
 this past
period are used also in the future period. Figure
9a shows that in the warm half of the year radon
concentration will increase continuously until
2070 in all four studied halls of the cave. These
expected trends are mainly due to the positive
correlation between the different temperatures (air,
skin and soil) and radon concentration in the cave.
These temperatures are expected to rise steadily in
the coming decades. This will cause an increase in
radon concentration in the cave, and respectively,
a higher risk for the guides working in the cave
(Turek et al., 2020). During the cold half of the
year (Fig. 9b) the trend in radon concentration is
again increasing, but there is specificity in this
trend. By about 2047, radon concentration will
remain at approximately current levels. This is due
to the decreasing snow depth, which will act as a
counterbalance to the increasing air temperature.
After 2047, air temperature is expected to remain
the only factor. However, given the winter ventilation
regime of the cave, which is controlled by the fall
of the outside air temperature permanently below
9°C, no significant increase in radon concentration
in the cave is expected during the cold half of the

Radon concentration in Saeva Dupka Cave is
determined by two main mechanisms. The first
mechanism is through penetration of radon from
the soil and rocks above the cave. This mechanism
has a leading role during the warm half of the
year, when the thermodynamic exchange of air
between the cave and outside atmosphere is
difficult. Accordingly, during this period of the
year radon concentration in the cave is high
(accumulation of heavier gas in cave reservoirs).
The second mechanism is through thermodynamic
air exchange between the inside of the cave and
outside atmosphere. This mechanism has a
leading role during the cold half of the year, when

a

b
Fig. 9. Projected values of radon concentration in the four studied halls of
Saeva Dupka Cave during the warm (a) and cold (b) half of the year for the
period 2021–2070.
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the colder air from outside penetrates the cave and
keeps radon concentration at low levels. External
environmental (atmospheric) conditions are essential
for both mechanisms. Climatic factors that affect
radon concentration in the cave are temperatures (air,
skin, and soil) and the amount of water, expressed
by precipitation or by volumetric water content in
the soil. Water content in the soil, which depends on
annual distribution and intensity of precipitation,
as well as on structure and composition of the soilvegetation cover and temperature regime, determines
the speed and amount of radon penetrating into the
cave cavities. During the cold half of the year, an
important factor is the duration and depth of snow
cover, which isolates the exhalation of radon to the
external atmosphere.
Statistical models and projections based on them
show that by 2070 radon concentration in the cave
will increase. This increase will occur primarily to
the warm half of the year, because it is determined
mainly by the directly proportional relationship
between temperatures and radon concentration. By
the middle of the 21st century, it is expected that the
studied area will no longer have a permanent snow
cover and the temperature will remain the only factor
for increasing of radon concentration during the cold
half of the year. However, during this period, the
ventilation regime of the cave, which is controlled by a
permanent drop of the outside air temperature below
9°C, will continue to limit the potential increase of
radon concentration in the cave air. The projections
regarding the future values of radon concentration
in Saeva Dupka Cave are based on the trends in air
temperature in the studied area during the last four
decades. This trend is positive. In the future, it is
possible that there could be some other natural or
anthropogenically caused events that may change
this course of air temperature and, accordingly, of
the radon concentration in the cave. At this stage,
however, they cannot be predicted and included in
the modeling.
Water content in the soil and precipitation are
significant factors for radon concentration in the cave,
but they have no significant trend and accordingly
they will not have a direct influence in any particular
direction in the next 50 years.
The projected increase of radon concentration in
Saeva Dupka, which is one of the most visited tourist
caves in Bulgaria (open seven days a week), creates a
serious risk for the health of the tour guides working
in the cave. Based on the data from radon monitoring
and fixed stay time in the cave, it is possible to
calculate the actual annual effective dose of radon
radiation for the service personnel (Thinova &
Rovenska, 2011). According to the Recommendation
of the Czech State Office for Nuclear Safety (SUJB)
(2007) and ICRP Publication 115 (Tirmarche et al.,
2010), the personal effective dose reference level is
6 mSv y–1 (2,000 working hours). The real annual
effective dose Ea [mSv] for the cave guides in Saeva
Dupka for the period 2012–2020, is 6.5 mSv (Turek et
al., 2020). This high value and the expected increase
in radon concentration in the most active tourist

season requires a plan that necessarily includes
measures that will protect human health of the cave
staff (e.g., to increase the number of guides seasonally
and thus reduce the number of entries for each guide).
On the other hand, it does not pose any significant
health risk for ordinary tourists visiting the cave all
year round (Turek et al., 2015, 2020; Stefanov et al.,
2014, 2020).
From the point of view of health (radiation) safety
in Saeva Dupka, the working conditions of the cave
staff are most suitable in winter and transitional
seasons, when radon and CO2 concentrations that are
hazardous to human health in the cave air are below
the permissible norms and do not pose risks to the
health of cave guides. This optimal period, which is
outside the active tourist season, coincides with the
academic year in schools and universities, and, due
to the accessibility and educational resources of the
cave, it has the potential to become an educational
center for innovative training using karst (Stefanov &
Stefanova, 2020).
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Abstract:

Keywords:

This study is focussed on the geomorphological characterization and the processes driving the
evolution of the highest karst system in Western Europe, which is located in the Ordesa and
Monte Perdido National Park (PNOMP), in the central-southern Pyrenees. The karst system
does not seem to have a well-developed epikarst. The studied area shows a karst network of
polygenic branchwork type in the vadose zone. Additionally, the explored karst conduits in the
epiphreatic zone show a water table cave pattern that is different to the looping one, which
is the expected cave pattern development for a karst located in a mountain zone where a
high irregular recharge is expected. We have designed a conceptual recharge model through
a multidisciplinary approach, which has included the making of a new detailed geological
and hydrogeological map of the study area, morphometric analysis of cavities, tests with
fluorescent dye tracers and hydrometeorological monitoring of the karst system associated
with the Garcés Spring. This spring, together with the Font Blanca Spring, constitutes the
main water discharge point of the hydrogeological system. The conceptual recharge model
explains how the observed unexpected cave pattern has developed in this karst.
Ordesa, cave pattern, recharge, chemical tracer, vadose branchwork, water table cave
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INTRODUCTION
In recent decades, some research has shown that
the distribution and organization of the explored
conduits in a karst system follow just a few patterns.
They are related to the water table position and its
temporal evolution, the type of aquifer recharge,
the density of the fractures, the geological structure
and, to a less extent, to porosity of the rock (White,
1988; Ford & Williams, 2007; Palmer, 2007; Audra &
Palmer, 2011). Audra and Palmer (2015) summarized
the processes controlling the genetic models of the
caves in only three classes: the geological setting, the
aquifer recharge pattern and the time.
*antonio.gonzalez@igme.es

According to Palmer (1991), the type of recharge
in karst aquifers and the type of dominant porosity
have a significative influence on the saturation state
of the water circulating through the karst conduits
and, therefore, in the patterns of the corresponding
caves. Palmer classifies the observed patterns in five
types: branchwork, network, anastomotic, ramiform
and spongework. All of them are conditioned by (1)
the dominant type of groundwater recharge, which
may conceptualized as point, diffuse and hypogenic,
and (2) by the dominant type of porosity, which can
be classified as bedding, parting and intergranular.
Audra and Palmer (2011, 2015) differentiated two
types of epigenic caves in relation to their vertical
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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cave patterns: looping caves and water table caves
(Fig. 1). Shafts and canyons develop in the vadose
zone (VZ), but in the deepest zone, the looping caves
are characterized by both a permanently saturated
phreatic zone and an epiphreatic zone where large
water table variations may occur. From a functional
point of view, both zones are characterized by the
existence of permanent springs and “trop pleins”,
respectively, with a very irregular discharge pattern.
The water table caves (WTC) are associated with
diffuse recharge processes. These caves normally
present a well-developed epikarst zone which is
often associated to the presence of an often lowpermeability layer resting above the permeable rocks.
In consequence, the WTCs present a complex VZ, with
caves of dominant vertical development that change
their inclination to much less sloping transects in the

deepest zones. Such conduits present a horizontal
shape which is simpler than those of the looping
caves. They serve as water collectors that guide the
drained groundwater to the springs. These springs
are permanent and less variable than the others.
Despite the simple epigenic cave classification
of Audra and Palmer (2011, 2015) and Jouves et
al. (2017) observed that some of them may contain
polygenic cave networks within, which may be caused
by changes in the boundary conditions (e.g., levels
with permeability differences in the unsaturated
zone). With this in mind, the cavities can be classified
into four basic patterns: (1) vadose branchwork, (2)
water table caves, (3) looping caves, and (4) angular
mazes. The first three are related to epigenic caves
and the latter, in general, with hypogenic cavities,
with some exceptions (Sauro et al., 2020).

Fig. 1. Morphological differences and type of recharge for looping caves (left panel) and water table caves (right panel). Modified from Audra &
Palmer (2015).

In the VZ, the patterns generated are of the branched
type. However, these typically vertical development
patterns can be distorted if there are important semipermeable levels that hinder the water flow (Sauro
et al., 2012). Nevertheless, the pattern development
of these karst networks depends greatly on the type
of recharge, which is different in the extreme cases
of (1) large water volume inflow in the system with
a fast-percolating velocity as a result of variable
intensity precipitation events, and (2) low diffuse
steady inflow to the system. In the first case, when
the incoming - recharge reaches the phreatic zone,
it in turn generates groundwater level fluctuations
in the epiphreatic zone. These recharge fluctuations
propagate through the aquifer system towards the
discharge point, causing groundwater flows within
the conduits with an often-turbulent flow regime, thus
generating a highly variable spring discharge scheme
(Jennings, 1985; Gabrovšek & Peric, 2006; Prelovšek,
2009, and others). In this case, the conduits generated
in the epiphreatic zone present a looping trace (Fig.
1-left) with an internal morphology similar to that of
the conduits in the phreatic zone, a low topographic
slope and a cross-section of lenticular, elliptical or
semi-circular shape (Audra & Palmer, 2011). In the
second case, since there are no huge level variations
in the phreatic zone, neither the epiphreatic zone nor

the associated looping conduits exist. The advance of
erosion or surface karstification in the discharge zones
and the tectonic activity may contribute to repeat
these two patterns vertically, along with the gradual
lowering of the water table. As a result, perched fossil
networks remain and are therefore integrated into the
VZ (Häuselmann, 2002; Harmand et al., 2017).
The karst caves investigated in high mountain zones
are generally epigenetic, thus formed by the meteoric
water percolating from above. The infiltrated water
tries always to flow downwards through the vadose
conduit network until reaching the saturated zone.
In such karst systems, the dynamics of accumulation
and melting of snow may control the aquifer system
recharge (Meeks et al., 2017; Thornton et al., 2019;
Jódar et al., 2020), and it might even affect the pattern
of the karst drainage network, but this point is still
poorly understood.
Most of the caves studied in alpine karst systems
usually present cavern patterns characterized by a
polygenic network of branchwork type in the VZ that
often connect different sub-horizontal levels showing
looping patterns (Audra & Palmer, 2013). This looping
structure highlights the existence of groundwater
fluctuations driven by epiphreatic floodwater
effects (Palmer, 1991; Audra, 1994; Häuselmann
et al., 2003), which in turn reflect the recurring
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input of large volumes of water in the karst system
percolating from its surface (Gabrovšek et al., 2014).
Good examples of such mountain cave settings can
be found in the Krubera Cave in the Arabika Massif
(Western Caucasus) (Klimchouk et al., 2009), where
the upper phreatic tubes could have developed during
the Messinian salinity crisis in the Upper Miocene,
the Piani Eterni karst system (Columbu et al., 2018)
and the Totes Gebirge limestone massif (Plan et al.,
2009), in the Eastern Alps, where Häuselmann et
al. (2020) dated the beginning of the phreatic tubes
speleogenesis during the Upper Miocene and Pliocene,
when warm and humid climate conditions occurred
in this area (Haenel et al., 1988; Sachsenhofer et
al., 2003; Audra et al., 2007). Moreover, most of the
studied cave systems in the Alps (Audra et al., 2007,
and references therein) were formed probably at a lower
altitude than their current one (Frisia et al., 1993;
Vosteen et al., 2006). As a result, the speleogenesis
of these cave systems was little influenced by the
snow cover dynamics. This is the case of the paleoepiphreatic looping caves of the Pannonian karst
system in the eastern Alps, where the non glacierized
conditions along with a pluvial regime drove the
development of a looping cave pattern (Wagner et al.,
2011). Similar cases at lower elevation can be found
in the Pyrenees (Belmonte & Sancho, 2012; Calvet et
al., 2019; Sartégou et al., 2020).
The highest aquifer karst in Western Europe is
located in the Paleocene-Eocene limestones of the
Ordesa and Monte Perdido National Park (PNOMP), in
the Central Southern sector of the Pyrenees. Here, a
number of karst systems progress along the slope and
the base of a large glacial cirque. The glacier dynamics
generated a very intense erosion process during the
Quaternary, especially on the slope where most of the
caves are located. As a result, the pre-Quaternary relief
was dismantled, even eroding most of the Miocene and
Pliocene networks that may have previously existed
in the area. Therefore, there is an almost complete
absence of sub-horizontal epiphreatic fossil galleries
in the karst, and the current draining galleries present
a water-table pattern running just a few meters above
the saturated zone. These characteristics suggest a
more recent cave speleogenesis in Ordesa than that
reported in the Alps (Häuselmann et al., 2020). In
this line, in the neighboring Cotiella carbonate karst
massif, which is located only 25 km to SE of the study
zone, Belmonte and Sancho (2012) dated speleotems
in the water-table-cave of “Espluga Alta de Lasgüériz”
with and age no older than the Middle Pleistocene
(450 ka). These authors supposed a Quaternary
age for the formation of the cave predating MIS 12.
The cave pattern generation is likely affected by the
water infiltration dynamics from the snow and ice
accretion and thawing processes, which characterized
the transitional interglacial to glacial climate periods
over this geological epoch (Holzkamper et al., 2005;
Columbu et al., 2018).
The recharge zone of the karst systems draining
the Paleocene-Eocene limestones of the PNOMP is
located at elevations between 1,855 and 3,170 m
a.s.l., where it is normally covered by snow during 8

251

months of the year (Lambán et al., 2014; Jódar et al.,
2016). Therefore, it is a perfect natural laboratory for
exploring the still unknown relationship between the
aquifer recharge processes in alpine environments and
the geomorphological pattern of the karstic conduits
draining the aquifer, which is the main objective of
this study. Additionally, given the significant natural
heritage value of the study zone, we have carried
out a fine scale geological, geomorphological and
hydrogeological characterization, to obtain a detailed
picture regarding the hydrometeorological factors
determining water-table cave patterns in this alpine
area.

STUDY AREA
The PNOMP is located in the central southern
sector of the Pyrenees. With a WNW-ESE orientation,
this mountain range is the highest in the Iberian
Peninsula (Fig. 2) and has the second highest peak.
In the PNOMP, the maximum altitude corresponds to
the Monte Perdido Peak (3,348 m a.s.l.), which is the
third elevation of the Pyrenees.
From a climatic point of view and according to
the Köppen-Geiger classification (Peel et al., 2007),
the climate in the study zone is cool, with a dry
season corresponding to mild and cool summers. It
presents significant altitude thermal variations. At
the meteorological station of Góriz Refuge (Fig. 3),
located at 2,200 m a.s.l., for the period 1981-2019,
the mean anual temperature was 4.9°C and the mean
precipitation was 1650 mm/year. The mean monthly
precipitation presents two maxima, in October (220
mm) and in May (185 mm), and two minima, in
February (80 mm) and in July (105 mm). The spatial
variability of precipitation presents a W-E gradient
(Benito Alonso, 2006) due to low pressure atmospheric
fronts arriving from the Atlantic Ocean. They are
responsible for the main precipitation volumes
registered in the PNOMP (Lambán et al., 2015). At the
meteorological station, the mean annual frequency of
solid (snow) precipitation events is 52 days/year. In
general, the snowfall events are registered between
October and June (Polo, 2015). The large altitudinal
variation range existing in the study area generates
spatial variations of temperature and precipitation,
with vertical gradients of -3.3°C/km and 200 mm/
year/km, respectively.
The geomorphological features of the PNOMP reflect
the typical modelling of the high pyrenean mountain
zones, dominated by glacial action. Multiple small
moraines can be observed, and the large valleys are
U-shaped, with close-to-vertical slopes. Moreover,
hanging side valleys, snowfields, and glaciers,
especially in the northern slopes of the Monte Perdido
Peak, characterize the rugged alpine landscape of the
study area.
From a geological point of view, the PNOMP is in the
central sector of a south-pyrenean range, which is part
of the “Sierras Interiores” (Inner Ranges) Structural
Unit (Séguret, 1972). The geological structure is
formed by an imbricated group of overthrust sheets
and associated folds, of carbonate materials. The ages
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Fig. 2. Location, geological map and geological cross section A-B of the PNOMP (modified from Lambán et al., 2015). The black dashed square
shows the study area.

of the materials range from the Upper Cretaceous to
the Lower Paleogene, which is linked to the initial
emplacement of the Gavarnie Nappe. The system
presents a predominantly southern vergence (Séguret,
1972), which is the consequence of the emplacement
of the deepest overthrust sheet, which constitutes
the antiformal pile in the sense of Choukrune (1989)
(Fig. 2).
The Alpine Orogene started in the middle of the
Upper Cretaceous. It slowly deformed these materials.
The deformation rate increased during the Lower
Eocene (Ypresian), so that in the rest of the Eocene,
the sedimentary rocks acquired a character of
syntectonic sediments.
In the PNOMP, the different materials can be
arranged top-down into three large groups as:
1) Gallinero Group-Limestone (s.l.). This has been
well studied and differentiated into multiple
formations (Robador et al., 2009, 2018; RodríguezFernández et al., 2013; Pujalte et al., 2016). From
the bottom to top, the following formations have
been described: Salarons dolomites (dolmicrites,
dolsparites and well-layered marly dolomites,
from the Lower Paleocene), Gallinero limestone

(s.e.) (micritic and bioclastic limestone from
Upper Paleocene), San Úrbez sandy limestone
(calcareous sandstone and sandy limestone
from Upper Paleocene), La Pardina sandstone
and limestone (quarzitic sandy, carbonated
sand and bioclastic limestone with alveolinae of
Eocene-Lower Ypresian age; marls and silts with
nummulites at the bottom from the beginning of
the Eocene), and Góriz limestone (limestone with
alveolines and nummulites in the lower part and
micritic limestone with silex nodules at the upper
part, from the Lower Ypresian).
2) Marboré Group. This is formed by a quite
homogeneous group of calcareous sandstone with
quartz-arenite and greywacke. These materials
outcrop widely in the great escarpments of the
Ordesa Valley; their age corresponds fundamentally
to the Campanian and Maastrichtian.
3) Cañones Group. This is formed by UpperCretaceous (Santonian) limestone of the Calizas
del Estrecho and Marboré Formations.
In the study zone, only the first two groups outcrop
(Fig. 3). Other terrigenous formations are arranged
progressively and transitionally over them, marking
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the pass from the slow to the fast deformation stages,
whilst the nappe of Gavarnie is displaced, and this
determines important variations in thickness and
bathymetry. These units are integrated by the Metils
and the Tobacor formations, and the Hecho group,
which are mainly composed of marly-limestone,
sandstones and turbidites, respectively.
The stratigraphic sequence of the study area
begins with the low permeability sandstone of the
Marboré Formation. Over these materials lie those
of the Gallinero group, with a first dolomitic layer
of ∼50 m thickness of the Lower Paleocene Salarons
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Formation, with a low degree of karstification and
a low permeability due to the dolomitic and clayey
composition. These materials are covered by the
bioclastic and silex limestone of the Upper Paleocene
and Eocene, 200 to 300 m thick, but in the study zone
this is much thicker due to the stacked overthrustsheet structure that generates vertical developments
close to 1000 m (Lambán et al., 2015, 2019) (Fig. 4A).
These materials are highly karstified and have a great
permeability. In fact, they contain the largest springs
in the PNOMP (Ríos-Aragüés, 2003; Lambán et al.,
2015, 2019).

Fig. 3. Geological map (1:5000 scale) and geological column of the study area.

All the units of the above-described stratigraphic
sequence are structured in a set of overturned
folds, reverse fault and overthrusts, so that the
same structure is repeated several times vertically.
Six folded structures can be identified where the
karstified carbonates of the Gallinero Group are
located. The folds have a vertical N flank that is
normally inverted, whereas the S flank gently dips to
the N. This disposition allows groundwater storage
in the syncline structures due to the differences in
permeability caused by the Marboré Sandstone.
The hydrogeological basin has two main groundwater
discharge points, the Garcés and the Font Blanca
springs. The former is the overflow point of the Garcés

Cave, which forms the Cola de Caballo Waterfall
a few meters ahead (Fig. 4B, C). The latter spring
is located at the headwaters of the Añisclo Valley
(Fig. 2 and 4D). In both cases, the springs are located in
the contact between the karstified Paleocene-Eocene
materials of the Gallinero Group and the sandstone of
the Upper Cretaceous Marboré Formation, which is a
low permeability relative to the karstified limestones.
The meteoric water enters the system through the
most conductive karst features, including swallow
holes and wide fractures, but also through the extense
network of joints and fractures that is distributed
throughout the study zone (see Supplementary
Material).
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Fig. 4. A) Stacking of folded structures in the study area; B) Discharge of the Garcés Cave and canyon carved
above the Cola de Caballo Waterfall (C); D) Discharge area of the Font Blanca Spring; to the left of the picture
the homonymous waterfall after the spring discharge point; E) Installation of the GGUN-FL30 fluorimeter in
the Font Blanca Spring; F) Uranine injection at the bottom of the shaft in the M-1 entrance to the Marboré
System (August 2019).

In the study zone, six syncline structures can be
observed. From bottom to top, these are (1) Garcés,
(2) Faja Luenga, (3) Fraile-Tartracina, (4) La RoyaCigalois, (5) La Faja Roya-Marboré and (6) Cilindro de
Marboré (Fig. 3).

MATERIALS AND METHODS
Geological cartography
A detailed map (scale 1:5000) has been made (Fig. 3)
to define with precision the different types of joints,
the existing caves and the geological structure of
the study area. It is based on the 1:25000 regional
geological maps of the PNOMP (Robador et al., 2010,
2018), which allows drawing detailed geological crosssections on which the vertical traces of the mapped
karst systems can be projected.
Revision of the available documentation
of the mapped karst systems
During this study, the information collection
has been carried out to integrate all the available

information generated by the different speleological
groups during the exploration of the different karst
systems identified in the study zone. Their analysis
has allowed us to make a good description of six cave
systems, namely Marboré, Roya-Cigalois, Fraile-La
Tartracina, Sima S-60, Garcés, and Font Blanca. The
main characteristics of these systems are summarized
in Table 1 and described in the next section.
The projection of the mapped topography
corresponding to the studied systems are shown
in Figure 5. In all cases, a predominantly NW-SE
orientation of the karstic conduits can be observed,
except in part of the Garcés system, which also shows a
large sector developed along the NNE-SSW orientation.
Tracer tests related with the Garcés System
To find the hydrological connections between the
inventoried swallow-holes and shafts and the springs
of the PNOMP, different speleological groups have
performed various tracer tests in the study area.
Unfortunately, the technical information of these
tracer tests is sparse and often incomplete. Table 2
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Table 1. Main characteristics of the studied caves
System
Marboré
La Roya-Cigalois
Fraile-Tartracina
S-60 Shaft
Font Blanca Cave

Exploration year

Exploration
group

Surveyed
length (m)

Suveyed
depth (m)

1953, 1985
1957, 1962
1980-1984
1960-1980
2010, 2012, 2020

A, B
A
B
C
D

4074
-4506
766
800

401
143
415
103
35

2013

E

3024
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Garcés Cave

Reference
Puch (1998)
GE OTXOLA (2019, 2018)
Puch (1998); GE OTXOLA (2018)
GE de Badalona (1963)
SCC (2012)
Ruiz Zubikoa (2017); GE OTXOLA (2019,
2017, 2016, 2015)

(A) SC Alpin Languedocien (Montpellier); (B) GS Pyrénées (Toulouse); (C) GE de Badalona; (D) SC du Comminges; (E) GE Otxola.

shows the basic and contrasted information of the
tracer tests performed in the karst systems of the
study area.
On August 5, 2019, members of the Speleological
Group Otxola and the Geological and Mining Institute
of Spain (IGME) performed a multi-tracer test in the
study area, injecting uranine, eosine, naphtionate
and amino-G into the karst systems of Marboré,
Cigalois, S-60 and Tartracina (Fig. 6, Table 2), one

in each location. Two fluorometers GGUN-FL24
were installed in sump-1 (locally known as Silvia
Coll’s Sump) of the Garcés Cave (Figs. 6 and 7) to
differentiate simultaneously the four injected tracers,
because the GGUN fluorometer can only detect three
tracers at the same time. A GGUN-FL30 fluorometer
was also installed in the Font Blanca Spring (Fig. 6).
This device was prepared to distinguish between
uranine, eosine and amino-G.

Fig. 5. Plan of the layout of the studied karst systems. Their main characteristics are reported in Table 1.
Table 2. Technical details of the tracer tests performed in the karst systems of the study area.
Tracer injection point (karst system)

Marboré

La Roya-Cigalois
El Fraile-La Tartracina
Sima S-60

Year

Tracer

Injected mass (kg)

Tracer discharge point

1954
1955
1987
1990

Uranine
Uranine
Uranine
Uranine

5
10
0.5
1.5

2019

Uranine

1

1962
2019

Uranine
Eosine

5
0.5

Not detected
Garcés spring
Not detected
Not detected
Garcés and Font Blanca
springs
Garcés Spring
Garcés Spring

1966

Uranine

2019

Amino G

1.5

2019

Naphtionate

1

Monitoring of the Garcés Karst System
To measure the water level, temperature and electric
conductivity variations in groundwater along the
Garcés karst system, two CTD-Diver® sensors (van
Essen Instruments, 2016) were installed in sump-1
and sump-3, respectively. In addition, and close to
each CTD, a BaroDiver© sensor was installed to control
the variations of the air pressure and temperature
inside the cave.
Autocorrelation and cross-correlation
The autocorrelation function characterizes the
linear dependency of successive values over a period.

Garcés Spring
Garcés and Font Blanca
springs
Garcés Spring

This function is represented by the correlogram that
draws the memory of the system CX(k). The shorter
the influence of a given event on the time series, the
steeper the slope of the auto-correlation function rX(k)
is, and conversely.
rX  k  
C X k  

1
N

C X k 
  (1)
CX 0

N k

 X
j 1

j

X

X

j k



 X   (2)

where N, Xj , and X are respectively the length, the j th
term and the average value of the time series X(t), and
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Fig. 6. Karst systems studied in the area. The numbers correspond to (1) Marboré, (2) La Roya-Cigalois, (3) El Fraile-La
Tartracina, (4) S-60, (5) Garcés, and (6) Font Blanca. The short arrows indicate the position of the tracer injection points of
this work, and the circles mark the position of the mapped terminal sump for the corresponding karst system. Dashed arrows
show a plausible migrating path for the tracer from the injection poins to the Garcés karst system.

k is the time lag characteristic of each value, i.e., a
response or activation feedback time.
Cross-correlation is used to determine the
relationship between two variables X and Y. In the
case of karst hydrology, they often describe input–
output relationships as for rainfall–discharge or
groundwater level variations. The cross-correlation
is represented by a cross-correlogram, rXY (k), that
defines the system’s response to an external action,
and it is formally defined as
rXY k  

C XY k  

1
N

C XY k 
  (3)
 X Y

N k

 X
j 1

j





 X Y j k  Y   (4)

where CXY (k) is the cross-correlogram function and
σ X and σ Y are the standard deviations of the time
series X (t) and Y (t), respectively. If the input signal
X (t) into the aquifer corresponds to a random variable,
then the cross-correlation function corresponds to
the system response function. Mangin (1984) and
Padilla and Pulido-Bosch (1995) analize the shape of

rX(k) and rXY (k) for different common situations in the
framework of karst groundwater hydrology.

RESULTS
Description of karst systems
In this section, the main aspects of three karst
systems in the studied area, for which good cartographic
information has been obtained, are described. Their
main features are interpreted considering both the
different geological formations they cross, and the
prevailing hydrogeological conditions under which the
karst conduits have developed.
The Garcés Cave
The entrance to the Garcés Cave is interpreted as
an old discharge point that remained perched and
that was possibly fed, at the beginning, by the fossil
gallery with a N120E direction (Fig. 7). During low flow
periods, groundwater overflowing sump-1 discharges
into the Arazas River through the Garcés Spring,
which is a few meters away from sump-1. During high
flow periods, the system also discharges through a
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Fig. 7. Plan and cross-section of the Garcés Cave with the location of monitoring points (modified from GE Otxola, 2017).

“trop plein” (overflow) group located at different levels
The Font Blanca Cave
on the left bank of the Arazas River.
The entrance of the cave is the surgence of the Font
The base of the sump-1 discharge point corresponds
Blanca Spring (1,855 m a.s.l.). The water immediately
to the contact between limestone of the Gallinero
falls down the cliff that forms the right bank of the
group and dolomites of the Salarons Formation (Figs. 3
Añisclo Canyon (Fig. 4D). The spring lies about 20 m
and 7). From this point on, groundwater flows over
above the contact between the Salarons and Marboré
the escarpment formed by the Marboré sandstone and
formations (Fig. 8). The explored cave is a unique,
only some meters ahead feeds the “Cola de Caballo”
semi-flooded 800 m long passage, which extends in
Waterfall (Figs. 4B and 6).
the NW-SE direction following the core of the Faja
The water table must correspond with the permanent
Luenga syncline. The entire cave is carved in the
discharge point at the bottom of the Arazas River
Solarons Formation.
canyon located around 10-15 meters below
the level of sump-1. This sump has a length
of 57 m and a maximum depth of 12 m (Ruiz
Zubikoa, 2017). After the sump, the main
gallery continues in the N10E direction, and
later draw an arc that turns towards the W,
similar to the layout of the surface channel
and the imprint of the glacial cirque.
After the bend, a gallery with N direction,
matching approximately the “Barranco de
Góriz (Góriz Brook) layout”, connects with
the main conduit system through sump-3.
This gallery provides the highest inflow to
the Garcés Cave. From this point upstream,
the conduit of the main system receives
several lateral tributaries from the North.
They come from a set of conduits with N
orientation and a tendency to follow the
dipping direction of the stratification.
The Garcés syncline collects part of the
discharges from the perched saturated
zones in the core of the successive synclines
above it, as revealed by the different tracer
tests conducted in the study zone (ENSG, Fig. 8. Plan and partial cross-section of the Font Blanca Cave (modified from Spéléo
1990) (Table 2).
Club du Comminges, 2010-2012).
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The Sima S-60 system
The cave has two close entrances located at 2,342 m
a.s.l. The entrance 1 is a sinkhole that in low water
absorbs a permanent flow of about 5 L/s. The cave
continues through a succession of shafts until
reaching a sub-horizontal gallery at -50 m, with
250 m of development in NW direction. The gallery
descends another 50 m with various drops and turns,
first towards the N and then towards the SE, in the
opposite direction (to Garcés spring) and ending
shortly afterwards in a sump at -103 m (2,239 m
a.s.l.). The entire cave is developed in carbonate rocks
of the Gallinero Group (Fig. 9).
The Fraile-La Tartracina system
Three entrances to the Fraile-La Tartracina system
are known: R31 or the Tartracina Shaft (2,570 m
a.s.l.), R17 (2,526 m a.s.l), and R3 or Fraile Cave
(2,520 m a.s.l.), where the exploration began. The three
entrances are hosted in the Gallinero limestone and
consist of a succession of vertical shafts. The union

between the shafts coming from R31 and R17 should
mark the intersection point with the first overthrust
fault crossed by the main cave conduit. From this
point onwards, the cave intersects the dolomitic level
of the Salarons Formation. Afterwards, and before
reaching the large collector system, the main conduit
might go across the second overthrust fault (Fig. 10).
The large collector consists of a wide rectilinear
and semi-flooded gallery that develops through
the epiphreatic level above the possible saturated
zone of Faja Luenga syncline, until reaching the
terminal sump at 2,155 m a.s.l. (Fig. 10). This point
is connected with the Garcés sump as shown in the
tracer test conducted in 1966 (Table 3; ENSG, 1990).
In general, the conduits follow and adapt to the N115E
direction defined by the syncline axis, with some
passages developed in the perpendicular direction.
These last passages follow the dipping direction of the
stratification (N25E) on the synclinal flanks. Possibly
the connections between the different systems are
produced following this direction.

Fig. 9. Plan and partial cross-section of the Sima S-60 system (modified from G.E. Pyrénées, 1988).

The La Roya-Cigalois System
This system is an interconnected group of caves.
Their maps are not considered finished since there
are no cross-sections (Fig. 11). Eight entrances to
the system are known located at elevations between
2,846 m (M45) and 2,716 m (R73-74). The caves are
developed in the limestones of the Gallinera Group
following galleries with N125E direction, according to
the direction of the structures. The galleries develop
from 2,846 m to 2,635 m ending in a terminal sump.
The tracer tests (ENSG, 1990) showed that the water
of this system mixes with those from the Marboré
system and reach the Garcés Cave in a similar time.
The Marboré System
The Marboré cave system has two entrances M1
(2,920 m a.s.l.) and M2 (2,870 m a.s.l.), locally known

as “Las Vedettes” and “Los Amigos”, respectively.
They are located in the dolomitic Salarons Formation
and in both cases developed through vertical shafts
until reaching the contact with the low permeability
sandstones of the Marboré Formation (Fig. 12). At this
point, the conduits become narrow and sub-horizontal,
present intersections with some overlapping fossil
galleries and receive small groundwater contributions.
The conduits go through the contact between both
formations. The directions of the structural axis
alternatively shift between the direction marked
by the syncline of the Faja Roya-Marboré (N110125E) and the direction of the dipping sedimentary
layers on the flanks (N25-30E). Both directions
are perpendicular to each other until reaching the
conduits that connect with the M2 entrance. From
this point, the size of the gallery increases and crosses
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Fig. 10. Plan and cross-section of the Fraile-La Tartracina System with the interpretation of the lithologies intersected along the cave trace (modified
topography of the Group de Spéléologie Pyrénées de Toulouse). The different morphological zones are defined in terms of the spatial distribution of
conduits patterns along the system, and the observed position of both the water and the corresponding vertical variations.

Fig. 11. Map of the La Roya-Cigalois System (modified from SC Alpin Languedocien de Montpellier).
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the contact with the marly sandstone of the Marboré
Formation, in which the conduit passes up to
reaching the big shaft at a depth of 111 m. At the top
of this shaft, the overthrust fault plane marking the
passage from the low permeability sandstone of the
Marboré Formation above with the underlying high
permeability limestone of the Gallinero Group is
located. At the bottom of the shaft, a large subhorizontal collector is reached, which runs through

the epiphreatic zone ending in the terminal sump at
2,519 m a.s.l. (Fig. 12). The direction of the collector
gallery turns gradually from that of the structural
axis to S. The water level in the terminal sump should
mark the position of the phreatic level or of the
epiphreatic galleries over the perched aquifer formed
in the karstified limestone of the Roya-Cigalois
syncline (Fig. 6), which is in turn drained by the
conduit system.

Fig. 12. Plan and cross-section of the Marboré cave system with the interpretation of the lithologies intersected along the trace. The first galleries
are dipping towards the east by the contact between the Salarons and Marboré formations and then turn south. Thereafter, the thickness of the
Salarons Formation appears exaggerated in the cross-section (modified topography of the GS Pyrénées de Toulouse). The different morphological
zones are defined in terms of the spatial distribution of conduit patterns along the system, and the observed position of both the water and the
corresponding vertical variations.

Characterization of recharge to the Garcés
karst system
The data recorded by the CTDs installed in the
Garcés cave allowed the observation of how recharge
controlled the Garcés Spring discharge during the
period 2018-2019. The water level variations in sump1 are almost homothetic to those of sump-3 (Fig. 13).
This indicates that no significant groundwater
contributions fed the system between both control
points.
From the temporal variation of the different
hydrometeorological variables measured in the Garcés
karst system for the period Sep. 2018 – Sep. 2019,
five aquifer recharge stages (Fig. 13) can be inferred
to describe the hydrogeological system dynamics for a
whole annual cycle:

1. Stage 1: The rainfall events generate sudden
variations of the groundwater levels, EC (electrical
conductivity) and T (temperature). Furthermore,
EC and T show a similar behavior, with an
increasing trend from the beginning of the stage
until September, when both variables stabilize.
In this period, the system discharge shows a
recession trend, in which the main shafts and
conduits of the karst system drain the connected
porosity of the aquifer. In October, the intense
rainfall events generate both fast recharge
entering the system through swallow-holes, and
slow recharge entering the system through joints
and small fractures. The fast recharge influences
the total system flow through the main conduit of
the system. During this period, EC in groundwater
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decreased and T increased, in coherence with the
corresponding values in rainfall.
2. Stage 2. This is a transition period. Precipitation
is mainly as snow. Only a few fast recharge
events occur. Moreover, the in-transit recharge
entering the system through superficial joints
and small fractures during the previous warm
period, continued percolating through the
interconnected pores of the system, and finally
reaches the phreatic level. Little by little the intransit recharge dominates the whole system
discharge. As a result, EC and T in groundwater
increase until they stabilize. The EC increase is
mostly due to carbonate dissolution induced by
soil CO2 and the evapoconcentration effect. The T
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increase is due to equilibration with the average
local temperature.
3. Stage 3. In this period, there is no fast recharge
event entering the system, and the contribution
of the in-transit recharge is at most very small.
The system discharges groundwater which is
stored in the connected porosity of the aquifer and
therefore the EC and T of groundwater remain
steady.
4. Stage 4. This is another transition period.
Precipitation is still solid (i.e., snow). Nevertheless,
the aquifer recharge process starts, slowly at the
beginning and showing a temporal pattern similar
to that of atmospheric temperature. This indicates
that snowmelt is the source of recharge water. EC

Fig. 13. Variation of groundwater level (top panel), EC (second from top), and T (third from top) observed in the Garcés Cave for the period Sep-2018
to Sep-2019. For each variable, the upper and lower lines correspond to the time series measured in sump-1 and sump-3, respectively. The lower
panel shows the evolution of the daily precipitation (columns, in mm) and mean atmospheric temperature (line, °C) measured in the meteorological
station of Góriz for the same period. The shaded strip corresponds to the maximum and minimum daily temperature variations. The freezing point
(0°C) is indicated by a horizontal line crossing the panel. The details of the different recharge stages (1 to 5) indicated in the figure are explained
thoroughly in the text. Grey bars show the different relationships between groundwater level (Lv), EC, and T.
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and T in groundwater start to decrease from the
high steady values of the previous stage.
5. Stage 5. This is another period when fast recharge
controls the system discharge. At the beginning,
the snowmelt infiltrates through the most
conductive karst features. As the contribution of
the fast recharge increases in the total system,
EC and T decrease, as expected. However, once

the snowpack covering the study zone disappears,
fast recharge ceases. Despite this, the in-transit
recharge still feeds the system and therefore
EC and T in groundwater show an increasing
trend.
The relationship between the climatic seasonal
variations and the different types of recharge is
summarized in Figure 14.

Fig. 14. Schematic conceptual model of recharge observed during the 2018–2019 year in the Garcés karstic system.

Tracer tests
The tracer tests for this study were conducted in the
summer (August 5, 2019) to ensure the system was at
the lowest discharge regime, which was indeed attained
in the system by mid July 2019, well before starting
the tracer tests, as shown in the Garcés system water
level evolution (Fig. 13). The four tracers were injected
simultaneously. All of them were detected at the
control point of the Garcés system located in sump-1
(Fig. 7). The naphtionate and amino-G tracers were
injected into the S-60 (3 km away) and the Tartracina
(2.8 km) shafts, respectively, and arrived with similar
concentrations and almost simultaneously 4.8 days
after the injection (Fig. 15A). The uranine and eosine
tracers were injected in the Marboré (4 km) and the
Cigalois (3.2 km) shafts, respectively. They arrived
somewhat later and almost simultaneously, at 9.1 and
9.3 days, respectively. The average tracer circulation
velocity was 583 m/day, 625 m/day, 439 m/day, and
344 m/day for amino-G, naphtionate, uranine, and
eosine, respectively. All the observed breakthrough
curves present a symetrical pattern with a steep rising
limb and a short tail, indicating that tracer transport
is controlled by advection in the main conduits. The
tracers were not detected in the Font Blanca Spring
during these days (Fig. 15B).

Thirteen days after injection of the tracers, a rainfall
event occurred in the study zone and a new tracer
breakthrough was detected in sump-1 in the Garcés
Cave for uranine, eosine and amino-G but not for
naphtionate (Fig. 15C). Surprisingly, a synchronous
tracer breakthough was detected for uranine and
amino-G in the Font Blanca Spring but not for eosine
(Fig. 15B), contrary to what happened in sump1. This result might actually show a false negative
tracer arrival in the Font Blanca Spring. The lower
fluorimeter sensitivity to eosine compared with the
other injected tracers should be taken into account.
Additionally, only a mass of 0.5 kg of eosine was
injected. Therefore, the tracer could have reached the
Font Blanca Spring with a concentration below the
fluorometer detection limit.
From the results of the tracer tests, it can be inferred
that, in general, the injected tracers migrate towards
the S, in a direction which is perpendicular to that
defined by the geological structures, until reaching
the main conduit of the Garcés Cave. Nevertheless,
the tracers can also migrate towards the SE, a
direction which is parallel to the overthrust axis. This
is supported by the tracer arrival to the Font Blanca
Spring. It can be hypothesised that all the tracers
reached the Faja Luenga syncline (Fig. 6), which is
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Fig. 15. Tracer breakthrough curves in Garcés sump-1 (A) and Font Blanca Spring (B); C) Detail of the second arrival of tracers to sump-1 in the
Garcés Cave, triggered by rainfall.

normally drained by the Garcés system. Nevertheless,
the syncline may divert a part of groundwater flow
towards the Font Blanca Spring, depending on the
hydrological situation in the syncline structure.
To explain the second tracer arrival to sump-1 in
the Garcés Cave, a tracer storage structure is required
in the karst system. This role might be played by one
of the sumps existing in the ephiphreatic zone of the
Faja Luenga syncline (Figs. 16 and 17). The tracers left
the temporal storage in the sump after being pushed
by a sudden groundwater inflow triggered by the
rainfall events registered in the meteorological station
of Góriz 13 days after the injection of the tracers. This
is congruent with the T and EC variations observed
during these days in the Garcés system, which
correspond to those generated by the summer and
autumn storms (Fig. 13).
Hydrogeological functioning of the karst system
The presence of low permeability sandstone of the
Marboré Formation below the soluble PaleoceneEocene materials, and also of stacked thrust folds
separated by both reverse and overthrust faults
(Fig. 16), determine the cave formation and hence the
hydrogeological functioning of the system.
The infiltrated water in the system accumulates in
the synclines, which are drained downgradient and
flow gently through the epiphreatic zone, enlarging
the conduits with a water table cave pattern.
Groundwater flow takes place in line through the
different syncline structures downgradient. A given
syncline receives drainage from the immediately one
at higher elevation and drains immediately to the
downflow one, and so on until Faja Luenga syncline,
where the groundwater flow seems to divide. One part
flows normally towards the Garcés syncline before
reaching the Garcés Cave (Fig. 16B) and another part
moves along the axis of the Faja Luenga syncline
towards the Font Blanca Spring, where the main
discharge point of the possible perched saturated zone
associated to the Faja Luenga syncline is assumed to
be (Fig. 17).

DISCUSSION
The organization of the cave passages in the Marboré,
La Roya-Cigalois and Fraile-Tartracina karst systems
tends to be repeated, in agreement with the geological
structures, which also repeat vertically (Fig. 16). The
inlets to the karst systems are located at different
altitudes, generally in the formations of the Gallinero
Group, with the exception of the Marboré Shaft and
Font Blanca Cave, whose entrances are located in
the Salarons Formation, close to the contact with
the Marboré sandstone. The conduits continue at
depth through a succession of shafts and branched
galleries with vadose branchwork patterns (Jouves
et al., 2017), until culminating in wide, rectilinear
and subhorizontal collectors through which the
underground rivers circulate. Moreover, dammed
areas are also present. These collectors usually end
in sumps. The morphology of these collectors is
characterized by a water table cave pattern (Audra &
Palmer, 2011, 2015; Jouves, 2017). The projection of
the caves in the cross-section of Figure 16B fits with
the development of these collectors in the epiphreatic
zones of the groundwater storage areas located at
different levels. These structures suggest that these
collectors serve as conduits that favor groundwater
discharge between the successive groundwater
storage levels.
The Garcés karst system is developed at the lowest
level of the Gallinero Group. It is formed by a single
main conduit that collects the drained groundwater
from the different water storage structures located
above this system (Fig. 16). However, the conduit
also receives the local discharge from several small
conduits developed in the Garcés syncline, with a N
direction (Fig. 7). After this intersection, the principal
conduit tends to follow a direction perpendicular to
the axis of the folded structures. Nevertheless, some
metres ahead the conduit finaly adapts to the folding
axis direction. Sump-1 corresponds to the last point
of the Garcés karst system before the Garcés Spring,
which is the main discharge point of the system.

International Journal of Speleology, 49 (3), 249-270. Tampa, FL (USA) September 2020

264

González-Ramón et al.

Fig. 16. A) Hydrogeological map of the study area. The main mapped cavities and their altitudes are included, as
well as the tracers’ injection points and the main sumps; B) Cross-section with the interpretation of groundwater
flow in the system of caves and groundwater storage zones in the synclines. The emplacement of the crosssection is in (A).

The trace of the Font Blanca Cave runs near the
contact between the Salarons Formation and the
Marboré sandstone, whilst following the direction of
the syncline axis of Faja Luenga (Fig. 17). The cave
is often flooded and, as with the Garcés Cave, the
recently explored conduit presents a water table cave
pattern (Figs. 5e and 8).

The repetitive organization of the karst conduit
patterns as a set that includes a vadose branchwork
and a water table cave, in principle does not agree with
the paradigm defined for this type of highly permeable
and karstified aquifers, both in exokarstic and
endokarstic zones and with a soil devoid of vegetation.
The soil partial CO2 pressure was not measured and
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Fig. 17. 3D geological interpretation of the discharge area of the Font Blanca Spring. Three of the main synclines
that condition the perched groundwater storage areas are observed. It is assumed that the Font Blanca Spring could
be the main discharge point of the Faja Luenga syncline. View of the image from SE to NW, taken from Google
Earth (08/09/2017).

results from chemical calculation have to be taken
with caution. In any case, this PCO2 is the atmospheric
value or slightly higher due to some biological activity.
This produces slightly acidic percolating water,
which dissolves the carbonates slowly. Under these
conditions, a fast high-flow percolation of meteoric
water could be assumed to recharge the aquifer while
generating sudden groundwater level variations. In
response, this system generated collectors of a looping
cave pattern type (Audra & Palmer, 2011, 2015;
Gabrovšek et al., 2014; Jouves, 2017; Häuselmann,
2019) (Fig. 1). However, there is an important factor
that prevents fast recharge events during a long
period of the year: the high altitude at which the
caves are located, which implies a long-lasting snow
cover. Nevertheless, other geological factors, such as
the connected pores structure (i.e., joints, fractures
and limestone primary porosity) of the epiphreatic
zone, or even the stratification along the main axis
of the general folding structure, are not discarded as
additional factors laminating the “in transit recharge”
flow and therefore, dampening the recharge peak
arrival into the saturated zone.
From November to June, precipitation occurs
mainly as snow, which accumulates on the ground,
generating snowpacks of significant thickness
throughout the snow accumulation season. The
presence of the snowpacks hinders fast infiltration
events in the system until the end of thaw in early
summer. Therefore, during the cold season, recharge
diffusion (Figs. 13 and 14) is driven by the infiltration of
the snowmelt through the surficial water-conducting
features of the area, including swallow holes, but
mainly joints and fractures. The snowmelt flows
are typically small but increase water infiltration,
and therefore aquifer recharge. In fact, this is the

most important recharge mechanism for the aquifer
in terms of annual recharge volumes (Jódar et al.,
2020). During this period, the phreatic level does not
experience large variations and groundwater flow
is diffuse. As the snowmelt season advances, the
epiphreatic zone increases its water content, even up
to saturation, thus acting as a perched aquifer that
feeds both the highly conductive karst network (shafts
and canyons) and the connected porosity structure of
the aquifer (Williams, 2008).
The hydrodynamic behavior of the system can also
be read from the autocorrelation and cross-correlation
functions of the precipitation and groundwater
timeseries. The autocorrelation analysis (Fig. 18)
shows a small memory effect of 2 days for precipitation
(P), whose autocorrelation function resembles a white
noise signal. The autocorrelation of the groundwater
level in Garcés sump-1 (HGW) decreases fast and
presents an initial first stage with a steep slope for
10 days, which is associated to discharge through the
karst conduits. After that time, the slope decreases
to the point in which the autocorrelation resembles
a kind of uncorrelated signal 50 days later. Actually,
the fast decrease is in part due to drainage of the
conduit system and partly to the early recession of
the matrix storage before the logarithmic evolution,
although the first one dominates. This has not been
studied in detail. The two slopes in the autocorrelation
function of HGW reveal that the aquifer is a binary karst
system, with a total memory effect of 1.5 months for
groundwater discharge, which is enough to give to
the system some storage that allows water resources
regulation capacity.
The fast reaction of the karst conduit driven
discharge can be observed in the cross-correlation
function between P and HGW (Fig. 18), where the
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reaction of the groundwater level in the Garcés sump1 to precipitation becomes statistically negligible after
2 days. Additionally, the shape of the P-HGW crosscorrelation function shows some symmetry with
respect to the lag origin, pointing out the existence
of other mechanisms behind the scenes, such as
snowmelt, which drive HGW.
The water collected by the conduits reaches the
saturated zone in a short enough time to allow
observing the groundwater level variations in the
monitoring points, due to the recharge generated
by the daily cycles of snowmelt in the morning and
refreezing in the afternoon (Fig. 13). The recharged
water has a temperature close to the freezing point
(∼3°C) and a very low salinity (EC ∼20 µS/cm)
(Lambán et al., 2015), in agreement with the source
of recharge, which is essentially snowmelt. Recharge
water is assumed to have a dissolved CO2 content
that is almost in equilibrium or slightly higher that
of the atmosphere. All these characteristics make the
low-rate fast infiltration aggressive to the limestone
through which it flows. The constant and low rate water
infiltration in the system might be the reason why the
collectors observed in the study zone correspond to
a water table cave pattern type. The sub-horizontal
structure in the core of the synclines where the
collector was formed is another possible reason. This
pattern is normally associated to karst aquifers in
which diffuse recharge is the main recharge process.
This usually happens in karst aquifers with a relatively
thick soil layer that sustains a steady percolation rate
(Tooth & Fairchild, 2003; Charlier et al., 2012). This

is favored by the large water storage capacity of such
thick soil horizons (Perrin et al., 2003) or a permeable
cover in covered karst (e.g., Crossroad Cave, Palmer,
1991; Buchan caves, Webb et al., 1992). Therefore, an
analogy can be defined between the presence of a thick
soil layer and the presence of a long-lasting snowpack
on the epikarst (Fig. 1), to explain the internal cave
pattern developed in high mountain aquifers. Setting
aside the obvious differences (e.g., the soil layer
limits the infiltration rate), the snowpack dynamics
(accretion, snowmelt, refreezing), which is driven by
the alpine climate conditions, does exert a control on
the infiltration under snow cover (Fayad et al., 2017;
Meeks et al., 2017) and thus aquifer recharge during
several months.
It is known that the formation of water table or
looping caves is largely influenced by floodwater
events of epiphreatic origin and recharge variations
in the karst (Audra, 1994; Häuselmann et al.,
2003). The epiphreatic flood generation is largely
conditioned by the internal structure and the
hydrological features developed in the epiphreatic
zone (Gabrovšek et al., 2018). The recharge variations
depend on the infiltration rate of the meteoric water.
In high mountain zones, the proportion of snowmelt
and rainfall integrating the aquifer recharge highly
depends on the elevation of the recharge zone
(Lucianetti et al., 2020). In the recharge zone of the
Garcés karst system, the snowmelt flows diffusely
through the snowpack, minimizing surface runoff. The
slow snowmelt rate favors water infiltration through
the network of joints and fractures, thus maximizing

Fig. 18. Correlograms for precipitation (P, red line), and groundwater level in Garcés sump-1 (HGW, blue dashed line), and cross-correlogram for P
and HGW (black dotted line).
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aquifer recharge spatially while maintaining moderate
drainage rates over time. Therefore, the joint effect of
the snowmelt dynamics and the epiphreatic structure,
which is controlled by the connected porosity and
small joints and fractures (Jódar et al., 2020), prevent
the generation of the sudden and rapid recharge
pulsations in the system, which are closely related
with the looping cave structure generation.
The proposed analogy between the behavior of the
soil horizon and the snowpack regarding their capacity
of laminating the infiltration of precipitation, provides
a consistent morphological model of the expected
cave patterns for high mountain karst aquifers. This
is extremely relevant for building and supporting the
conceptual model definition of such aquifer systems,
which are often poorly characterized. This might be
the case of the Cotiella Massif (2,912 m a.s.l.), which
is located only 25 km to SE of the PNOMP. In this
karst massif, Belmonte and Sancho (2012) report the
existence of both a water-table cave (Espluga Alta
de Lasgüériz), and a looping-cave (Pot au Feu). The
water-table cave is in the upper zone of the massif.
The hydrological recharge basin associated to this
cave is bounded by the highest peaks of the massif,
where alpine climate conditions prevail throughout
the year. The looping-cave is in the lower part of
the massif where the climate conditions are not so
severe, and precipitation usually occurs as rainfall. In
this case, the role of snowmelt dynamics in recharge
seems to condition the speleogenesis of the upper
water-table cave, whereas the lack of such snowmelt
dynamics appears to condition the looping structure
of the lower cave. Further research is needed to shed
light on the role played by the snowmelt recharge in
high mountain karst speleogenesis.

CONCLUSIONS
The recharge of karst aquifers located in high
mountain zones may be controlled by the presence and
dynamics of the snowpack during the accretion and
snowmelt seasons. The water recharging the aquifer
during the snowmelt season is sligthy aggressive to
the limestone due to the CO2 content.
Snowmelt produces a steady low-rate infiltration and
fast recharge until the snowpack completely melts.
The low recharge rates follow large groundwater level
variations, thus favoring the generation of conduits
with a water table cave pattern type. The generation of
these patterns have also been strongly influenced by
the geological structure, with staggered subhorizontal
levels related to the axis of the synclines, where these
conduits are developed.
In the PNOMP, the karstic conduits are stacked with
a repetitive pattern, reflecting the complex geological
structure of the vertically stacked overthrust sheets.
A conduit set connects two consecutive subhorizontal
perched storage zones generated in the inner part of
the corresponding syncline structures. The conduit
pattern set includes conduits of the branchwork
pattern type in the vadose zone and a main water
table cave pattern conduit in the epiphreatic zone. The
tracer tests confirmed the hydrogeological connection
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between all of these temporal perched storage zones,
with a short transtit time, even during the hydrologic
low-flow period.
The lack of geomorphological description of karst
aquifers located in alpine zones reveals the difficulties
inherent to these activities, imposed by the harsh
working conditions in the high mountain zones.
Further research is needed in this regard to confirm
the role played by the snowmelt recharge in the
generation of water table cave pattern conduits as the
main draining structure of karst systems located in
high mountain zones.
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In Memoriam: Nils-Axel Mörner (1938 – 2020)
Rabbe Sjöberg
Bodviksvägen 14, 91342 Obbola, Sweden

Nils-Axel Mörner (1938-2020) is no longer among
us. On October 16th he left us after a very short illness.
Niklas, as he was called by friends, has left a huge
emptiness behind him. He had a great knowledge in
many topics. He was a man of great thoughts, solid
truth seeking and integrity. He showed us to work
with eyes and measure, not with models. Empirical
evidence was his law. He was a man of absolute honor
and a wonderful friend. He was also a merry chap,
which all who knew him, heard his lectures or joined
him on excursions could experience. Our thoughts
goes to his wife Ulla, his children, and grandchildren.
Niklas’s 487-pages long doctoral thesis “The Late
Quaternary history of the Kattegatt Sea and the Swedish
West Coast: deglaciation, shorelevel displacement,
chronology, isostasy and eustasy” was published in
1969. It was considered so brilliant that he received
a life-time appointment at Stockholm University
very early in his career. In 1977 he organized the
international conference on Earth Rheology and Late
Cenozoic Isostatic Movements. This was the ground
for all that was to come. In 1991 his research center
on Paleogeophysics and Geodynamics (P&G) was
initiated. Niklas was the head of this department
until retiring in 2005. After that, P&G became his
private institute. Between 1981 and 1989 he was the
chairman of INQUA Neotectonic Commission, and in
1999–2003 in the INQUA Sea-Level Commission. He
was a world leading specialist on coastal studies and
visited and investigated more that 50 controversial
sea level sites around the globe. He had a very broad
knowledge and engagement, which also included
pseudokarst. As a collaborator of the Pseudokarst
Commission, he co-organized in 2011 the 2nd Granite
Cave Conference in Sweden with a four days long
excursion along the northern Swedish Coast. Over his
long career, he published exactly 700 papers covering
a variety of topics. As a scientist he was active until
the very last days of his life.
In the following, I will concentrate on his pseudokarst
research and how he and I solved how and when a
majority of Swedish bedrock caves were formed.
In 1993 I asked Niklas to be my doctoral thesis
advisor on the presumably seismo-tectonically formed
bedrock caves I was researching. The thesis “Bedrock
caves and fractured surfaces in Sweden, occurrence
and origin” was successfully defended in November
*rabbeksjoberg@gmail.com

1994 and became the starting point for the Boda Cave
Project (1997). The field work was concentrated to the
Hudiksvall region along the Baltic Sea coast, where
Boda Cave, Sweden’s largest boulder cave is located.
This project improved our understanding on how
isostatic land uplift and the processes connected to
that occurred. Among many other things we showed
that the isostatic uplift rate reached 300 mm/year
along the edge of the inland ice 9,600 years ago, much
more than earlier anticipated. This huge land uplift
caused violent earthquakes. We found how a majority
of the boulder-caves in Sweden were formed by these
gigantic, early post-glacial earthquakes, often followed
by explosions of methane hydrate, blasted the by
glaciations polished hills into heaps of edgy boulders.
However, we had a big problem understanding why so
many of these earthquakes seemed to have occurred
as late as ~3,000 years BP.
Within the frames of this project two international
field trips were organized in 2000 and 2008. Both
started in my home town Umeå and ended in Hovs
Hallar in southern Sweden, the main site of Niklas’s
thesis from 1969. The first one was part of the INQUA
Congress, whereas the second was organized in
conjunction with the International Geological Congress
in Oslo. In 2011 we organized the 2nd Conference on
Granite Caves in cooperation with the Pseudokarst
Commission and the Swedish Speleological Society.
This included a field trip from Nynäshamn, close to
Stockholm, to the big boulder caves around the town

Nils-Axel Mörner explaining sediments during an
excursion in 2004 (photo: R. Sjöberg).
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of Hudiksvall, mentioned earlier. The discussions and
the knowledge gained from the participants helped
developing the project. The number of published
scientific papers connected to the project were
numerous and our last one “Merging the concepts of
pseudokarst and paleoseismicity in Sweden. A united
theory on the formation of fractures, fracture caves,
and angular block heaps” was published in the UIS
International Journal of Speleology in September 2018
and tells the full history of our combined projects.
Niklas last fieldwork, just weeks before his death,
was to find out about how the Kaali meteorite impact
in Estonia formed a gigantic tsunami wave, which in
the 1171 varve years BC (as he precisely measured in
August 2020 in the varved clays on the banks of the
Ångermanälven River in northern Sweden) devastated
the Swedish coastline, initiated earthquakes and
burning methane gas venting. This, according to
Niklas, could be the background to what was called the
“Ragnarök” (Harmagedon) in the Northern mythology.
The world has lost a great man, a great scientist,
and a great Truth Teller. I will always remember my
friend Niklas.
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