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Abstract:

The first layers of rock underground are in thermal contact with the external atmosphere
mainly through infiltrating meteoric water. This relatively cool zone absorbs rising geothermal
energy, which heats the water. If the aquifer consists of gypsum, halite or quartzite, the water
at those depths is usually salt-saturated, so the increase in temperature renders the water
aggressive again. This in turn leads to rock dissolution and formation of phreatic conduits. This
way, the geothermal flow creates caves that do not necessarily reach the surface. This paper
analyzes the speed of the excavation, which, in different types of rocks, depends only slightly
on temperature and meteoric precipitation. The time scale of this speleogenesis appears to
be similar to that of other known cave systems. These processes are probably able to greatly
increase the permeability around underground radioactive waste storage in halite.
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INTRODUCTION
Rocks below the Earth’s surface have temperatures
that increase with depth. The geothermal energy
flux in the upper few dozens of kilometers of the
Earth’s crust is described by the usual thermal
conduction equations. The resulting temperature
gradient depends on the local rock conductivity, but
it has an average value around 25-30°C/km. This
energy flux is small, and plays no role in heating the
Earth’s atmosphere. At first, its effect in caves
appears to be negligible because, unlike mines, these
environments are usually quite cold, essentially at
the external mean-annual temperature. This work
attempts to show that geothermal energy can heat
deep water, increasing the solubility of gypsum,
halite, and quartzite, and thus forming caves.
The geothermic intensity flux
The geothermal flow through oceanic crust is
not relevant here. However, the global average of
continental heat flow is (Davies, 2010):
Fgt = 0.07 Wm-2
This corresponds to a total flux of 4.6×1013 W for
the whole planet. The solar power received on Earth is
*deceased August 8, 2017

1.8×1017 W, which makes the geothermal contribution
about 4000 times smaller.
Underground temperature begins its geothermal
heating well below the surface (hundreds or
thousands of meters, as shown below), because in
the upper layers the infiltration of meteoric water
forces the rock to assume its average temperature,
which is essentially the average local yearly surface
temperature (Badino, 1995). The consequence is
obvious: geothermal energy does not flow through
these upper layers, as deep-flowing water completely
intercepts the meteoric infiltration and carries it away
at the base of the infiltration zone (Mathey, 1974).
The thickness of this shielded stratum depends
on the local rock permeability. In a non-karstic
environment, it is usually around 50-100 meters, but
it can be much greater along major rock discontinuities
that are able to drain water, as observed during the
excavation of the Mt. Blanc tunnel (Guichonnet,
1967). In deep karst, this “cold” layer usually includes
the entire underground system (Badino, 2005), which
extends at least 1-2 km below the surface (Sendra, 2012).
Near-surface ground temperature
It is possible to distinguish a top layer affected by
daily temperature fluctuations, the “heterothermic
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.

Badino

2

daily layer”, which in compact rock has a typical
thickness of less than a meter. Seasonal temperature
variations can penetrate 15-20 times deeper (the
conductive penetration length of sinusoidal thermal
alterations depends on the square root of the
period; Isachenko, 1969), and this depth defines the
“heterothermic seasonal layer” (Fig. 1). This layer is
usually a few meters deep; over this distance, seasonal
temperature variation decreases to zero, a condition
which defines its lower boundary (heterothermichomotermic boundary, HHB) (Luetscher, 2004).

Fig. 1. Geothermal profile: Heterothermic layers, with daily and
seasonal temperature ranges, Homothermic Layer at the average
temperature of infiltrating water and a deep, undisturbed layer in
thermal contact with deep rocks.

In permafrost studies, these two upper layers are
called the “active layer” because here ice can be
formed and melted, if weather conditions allow it
(Shiklomanov, 2013).
Beneath the HHB, the rock assumes the average
local temperature of infiltrating waters (hereafter
indicated as Taw). Infiltrating waters are usually a
significant fraction of precipitation (Celico, 1986),
which in temperate regions has a scale dimension
of 1000 kg/m2/year. This means that on average
the water that penetrates underground each year
has the same thermal capacity as a one-meterthick rock layer. Hence, on a geological time scale,
flowing water forces a rock layer, no matter how
large, to thermal equilibrium.
The water temperature depends on the seasonal
precipitation, i.e., on the regional climate, but it
is usually close to the external yearly local average
temperature Tave (Badino, 1995). In karst studies,
the rock layer (and its caves) beneath HHB, which
is at constant temperature Taw, has different names:
“neutral zone” (Dublijanski, 1977), (Tikhomirov,
2016), “isothermal zone” (Crestani, 1939), and others.
In this paper the term “homothermic zone” is used (as
in Luetscher, 2004). This layer extends down in the
water table up to the level where the flowing external
water thermally prevails over the geothermal flux in

establishing the rock temperature. This means up
to the level where rock permeability is sufficiently
high to permit a significant flux of external water
to the springs, in the lower parts of the phreatic
drainage system. This permeability horizon is the
boundary between the homothermic and geothermal
layer (HGB).
Below this level, rock and interstitial water (almost
motionless here) are afflfected by the geothermal flux,
and its temperature regularly increases by conduction,
as shown above. In the absence of a general term, it
is possible to call this zone the “geothermic layer”; it
extends downward for kilometers, i.e., indefinitely for
the present discussion.
Physics of the homothermic layer
The homothermic layer is thus enclosed between
two surfaces, the boundary layer (HHB), where the
yearly temperature variation is very close to zero,
and the HGB, where the rock temperature starts to
increase because of the local geothermal lapse rate.
As noted above, HGB is essentially the level at which
the rock permeability becomes too small to allow flow
of water sufficient to subdue the geothermal flux. It is
usually the lower part of the drainage zone, in other
words a relatively thick horizon of fissures or, in karst,
the floor surface of draining conduits. In this layer,
flowing water subdues the rising geothermal flux,
preventing it from reaching the upper rocks, while
at lower levels the flow is so slow that water reaches
thermal equilibrium with the surrounding hot rock.
An analysis of thermal exchange by dynamic
similarity (Ishachenko, 1969) makes it possible
to estimate that the temperature differences in
this region have a scale dimension of 1-10 mK
(millikelvins), which is experimentally undetectable.
Therefore, sudden temperature changes through the
HGB are not expected.
It is now possible to estimate the thickness of the
homothermic layer, where flowing water dominates
the thermal exchange. In sufficiently homogeneous
underground environments (e.g., in poorly permeable
material) most water infiltrates and flows below
the surface for just a few dozen meters (Luetscher,
2004). In karst environments, however, this is not the
case, because water can descend for great distances
through the vadose zone. The homothermic layer
may potentially comprise an entire mountain system;
the deepest caves in the World (in Abkhazia) cross
vertically through more than 2,000 meters of rock
(Klimchouk, 2013), with a temperature increase of less
than 5°C along the entire depth (Provalov, pers. comm.).
As noted above, infiltrating water in the
homothermic layer has an essentially constant
temperature Taw. Its temperature is not independent
of depth. In deep karst, air flow can also play a major
role. Intersecting fluids undergo complex energy
exchanges, increasing temperature along their decent
through the homothermic layer at a typical “karstic”
rate of 3-4°C/km (Badino, 2010). This temperature
increase with depth is much lower than the expected
value in the case of heat exchanges between air and
rock (around 5-6°C/km). It shows the dominant role of
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infiltration water in establishing the rock temperature
(Luetscher, 2004). In contrast, the typical adiabatic
lapse rate of descending groundwater is 2.34°C/km
(Badino, 1995).
Increase in groundwater temperature
Therefore, the upper levels (heterothermic and
homothermic) above the HGB, are in thermal
equilibrium with the external atmosphere, whereas
the geothermic layer, below the HGB, is in thermal
contact with the deep Earth’s crust.
The geothermal energy Fgt, which flows through the
deepest layer, meets the water mass (W) flowing just
above the HGB and heats it. The basic hypothesis
in estimating the geothermal effect on W is that, on
average, the whole system W is under stationary
conditions. The first law of thermodynamics states
that the energy entering W from below is, on average,
an enthalpy increase between its entry and exit points
in W. Thus it is possible to avoid considering the
total mass of the aquifer and deal instead only with
the outgoing flux. This “steady-state assumption”
establishes that the system temperatures cannot
change with time, at least on a yearly basis.
In this “black-box model”, it is easy to estimate
the water flux out of a region of surface area A. If
the precipitation is P (kg m-2s-1), the infiltration
Pi is precipitation P minus the water lost due to
evaporation and external flows, a value that ranges
from 30 and 40% in temperate regions, and up to 90%
in deserts (Celico, 1986). Infiltrating water crosses the
upper rock layers, which are in thermal equilibrium
with past infiltration, the atmosphere, and the small
temperature increases due to gravitation and thermal
exchanges with internal airflows (“karstic lapse rate”
described above). Water then continues its flow
into the phreatic region (W), where it intercepts the
geothermal flow.
With this assumption, the enthalpy extracted
from the system is PiΔTgtA, where ΔTgt is the water
temperature increase in W along its flow through the
saturated region.
Then, if Cw is defined as the specific thermal capacity
of water,
Fgt A = PiCw ΔTgt A
this allows the problem to be solved. The usual units
for precipitation are (mm a-1), equivalent to (kg m-2a-1);
it is then possible to modify the above equation to:

∆Tgt =

0.06
500
=
[°C]  (1)
3
Pi
4.2 × 10 Pi

This value does not depend on total water mass or
on flow velocity, but only on infiltration intensity. This
means that the upper parts of a drainage systems
(always included in the homothermic layer), are at
Taw, but when the water arrives at the bottom of its
descent, near the HGB, it gets warmed up by ΔTgt
along its flow path to the springs (Fig. 2).
Therefore, in deep karst, water is heated as it
travels along the path between the lowest parts of
ponor caves and the springs. In conclusion, there is
a small thermal disequilibrium between water in the

3

caves and at the springs, due to geothermal energy
absorption. In alpine karst, Pi is around 1,000 mm/a,
hence the average temperature increase of water is
approximately 0.5°C. In areas with low infiltration,
the temperature increase can be many degrees; but if
water infiltration is near zero, as happens in very arid
areas, only the most superficial subterranean part (the
heterothermic layer) interacts with the atmosphere by
conduction, and the geothermal layer can move closer
to the surface.

Fig. 2. Water infiltrates underground in vadose conduits, attaining
thermal equilibrium with the rock of the homothermic layer. Flowing
through the phreatic conduits, it absorbs geothermal energy and
becomes warmer.

It should be emphasized that a trapped, non-flowing
water body inside a cave system would not be involved
in these processes, as its long-term absorption of
geothermal flux would be zero because it would
become part of the homothermic layer and would not
interact with the geothermal flux.
If instead the water body lies in the geothermal layer,
its temperature would reach equilibrium with the
surrounding rock and would become “transparent” to
the rising geothermal flux. Industrial excavation often
intersects this type of water, usually called “mine
waters”: old, trapped, and hot. On a side note, this
motionless groundwater probably represents more
than 99% of liquid fresh water on Earth (Babkin,
2002), but it is not involved in the speleogenetic
process described here.
Structure of deep drainage systems
The geothermal intensity is roughly homogeneous,
which suggests that water heating varies with the
geometry of the drainage network. On the one hand,
it is reasonable to accept that a uniform aquifer,
with homogeneous water flux, yields a uniform
temperature rise as described above. However, in
karst environments water flows in conduits; the
general shape of the drainage system is far from
uniform. One could thus expect that these “discrete”,
highly inhomogeneous conduit networks are able
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to intercept just a fraction of the geothermal flux
collected by a continuous aquifer. In fact, if S is the
total horizontal projection of drainage conduits, the
energy released to the aquifer would appear to be
FgtS. Nevertheless, it has been shown (Badino, 2005)
that this is actually not the case, because in the long
term the system reaches equilibrium, in which the
shape of the geothermal field is completely modified
by the presence of drainage conduits (Fig. 3). The
underground temperature field T(x,y,z) is hence a
solution of the Laplace equation:
∇2T (x, y, z)=0
Functions that satisfy this condition are the
“harmonic functions”, common in many fields of
physics (Nashchokin, 1979; Bejan, 1993). Note that
harmonic functions are generally very smooth and
regular. This means that even in the presence of a
discrete drainage network, the temperature field
around it, and consequently the energy released to it,
are quite regular, without sudden changes. In other
words, discrete structures can still intercept the total
geothermal energy crossing the entire region.
In the cited work, it has been shown that the effective
area of geothermal flux absorption of an underground
structure (its “geothermal cross section”) is not its
geometric area, but is rather 10 times the conduit
size multiplied by its depth, providing an intercepting
surface enormously greater than the conduit’s
geometrical area, A. In other words, this “size increase”
is due to the lensing effect created by the presence of
cold fluids in the thermal field; the geothermal flux
assumes a shape that “focuses” the energy flux onto
the conduits (Fig. 3).
In conclusion, by applying the First Law of
Thermodynamics, one can conclude that the
temperature of water flowing underground invariably

increases along its way to the springs as described
by Eq. 1, regardless of the type and shape of the
drainage system.

GEOTHERMAL SPELEOGENESIS
In soluble rocks, this heating creates an imbalance
in the chemistry of salts already dissolved in the water,
which in general had previously attained equilibrium
along their subterranean flow path. In carbonate
rocks the outcome is generally very complex, because
the dissolution process depends on many phases
and parameters (carbon dioxide solubility, closed or
open system, etc.), and a specific, detailed study is
required. On the other hand, there are rocks in which
the temperature-solubility law is very simple, and it is
possible to discuss these cases: gypsum, halite, and
quartzite.
Gypsum solubility
Geothermal flow always increases the water
temperature in the lowest part of the homothermic
layer, so that it is necessary to calculate the
temperature derivative dcx/dT to obtain the solubilitytemperature dependence cx(T) of each rock. Gypsum
solubility, measured in terms of calcium flux, depends
on temperature according to the law:
CCa = -0,0602986 Tc2 +5,65504 Tc+507,332 [mg/kg]
where Tc is temperature in °C (Cohen, 1989). As a
first approximation (the temperature change is here
around 1°C), it is possible to ignore second-order
effects (pH, activity, etc.) and convert to total solubility
of CaSO4·2H2O by scaling it with the molecular
weights of the gypsum and calcium (≈172/40) as in
(Klimchouk, 1996), so it becomes:
Cg = -0,259037 Tc2 +24.2935 Tc+2179.45   (2)
For example, at Tc = 15°C a gypsum-saturated water
contains 2.48 g/L of gypsum. The derivative of Eq. 2
gives the rate of change of solubility with temperature
(Fig. 4), which is linear:
dc g
dTc

Fig. 3. Cross section of a draining conduit and isothermal lines
around it. The presence of an underground drainage network
changes the structure of deep thermal exchanges and focuses
geothermal energy the “cold” conduits. The rock above the network
is undisturbed and the “geothermal shadow” on the surface has a
size comparable with the conduit depth.

≈ −0.52Tc + 24.3 [mg / kg / K ]  (3)

This means that with a unitary temperature rise
(∆T = 1°C), gypsum saturated water can dissolve, in
addition, almost 25 mg/L at 0°C, 13 mg/L at 20°C
and 3 mg/L at 40°C. At a temperature of 46.9°C, Eq. 3
shows that dcg/dT = 0, so the increase of gypsum
solubility with temperature ceases: around this value,
small temperature changes in either direction do not
cause any dissolution or deposition.
Equation 1 shows that at higher temperatures
(>50°C) dcg/dT becomes negative, and therefore the
solubility decreases with temperature and water
heating induces salt deposition. By combining Eq. 1
with Eq. 3 it is possible to estimate the dissolution per
kilogram of flowing water (gypsum-saturated at the
input) in the phreatic flow, due to geothermal heating:
 dc g 
500
∆c g = 
  (4)
 ∆Tgt = (−0.52Tc + 24.3)
dT
Pi
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Gypsum saturation of 1 kg of water at 15°C (shown
above to be 2.48 g/kg) releases 343 J, which causes
a water temperature increase of just 81 mK. This
is a very small value, which nevertheless affects
the temperature fields along the saturation paths,
usually along the heterothermic layer and then the
homothermic layer. The enthalpy release along
the last part of the underground path, in the HGB
is obviously much smaller. Dissolution of 10 mg of
gypsum in one liter of water, caused by a ∆T = 1°C
increase at 8°C, releases only 1.4 J, which increases
the system temperature by only 0.3 mK, which is
completely negligible within these conditions.
Fig. 4. Variation in calcium sulfate saturation level as a function
of temperature.

With typical values (Tc = 15°C, Pi = 1,000 kg m-2a-1)
this equation yields a dissolution rate of about
8 mg kg-1a-1, which is the quantity of gypsum dissolved
yearly per kilogram of underground flowing water that
was initially gypsum-saturated.
Multiplying both sides by Pi, this equation gives the
dissolution rate intensity per year:
d g[g m-2a-1] = Pi Δcg = -0.259 Tc +12.146

log c q = −

(5)

It is possible to see that in cold regions the dissolution
rate is about two times higher than in warm ones
(12.1 at 0°C and 7.0 at 20°C), but also that the typical
dissolution intensity induced by geothermal flux is
around 10 kg/m2/ka.
It is appropriate at this point to discuss the role
of enthalpy release when calcium sulfate dissolves
in water. Its value (Newman, 1938) is -33 cal/g,
which corresponds to -138 kJ/kg: so the process is
exothermic, but the amount of released energy is small.

1176
+ 4.88  (6)
Tc + 273.15

where Tc is centigrade temperature (Verma, 2000). The
derivative of Eq. 6 gives the rate of change of quartz
solubility with temperature (Fig. 6):
dc q
dTc

This result can also be read as “kilograms of
dissolved gypsum per square meter per thousand
years”, emphasizing that it is simply proportional
to the geothermal flux multiplied by a temperaturedependent term (Fig. 5), and independent of
precipitation. Using Eq.1:
 dc g  1 
dg [kg m−2ka −1 ] = 
46
 × Fgt = −0.259 Tc + 12.14

 dTc  Cw 

Quartzite and halite solubility
The dependence of quartz solubility on temperature,
cq (in ppm or mg/kg) is given by:





2708
2708
exp  −
=
+ 11.2  [mg / kg / K ]
2
 Tc + 273.15

 (Tc + 273.15) 

(7)

A linear interpolation of this equation in the
temperature range relevant for karst geology (0<Tc
<30°C) gives

dc q
dTc

= 0.0053Tc + 0.13 [mg / kg / K ]  (8)

This means that with a unitary temperature rise
(∆T = 1°C), a quartz-saturated solution can dissolve, in
addition, almost 0.14 mg/kg at 0°C and 0.23 mg/kg
at 20°C, roughly 100 times less than the solubility
increase in gypsum. It is thus possible to estimate that
this speleogenetic process in quartzite is a hundred
times slower than in gypsum (Table 1).
Sodium chloride solubility in water (Lide, 2007) can
be interpolated by
ch = -1×1-5 Tc3 +0.0042Tc2 +0.0357Tc +356,48 [g/kg]
It is easy to obtain an approximately linear
temperature derivative (Fig. 7) in the 0<Tc<30°C
range:

dc h
= 7.5 Tc + 38.7
dT

[mg / kg / K ]  (9)

In this case, a unitary temperature rise (∆T = 1°C)
of sodium chloride saturated water can cause the
additional dissolution, of almost 39 mg/kg at 0°C
and 191 mg/kg at 20°C, which is comparable with
that of gypsum at low temperatures but becomes ten
times larger at higher temperatures. By combining
Eq. 1 with Eqs. 8 and 9, it is easy to estimate the
dissolution rate per kilogram of flowing water in the
phreatic flow for quartzite and halite:
∆c q = (0.0053 Tc + 0.13)
Fig. 5. Gypsum dissolution rate per square meter, as a function of
HGB temperature.

∆c h = (7.5 Tc + 38.7)
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It is possible to see that the amount of dissolution
induced by geothermal flux at 10°C is around 90 kg
per square meter per million years in quartzite and
60 kg/m2/ka in halite.

DISCUSSION

Fig. 6. Variation in quartzite saturation level as a function of temperature.
Table 1. Typical solubilities for the three rock in discussion.
Unit
Salt concentration at
mg/kg
saturation, T = 0°C
Salt concentration at
mg/kg
saturation, T = 20°C
Saturation value
mg/kg
increase, 0-1°C
Saturation value
mg/kg
increase, 20-21°C
Geothermal dissolution
kg m-2ka-1
rate d (mass) at 0°C
Geothermal dissolution
kg m-2ka-1
rate d (mass) at 20°C

Gypsum Quartzite

Halite

2,180

3.8

356,000

2,560

7.4

359,000

24.8

0.14

39

13.9

0.23

192

12

0.065

19

17

0.118

95

Dissolution intensity
It is convenient to emphasize the experimental
proofs of these calculations. There is direct evidence
that:
1) Geothermal flux exists everywhere, albeit with
regional variation of intensity (Davies, 2010).
1) Rocks situated above drained aquifers are
“cold”, i.e., in thermal equilibrium with the
external atmosphere (Badino, 1995).
The First Law of Thermodynamics obviously applies
also to the underground environment, and so these
two statements provide direct evidence that flowing
groundwater absorbs the geothermal energy flux and
that it always gets warmer as it travels to the springs.
Consequently, along its underground flow path
in thermal contact with the HGB, saturated water
departs from saturation equilibrium with regard
to salt content, becoming aggressive (Fig. 8). The
dissolution rate induced by geothermal flow at 10°C
is 10 kg/m2/ka in gypsum, 60 kg/m2/ka in halite and
90 kg/m2/Ma in quartzite.
Table 2 gives the dissolution intensity per square
kilometer per thousand years in these rocks. It is
possible to see that there are orders of magnitude
difference, but also that the dissolution is surprisingly
high even for quartzite, where the involved time scales
are hundreds of million years. The typical conduit
density in alpine caves, in limestone, is around
10 km/km2, i.e., some 105 m3/km2 of voids. It is easy
to see that the required time to attain similar densities
by this process is quite short. One could gather
that this speleogenetic process must be effective in

Fig. 7. Variation in halite saturation level as a function of temperature.

With the same typical values (Tc = 15°C, Pi = 1,000 kg
m-2a-1) these equations yield dissolution rates around
0.1 (quartzite) and 75 mg kg-1a-1 (halite), i.e., amount
of rock dissolved yearly per kilogram of underground
flowing water. Table 1 gives examples of usual
solubilities and solubility increases.
Multiplying both sides by Pi, the equation gives the
dissolution rate per square meter of surface per year,
which therefore does not depend on the precipitation.
The equations suggest using a time period of a million
years (Ma) for quartzite and a thousand years (ka) for
halite, then:
dq = Pi Δcq = 2.65Tc +65 [kg m-2Ma-1]   (10)
-2

-1

dh = Pi Δch = 3.75Tc +19.4 [kg m ka ]   (11)

Fig. 8. Geothermal energy increases groundwater temperature along
its flow to the spring, at the boundary between the Homothermic and
Geothermal layers.
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Table 2. The dissolution rates for various rocks at 0º and 20ºC, respectively.
Unit

Gypsum

Quartzite

Geothermal dissolution rate (vol) at 0°C

m3km-2ka-1

5,100

25

8,800

Geothermal dissolution rate at (vol) 20°C

m3km-2ka-1

7,200

45

44,000

any situation, although this does not exclude the
possibility of other processes being active at the same
time. Since this process is always active, it becomes
clear that it can cause radical changes in the mountain
morphology, well beyond the formation of caves.
Boundary conditions
Once water flow starts, in a diffuse or conduit
form, the overlying rock mass inevitably cools down,
creating a homothermic layer delimited below by
flowing water. Dissolution and formation of caves then
invariably begin. These processes are so intense that
they can lead to the collapse of the entire drainage
structure, destroying the very cavities they previously
created. By increasing subterranean permeability, the
speleogenetic process eventually facilitates water flow,
but this flow must exist before the whole mechanism
becomes active. In other words, it is a positive feedback
process, which however does not predict the depth of
the initial underground water drainage.
It is reasonable to relate such a beginning to the
geological “boundary conditions”, i.e., the previous
history of the area. The local geological details (rock
permeability and isotropy, presence of fractures, and
so on) determine the subsequent formation of deep
cave systems with the processes described.
Caves
In the case of gypsum, one could consider a
surface A of 1 km2 with Pi = 1,000 mm/a, at an
average temperature of 10°C: in these conditions, the
dissolution due to geothermal heating is 9 milligrams
of gypsum per kilogram of flowing water. The global
water flux through A is 109 kg per year, and therefore
the springs eject an additional 9,000 kg of calcium
sulfate per year, i.e., around 4 cubic metres of rock
removed each year from the lower parts of the drainage
system in A.
Caves such as Optymistychna or Ozernaja have
around 100 km of conduits per square kilometer
(Klimchouk, 1996b), with excavated volumes around
2-4x105 m3 along a single geologic horizon.
The dissolution processes induced by geothermal
energy flow can dissolve these volumes in less than
105 years. These caves are probably much older than
this figure, which is simply the minimum time required
to create them; in fact, the dissolution processes have
to remove these rock volumes, but in doing so they do
not necessarily create conduits accessible for human
passage. It is possible to make the same estimation
for halite, with a dissolution rate strongly increasing
with temperature but six times larger than the one
for gypsum at 10°C. This means that, under these
conditions, the genesis of caves is six times faster
than in gypsum.
In quartzite, the process is roughly 100 times
slower than in gypsum (90 kg/m2/Ma), and the time
scale of cave formation can become so slow as to be

Halite

comparable with the orogenic time scale. Furthermore,
when dealing with such an extended time frame a
discussion about the “initial” conditions of water
drainage can become impossible. Nevertheless, large
caves with average dissolved volumes of some cubic
meters of rock per square meter of external surface
can form in a few tens of millions of years, a relatively
short time for the Amazonian tepui (Sauro, 2013;
Mecchia et al., 2014).
Mining
The geothermal energy flow is then able to “reactivate”
infiltrated water that was originally saturated with
salts, and can then keep it corrosive throughout its
journey underground. This is particularly evident and
fast if the water drainage network has been artificially
moved downward by mining activities, because occult
water drainage networks can be quickly formed,
secondarily to the excavation works.
Lucha (2008) has described the rapid formation of
large caves in halite after important changes to the
landscape, linked to mining activities, which led to the
infiltration of meteoric, unsaturated waters. After the
first phase of saturation, they probably maintained
aggressiveness by geothermal heating and have
created drainage networks exceeding 1 km in length.
Another case in which mining activity in gypsum has
intercepted water flow into a cave, is in the Spipola
Cave, near Bologna (Italy). In the 1980s a gypsum
quarry lowered the cave base level, by about 15 m,
which had been stable for 2000 years. As a result, in
less than 30 years a lower drainage level developed
that was capable of absorbing all the water flux for
a length of nearly 1 km, initially with a retrograde
progression speed of about 50 m/a (Forti, 2003). The
catchment area of the cave is 0.58 km2, with an average
rainfall of 760 mm/a. Including the contribution of
internal condensation and evapotranspiration, it is
possible to estimate an average water flow of 10 L/s.
The lowering of the drainage level has caused the
intersection of rocks 0.5°C warmer (a rough estimate
for a similar shallow situation), which has resulted
in an increase in dissolution of about 10 mg/L.
This implies dissolution of about 3,000 kg/a, with
approximately 1.5 m3 of dissolved gypsum.
In conclusion, we can state that the mining activities,
by lowering the zone of active drainage, can create
conduit systems, which did not exist before. This is
why it is necessary not to assume that salt mines,
by their impervious lithology, are suitable for waste
storage, because the conduit excavation (for mining
or for waste storage construction) may trigger the
formation of a drainage network discharging outside
the site area.
Local processes
The dissolution processes caused by geothermal
flux can be discussed for their local effects, as given
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by the average dissolution rate yielded by Eq. 5, 10,
and 11. It is sufficient to deal with the gypsum case,
because simple scaling gives the values for halite and
quartzite, as described above. It has been shown that
at an average temperature of 10°C the global rate of
dissolution is about 15 kg/m2/ka, averaged over the
whole drainage surface, a surprisingly high value.
During 105 years, a reasonable time scale for a cave
to evolve in gypsum (Columbu, 2015), it corresponds
to 0.6 m3 of rock removed in the deepest layers by
flowing groundwater per square meter of the system’s
surface area.
As noted before, on a large scale this process can
be viewed as homogeneous, but on a smaller scale
(local) the corrosion is expected to increase rock
permeability, thereby concentrating the water flow
along the opened passages. It is therefore reasonable
to expect gypsum dissolution to evolve from draining
a fissure network to developing a conduit network of
increasing size, which eventually will collapse due to
the weight of overlying rocks. Dissolution will then
continue in a zone of collapsed rock, insoluble mud
and small passages. The speleogenetic process is
concentrated where the water gets warmed up, i.e.,
around the flow line with maximum geothermal heat
absorption, which corresponds also to the main lines
of flow, in contact with the lower boundary of the
homothermic layer.
Conduit shapes
This can give us some morphological constraints
that are useful for verifying this speleogenetic
mechanism. This excavation process is definitely
active if flowing water absorbs the geothermal flux in
the lower parts of conduits (Figs. 9, 10). On the other
hand, in several instances this latter can be shielded,
thereby preventing any dissolution. If, for instance,
below the gypsum deposit there is a deeper, drained
water table, the whole system lies in a “geothermal
shadow”, where no water heating can take place
and therefore the speleogenetic process cannot be
active. This means that the excavation rate by this
mechanism in the rocks above existing drainage
conduits is zero, and we expect a bi-dimensional
shaped network of conduits, flattened above the HGB
and with complete suppression of overlying passages,
which cannot be formed and evolve at the same
time as the main network. Obviously, such higher
conduits can still be found, as they can have formed
at different times.
Temperature dependence
This process is strongly temperature-dependent, not
only because it is more efficient at low temperature (for
gypsum, whose solubility rate decreases by 50% from
0 to 20°C; the contrary is true for halite and quartzite),
but also because conductive thermal exchange is
temperature-dependent, too. A T = 4°C temperature is
a pivotal turning point for these processes.
In fact, water heating is controlled by very small
temperature differences between rock and water,
and it has extremely complex characteristics. At
4°C fresh water attains its maximum density and

Fig. 9. Conduit in Rio Basino Cave, near Bologna (Italy).

Fig. 10. Conduit in Imawari Yeuta, Venezuela.
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usually its convective pattern changes completely.
Above this critical temperature the water, heated by
contact with the geothermal layer, rises and generates
a mixing pattern of eddies. Below this temperature,
the heated water is trapped against the floor and the
system tends to attain local thermal stability. In the
first case dissolution extends along the whole length
of the drainage conduit, whereas in the second it is
concentrated in its lower parts.
Mixing waters
The rate of water infiltration strongly depends on
time and climate, and so does the underground water
flow. As usual in cave physics, these thermo-kinetic
processes are not stationary, but fluctuate around an
equilibrium level. In the case of cave micrometeorology,
these small fluctuations are responsible for many
fundamental processes (condensation and airflow),
which eventually determine cave morphology (Badino,
2005b). It is possible to estimate their role in this case,
with a brief discussion about mixing of saturated
water at different temperatures.
The solubility function cg (Eq. 2) is concave
downward (its second derivative is negative), hence
mixing two gypsum-saturated water parcels of
different temperature generates an unsaturated water
body, as in the mixing corrosion model of Bögli (1980).
It is easy to estimate the under-saturation level
produced by mixing two parcels of the same mass.
Final concentration and temperature are the average
of the two, hence (Fig. 11):
c (T ) −

 d 2c (T ) 
c (T1 ) + c (T2 )
1
= − (T2 − T1 )2 
2 
2
8
 dT T

1

Fig. 12. Undersaturation of gypsum due to mixing of two water particles,
of the same mass, as a function of their temperature difference.

The system temperature is not uniform, and
dissolution is probably concentrated where (and
when) conduit morphology mechanically forces the
“hot” and saturated waters to mix with the upper
layers. Some underground water bodies can remain
for months almost motionless, exposed to geothermal
heating, then move away when the water flow regime
changes. Total enthalpy release obviously remains
the same, as does the dissolved gypsum mass, but
the heating rate is not constant, and it concentrates
on different parts of the water body depending also
on water mixing. Preferred zones of excavation are
thus located where speed and turbulence of the water
are highest, i.e., where conduit sections are smaller.
In contrast, excavation becomes slower where flow
velocity is reduced, i.e., where conduit sections are
larger or within blind branches. At any rate, the total
mass of dissolved salt has to remain constant, as it
is proportional to the invariable geothermal energy
released to water (Eq. 5).
Conduit evolution
It is possible to conclude with some comments about
the long-term evolution of conduits. An important timedependent term is the permeability of the drainage
network. The dissolution processes tend to widen and
deepen the conduits, slowly lowering the boundary of
thermal exchange (HGB). Another process is at play
as well, namely sediment deposition. Rock dissolution
usually releases insoluble components, which can fill
the lower parts of drainage conduits, moving the HGB
upwards and, with it, thermal exchanges and rock
dissolution. This is a process somewhat similar to
paragenesis in epigenic cave systems (Pasini, 2009).

Fig. 11. Undersaturation due to mixing of two water bodie, of the same
mass, at different temperatures.

From Eq. 3 we have the second derivative of cg(T),
then the undersaturation of the final mass (Fig. 12)
is described by:
Δcg (ΔT ) = 6.48×10-2(ΔT ) 2 [mg kg-1]

Paleo-climatic proxies
Finally it could be noted that, due to the strong
dependence of these speleogenetic processes on
temperature and precipitation, global climatic changes
have amplitudes that are clearly able to modulate the
evolution of conduits. It is possible to look for their
signature in gypsum and, above all, in halite. It is
instead unlikely that the long time-scale of quartzite
cave evolution would allow external, “quickly”
changing climate to leave any deep signature upon
these “ultra-slow” underground systems.
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CONCLUSIONS
Geothermal energy, which in geological times has
heated the depths of the Earth’s crust, eventually
emerges at the surface, with complex characteristics
in the “last kilometre”. The uppermost underground
layers are in fact in thermal contact with the external
atmosphere due to water that infiltrates underground.
The groundwater flowing at the base of this superficial
layer is exposed to the geothermal energy, so that
the water temperature increases at a rate inversely
proportional to the amount of infiltration.
Within soluble rocks, this heating unbalances the
chemistry of salts already dissolved in the water, which
in general had previously attained equilibrium along
its descent into the aquifer; the result depends on the
details of the physical-chemical conditions of the whole
environment, and in carbonate rocks the outcome
is generally very complex. If the rocks conducting
drainage to depth are gypsum, halite or quartzite,
the process becomes much simpler; water becomes
unsaturated due to an increase in temperature and it
dissolves rock as it flows to the spring. This unavoidable
speleogenetic process is proportional to the intensity of
local geothermal energy flux; it is more efficient at low
temperatures in gypsum, while the opposite is true for
quartzite and, especially, halite. The estimated speed
of these processes occurring at the points of contact
between homothermic and geothermal layers seems
adequate to explain the formation of large phreatic
caves in these rocks.
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SYMBOLS
HHB:
HGB:
Tave:
Taw:

Heterothermic-Homotermic Boundary
Homotermic and Geothermal Layer
Local average yearly temperature
Local average yearly temperature of water
infiltration
Fgt:
Local geothermal flux
Cw:
Specific thermal capacity of water (J kg-1 K-1)
Pi:
Average local water infiltration flux (kg m-2s-1)
∆Tgt:
Water temperature increase along the phreatic
flow path (K)
T(x,y,z): Subterranean temperature field
T c:
Water temperature (°C)
cg, cq, ch: gypsum, quartzite, and halite solubility in
water at saturation (mg kg-1)
dcg/dT, dcq/dT, dch/dT: gypsum, quartzite, and halite
solubility variation with temperature, in water
at saturation (mg kg-1)
Δcg, Δcq, Δch: gypsum, quartzite, and halite dissolution
rate per kilogram of flowing phreatic water
(mg kg-1a-1)

dg, dh: gypsum and halite dissolution rates per
square meter (kg m-2 ka-1)
d q:
quartzite dissolution rate per square meter
(kg m-2 Ma-1)
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Abstract:

Keywords:

In order to use speleothems in the reconstruction of past climate and environmental changes
it is necessary to understand the environmental and hydrological processes that determine
the physico-chemical conditions of carbonate precipitation and hence speleothem formation.
Therefore, in this study an extended monitoring program was conducted in the Béke and
Baradla caves located in the Aggtelek region (Northeastern Hungary). The studied caves are
rich in speleothem and flowstone occurrences with great potential for paleoclimatology studies.
The monitoring activity included measurements of atmospheric and cave temperatures, CO2
concentration in cave air, as well as chemical and isotopic compositions of water samples
(drip water, precipitation) and in situ carbonate precipitates. The hydrogen and oxygen isotope
compositions of drip waters showed no seasonal variation at any of the collection sites,
indicating a well-mixed karstic aquifer. This implies that the isotopic compositions of local
speleothems were able to record multiannual isotopic changes inherited from stable isotopes in
the drip water. CO2 concentration showed seasonality (high values in summer and low values
in winter) in both caves, likely affecting carbonate precipitation or corrosion and consequently
stalagmite growth. Systematic variations among Mg/Ca and Sr/Ca, Na/Ca, and Si/Ca element
ratios were detected in the drip water suggesting Prior Calcite Precipitation (PCP). As PCP is
characteristic of periods of reduced infiltration during drier weather conditions, the variations
in drip water chemistry and drip rates indicate that the hydrological conditions also varied
significantly during the studied period. This hydrological variability appears to affect not only
trace element composition but also the isotopic composition of modern carbonate precipitates.
In summary, these findings imply that the speleothems from the studied caves were able to
record the hydrological changes resulting from alternating wet and dry periods, and therefore
the geochemical data can be used to reconstruct past climate and environmental changes.
Béke, Baradla, cave monitoring, PCP, stable isotope, fresh carbonate precipitates
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INTRODUCTION
A recent compilation of present-day knowledge
on the formation of speleothems by Fairchild and
Baker (2012) presents numerous examples of why
speleothems are one of the most valuable terrestrial
*czuppon@geochem.hu

paleoclimate archives. The main advantages of
speleothems in paleoclimate research compared to
other continental sedimentary deposits are their
formation in cave environments where late-stage
alterations are not significant, the possibility of
radiometric age determinations by the U-Th series
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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and radiocarbon dating methods, and the various
geochemical data (especially stable isotope and trace
element compositions) that serve as proxies of past
environmental conditions. The Carpathian Basin
region contains several caves where stalagmites have
already been collected and studied to determine
temperature and precipitation variations over the last
~10,000 years (Siklósy et al., 2009a,b; 2011; Demény
et al., 2013; 2017). The Baradla and Béke caves of the
Aggtelek karst system, located in the northeastern part
of the Carpathian Basin, may provide an especially
good base for speleothem-related paleoclimate
research as they are rich in speleothem formations.
Speleothem deposits range from small, fragmentary
stalagmites and stalactites in allochtonous positions
due to tectonic movements or earlier cave exploration
work, to large and precious intact formations that
are highly protected and cannot be sampled. Other
types of speleothem deposition include tufa dams and
flowstones that form in permanent or temporary water
flows. The advantage of these latter deposits may be
their easier access for sampling and the possibility of
re-sampling by drilling if needed to demonstrate the
replication of geochemical records (Meyer et al., 2008;
Boch & Spötl, 2011; Spötl & Mattey, 2012; Wainer
et al., 2013; Regattieri et al., 2014). Paleoclimate
studies on any of these speleothem deposits require
the knowledge of whether i) they formed in isotopic
equilibrium with ambient water or have been affected
by kinetic fractionation processes, ii) their geochemical
compositions reflect environmental parameters with
relationships that can be applied in paleoclimate
research, and iii) they can be dated by radiometric
dating methods with appropriate precision. This study
presents the results of a 3-year program monitoring
the physico-chemical parameters of cave sites and
drip waters and explores the conditions of different
carbonate precipitates in order to provide a basis for
further paleoclimate studies on speleothems.

THE GEOLOGICAL AND ENVIRONMENTAL
SETTING OF THE CAVES
The Béke (48°29’ N, 20°31’ E) and Baradla (48°28’ N,
20°30’ E) caves are mainly situated in the GömörTorna karst, northeastern Hungary and partly
in Slovakia (Fig. 1). Both studied caves are part
of the Aggtelek National Park and constitute a
UNESCO World Heritage site. The caves are located
2-3 km apart and both are developed in Guttenstein
Limestone (with dolomitic layers), Steinalm Limestone
and Wetterstein Limestone (Triassic lagoon facies
carbonates) (e.g., Hips, 2003). The caves are located
under open karst, thus karstic forms dominate on
the surface. However, the karst above the Béke Cave
seems to be more rugged, which is probably related
to the dominant presence of Steinalm Limestone on
the surface. Both caves have a perennial cave stream
but the water levels display fluctuation over a year.
The Béke and Baradla caves developed in a similar
way, but the catchment area is substantially larger in
the case of the Baradla Cave, therefore, the amount
of sediment carried by the water is larger, resulting

in greater chambers and passages. The majority of
the catchment area is covered by forest and meadow.
Thus, the typical soil types in the area are Rendzina,
and Cambisol-Terra.
The Béke Cave is about 7 km long (in total) and the
main entrance is situated at about 338 m a.s.l. The
main passage is about 4,300 m long and has two side
branches connected to it (Felfedező ág and Kavicsos
ág; Fig. 1). There are three entrances: two natural and
one artificial. The natural entrances are located in the
Felfedező-ág (side branch) and in the main passage
nearby the settlement of Jósvafő, while the artificial
entrance, opened in 1953, is located close to the
south end of the main passage. The thickness of the
overburden is around 30-60 m. A total of four sites
were selected in this cave along the main passage to
perform regular monthly monitoring. The sites are
located at different distances from the main entrance:
1) Nagy-tufa (B-NT, 120 m), 2) Felfedező ág (B-FA,
250 m), 3) point B560 (B-560 m), and 4) Buzogány
Hall (B-BZ, 1560 m) (Fig. 1).
The Baradla cave system is substantially larger than
Béke Cave, with a total length of >25 km. The Slovakian
part is called Domica Cave. One site (Nehéz-út: BARNU) was selected for monitoring in the Baradla Cave,
approximately 1,100 m from the main entrance along
the main passage (Fig. 1). There are also several side
branches connected to main passage. The thickness
of the overburden above the studied site is around
90-100 m.
The studied area belongs to the temperate climate
zone. The long term average annual precipitation is
665 mm, and the long term mean annual temperature
is 8.3°C (for the period 1961-2010, Carpatclim, Szalai
et al., 2013). The majority of the annual precipitation
fell in the period from May to July, but potential
evapotranspiration is also the largest in these months
(on the basis of the Carpatclim, Szalai et al., 2013),
determining the amount of effective infiltration.
The monthly meteorological data was taken from
the Jósvafő Meteorological Station (Meteo Station
in Fig. 1; Hungarian Meteorological Service). Total
annual precipitation was 725 mm, 684 mm, and
527 mm for 2013, 2014, and 2015, respectively
(Supplemental Table 1). Based on the data recorded
at the meteorological station at Jósvafő the mean
annual temperature was 9.6°C, 10.6°C, and 10.4°C
for 2013, 2014, and 2015, respectively. The long
term mean annual temperature is 8.3°C (Szalai et
al., 2013) showing a lower temperature than over
the studied period (Supplemental Table 1). Indeed,
the average monthly temperatures in 2013 and
2015 were systematically higher than the long term
average value in almost every month.

MATERIALS AND METHODS
Monitoring
In the Béke Cave systematic monitoring was
conducted between January, 2013 and July, 2015,
followed by occasional collection and measurement
activities until April, 2016. Four sites (Nagy-tufa:
B-NT, Felfedező-ág: B-FA, the B560 site: B-560,
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Fig. 1. Location of the caves (A) near to Aggtelek and Jósvafő towns (grey areas) and the studied sites within the Béke Cave (B)
and Baradla Cave (C) (modified after Demény et al., 2017).

Buzogány-Hall: B-BZ) were visited every month.
The monitoring activity within the cave system
included measurements of climatological parameters
(temperature, relative humidity, pressure, and cave
air pCO2), drip rate and collection of water samples
for different parameters. Air pressure was measured
barometrically using a GTD 1100 device (±1.5 hPa).
Air temperature and relative humidity were measured
manually using a Testo 610 device (temp.: ±0.5°C in
the range between –10°C and +50°C, humid.: ±25%

at 0-100%). Cave air pCO2 was measured using a
portable CO2 meter (Testo 535; ±3% of the value).
Different “types” of water were collected within the
caves: 1) drip water collected for approximately a
month (time between two visits; 32 ± 9 days); 2) fresh
drip water collected during visits; 3) stream water; and
4) water from which flowstones form at the Nagy-tufa
site. The “monthly” drip water was collected using a
funnel connected to a plastic tube and a bottle. Thus,
it was possible to avoid significant evaporation. The
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Nagy-tufa site flowstone was dry for most of the time
allowing us to take water samples only on seven
occasions. Both the electrical conductivity and pH
values of the water samples were always measured at
the site. The electrical conductivity (EC) and pH were
measured using a Combo device (HI98129; pH: ±0.05
in the range between 0 and 14; electrical conductivity:
±2% in the range between 0 and 3999 µS/cm). The
results of electrical conductivity and pH are given
following temperature calibration.
Additionally, calcite farming was conducted by
putting light bulbs (with a form analogous to a
stalagmite top) under two active drip sites in the
Buzogány Hall, Béke Cave. The two sites (site I and
site II) were located on the same side in the chamber
(about 4 m from each other; see Supplementary
Material: Supplemental Fig. 1). A third site (site III)
was chosen for calcite farming at the end of September
2015 when both site I and site II became inactive.
The positions of the bulbs are indicated in the map
of Buzogány Hall (see Supplementary: Fig. 1). The
bulbs were left in the cave for several months to allow
a sufficient amount of carbonate deposition. The
light bulbs were treated using SiC grinding powder
in order to produce a rough surface and hence seed
sites for carbonate precipitation. Following collection
the bulbs were dried and the carbonate scraped off
using a sharp knife from different parts of the bulb.
When the water drips hit the bulbs at well-defined
points, the carbonate was sampled at the top and the
flanks as well. In some cases the bulbs were moved
by the dripping water and so the relative position of
carbonate deposition was not clearly distinguished.
One site (Nehéz-út) was visited in the Baradla Cave
during the monitoring campaign. Between 2013 and
2015 fresh drip water samples were collected 19
times. The CO2 concentration and the temperature
measurements were started much earlier (1994)
at this site resulting in much longer data series.
These measurements were carried out four times
a year to reveal seasonal differences. In addition,
actively forming stalagmites and flowstones were also
sampled at the Nehéz-út site of the Baradla Cave.
The internal textural and geochemical characteristics
of the stalagmites are described by Demény et al.
(2017), in this study we focus on the youngest part
of the NU-2 stalagmite, which was selected as the
most appropriate for detailed studies by Demény
et al. (2017). The carbonate samples were drilled
from the surface and from the youngest 3 mm part
(representing 10 years from 1999 to 2010) of a
polished cross-section using a 0.6 mm drill bit and
a hand-held drilling machine. Additionally surficial
samples of an actively forming flowstone (“Havasok”)
close to the water discharge point were also collected
near to the Nehéz-út sampling site (Fig. 1).
Meteorological parameters were measured above
Béke Cave (next to the main entrance; Fig. 1), such
as air temperature, relative humidity, pressure and
pCO2. Precipitation water was collected every month
at the same place using a funnel connected with tube
to a five liter bottle (to avoid significant evaporation).
The daily and monthly meteorological data were

taken from the Jósvafő Meteorological Station (Meteo
Station in Fig. 1; Hungarian Meteorological Service).
The Carpatclim database (Szalai et al., 2013) was used
to characterize long term climatological parameters
(temperature, precipitation) at the studied site.
The potential evapotranspiration was calculated by
using the daily meteorological data and applying the
equation of Haude (1955) and following the procedure
described in Riechelmann et al. (2011, 2017) and
Mischel et al. (2015):
ETp[mm/day]= χ [mm/day]×P[hPa]×[1-(F[%]/100)] (1)
where ETp is potential evapotranspiration (mm/day),
χ represents a coefficient depending on vegetation, p
is saturation vapor pressure (hPa) and F is relative
humidity. The saturation pressure was calculated
using the Magnus-formula:
P[hPa]= 6,107[hPa]×10((7.5×T[°C])/(237+T[°C]))  (2)
T is air temperature. The amount of infiltrating
water during a month (InfMONTH) was calculated by the
following equation:
InfMONTH[mm]=ΣPreci[mm]- ΣETp,i [mm]   (3)
where Preci and ETp,i are daily precipitation and
potential evapotranspiration, respectively. If monthly
ETp is higher than the amount of monthly precipitation,
resulting in a negative value for InfMONTH [Eq. (4)], the
corresponding value was set to zero.
Analytical methods
Stable carbon and oxygen isotope compositions of
approximately 150-200 μg carbonate samples were
determined applying the carbonate-orthophosphoric
acid reaction at 72°C (Spötl & Vennemann, 2003) and
using an automated GASBENCH II sample preparation
device attached to a Thermo Finnigan Delta Plus XP
mass spectrometer at the Institute for Geological and
Geochemical Research (IGGR) in Budapest, Hungary.
Isotopic compositions of carbonate samples are
expressed as δ13C and δ18O in ‰ relative to V-PDB
(Vienna Pee Dee Belemnite), with a precision better
than ±0.1‰, based on replicate analyses of samples
and international standards (NBS-18, NBS-19 and
LSVEC) supplied by the International Atomic Energy
Agency. Stable isotope analyses of the water samples
were carried out also at the IGGR using a LiquidWater Isotope Analyser-24d by Los Gatos Research.
The instrument uses off-axis integrated cavity
ring down spectroscopy to measure the absolute
abundances of 2H1H16O, 1H1H18O and 1H1H16O via laser
absorption. We used homemade laboratory standards,
which were calibrated to international standards
(δD = –9.0‰; –74.9‰; –147.7‰; δ18O = –0.53‰;
–10.41‰; –19.95‰ for BWS1, BWS2, BWS3,
respectively). The precisions are better than 1.0‰
and 0.15‰ for hydrogen and oxygen isotope ratios,
respectively. The isotopic compositions of the water
samples are expressed as δD and δ18O in ‰ relative
to V-SMOW (Vienna Standard Mean Ocean Water;
Coplen et al., 1996).
Trace element concentration measurements were
conducted at the Institute of Chemistry, Eötvös
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Loránd University, Budapest, Hungary. About 10 mg
of powdered sample was weighed into high purity
15 mL polypropylene centrifuge vials using an ultramicro balance, then dissolved in 12 mL, 0.5 mol/dm3
nitric acid (Suprapure grade, E. Merck, Darmstadt,
Germany). For the quantification 120 μL, 1 mg/dm3
of internal standard solution was added. The analysis
was carried out using an Element 2 inductively
coupled plasma sector field mass spectrometer
(Thermo-Finnigan, Bremen, Germany) (see Demény
et al., 2017 for more details).
Sample
preparation
for
accelerator
mass
spectrometry (AMS) analyses were conducted
following standard procedures (Molnár et al., 2013a),
the 14C/12C and 13C/12C ratios were measured by
the EnvironMICADAS 14C facility at the Hertelendi
Laboratory of Environmental Studies in Debrecen,
Hungary (Molnár et al., 2013b). Activities are
expressed in pMC (percent modern carbon). Overall
measurement uncertainties for the modern samples
are less than 0.3% including normalization,
background subtraction, and counting statistics.

RESULTS
Climatological parameters
The Béke Cave exhibited a temperature range
between 9.3 and 11.4°C with no seasonality, indicating
a stable cave climate (Supplemental Table 2). There
was a small but systematic temperature change
with distance from the main entrance (Supplemental
Table 2): the annual average temperatures were 9.8°C,
10.1°C, 10.2°C, and 10.4°C at B-NT, at B-FA, at the
B-560 site and at B-BZ, respectively, for the period
2013-2014. These values agreed well with the range
of mean annual surface temperature (9.6-10.6°C)
recorded at the Jósvafő meteorological station, but
were slightly higher than the long term average (8.3°C
for the period 1961-2010, Carpatclim database,
Szalai et al., 2013; and 8.8°C for the period 19612013, Jósvafő Meteorological station (Hungarian
Meteorological Service). The relative humidity was
consistently above 96% at each site during the
monitoring campaign (Supplemental Table 2). The
CO2 concentrations of the cave air showed strong
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seasonality in the studied period. The summer months
were characterized by high CO2 concentration (25,000
- 35,000 ppm), while the winter months exhibited lower
CO2 concentrations (1,000 - 3,000 ppm). The autumn
and spring showed some middle values between those
observed in summer and winter. Additionally, the CO2
concentrations showed a systematic increase with
distance from the main entrance: the average CO2
concentrations (in the period of 2013 and 2014) were
13,800 ppm, 15,200 ppm, 16,300 ppm, and 22,400
ppm at B-NT, B-FA, B-560 and B-BZ sites, respectively
(Fig. 2). The relatively high CO2 concentrations and
the observed spatial distribution can be explained
by blocked airflow towards the second entrance at
Jósfafő (Fig. 1), resulting in a dead-end cave with
limited ventilation (Stieber & Leél-Őssy, 2015).
Although the monitoring activity was started in
order to explore the Béke Cave’s behavior, the Nehézút site in Baradla Cave, where several carbonate
formations were collected (Demény et al., 2017), was
also monitored. CO2 concentrations and temperature
data were gathered and presented in this paper for the
period 1994-2013 (Supplemental Table 3). The CO2
concentrations also varied seasonally in the Baradla
Cave, with higher values in summer (4,200 ppm) and
lower values in winter (1,600 ppm), generally much
lower than those in Béke Cave (Fig. 2). Temperature
varied between 9.8 and 10.5°C. Within this narrow
range, a clear seasonality can be observed (Fig. 2),
as opposed to the Béke Cave’s sites. The long term
average is 10.2°C, which is similar to that measured
in Béke Cave.
Chemistry of cave waters
The electrical conductivity of drip waters showed
seasonal variation following similar pattern to air
temperature and amount of precipitation (Fig. 3).
The average values of electrical conductivity of fresh
drip water at the B-BZ the B-650 and the B-BZ sites
were 560, 680, and 630 mS/cm, respectively, for the
studied period (2013-2014) (Supplemental Table 4).
The stream water flowing at the study sites had
similar values (530, 600, and 660 mS/cm). The
electrical conductivity of monthly drip waters show
seasonality with the lowest values in winter (Fig. 3).

Fig. 2. Cave climate: variation of CO2 concentrations and temperature in the studied sites within Béke (B-NT = Nagy-tufa; B-FA = Felfedező ág;
B-560 = site of 560, B-BZ = Buzogány Hall) and Baradla (Nehéz-út: BAR-NU) caves.
International Journal of Speleology, 47 (1), 13-28. Tampa, FL (USA) January 2018
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Fig. 3. Variation of outside temperature (A) and precipitation (B) and variation of electrical conductivity
(C) and Th concentrations (D) measured in drip water at the sites in Béke Cave (B-NT m = monthly drip
water at Nagy-tufa; B-NT f = fresh drip water at Nagy-tufa; B-560 f = fresh drip water at the site of 560,
B-BZ m = monthly drip water at Buzogány Hall; B-BZ f = fresh drip water at Buzogány Hall).

Th concentrations were highest during winter months
(Fig. 3D), which might indicate more detrital material
input as Th is an insoluble element in aqueous solution.
Similarly to the electrical conductivity values, the pH
values of the cave waters displayed seasonal changes:
cold/warm months were characterized by low/high
values (Fig. 4A). In addition to seasonal variation, a
general increasing trend appears from January 2014
until the end of 2015.
Calcium (as the dominant cation in the drip water)
showed seasonal variations (Supplemental Table 4)
exhibiting the highest concentrations in summer
months (Fig. 4B). Additionally, Ca concentrations
displayed a continuous decrease over the studied period.
Stable isotope composition of cave waters
and precipitation
Stable isotope compositions were determined for
monthly drip water, fresh drip water and stream
water in Béke Cave and the fresh drip water in
Baradla Cave as well as for the monthly collected
precipitation samples (Supplemental Tables 4-6). The
stable isotope values of the precipitation collected
above the caves fell between –110.0‰ and –19.5‰
for δD and –15.5‰ and –3.0‰ for δ18O. The isotope

ratios of both elements (H and O) showed seasonal
trends with high values in summer and low values in
winter (Figs. 5 and 6). The Local Meteoric Water Line
(LMWL) derived from the precipitation δ18O and δD
values is δD = 7.6 × δ18O + 6.0 (Fig. 7). This plots near
to the Global Meteoric Water Line defined by Rozanski
et al. (1993). The annual mean δD and δ18O values of
rain water, weighted by the amount of precipitation
are –62.3‰ and –9.1‰, respectively. The amount
weighted δD and δ18O values during summer and
winter are around –48.3‰ and –7.2‰ and –71.3‰
and –10.19‰, respectively.
The stable isotope compositions of cave waters
including drip, stream and spring waters showed low
variability with very similar values at all of the studied
sites in the Béke and Baradla caves (Supplemental
Table 4, 5, and Figs. 5, 6). Additionally, no seasonal
variation was observed during the studied period. The
average δD and δ18O values of drip water in Béke Cave
were –64.6 ± 1.5‰ and –9.4 ± 0.2‰, respectively. The
stable isotope compositions of drip water in Baradla
Cave were characterized by very similar values
(δD = –64.7 ± 1.9‰ and δ18O = –9.4 ± 0.3‰) to those
found in Béke Cave. These values are lower (more
negative) relative to the isotopic composition of
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amount weighted annual precipitation (δD = –62.3‰
and δ18O = –9.1‰).
Drip rates
The drip rates were determined during the cave visits
(Supplemental Table 7). The drip rates of all drip sites
(B-NT B-560, B-BZ- I and II sites) showed a seasonal
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cycle with minimum values during winter and a
decreasing trend in general from October 2014 until
January 2016. The studied sites were characterized
by different drip rates; especially the drip at B-BZ
sites showed a systematic variation during the whole
monitoring campaign: site I had higher drip rates
relative to site II.

Fig. 4. Variation of pH (A) and Ca concentrations (B) measured in drip water at the sites in Béke Cave (B-NT m
= monthly drip water at Nagy-tufa; B-NT f = fresh drip water at Nagy-tufa; B-560 f = fresh drip water at the site of
560, B-BZ m = monthly drip water at Buzogány Hall; B-BZ f = fresh drip water at Buzogány Hall).

Fig. 5. δD values of precipitation and the drip water at the studied sits in Béke Cave (B-NT m = monthly drip water
at Nagy-tufa; B-NT f = fresh drip water at Nagy-tufa; B-560 f = fresh drip water at the site of 560, B-BZ m = monthly
drip water at Buzogány Hall; B-BZ f = fresh drip water at Buzogány Hall) and in Baradla Cave (BAR-NU f = fresh
drip water at Nehéz-út).
International Journal of Speleology, 47 (1), 13-28. Tampa, FL (USA) January 2018
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Fig. 6. δ18O values of precipitation and the drip water at the studied sites in Béke Cave (B-NT m = monthly drip water
at Nagy-tufa; B-NT f = fresh drip water at Nagy-tufa; B-560 f = fresh drip water at the site of 560, B-BZ m = monthly
drip water at Buzogány Hall; B-BZ f = fresh drip water at Buzogány Hall) and in Baradla Cave (BAR-NU f = fresh
drip water at Nehéz-út).

of the drops or because the shape of the carbonate
precipitation was irregular. In addition, some
samples were left for a relatively long time in the
cave, thus the carbonates from different parts of the
bulb probably represented distinct time periods of
precipitation. Therefore, in these samples we could
not test the criterion for isotopic equilibrium (i.e.,
the concomitant increase of δ13C and δ18O from the
apex to the flank) defined by Hendy (1971).
The bulb sample BZ-F9 was collected when
the other drip sites were inactive and the bulb’s
data set (n = 6) shows negligible δ13C and δ18O
Fig. 7. The isotope composition of local precipitation. The equation of the local
variations (±0.16 and 0.02, respectively) close
meteoric water line is δD = 7.6 × δ18O + 6.0 (blue dashed line). The global
to or within analytical precision, although the
meteoric water line GMWL (Craig, 1971) is also shown.
δ13C values displayed a clear rise (Supplemental
Stable isotope composition of fresh
Table 8) toward the flanks even within the small range
calcite precipitate
(in δ18O values do not show concomitant change with
In Buzogány Hall the light bulbs were collected
δ13C values).
four times representing periods of 5 to 14 months
14
(Supplemental Table 8). The δ18OVPDB values of bulb
C activity in modern calcite precipitates
carbonates ranged from –7.4‰ to –6.4‰ while the
The 14C activity of the fresh calcite precipitates
13
δ CVPDB values varied between –7.9‰ and –11.3‰.
collected at B-BZ site was measured (Supplemental
The isotope compositions displayed variations
Table 9) and the corresponding dead carbon proportion
between the dripping sites and within the individual
(dcp) values were calculated to achieve the actual
bulb data sets (Supplemental Table 8, Fig. 8). Drip
atmospheric 14C activity. Two samples displayed lower
site I was characterized by higher drip rates while
values (73 pMC), which correspond to a relatively
the drip site II showed a lower drip rate in general
large dead carbon contribution (~28.4% dcp); while
(Supplemental Table 7). The data from these two
another sample showed greater values (98.5 pMC),
drip sites (bulbs BZ-1− BZ-6) define positive δ18Owhich correspond to a lower dead carbon contribution
δ13C correlations (excluding bulb sample BZ-F9) with
(3.9% dcp).
very similar slopes (3.4 and 3.5, R2 values are 0.9
14
and 0.6, respectively) that fit the trend defined by all
C activity of drip waters
the data well (Fig. 8). Unfortunately, while taking the
The 14C activity of the drip waters collected at BARsubsamples from these bulbs, it was not possible to
NU site was analyzed (Supplemental Table 10). The
determine the position where the drop of water hit the
results showed moderate variation in 14C activity
bulb first because the bulb moved due to the impact
ranging from 83 pMC to 101 pMC.
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In addition, we have also calculated the slope
of δD-T relationship (2.5‰/°C; R2 = 0.61)
as number of the publications presenting δD
of inclusion-hosted water is increasing, thus
present knowledge on δD-T correlation would
provide additional constrain to interpret the
fluid inclusion data. In summary, it seems
that one of the major factors that controls the
stable isotopic composition of precipitation
is temperature. Thus, it is important to
consider the temperature changes during the
interpretation of stable isotope variability of the
speleothems collected these sites.
Moreover, it should be noted that changes in
the contribution of different moisture sources
Fig. 8. Stable carbon and oxygen isotope compositions of calcite deposited on
could also have significant influence on the
light bulbs in the Buzogány Hall. The three dripping sites are shown by different
stable isotope composition of precipitation and
marks (site I (open circle): BZ-F1, BZ-F4, BZ-F-6; site II (black square): BZ-F2;
speleothems (e.g., Breitenbach et al., 2010).
BZ-F3, BZ-F5; site III (open triangle): BZ-F9).
Hungary and hence the studied site receive
DISCUSSION
precipitation originating from different sources
(Bottyán et al., 2013, 2017; Czuppon et al., 2017).
Relationship between δ18O of precipitation
Bottyán et al. (2017) and Czuppon et al. (2017) showed
and temperature
that the precipitation derived from different moisture
The stable isotope composition of precipitation, and
sources are characterized by a distinct stable isotope
hence the composition of the infiltrating water which
composition, resulting in a detectable influence
fed the stalagmite, can be influenced by many factors
on the stable isotopic composition of precipitation
and controls (Dansgaard, 1964; Rozanski et al., 1993;
in Hungary. Thus, it is also necessary to consider
Lachniet et al., 2009). The six most important factors
moisture source changes for the interpretation of the
are: 1) moisture source, 2) temperature, 3) altitude,
stable isotope data of speleothems.
4) the continental, 5) amount and 6) seasonal effects.
The empirical correlations between these controls and
Relationship between drip water
and precipitation
the stable isotope compositions of precipitation are
often used to interpret the stable isotope variability
The isotopic compositions of drip and stream
in speleothems (e.g., Mangini et al., 2005). Among
waters show constant and similar values (δDAVERAGE =
these controls it is probably temperature, seasonal
–64.6 ± 1.4‰ and δ18OAVERAGE = –9.40 ± 0.20‰) at
distribution of precipitation and moisture source and
every site across the studied period in both the Béke
its changes that have the most significant impact on
and Baradla Caves. These values are more negative
the stable isotope composition of the infiltrating water
than the amount-weighted stable isotope composition
and hence the drip water in the studied area.
of annual precipitation (δDAVERAGE = –62.3‰ and
The correlation of stable isotope compositions of
δ18OAVERAGE = –9.09‰) suggesting a greater contribution
precipitation with temperature has long been known
from precipitation in cold months (winter). Although
(Craig, 1961; Dansgaard, 1964) and it is used to
the amount of precipitation is greater in summer
calculate paleotemperature changes. However, the
(Fig. 3), the calculated evapotranspiration is also
slope of precipitation δ18O versus temperature shows
larger in these months resulting in a reduction in the
temporal/spatial variation and also depends on
amount of the infiltrating water. Thus, the reason for
the method used to calculate temperature (Kohn &
the greater contribution of winter precipitation is the
Welker, 2005). Long term stable isotope compositions
greater evapotranspiration in summer which results
of precipitation have been reported only from Debrecen
in a loss of part of the precipitation during warm
in Hungary (Vodila et al., 2011). This database was
months. By calculating the infiltration-weighted
used to constrain the relationship between δ18O of
stable isotope composition of annual precipitation we
precipitation and temperature for Debrecen. There,
obtained similar values (δDinfiltration weighted prec. = –64.2‰
the observed slope of δ18O-T function for the whole
and δ18Oinfiltration weighted prec. = –9.34‰) to those observed
sampling period was ~0.32‰/°C. However, if only
in drip waters. The stable isotope compositions of
the rainy days were considered for the temperature
cave waters do not reveal clear seasonality indicating
calculation a slope with a value of ~0.37‰/°C was
a well-mixed aquifer above the cave. The lack of
obtained. For the northern part of the Carpathians,
seasonality in the δD and δ18O values implies that the
Holko et al. (2012) reported variable values (0.19-0.41)
residence time is more than one year and the signal
for the slope of the δ18O-T relationship. At the stations
transferred through the stable isotope composition of
(Chopok & Milhostov) closest to the studied caves, here
drip water to the speleothem will likely record intervalues of 0.19‰/°C and 0.28‰/°C were found. Our
annual climate trends, but not seasonal dynamics.
results (0.33‰/°C; R2 = 0.64) agree well with these
The residence time of the water which feeds the
values and with the value of 0.31‰/°C characteristic
drip water has been determined in relatively few
of the Northern Hemisphere (Rozanski et al., 1993).
caves by the 3H-3He dating method, which is one of
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the most promising methods to determine the “age”
of the drip water. Most recently, Kluge et al. (2010)
used this method to calculate the residence time of
the drip water in Bunker Cave, which was around
2-3 years despite of the relative thin overlying rock
(15-30 m). This result was further supported by longterm monitoring of stable isotopes of drip water by
Riechelmann et al. (2017) who obtained 2.5 years.
Above the studied sites (Béke and Baradla caves), the
thickness of the overburden rock is more than 50 –
100 m. Therefore, it is reasonable to assume that the
residence time of the drip water in the studied area
is several years. Based on tritium measurements,
Molnár et al. (2007) also suggested that the residence
time of the drip water in the Baradla Cave is more
than 1-2 years.
Cave climate and water chemistry
Many studies have shown that the concentration
of CO2 in cave air and its seasonality are one of the
most important variables that can influence calcite
precipitation within the cave and hence chemical
and isotopic composition, and the fabric of the
forming speleothems (Spötl et al., 2005; Mattey et
al., 2008, Boch et al., 2011; Sherwin and Baldini,
2011; Breitenbach et al., 2015). The variability of
CO2 concentration in a cave strongly depends on the
ventilation dynamics. The strength and the timing
of the ventilation are controlled by the temperature
contrast between the cave interior and the outside,
synoptic scale atmospheric pressure and wind
conditions as well as cave morphology (Mattey et al.,
2008). These variables can change from cave to cave;
thus different caves can be characterized by variable
ventilation dynamics and CO2 concentrations. In
general, it is expected that lower cave air pCO2
(either occurring in winter as in St. Michael’s Cave
on the Gibraltar peninsula (Mattey et al., 2008) or
in summer like in the Obir Cave in Austria (Spötl
et al., 2005) will cause more rapid degassing and
higher calcite supersaturation, and hence rapid
calcite precipitation that appears to affect the fabric,
trace element and isotopic composition of the deposit
(Mattey et al., 2008).
In both studied caves, pCO2 was extremely high
during summer (Fig. 2., 30,000 ppm in Béke Cave
and 4,200 ppm in Baradla Cave) and moderately high
during winter (Fig. 2., 1,500 ppm in Béke Cave and
1,600 ppm in Baradla Cave) compared with other
caves (e.g., Obir Cave 500-1500 ppm, Spötl et al.,
2005; Bunker Cave: 850-1,200 ppm, Riechelmann
et al., 2011; Cueva de Asiul: 360-2,090 ppm, Smith
et al., 2016). It is reasonable to assume that this
seasonal variation of pCO2 will have an effect on
calcite precipitation rate (and hence its stable isotope
composition) as greater CO2 concentrations may
retain the carbonate formation. Thus, it is expected
that calcite precipitation is enhanced during winter
when cave air pCO2 is drastically lowered.
In addition, it seems that the drip water chemistry (and
the composition of calcite precipitates) is influenced
by the hydrological condition of the epikarst. The
beginning of our monitoring work (especially in the

first half of 2013) was characterized by extreme wet
conditions whereas the following period through to
the beginning of 2016 was drier. Especially the winter
months were relatively dry when the drip rates at
every studied site decreased (Supplemental Table 7).
During these drier periods, the karst was less filled
with percolating water, resulting in a greater possibility
for degassing, which could cause calcite precipitation
to occur before reaching the cave chamber where the
drip waters were collected. This process is called Prior
Calcite Precipitation (PCP) and has a significant effect
on the isotopic composition and chemistry of the
drip water as PCP removes ions from the infiltrating
water (Fairchild et al., 2000; 2006; Tremaine &
Froelich, 2013; Sherwin & Baldini, 2011, and Wong
et al., 2011). The negative relationship between Ca2+
concentration and the Mg/Ca ratio, as well as the
positive correlation between the Mg/Ca and Sr/Ca
ratios observed in the drip water collected at Buzogány
Hall and Nagy-tufa site (Béke Cave) are indicative of
this PCP process (Fig. 9). Moreover, the concurrent
increase of Mg/Ca and Sr/Ca ratios in drip water can
also be explained by prolonged water-rock interaction,
which favors incongruent carbonate dissolution (e.g.,
McGillen & Fairchild, 2005; Borsato et al., 2016).
Shorter water-rock interaction favors preferential
dissolution of Ca with respect to Mg and Sr, while
longer residence times induce more dissolution of Mg
and Sr. As the host rock is not pure calcite but also
contains dolomitic layers (i.e., Guttenstein Limestone;
e.g., Hips, 2003), the different residence times (i.e.,
different degrees of water-rock interaction) may lead
to incongruent carbonate dissolution. To deconvolve
the processes responsible for the correlation between
Mg/Ca and Sr/Ca, Borsato et al. (2016) suggested
the use of additional element ratios which are not
sourced from the carbonate host rock. In our case
we could use Si/Ca and Na/Ca in drip waters to
complement Mg/Ca and Sr/Ca (Fig. 10). As Si and
Na are derived from siliciclastic minerals from the soil
zone or anthrophonic activity (e.g., feeding animals
salt during winter time) rather than from carbonate
host rock, the correlation between Mg/Ca and both
Si/Ca and Na/Ca indicates that PCP plays a major
role in producing the observed systematics rather
than incongruent carbonate dissolution.
Signs of kinetic fractionation
and their consequences
A linear, positive δ18O-δ13C correlation was found
for the light bulb samples (δ13C = 3.3 × δ18O + 12.9,
R2 = 0.8; Fig. 8) which were collected in the Buzogány
Hall, Béke Cave (Supplemental Table 8). The trend is
actually composed of the results of several analyses
of carbonate subsamples from the bulbs which were
placed in the cave (except sample BZ-F9). Only in the
case of BZ-F9 sample was it possible to exactly define
the apex where a concomitant increase of δ13C and
δ18O was not observed. In the case of other samples the
apex could not be determined (see more details in the
results); thus it was not possible to provide evidence
for the classical Hendy test criterion (Hendy, 1971).
Moreover, the observed trend has a similar slope (3.3)
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Fig. 9. Ca2+ concentration vs. Mg/Ca ratio (A) and Sr/Mg vs Mg/Ca ratios (B)
for the different drip sites (B-NT m = monthly drip water at Nagy-tufa, Béke
Cave; B-BZ m = monthly drip water at Buzogány Hall, Béke Cave; BAR-NU
f = fresh drip water at Nehéz-út, Baradla Cave).

Fig. 10. The Mg/Ca ratios are plotted against Si/Ca ratios (A), Na/Ca ratios (B)
and δ18O for the different drip sites (B-NT m = monthly drip water at Nagy-tufa,
Béke Cave; B-BZ m = monthly drip water at Buzogány Hall, Béke Cave; BARNU f = fresh drip water at Nehéz-út, Baradla Cave).

to the kinetically fractionated calcite trend (slope ~3.9)
defined by Mickler et al. (2006) suggesting that kinetic
fractionation played a significant role to produce the
observed variation. Tremaine et al. (2011) showed that
ventilation induced kinetic fractionation and rapid
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calcite precipitation together can have a significant
effect on carbon and oxygen isotopic compositions,
driving δ13C and δ18O to more positive values. In
Béke Cave, pCO2 was extremely high during the
whole period; especially in summer when the CO2
concentration reached 35,000 ppm. During winter
it decreased drastically (3,000-1,500 ppm) but the
observed pCO2 values were still high compared
to several other caves (e.g., 850-1,200 ppm in
Bunker Cave, Riechelmann et al., 2011). This high
CO2 concentration during the whole year implies
that ventilation did not play a significant role to
remove CO2 from the cave during the monitoring
period. The carbonates from this cave (BZ-F9
samples, Fig. 8. and Supplemental Table 8) that
precipitated in winter do not show significant
isotopic enrichments or shifts (i.e., kinetic
fractionation), even though a greater influence of
ventilation would be expected during that time.
Thus, it can be argued that ventilation induced
kinetic fractionation probably had only minor
effect on the isotopic composition of the samples
in Béke Cave.
Alternatively, the positive shift in δ18O and δ13C
values can result from prolonged residence time of
the thin solution film on the bulb (i.e., stalagmite
surface, Mickler et al., 2006; Mühlinghaus et al.,
2007, 2009; Scholz et al., 2009). Longer residence
times of the fluid on the bulb or stalagmite surface
occur when the drip rate is low. Riechelmann et
al. (2013) documented this relationship with field
observations in Bunker Cave (Germany). Although
there was no continuous instrumental drip rate
counting at Buzogány Hall in Béke cave high
drip rates were observed during field work at the
beginning of the monitoring period (beginning of
2013) with a clear and gradual decrease during
the winter months. Relatively drier conditions were
also characteristic for the period from October
2014 until January 2016 within both Béke and
Baradla caves. During this period the lower drip
rates likely resulted in a prolonged residence time
of the fluid on the bulb, leading to elevated δ13C and
δ18O values. Additionally, PCP, which was evident
from the elemental compositions of the drip waters
collected at B-BZ site (and also at B-NT site), also
indicates periods with low discharge during the
monitoring campaign.
The differences found in the isotopic compositions
between sites I and II are most likely also related to
different drip rates (Supplemental Table 7). Drip
site II tended to be more enriched in 16O showing
more positive δ18O values. It is thus also related to
kinetic fractionation and the prolonged residence
time of drip water on the bulb. Similar differences
between drip sites were also observed in Bunker
Cave (Riechelmann et al., 2013). In addition, 14C
activity values showed differences between two
sides; although we should note that only three of
the bulb carbonate samples were analyzed for their
14
C activity values, thus this data set is probably
not robust enough. Based on these three analyses
it is apparent that the carbonate precipitates at
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drip site II (BZ-F2 and BZ-F3, Supplemental Table 9)
had lower 14C activity values (73 pMC), indicating
more dead carbon contribution (~28% dcp) relative
to drip site I (99 pMC and 4% dcp). This difference
is also probably related to the distinct drip rate and
variability of infiltration. Slower infiltration speed
and longer residence time would lead to enhanced
degassing and PCP and higher dcp values as observed
for drip site II.
Exploration of equilibrium fractionation
Although recently many studies proved that
kinetically altered speleothem-based isotope records
can provide an excellent data set to reconstruct
environmental/climatic changes in the past (e.g.,
Kennett et al., 2012; Tan et al., 2015; Cheng et al., 2016),
in general, stalagmites with a close-to-equilibrium
oxygen isotope composition should be selected for
paleoclimate studies (e.g., Bar-Matthews et al., 1996;
Serefiddin et al., 2004; Fuller et al., 2008) especially
with the aim to calculate past temperatures. The usual
procedure for identifying the equilibrium condition
(apart from Hendy test, simultaneous records) is the
comparison of measured isotopic composition with
the calculated values obtained using temperature
and water composition data and an equation that best
describes equilibrium fractionation. In the last few
decades numerous equations have been published
including experimental, theoretical and empirical
investigations (Kim & O’Neil, 1997; Coplen, 2007;
Horita & Clayton, 2007; Chacko & Deines, 2008;
Dietzel et al., 2009; Demény et al., 2010; Tremaine
et al., 2011; Gabitov et al., 2012; Kele et al., 2015).
Several studies on inorganic carbonates demonstrated
that the δ18O of naturally precipitated carbonates (e.g.,
speleothems) show systematically higher values than
the δ18O of laboratory-grown calcite (Coplen, 2007;
Demény et al., 2010; Tremaine et al., 2011). Thus,
the equations obtained by studying natural samples
(i.e., empirical approach: Coplen, 2007; Tremaine
et al., 2011) are increasingly used to obtain reliable
temperature data (e.g., Meckler et al., 2015) instead
of equations obtained using experimental results and
theoretical calculations.
To characterize the carbonate precipitation of the
studied caves and find the best equation to calculate
speleothem-based temperature, we selected isotope
analyses of different carbonates which formed in the
Béke and Baradla Caves. The bulb carbonates from
Béke Cave (collected at sites I and II in Buzogány Hall)
recorded evidence of kinetic fractionation, hence only
the least affected samples were selected for further
evaluation. Bulb sample BZ-F1 provided the lowest
δ13C and δ18O values among the bulb carbonates,
whereas sample BZ-F9 was selected on the basis
of very small internal variation and hence lower
influence of kinetic fractionation. Monitoring provided
temperature, pH and δ18Owater values from which winter
values were chosen as the majority of the carbonate
likely precipitated during that time. δ18Ocarbonate values
of flowstone samples at the Nagy-tufa site (in Béke
Cave) and at the Havasok flowstone in the Baradla
Cave closest to the water discharge points and

average temperature, pH and δ18Ow values were used
in the calculations. Finally, δ18Ocarbonate data gathered
from the stalagmite surface and the youngest laminas
(within ~3 mm from the top, representing 10 years
from 1999 to 2010) of an actively growing stalagmite
from Nehéz-út site in Baradla Cave (NU-2, Demény
et al., 2017) were also used in the evaluation. As,
by definition, the fractionation factor α is the ratio
of the isotope ratios 18O/16Ocarbonate and 18O/16Owater
and δ18O = (18O/16O) / (18O/16Ostandard) – 1) × 1000,
the oxygen isotope fractionation values (1000·lnα)
are given by the equation α = (1000 + δ18Ocarbonate,
18
-VSMOW) / (1000+δ Owater, -VSMOW). The 1000·lnα values
depend on formation temperature as described by the
general equation: 1000·lnα = 1000·A / T–B, where the
constants A and B are 17.4 and 28.6 (Coplen, 2007),
or 16.1 and 24.6 (Tremaine et al., 2011), respectively.
The calculated values for the farmed calcite
precipitates and speleothems are plotted in Fig. 11
along with published equilibrium regressions. Most of
the data scatter around the Coplen (2007) and the
Tremaine et al. (2011) equilibrium regressions. This
scatter may partially derive from error propagation
of analytical precision, but primary natural factors
(apart from those mentioned in the previous sections)
may also play a role. Watkins et al. (2014) presented
a comprehensive evaluation of fractionation processes
that led to deviations from “equilibrium” values. One of
the main factors is the pH value of the host solution, as
the solution pH determines the relative concentrations of
dissolved C species (CO2(aq), CO32–, and HCO3–) that have
different compound-H2O oxygen isotope fractionation
values. Hence the deviations of measured 1000·lnα
values from those calculated using the Tremaine et
al. (2011) equation were plotted as a function of pH
(Fig. 12). Similar data gathered from publications that
reported pH values together with temperature and
carbonate and water isotopic compositions are also
shown in Fig. 12. The broadly negative relationship

Fig. 11. Calcite-water 1000·lnα values vs. 1/T (in °K) measured for
speleothem samples from the Baradla and Béke caves and selected
published curves. 1) Buzogány, bulb, sample F9; 2( NU-2 stalagmite,
topmost 3 mm average; 3) Buzogány, bulb, sample F1, lowest δ18O;
4) Nagy-tufa, closest to water discharge; 5) NU-2 stalagmite, surface
sample; 6) Havasok flowstone, close to the water discharge point.
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Fig. 12. Deviation of measured carbonate-water oxygen isotope
fractionation from the equation of Tremaine et al. (2011) as a function
of pH value of drip water (Δ18O deviation, left vertical axis). Black filled
circles: published data (Daeron et al., 2011; Tremaine et al., 2011;
Moreno et al., 2014; Van Rampelbergh et al., 2014).Grey line: calcitewater (cc-w) oxygen isotope fractionation (δ18O(cc-w), right vertical
axis) as a function of pH calculated by Watkins et al. (2014) for 25°C.
Uncertainties of sample points are based on the analytical uncertainties
of pH and δ18O analyses. Dashed line shows linear regression for the
samples studied in this paper (R = –0.31). Sample numbers as in Fig. 11.

between the fractionation deviation (from Tremaine et
al., equation) and pH (shown by the linear regression
line in Fig. 12; Δ18O = –0.34 · pH + 2.8, R = 0.31) agrees
well with the results of theoretical calculations (grey
line in Fig. 12) of Watkins et al. (2014), suggesting
that the observed data scatter can be partly explained
by variations in drip water pH.
In summary, based on the recent observations it
can be concluded that the speleothems from Béke and
Baradla Caves are suitable for paleoclimate research
as they can record multiannual climate trends, wet
and dry periods inferred from concomitant stable
and trace element measurements. In addition,
it was found that the Tremaine et al. (2011) and
Coplen (2007) equations best describe the recent
carbonate fractionation in the studied caves, thus
these equations are recommended for performing
paleotemperature calculations.

CONCLUSIONS
The extensive monitoring campaign performed in
the Baradla and Béke caves (NE Hungary) suggests
the following:
• The stable isotope composition of drip waters at
each site studied in both caves showed the same
values with no significant variability (no seasonality)
during the entire monitoring campaign, indicating
a well-mixed aquifer with a relatively long residence
time in the epikarst (more than one year). This
finding suggests that δD and δ18O values of drip
waters can record inter-annual climate trends.
• The isotopic composition of the drip water is
more negative than the amount-weighted annual
precipitation value, indicating more contribution
from winter precipitation.
• The CO2 concentration in both caves shows
seasonality; the summer is characterized by high
values while winter by low values, affecting calcite
precipitation.
• The chemistry of drip waters shows great
variability in the studied period. The correlation
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of Mg/Ca ratios with Sr/Ca, Na/Ca, and Si/Ca
suggest Prior Calcite Precipitation (PCP) rather
than incongruent dissolution of host carbonates.
The PCP likely took place when infiltration was
reduced (during dry periods). Moreover, it should
be emphasized that these processes (PCP and
reduced infiltration) do not affect the stable isotope
composition of drip water unless significant
evaporation takes place in the karst system.
• The carbon and oxygen isotopic composition of
modern (in situ) carbonate precipitates shows
good correlation indicating kinetic fractionation,
which is likely related to the prolonged residence
time of the thin solution film on the bulb surface.
• The measured carbonate-water oxygen isotope
fractionation for the modern carbonate precipitates
(which are less affected by kinetic fractionation)
and for the top actively forming flowstones and
speleothems can be mostly described by the
equations published by Tremaine et al. (2011) and
Coplen (2007) implying these equations should
be used for paleotemperature calculations.
• Using all these pieces of information the
main conclusion is that the speleothems from
these caves seem to be suitable for recording
multiannual winter biased climate trends. In
addition, the concomitant stable isotope and trace
element variations observed in the speleothems
could provide evidence for dry and wet periods.
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Abstract:

Keywords:

Although underground dinosaur tracksites inside anthropic cavities such as mines or tunnels
are well-known throughout the world, footprints inside natural karstic caves remain extremely
rare. The Malaval Cave (Lozère, southern France) is well-known by speleologists for the
abundance and the exceptional quality of acicular and helictite aragonite speleothems. Recent
palaeontological prospecting inside this cave allowed the discovery of tridactyl dinosaur tracks.
Here, a detailed study of theropod footprints was for the first time conducted inside a natural
karstic cave, using photogrammetric imaging technique. Tracks from the Malaval Cave are
located inside the “Super-Blanches” galleries. More than 26 footprints were identified. They
are Hettangian in age (Lower Jurassic) and preserved as both in situ convex hyporeliefs
and ex situ concave epireliefs. Tree morphotypes are distinguished, (i) “DilophosauripusKayentapus” morphotype, (ii) “Eubrontes” morphotype, and (iii) “Grallatorid” morphotype.
Sedimentological and mineralogical analyses of the tracksite indicate that the depositional
environment varied from periodically emergent subtidal to intertidal/supratidal flat marsh. This
work highlights the great interest and importance of palaeoichnological prospecting in karst
caves. This is particularly true for the Causses Basin where hundreds of natural cavities were
reported by speleologists in the formations yielding dinosaur traces.
dinosaur tracks, Lower Jurassic, karst caves, photogrammetry, Causses Basin
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INTRODUCTION
Underground dinosaur tracksites inside anthropic
cavities (e.g., clay underground quarries or coal
mines, tunnels of railways) are well-known in several
countries such as Australia (e.g., Cook et al., 2010)
and United-States (e.g., Peterson, 1924; Parker &
Balsley, 1989; Parker & Rowley, 1989; Lockley &
Hunt, 1995). In Europe, such palaeoichnological sites
are less common, but reported in few localities from
France (e.g., the Fondamente Cave; Sciau, 2003), Italy
(Belvedere et al., 2008; Petti et al., 2011), and Sweden
(Ahlberg & Siverson, 1991; Gierliński, & Ahlberg,
1994). In contrast, although some outdoor tracksites
were reported near the entrance of karstic caves (e.g.,
the Sataplia Cave, Georgia; Kralik et al., 2014), the
*jean.david.moreau@gmail.com

occurrences of underground dinosaur tracksites
inside natural karstic caves remain extremely rare
over the world and in Europe (e.g., Bramabiau Cave
in southern France; Ellenberger, 1988).
Because of the abundance and the diversity of
footprints, in France, the most important Early
Jurassic megatracksite is the Causses Basin (southern
France; e.g., Monod, 1935; Thaler, 1962; Ellenberger,
1988; Demathieu, 1990, 1993; Demathieu & Sciau,
1999; Demathieu et al., 2002; Moreau et al., 2012a,
2012b, 2014 and references therein). In this basin,
dozens of outdoor tracksites were discovered during
the last decades. Otherwise, hundreds of karst caves
were reported by speleologists in geological formations
yielding footprints (Hettangian-Sinemurian and
Bathonian). However, due to the relative difficulty
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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of access to the far galleries of cavities, the
palaeontologists rarely had the opportunity to study
potential rock surfaces bearing tracks.
In this paper, we report an underground tracksite
in the northern part of the Causses Basin (Fig. 1).
It was discovered during palaeontological and
speleological prospecting inside the Malaval Cave.
The Malaval Cave is well-known by speleologists for
the abundance and the exceptional quality of acicular
and helictite aragonite speleothems (e.g., Gajac &
Rouire, 1949; Gajac, 1963; André, 1992, 2014). Some
of them are even blue due to copper coloration (Fig. 2).
In some parts of the karstic network, the whiteness
of speleothems is such that a group of galleries was
called the “Super-Blanches” (means “super white”).
The lowermost Jurassic dinosaur tracks described in

this study were recently discovered in these galleries.
For the first time, we used photogrammetry to study
such an unusual palaeontological site inside a
karstic cavity in Europe. Here, we characterize this
new tracksite and compare footprints with coeval
material to determine the possible trackmakers.
Then palaeoenvironments are discussed using
palaeontology, sedimentology, and mineralogy.

GEOGRAPHICAL AND
GEOLOGICAL SETTING
The Malaval Cave is located in the Lozère department,
9 km north-east of Florac, near the village of Les
Bondons (Fig. 1). Based on palynology, the first Mesozoic
deposits lying unconformably on pre-Hercynian and

Fig. 1. Location and geological context of the Causses Basin. The black footprint indicates the Malaval Cave. Modified
after Grigniac and Taugourdeau-Lantz (1982).

Fig. 2. A) part of the “Super-Blanches” galleries showing abundant white aragonite speleothems; B) characteristic blue
helictite aragonite from the Malaval Cave.
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Hercynian crystalline rocks of Lozère are RhetianHettangian or Hettangian in age (Briand et al., 1979, 1993;
Grigniac & Taugourdeau-Lantz, 1982; TaugourdeauLantz, 1983). In Lozère, Hettangian deposits were
divided into two informal formations (Brouder et al.,
1977; Briand et al., 1979; Gèze et al., 1980): (1) the
detrital Sandstones-variegated mudstones Formation
and (2) the Dolomitic Formation. The first formation
consists of rubefied lenticular and channelized
sandstones which alternate with variegated argillites
or marls (Simon-Coinçon, 1989). Near Florac, this
formation is poorly developed (a few metres thick) or
missing (Gèze et al., 1980) and is largely dominated
by white or ferruginous sandstones. The second
formation consists of both dolomitic limestone and
dolomite organized in thin or massive irregular layers
alternating with green, blue or black clay beds. They
are locally lignitic (Dorlhac, 1860; Gèze et al., 1980).
Near Florac, the Dolomitic Formation reaches 80 to
100 metres thick. It corresponds to the beginning of
the earliest Jurassic marine transgression and the
installation of marginal-littoral palaeoenvironments
in the Causses Basin.
The dinosaur tracks described in this study were
discovered in the Dolomitic Formation. Except for
trackways of vertebrates and some continental plants,
fossils are extremely rare in this formation. Indeed,
in Lozère, only rare bivalves (e.g., Cardinia concinna,
Liostrea sp., Ostrea irregularis) and unidentified
gastropods were mentioned (Brouder et al., 1977;
Briand et al., 1979; Gèze et al., 1980).
The Malaval Cave contains a karstic network at least
12 km long (André, 1992). Because of the exceptional
abundance of aragonite helictite speleothems, the
“Super-Blanches” galleries are probably the most
spectacular area of the cavity (Fig. 2). They are up
to 300 m long (Fig. 3A). The tracks described in
this study were found in one gallery of the “SuperBlanches” group: the “Galerie des Dalles” (Fig. 3A–B).
Figure 3C shows the stratigraphic section of the
“Galerie des Dalles” and the location of the trackbearing beds. This stratigraphic column displays
brown to yellow, decimetric, tabular, carbonaceous
beds (Units 1, 3, 5, 7, and 8). They alternate with thin,
grey and sometime lenticular clayey layers (Units 2,
4, and 6). Three trace-bearing surfaces were observed
in both Unit 1 (Surface A) and Unit 3 (Surfaces B
and C). It is interesting to note that Unit 3 bears
desiccation cracks (Fig. 3C) and base of Unit 7 displays
circular structures firstly observed by Michel Wienin
and Jean-Louis Galéra in 2006 and which could be
interpreted as synsedimentary deformations such as
putative mud volcanoes.

MATERIAL AND METHODS
The tracksite of the “Super-Blanches” galleries was
discovered by Daniel André and Jean-Pierre Malafosse
in 2006. They firstly observed two tridactyl tracks on
the roof of the cave. In 2013, six other tracks were
observed during a speleological trip organized with
the Association Paléontologique des Hauts Plateaux
du Languedoc (Mende). Then, in 2017, in order to find
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new tracks, study them and determine the geological
context, a field mission was co-organized by members
of the Association Malaval (Ispagnac) and those of the
A.P.H.P.L.
Petrographic and mineralogical analyses
Petrographic and mineralogical studies were focused
on the main unit yielding footprints: the Unit 3. In
addition, in order to compare data with units without
tracks, analyses were leaded in Units 6 and 7. Four
samples were prepared for both optical microscopy
on standard polished thin sections and grinded to
perform mineralogical analyses. X-ray fluorescence
spectrometry (XRF), X-ray diffraction (XRD),
thermogravimetry coupled with mass spectrometry
(TGA-MS) and volumetric method (Bernard calcimeter)
were conducted at the Génie Civil & Environnemental
laboratory from Douai (IMT Lille-Douai).
XRF-Rock chemistry. Bulk rock analyses were
performed using a Bruker S4 Pioneer spectrometer,
a 4 kW wavelength dispersive X-ray fluorescence
spectrometer equipped with a rhodium anode.
Measurements were performed at 60 keV and 40 mA
on powdered rock compressed tablets. The integrated
standardless evaluation of the machine allows the fast
and easy determination of element concentrations up
to the ppm-level without performing a calibration.
XRD-Rock mineralogy. Hand ground powders were
analysed using a Bruker D8 Advance diffractometer
system using Co-Kα radiation equipped with a fast
LynxEye linear detector. The diffractometer was
operated at 35 kV and 40 mA. Scans were run from
5° to 80°2θ, with a step interval of 0.02°2θ and a
goniometry speed of 2 s per step. The identification
of minerals was performed using Bruker-AXS’s
DiffracPlus EVA software and the ICDD (The
International Centre for Diffraction Data) Powder
Diffraction File 2015 database. Mineral quantification
was made by Rietveld refinement (Rietveld, 1969)
with the DIFFRACplus TOPAS software, version
4.2 (Bruker-AXS). The Rietveld method consists in
minimizing the difference between an experimental
diffractogram and a diffractogram calculated for a
given starting model. Crystal structure data were
taken from the ICDD PDF and Bruker Structure
Database. Rietveld refined parameters used in this
study are described in Trincal et al. (2014). Mineral
content standard deviations were obtained by the
multiplication of the standard deviation given by
Topas software by the GOF (goodness of fit) in order
to have a faithful approximation (Taylor & Hinczak,
2003; Trincal et al., 2014).
Carbonate quantification. To confirm the Rietveld data
which are often discussed, two independent methods
were used to quantify the carbonates in our samples.
Bernard calcimetry is a volumetric standardized
method (Afnor, NF P94-048) conventionally used on
sediments and in civil engineering (e.g., Lamas et
al., 2005). Five analyses of pure lime were used for
calibration and three analyses were performed for
each sample. The precision of the measurements is
classically better than 5% (e.g., Jaquet et al., 1971).
The second method was thermogravimetry coupled
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Fig. 3. A) Map of the Malaval Cave and details of the “Super-Blanches” galleries showing location of tracks in the “Galerie des Dalles”;
B) sketch of the transversal section of the “Galerie des Dalles” and location of tracks; C) stratigraphic section of the “Galerie des Dalles”.
S.A., Surface A; S.B., Surface B; S.C., Surface C; Li., lithology.

with mass spectrometry (TGA-MS) (e.g., Kulp et al.,
1951). Analyses were conducted using a Netzsch
STA 449 F3 Jupiter thermal analyser coupled
with a Netzsch QMS 403 D Aëlos quadrupole mass
spectrometer. This configuration allows measurement
of gas and mass changes of a powdered sample under
the effect of temperature. Setup was configured for
a temperature increase of 3°C/minute from 40 to
1000°C under an argon stream. Sample mass variation
measurement was quantitative during analyses, while
gas estimation was qualitative.

Trace fossil analysis
The material consists of tridactyl footprints,
comprising traces of digits II, III and IV, directly
measured on the accessible roof of the cave and
fallen isolated blocks (Figs. 4–7). The descriptive
terminology and biometric parameters used here are
inspired from Leonardi (1987) and Marty (2008). We
used the following standard abbreviations: length of
the trace, “L”; width of the trace, “W’”; lengths of the
digits, “LII”, “LIII”, “LIV”; divarication angle between
digit II and digit IV, “II–IV” (Fig. 4). We also used “D”
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which corresponds to the length of the free part of
digit III sensu Demathieu et al. (2002). This is not to
be confused with D for Depth. None of the specimens,
included those from isolated blocks were collected.
In order to produce an orthoimage of the largest
track-bearing surface (Fig. 5A), we used Agisoft
PhotoScan Professional to align and combine multi
digital photographs (Panasonic Lumix DMC-FT1). The
same software was used to produce photogrammetric
3D textured meshes. The 3D renderings were created
using the MeshLab 1.3.2 software (Fig. 5B). Because
of no ideal conditions (reduce field of view due to low
ceilings), photogrammetry was very useful to have
a better representation of the entire track-bearing
surfaces and to reveal traces undetected during
the first field investigations. Data of the 3D models
are available online on the open access database of
https://figshare.com.
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Fig. 4. Schematic tridactyl track showing the biometric parameters
measured; length of the trace, L; width of the trace, W; digits lengths,
LII, LIII, LIV; lengths of the free part III, D; divarication angle between
II and IV, II–IV.

Fig. 5. Main track-assemblage of the “Galerie des Dalles” including “Surfaces B” and “Surface C”.
A) model combining multi digital photographs of the ceiling of the cave; B) 3D rendering of the same model;
C) interpretative sketch.
International Journal of Speleology, 47 (1), 29-42. Tampa, FL (USA) January 2018
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Fig. 6. Isolated blocks bearing tracks from the “Galerie des Dalles”. A–B, A16’; C–D, D1 and D2;
E–F, B1 and B2.

Fig. 7. Illustration of some dinosaur traces from the Hettangian tracksite of the Malaval Cave. A) A9; B) A16; C) A16’;
D) A15; E) A3; F) A7. Concave epirelief, C. Convex hyporeliefs, A, B, D, E, F. All scale bars, 25 cm.
International Journal of Speleology, 47 (1), 29-42. Tampa, FL (USA) January 2018
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RESULTS
Petrography and mineralogy
Petrographic observations of Unit 3 revealed that
dinosaur tracks are preserved in dolomudstone with
millimetre-thick cryptalgal laminites microfacies (Fig.
8A and C). The microbial laminae are parallel to the
bedding planes and wavy to planar. The cryptalgal
laminites exhibit non-porous fabric and a mudstone
texture with rare detrital particles and an absence of
bioclasts. Unit 7 is a bioturbated dolomudstone highly
perturbed (Fig. 8B and D).
XRD Rietveld quantifications (Table 1A) indicate
that dolomite is the main component of the surfaces
bearing traces (Unit 3). According to analysed samples,
they are composed by 81 to 87 wt% of dolomite, 5 to
8 wt% of calcite, 3 to 6 wt% of quartz and less than
6 wt% of clays (illite and kaolinite; Fig. 9 and Table 1).
Except the calcite decrease compensated by a dolomite
increase, the mineralogy of Unit 7 is close to those
of Unit 3. Due to the difficulty to well used Rietveld
refinement method on sedimentary rocks (e.g., Trincal
et al., 2014), carbonaceous quantifications (dolomite
plus calcite) were confirmed using both Bernard
calcimetry and TGA-MS independent methods on
Units 3, 6, and 7 (Table 1B). Clayey rock from Unit
6 shows according to Rietveld refinement method,
51 wt% of illitic clays, 25wt% of dolomite and 16 wt%
of quartz while calcite and kaolinite are both less than
4 %wt (Table 1A). However, the large 10Å XRD peak
(Fig. 9) suggests a mix between two illitic populations
or a randomly mixed-layer phase. The first assumption
was used for Rietveld refinement. Carbonaceous
analyse with independent methods supports the
Rietveld quantification on this Unit 6 argilaceous rock
(Table 1B), results which are coherent with XRF data
(Supplemental File 1).
Organic matter was identified by XRF in all samples,
but not quantified (Supplemental File 1). However,
the pyrolysis of the organic matter generates a
peak of CO2 between 100 and 500°C (e.g., Pietro
& Paola, 2004). TGA-MS spectrums performed on
Malaval cave samples indicate a small loss of mass
in this temperatures range, without CO2 release
(Supplemental File 2). This loss of mass probably
corresponds to clay dehydration. TGA-MS results
suggest very low organic matter content in these
rocks, probably less than 1 wt%.

Fig. 8. A–D, main dolomitic facies. A and C (Unit 3), dolomudstone with
cryptalgal laminites (arrows), gross morphology (A) and microfacies
(C). B and D (Unit 7), bioturbated dolomudstone, gross morphology (B)
and microfacies (D); arrows indicate bioturbations. Scale bars, A–B,
5 cm; C–D, 2 mm.

The track-bearing surfaces
Twenty in situ convex hyporeliefs are distributed over
the ceiling of the “Galerie des Dalles”. According to the
preservation scale proposed by Belvedere & Farlow
(2006), which includes four grades from 0 to 3, footprints
from Malaval show preservation grades 0 to 2. One track
is preserved on “Surface A” whereas nineteen tracks
are preserved as the assemblage composed of “Surface
B” and “Surface C” (Fig. 5C). In addition, three putative
footprints were distinguished on “Surface A” but these
are not convincing. Six ex situ tracks preserved as
concave epireliefs were discovered onto three isolated
blocks found on the floor of the cave (Fig. 6). Although
the “Super-Blanches” galleries are characterized by the
abundance of aragonite speleothems, they are absent
in the parts of the gallery yielding footprints. Because
of karstic weathering, preservation of the tracks from
the “Surface B” and “Surface C” are not of consistent
quality. Best preserved impressions show well
distinguished pads and claws (Fig. 10). Some traces
appear to be undertracks rather than “true tracks”.
Most of the footprints are oriented toward the northwest. Among the complete traces, three morphotypes
can be distinguished (Fig. 10; Table 2).
“Grallatorid” morphotype. The first morphotype
is represented by 3 isolated ichnites. Tracks are small

Table 1. A) Proportions of minerals given in Malaval samples by Topas software Rietveld refinement from XRD analyses. GOF: goodness of fit in
percent. Rwp: weighted residual percent. The variances given in this table correspond to the standard deviation given by Topas software multiplied
by the GOF. B) Carbonates (calcite and dolomite) estimations obtained by Rietveld refinement (a), Bernard calcimetry (b) and TGA–MS (c).

A

B

Sample

Dolomite

Calcite

Quartz

Kaolinite

Illite

GOF

Rwp

Unit 7

91.2 ± 0.8

0.7 ± 0.9

2.84 ± 0.3

1.23 ± 0.5

2.9 ± 1.1

1.73

7.81
7.86

Unit 6

24.9 ± 0.4

3.7 ± 0.4

16 ± 0.2

3.52 ± 0.9

51.5 ± 1.6

1.87

Unit 3, S.C.

86.28 ± 0.9

5.75 ± 0.4

4.37 ± 1.5

1.59 ± 0.4

1.71 ± 0.8

1.58

7

Unit 3, S.B.

81.17 ± 0.9

7.67 ± 0.4

5.89 ± 0.2

1.82 ± 0.4

3.2 ± 0.9

1.58

7.24

Sample

a

b

c

Unit 7

92

89

85 to 92

Unit 6

29

29

31 to 33

Unit 3, S.C.

92

91

85 to 92

Unit 3, S.B.

89

89

83 to 90
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Fig. 9. X-ray diffractograms obtained on bulk rock samples. From the bottom to top: Unit 3, S.C.; Unit 3, S.B.; Base of unit 7;
and Unit 6. Key: C: calcite; D: dolomite; I: illite; K: kaolinite; Q: quartz.

to medium-sized, longer than wide (L/W = 1.1–1.6),
14–29 cm long and 12.5–20.0 cm wide. The angle
between II and IV is 39–44°. Impressions of digits are
well-defined, elongated and they sometime show claw
marks. The trace of digit III is the longest. The length
of the free part of digit III is quite long (L/D = 2.0–2.6).
Impressions of digital pads are well preserved and are
circular to oval. The position of the digito-metatarsal
pad of digit IV is more proximal than of digit II. There
is no plantar impression.
“Dilophosauripus-Kayentapus” morphotype. The
second morphotype consists of 12 isolated footprints
and represent the most abundant traces in the
ichnological assemblage from Malaval. One partial
trackway composed of two consecutive tridactyl II–
IV tracks (A2–A3; Fig. 5C) displays a 109 cm pace
length. Tracks are as long as wide or larger than long
(L/W = 0.8–1.1), 16–29 cm long and 18–26 cm wide.
The divarication angle between II and IV is large,
65° in average (II–IV = 43–85°). Impressions of digits
are moderately elongated. Those of digit III is longer
than those of digits II and IV. Length of II and IV are
quite close. Imprints of pads are often weakly marked
whereas traces of claws are well-visible.
“Eubrontes” morphotype. The third morphotype
consists of 2 isolated and larger ichnites. Tracks are
longer than wide (L/W = 1.3), 29–30 cm long and
up to 23 cm wide. The divarication angle between
II and IV is quite large (II–IV = 47°) and D is short.
The position of the digito-metatarsal pad of digit IV
is more proximal than digit II. The best preserved
footprint displays large impressions of digits and wellmarked pads.

DISCUSSION

Fig. 10. Sketch of the three morphotypes from the Malaval Cave.
“Grallatorid” morphotype A11 and A13. “Dilophosauripus-Kayentapus”
morphotype, A2, A3, A6, A7, A9, A15, C1, and D1. “Eubrontes” morphotype,
A14 and A16. Digits II, III, and IV from right to left.

Comparison with other Early Jurassic tracks
and probable trackmakers
In European dinosaur tracksites, Grallator is an
ichnogenus commonly reported from the Hettangian
deposits of Italy (e.g., Avanzini et al., 2006), France
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Table 2. Values measured on Hettangian tridactyl tracks from the “Super-Blanches” galleries in the Malaval Cave. “L”, length
of the trace; “W’, width of the trace; “LII”, “LIII”, “LIV” lengths of the digits; “II–IV” divarication angle between digit II and
digit IV; “D”, length of the free part of digit III (all in cm except II–IV in degrees). Morphotype 1, “Grallatorid” morphotype;
Morphotype 2, “Dilophosauripus-Kayentapus” morphotype; Morphotype 3 “Eubrontes” morphotype.
Track number

L

W

LII

LIII

LIV

D

II-IV

Morphotype

A1

21

21

9.5

17

12

8

60

Morphotype 2

A2

24

25

10

20

13

12

85

Morphotype 2

A3

23

22.5

11

18.5

11.5

12

65

Morphotype 2

A4

29

20

-

-

-

11

39

Morphotype 1

A5

23

15

10

17

11

11

35

-

A6

18

18

8

11

11

8

43

Morphotype 2

A7

21

26

8

16

14

9.5

68

Morphotype 2

-

-

-

-

-

-

-

21

10

18

12

12.5

62

Morphotype 2

A8
A9

24

A10

26

25

-

23

13

14

46

Morphotype 2

A11

14

12.5

7

10

7

6

42

Morphotype 1

A12

26

-

-

-

-

-

60

-

A13

25

16

9

18

13

12

44

Morphotype 1

A14

30

-

-

-

-

-

-

Morphotype 3?

A15

23

26

14

18

18

9

53

Morphotype 2

A16

29

23

19

20

20

11

47

Morphotype 3

B1

22

17

10

18

16

9

46

-

B2

21

23

-

-

-

9

80

Morphotype 2

C1

16

20

9.5

13

11

7

78

Morphotype 2

C2

24

18

18

19

11

11

38

-

D1

29

-

10

-

12

10

70

Morphotype 2

D2

24

-

-

-

-

12

78

Morphotype 2

(e.g., Demathieu et al., 2002; Gand et al., 2007;
Moreau et al., 2012a, 2014), Poland (e.g., Gierliński
et al., 2004; Niedźwiedzki & Pieńkowski, 2016) and
Sweden (e.g., Ahlberg & Siverson, 1991; Lockley &
Meyer, 2000). In the Causses Basin, four ichnospecies
of Grallator were previously reported Grallator lescurei
(Demathieu, 1990), G. minusculus (Hitchcock, 1858),
G. sauclierensis (Demathieu & Sciau, 1992), and G.
variabilis (de Lapparent & Montenat, 1967). Among
“Grallatorid” morphotype from the Malaval Cave, one
isolated track (A11; Fig. 10) shares some similarities
with both G. variabilis and G. sauclierensis. G.
variabilis was described based on material from the
tidal flat area of Le Veillon (Vendée, western France;
de Lapparent & Montenat, 1967) and G. sauclierensis
was described based on material from the Sauclières
quarry (Aveyron, southern France; Demathieu &
Sciau, 1992): small track (i.e., 14 cm long) longer
than wide, well distinguished and thin traces of digits,
digito-metatarsal pad of digit IV more proximal than
of digit II. Although they are abundant in the middle
and southern part of the Causses Basin (Demathieu
et al., 2002), small Grallator traces seem less common
in northern part of the basin (Moreau et al., 2014).
Two footprints from the Malaval Cave (A4 and A13;
Fig. 10) present some similarities with the largest
Grallator ichnospecies, G. lescurei and G. minusculus,
described based on material from the Saint-Léons
quarry (Aveyron, southern France, Demathieu, 1990),
and the Harford and Deerfiled Basins (Connecticut
and Massachusetts; Hitchcock, 1858), respectively:
up to 30 cm long and longer than wide track, large
impressions of digits, moderate divarication angle
II–IV and pads well distinguished. It is noteworthy

that Demathieu (2003) reported strong similarities
between G. minusculus from the Causses and G.
maximus (de Lapparent & Montenat, 1967) described
based on material from Vendée. Except the Causses
Basin and the Vendée, Grallator was also reported
from other French tracksites dispersed in Dordogne
(Gand et al., 2007), Hérault (Bogdanoff et al., 1984;
Gand et al., 2007) and Var (Ellenberger, 1965).
Although the validity of the ichnotaxon Dilophosauripus
(Welles, 1971) is debatable according to some authors
(see Lucas et al., 2006), this ichnogenus was reported
from Hettangian-Sinemurian deposits of numerous
localities in France (e.g., Demathieu & Sciau, 1992;
Demathieu, 1993; Demathieu et al., 2002; Sciau,
2003; Demathieu & Gand , 2003; Gand et al., 2007).
“Dilophosauripus-Kayentapus” morphotype from
Malaval shares many similarities with Dilophosauripus
williamsi described by Demathieu et al. (2002) from
the Hettangian-Sinemurian deposits of the Causses
Basin: medium-size footprint (i.e., 22 cm in average),
values of the ratio L/W close to 1, large divarication
angle between II and IV, and impressions of II and
IV quite similar in length. However, D. williamsi
described by Demathieu et al. (2002) shows smaller
values of divarication angle II–IV (i.e., 54° in average)
than the “Dilophosauripus-Kayentapus” morphotype
from the Malaval Cave. Sciau (2003) and Moreau et
al. (2012a, 2012b, 2014) mentioned up to 98° values
in Dilophosauripus from Aveyron and Lozère. It
demonstrates the broad variability of the divarication
angle II–IV, probably depending of the nature and the
hydration of substratum. In France, with the exception
of the Causses Basin, few tracks from the Hettangian
of Dordogne were ascribed to Dilophosauripus (Gand
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et al., 2007). Otherwise, it is interesting to note that
some authors consider Dilophosauripus as a junior
synonym of Eubrontes and Kayentapus (Welles, 1971)
to be the valid ichnotaxon (see references in Lucas et
al., 2006; Lockley et al., 2011). In the Lower Jurassic
deposits from Europe, although Kayentapus was not
previously reported from France, this ichnogenus
was reported from Hungary (Gierliński, 1996), Italy
(Avanzini et al., 2006) and Poland (Gierliński &
Niedźwiedzki, 2005).
Among European dinosaur tracksites, Eubrontes
is an ichnogenus which was reported from the
Hettangian deposits of Italy (e.g., Avanzini et al.,
2006), France (e.g., Demathieu et al., 2002 and
references therein; Moreau et al., 2012a, 2014) and
Poland (e.g., Gierliński et al., 2004). In the Hettangian
deposits of France, Eubrontes (total length longer
than 25 cm sensu Olsen et al., 1998) is represented
by E. giganteus (Hitchcock, 1845) and E. veillonensis
(de Lapparent & Montenat, 1967), described based
on material from Connecticut, USA (Lull, 1953) and
Vendée, respectively. Both ichnospecies seem to
show many morphological similarities. However, E.
veillonensis (total length, 34 cm in average) is smaller
than E. giganteus (Gand et al., 2007). Although
“Eubrontes” morphotype from Malaval share some
similarities with E. giganteus described from the
Hettangian of the Causses Basin (e.g., large digit
impressions; value of L/W = 1.24 in average; short
free part of digit III), they are smaller (i.e., up to
51 cm in length among E. giganteus from Aveyron;
Demathieu & Sciau, 1999). We may notice that smallsized Eubrontes (i.e., 27–33 cm long) were reported in
the northern part of the Causses Basin and the Rodez
Strait (Moreau et al., 2012a, 2014). Although they
can show similar length, E. giganteus differs with G.
minusculus by a larger divarication angle (i.e., higher
than to 40°) and a smaller L/W value (i.e., 1.24 and
1.58 in E. giganteus and G. minusculus respectively;
Demathieu et al., 2002). Except the Causses Basin
and the Vendée, Eubrontes was also reported from
other French tracksites dispersed in areas such as
Dordogne (Gand et al., 2007), Lot (Lange-Badré &
Lafon, 2000) and Var (Ellenberger, 1965).
The phalangeal formula inferred for the trackmakers
of Grallator and Eubrontes (3, 4 and 5 pads for toes
traces II, III and IV) allow these ichnogenera to be
linked to theropod dinosaurs (Demathieu et al.,
2002). However, because tracks with high value of
divarication angle and L/W ratio close to 1 are often
linked with ornithopods, the likely trackmaker of
Dilophosauripus is debatable. Based on values of
(L-D)/D lower than 2.75, Demathieu et al. (2002)
demonstrated that Dilophosauripus is more probably
related to theropods. Dilophosauripus differs from
ornithopod footprints by the presence of sharp claw
impressions (Thulborn, 1990). Worldwide, bone
remains of Early Jurassic theropods were ascribed to
Coelophysidea and Ceratosausoria (i.e., Weishampel
et al., 2004 and references therein; Smith et al., 2007;
Xing et al., 2013). In Europe, their body fossils are
known from the Hettangian deposits of England,
France and Luxembourg (Larsonneur & Lapparent,

1966; Carrano & Sampson, 2004; Delsate & Ezcurra,
2014). However, in France, they remain extremely
rare. Unknown from the Hettangian of the Causses
Basin, French Hettangian theropods bones are only
represented by Lophostropheus airelensis from the
Moon-Airel Formation at Normandie (northwestern
France; Larsonneur & Lapparent, 1966; Cuny &
Galton, 1993; Ezcurra & Cuny, 2007).
Palaeoenvironmental reconstruction
Near Florac, the rare bivalves and gastropods, as
well as the rare ammonites (e.g., Psiloceras planorbis)
reported in the Hettangian Dolomitic Formation
attest of local marine inputs (Brun & Marcelin, 1934;
Brouder et al., 1977; Briand et al., 1979; Gèze et al.,
1980). However, in the same formation, near Mende,
lignite beds yielding plant remains indicate the
presence of local conifer-dominated forest (Thévenard,
1993). The most abundant remains are cuticles
ascribed to leafy axes and cones of conifers (e.g.,
Pagiophyllum peregrinum, Brachyphyllum paparelii;
Thévenard, 1993), more rarely to leaves of Ginkgoales
(c. Eretmophyllum caussenense Thévenard, 1992).
The co-occurrence of marine and terrestrial fossils in
the Dolomitic Formation attests to marginal-littoral
environments.
In the “Super-Blanches” galleries, the cryptalgal
laminites are characteristic of the intertidal and
supratidal zones of a tidal flat showing microbial
mats (e.g., Alsharhan & Kendall, 2003; Hamon, 2004;
Matysik, 2016). The lack of bioclasts and coarse
sediment suggest limited storm-generated transport.
All the elements may reflect a relative distance
between the track-bearing surfaces and the subtidal
zones. The non-porous fabric of the cryptalgal
laminites shows that the depositional environment
was regularly flooded. However, the desiccation
cracks and the dinosaur imprints indicate that
sediments were deposited in an environment which
was emergent periodically. Otherwise, the bioturbated
dolomudstone observed in the beds without tracks
suggest shallow subtidal zone, deposited in protected
area of strong tidal currents (e.g., Hamon, 2004;
Matysik, 2016). Therefore both dolomudstones facies
suggest that depositional environments varied from
sub-tidal to intertidal/supratidal areas in a large
and flat marsh. This hypothesis is also supported by
evidence of putative mud volcanoes which are common
in tidal environments (i.e., Eisma, 1998). The absence
of invertebrate skeletal fossils suggest restricted life
conditions, probably related to increase salinity, but
still suitable for pervasive bioturbation (Matysik,
2016). At Mende, 15 km NNW of the Malaval Cave, the
Dolomitic Formation yielded halite pseudomorphs,
suggesting local evaporitic conditions (Moreau, 2011).
Two categories of dolomite are commonly
distinguished: primary dolomite precipitating directly
from aqueous solution mostly at or near to 20-35°C
without CaCO3 dissolution; and secondary dolomite
replacing the mineral calcite (Banerjee, 2016 and
references therein). In the Causses Basin, the
Hettangian dolomite was tentatively interpreted as
both primary dolomite (at least partly; Alabouvette
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et al., 1988; Gauthier & Disnar, 1984; Defaut et al.,
1990) and early diagenetic dolomite, suggesting multiorigins (Hamon, 2004). The palaeoenvironmental
hypothesis of a tidal flat marsh can be supported by
the following arguments: penecontemporary dolomite
is identified in current environments such as shallow
lagoons, subtidal and evaporitic intertidal to supratidal
mud flats with strong microbial mat influence (e.g.,
sabkhas; Skinner, 1963; Illing et al., 1965; Shinn
et al., 1965; Irion & Müller, 1968; Bontognali et al.,
2010); laboratory experiments demonstrated that
microbial activity facilitate and increase the formation
of dolomite (Bontognali et al., 2010, 2014; Banerjee,
2016 and references therein); and dolomite is formed
where tidal flooding and storm sediments are followed
by many days of subaerial exposure (Shinn et al., 1965).
In present and fossil tidal flats, clayey component
commonly displays illite-dominated assemblage
coupled with other diverse clay minerals such as
smectite, kaolinite, and chlorite (e.g., Suttill et al.,
1982; Marty, 2008). For example, in the Late Jurassic
from Switzerland (Marty, 2008), laminites intervals
yielding dinosaur footprints are characterized by
illite-dominated clay assemblage (55-70%) followed by
illite/smectite mixed-layers (30-45%) and locally by
some kaolinite. Although kaolinite as well as smectite
can be illitised during diagenesis (Lanson et al.,
2009; Chamley, 2013) it is interesting to notice that
low kaolinite/illite ratio (e.g., Unit 6) might indicate
that immature palaeosols can be a source for the clay
minerals (Marty, 2008). Provenance of clays cannot
be unequivocally established and remains debatable.
However, it is noteworthy that Hamon & Merzeraud
(2008) reported illite-dominated pedogenic horizons
in peritidal facies from the Dolomitic Formation of the
south of the Causses Basin.

CONCLUSION
The combination of speleological prospecting and
photogrammetric investigation allow twenty six tracks
to be discovered and documented. They are mainly
preserved as in situ convex hyporeliefs onto the ceiling
of the “Galerie des Dalles”. The Hettangian fossil traces
from the Malaval Cave are all tridactyl footprints
ascribed to three morphotypes, “DilophosauripusKayentapus” morphotype, “Eubrontes” morphotype
and “Grallatorid” morphotype, which are related
to theropods. Dinosaur tracks are preserved in
dolomudstone with millimetre-thick cryptalgal
laminites microfacies. Palaeontology, sedimentology
and mineralogy indicate that the depositional
environment varied from subtidal to intertidal/
supratidal flat marsh which was emergent periodically.
This new tracksite definitively highlights the great
interest and importance of palaeoichnological
investigation in karst caves.
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Abstract:

Endemic and rare species as bioindicators of habitat vulnerability were used to develop
protection and management plans for biotope prioritization (mainly islands habitats, lava
tubes or groundwaters). Due to their narrow distribution, the endemic species (species
confined to a restricted geographic area) are more susceptible to ecological disequilibrium and
habitat loss than the widespread ones. Consequently, endemics become endangered in the
context of ecological disturbance caused by anthropogenic pressure, making them suitable
candidates to assess environmental preservation needs. Taking into consideration that most
of the stygobitic and troglobitic species are endemic and confined to specific karst areas,
based on their association and frequency we propose an endemicity index (EI) adapted to the
fragmented nature of the cave habitat. We used a double ranking methodology: (1) ranking the
endemic species according to their frequencies in caves, and (2) ranking the caves according
to their EI computed for a geographic area. Further, by mapping the caves based on their
related EI, we identified the hotspots of vulnerable karst areas. The EI has been developed
using as case study of 380 caves from Romania, known up to now to be inhabited by a total
of 278 endemic stygobitic and troglobitic species and subspecies. In our study area, 35 out
of 380 caves with endemic species, narrowly distributed to karst areas of the Carpathian
massifs and Dobrogea, had a considerable high EI. The EI proves to be highly sensitive to
unique taxa (endemics recorded in only one cave) and also to other endemic taxa - recorded
in more than one cave. However, all the endemites are confined to a specific geographic
area (in this case of study - the Carpathians and Dobrogea karst area). EI provides a reliable
criterion to rank caves using the contribution of endemic species in order to assess cave and
karst vulnerability and prioritize them for environment protection management.
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INTRODUCTION
Caves are inhabited by faunal communities that
reveal significant heterogeneity in species composition,
with aquatic (stygobitic) and terrestrial (troglobitic)
specialist species, adapted to live underground, and
also with generalist species, occurring accidentally
or willingly underground. The fragmented nature of
cave habitats and restricted opportunities for fauna
dispersal (Sket, 1999) has led to a high number of
narrowly-distributed subterranean taxa. These taxa
contribute significantly to the local and regional
species diversity and increase the conservation value
of caves and karst areas (Stoch & Galassi, 2010; Meleg
*eunitu@yahoo.com

et al., 2011). Consequently, the endemic stygobitic
and troglobitic species should play an important role
in assessing cave preservation priorities and karst
area vulnerability. Prioritizing these endemic species
for conservation purposes in karst areas is important:
1) due to their narrow distribution they are more
susceptible to ecological disequilibrium and habitat
loss (Cardoso et al., 2010), thus becoming endangered
in the context of ecological disturbance caused by
anthropogenic pressure in karst areas; 2) because they
are good candidate species of conservation concern,
the extinction of single-site endemics leading to loss
of functional diversity with possible unpredictable
consequences for ecosystem function at local scale
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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(Harvey et al., 2017); 3) because they constitute a high
proportion of the total richness of stygobitic (Michel et
al., 2009) and troglobitic fauna (Juberthie, 2000).
Endemicity has been proven to be a useful tool in
assessing environmental preservation priorities for
surface natural habitats (Fattorini, 2010). Specifically,
the use of (i) species rarity, (ii) vulnerability and (iii)
extinction risk offer a reliable method in ranking
priorities for preservation plans (Fattorini et al., 2013;
Fattorini & Dapporto, 2014). Considering these three
concepts, Fattorini et al. (2013) stressed that ‘endemics
are typically considered as taxa of conservation
concern’, a topic addressed also by other authors
(Myers & De Grave, 2000; Cook & MacDonald, 2001).
The endemic stygobitic and troglobitic species,
not only are extremely rare, many of them with ranges
strictly confined to a particular biotope (in some
or few caves), but the majority of them are relic
species which increases their value in terms of
‘biological conservation concern’. For our study
area (the Romanian Carpathians and Dobrogea)
the fauna is mostly represented by species with
Pliocene - Pleistocene origin (Decu & Racoviţă, 1994).
Comprehensive information about evolutionary
time for the troglobionts has been presented by
Pipan & Culver (2012). It is wor th mentioning
that since 1947, biogeographers agreed to use two
different terms, which are used in English just as
in French, to define two biogeographic concepts: a
relic is a species surviving from an ancient lineage;
it has a very restricted distribution area. A relict is
a species isolated from its normal distribution area
(Udvardy, 1969).
Under these considerations, all caves with endemic
stygobitic and troglobitic species should be included in
protected areas, but as Meyers et al. (2000) pointed out,
the integral protection desiderate is far to be achieved
by conservationists due to the lack of funding. As the
quoted authors mentioned ‘this places a premium on
priorities: how can we support the most species at the
least cost?’ One of the most effective and cost-efficient
method to preserve natural habitats is considered
to include them into protected areas (Ervin, 2003;
Chape et al., 2005; Michel et al, 2009; Fattorini et al.,
2012). For this, it is mandatory to establish criteria
for identifying and prioritizing natural habitats
by focusing their protection management on their
vulnerabilities and requirements.
To our knowledge, for subterranean environments,
species richness, distribution patterns and endemicity
have been used successfully to propose schemes
for: 1) groundwater fauna conservation during a
large-scale project named PASCALIS (Protocol for
the Assessment and Conservation of Aquatic Life
In the Subsurface) conducted in six European
regions (Gibert et al., 2009; Michel et al., 2009);
2) groundwater and karst conservation based on
groundwater fauna distribution modeling in France
and Romania (Castelarini et al., 2007; Meleg et al.,
2014); 3) establishing cave conservation priorities
based on terrestrial fauna in caves of Brazil (Jaffé et
al., 2016); 4) ranking the lava tubes and volcanic pits
for conservation purpose, based on multiple criteria

index which also included endemic troglobitic species
in Azorean Islands (Borges et al., 2004, 2012). However,
none of these approaches were based on both aquatic
and terrestrial subterranean fauna. Here we test how
both aquatic and terrestrial subterranean species
contribute to the use of endemicity to rank priority
areas for cave and karst conservation in Romania, by
proposing a Endemicity Index (EI).
We have developed the EI starting from the concept
and index of Biological Conservation Concern (BCC)
proposed by Fattorini (2006) that aimed to classify
terrestrial species (including the endemic species)
into categories of endangerment and to weight them
by their extinction risk.
As Fattorini & Dapporto (2014) stressed, the BCC
index is a `relative measure’ that is not sensitive to
species richness and which poses some problems.
On one hand, an assemblage with a single species
having maximum weight of vulnerability would
receive the same score of BBC index as an assemblage
with 10 species, all with maximum score, and, on
the other hand, an assemblage with a single species
with maximum weight has a higher score than an
assemblage with 10 species, nine with maximum
weight and one ranked with less weight than
maximum. Due to this bias, in this paper, we propose
an EI adapted to the cave habitat to avoid the above
mentioned shortcomings of the BCC index.
Our aim was to assess the relevance and efficiency
of applying endemicity and species richness as proxy
for conservation prioritization of caves and karst areas
by: 1) developing an endemicity index sensitive to
subterranean species richness and ranking species
weight of vulnerability (based on their frequencies);
2) ranking caves according to their endemicity index
computed in a holistic concept for a geographic area.
Our assessment is relevant in identifying the hotspots
of vulnerable karst areas based on biospeleological data.

METHODOLOGY
Dataset
The dataset included in the present paper has been
built during a comprehensive survey of the Romanian
caves with endemic subterranean Arthropod species
as synthesized in Nitzu et al. (2016), when 380 caves
inhabited by a total of 278 endemic cave-dwelling
(troglobitic and stygobitic) species and subspecies
were inventoried) (Fig. 1). This database including
all cave-dwellers distributed in the caves of the
Romanian Carpathians and Dobrogea, was used to
compute the synthetic EI. In this article we refer to
unique species for the endemic species that occurred
only in one cave. For endemic taxa we referred to the
taxa distributed in caves confined to one (the ‘unique’
species/subspecies) or more caves from karst areas
in the Carpathians or Dobrogea, but strictly confined
to the studied geographic area of Romania (Fig. 2).
We use the term endemism as given by the classical
and generally accepted definition (Udvardy, 1969;
Myers & Giller, 1988; Myers & De Grave, 2000).
Each of the endemic stygobitic or troglobitic species
and subspecies from the Romanian Carpathians or
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Fig. 1. Distribution of the endemic stygobitic and troglobitic taxa (at subspecies level) (Arthropoda) from the
Romanian caves per taxonomic classes.

Fig. 2. The map of caves in the study area with endemic subterranean fauna.

Dobrogea taken into consideration in this article
have distributions confined to karst areas of the
Apuseni Mountains, Southern Carpathians, Eastern
Carpatians or Dobrogea as in The Catalogue of Caves
with Endemic Cavernicolous Arthropod Fauna of
Romania (Nitzu et al., 2016).
The subspecies were taken into account when
computing EI because we consider them major
contributors to conservation plans: 1) in many

circumstances subspecies are likely to prove useful
in estimating the historical patterns of divergence
among populations (O’Brien & Mayr, 1991); 2) they
are important in allopatric speciation, in terms of
“gene-flow”; 3) even when molecular data are lacking
to support the status of new species vs. subspecies,
Phillimore & Owens (2006) concluded that the overall
level of congruence between taxonomic subspecies
and molecular phylogenetic data is greater than
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previously thought. Because by definition, the cave
habitat is fragmented and isolated (Sket, 1999)
the subspecies have an increased probability of
occurrence in it (considering that the cave-dwellers
have narrow ecological requirements and low
dispersion capacity). Therefore, troglobitic and
stygobitic species are more inclined toward isolation
and genome fragmentation and the presence of a large
number of subterranean endemic subspecies argues
for the age and the isolation of that fauna (Murienne
et al., 2014; Giurginca et al., 2015). Regarding the
importance of the subspecies in conservation plans,
we totally agree with the conclusion of Phillimore
& Owens (2006) that ‘subspecies may, in fact be of
considerable conservation utility, as proxies for the
sub-structure found within species…The conservation

utility of subspecies is likely to be greatest in situations
where the molecular data is absent’ – a scenario that
is likely to be frequently encountered in cave habitats.
Besides, the endemic subspecies represent a major
component of biodiversity and natural heritage (also
included in international systematic databases like
Fauna Europaea, Biolib, etc.), which oblige us to take
them into consideration for conservation purposes.
Endemicity index (EI )
All the endemic arthropod species and subspecies
were counted and ordered by their known frequency in
the Romanian caves (Table 1). Further they were ranked
on a relative scale of steps of species frequencies. A
logarithmic distribution curve of species frequency
was obtained (Fig. 3).

Table 1. The contribution of each supraspecific taxa (in alphabetic order) with endemic troglobitic and stygobitic species and subspecies to considered
ranking taxa based on their frequency in caves. Step parameters reported for the total of 380 caves.
Frequency
rank (W)
1
2
4
7
13
22
37

Step parameters
Sp+ssp. recorded
in 1 cave
Sp+ssp. Recorded in
2 caves
Sp+ssp. recorded
in 3-4 caves
Sp+ssp. recorded
in 5-7 caves
Sp+ssp. recorded
in 8-13 caves
Sp+ssp. recorded
in 14-22 caves
Sp+ssp. recorded
in 23-37 caves

The total number of endemic species per step on the relative scale of frequencies
Amph = Amphipoda; Ara = Araneae; Chi = Chilopoda; Clmb = Collembola Cole = Coleoptera;
Cop = Copepoda; Dpl = Diplopoda; Iso = Isopoda; Pseu = Pseudoscorpiones.
4(Amph) + 9 (Ara) + 1(Chi) + 6(Clmb) + 79(Cole + 5(Cop) + 9 (Dpl) + 11(Iso) + 7(Pseu) = 131
2(Amph) + 6 (Ara) + 0 (Chi) + 6 (Clmb) + 33(Cole(+ 4Cop + 8(Dpl) + 4Iso + 1Pseu = 64
1(Amph) + 6(Ara) + 0(Chi) + 6(Clmb) + 18Cole + 0(Cop) + 3(Dpl) + 1(Iso) + 0(Pseu) = 35
1Amph + 2(Ara) + 2(Chi) + 1(Clmb) + 8(Cole) + 2(Cop) + 2(Dpl) + 1(Iso) + 1(Pseu) = 20
1(Amph) + 3(Ara) + 1(Chi) + 1(Clmb) + 3(Cole) + 2(Cop) + 0(Dpl) (+(2)Iso + (0)Pseu = 13
1Amph + 1(Ara) + 0(Chi) + 0(Clmb) + 0(Cole) + 1(Cop) + 2(Dpl) + 0(Iso) + 0(Pseu) = 5
0(Amph) + 2(Ara) + 1(Chi) + 1(Clmb) + 0(Cole) + 0(Cop) + 1(Dpl) + 0(Iso) + 0(Pseu) = 5

relative (arbitrary) scales, the number of steps
is assigned by authors for an optimal ranking
(Saaty, 1993), but starting from the practical
observed distribution of frequencies.
For a better reflection of the conservation
importance of species related to their endemic
status, each frequency step was weighted
using the formula created for the logarithmic
distribution, as follows:

step −1  

1+(logstepmaxGmax −1)

Stepmax −1  


W(step) = trunc step





Fig. 3. The distribution of endemic taxa (at subspecies level) in caves (c) per
classes of frequencies.

To better emphasise the differences between caves,
according to their species richness and species rarity,
we used a weighted relative scale, frequently used in
landscape ecology (Turner et al., 2001). ‘In weighting
procedure, each objective is assigned to a fractional
level of importance’ (Gareth et al., 2000). In cases of

where W = computed weight assigned to a ranking
step (here from one to seven) (weight function on
step); Stepmax = the number of the maximum
steps of the relative scale (here = seven); Gmax =
the number of caves in which the most frequent
endemic species was recorded; Trunc = adjusted
to the nearest low integer number.
The most frequent endemic species received the
maximum score of frequency (W), and the rarest,
the smallest one (the species occurring in one
cave only will have W = 1).
The EI for each cave was calculated as follows:

EI =

L

ni

∑Wi

i =1

International Journal of Speleology, 47 (1), 43-52. Tampa, FL (USA) January 2018

Use of endemic cave-dwellwers for caves prioritisation

where L = total number of steps from the relative scale
of frequencies; n = total number of species belonging
to each step, counted in cave; W = weight of each step.
EI will take values from the lowest recorded values
(cases with one endemic species belonging to the
highest value of W) to maximum.
An example of EI calculation is provided below: for
instance, for a cave with only one endemic species, a
case recorded in 37 caves (the total number of caves
in which that species occurred = the known range of
the species), according to Table 1, the computed W for
species occurrence in 23–37 caves is W = 37 and the
EI = 1/37 = 0.027 (≈0.03)
For Closani Cave (No. 12 in Supplemental Annex 1) we
counted 1 species with W = 1 (unique species), 2 sp. with
W = 2 (species recorded only in two caves), 2 sp. with
W = 4, 5 sp. with W = 7 and 3 sp. with W = 37. Then,
EI = 1/1 + 1/2 + 2/4 + 5/7 + 3/37 = 1 +0.5 + 0.5 + 0.7
+ 0.081 = 2.781 (≈2.8).
For Movile Cave we found 15 unique species
(recorded only in one cave – Movile in this case)
(W = 1), and 2 sp. recorded in one more cave, so two
caves in total (W = 2). The EI = 15/1 + 2/2 = 16. For
our case of study, the Movile Cave has the maximum
value of EI.
Ranking caves according to their endemicity index
for prioritization purposes
Caves were ordered by their computed EI, and then
ranked in classes of conservation concern based on
a relative scale of endemicity, each class receiving a
color code: dark red – caves with EI > 5; red – caves
with EI between 4 and 2; orange – caves with EI
between 2 and 1; ocher – caves with EI between 1 and
0.5; yellow – caves with EI between 0.5 and 0.25; and
light yellow – caves with EI < 0.25.
Mapping karst area vulnerability
Further, the caves were mapped according to
their coordinates (Fig. 2, Supplemental Annex 1)
(Geographic Coordinate System GCS ETRS 1989,
Projection Lambert Azimuthal Equal Area) using
ArcGIS v. 10 (ESRI [Environmental Systems Research
Institute], 2010). A feature grid with a cell size of 10
km2 was generated, using the Fishnet tool in ArcGIS.
The caves were intersected with the generated fishnet
polygons using spatial join tool, and a new feature
class was created in the resulting polygon that
records the number of caves within each square.
The resulting grid has been converted in raster grid
format and reclassified in five vulnerability classes.
As our goal was to protect the endemic fauna “in situ”,
the entire cell area of protection has been taken into
consideration, as resulted in the map of hotspots karst
areas According to the caves belonging to each cell,
and their related EI, each cell received a color. The
map color bar varies from dark-red (the areas with
the highest endemicity score and with the highest
protection needs based on the related species) - to light
yellow, according to the map color bar, corresponding
to color codes of each class as explained above. The
vulnerability class of each cell is given by the cave
with highest EI belonging to a particular cell.
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RESULTS AND DISCUSSIONS
Endemicity index
As expected, a large number of species and
subspecies were recorded only in one (131 sp. and
ssp.) or few caves (Table 1), the distribution of their
frequencies describing a logarithmic curve (Fig. 3).
The high number of narrowly distributed species in
caves of Romania align with previous findings that
subterranean environments are characterized by a
high percentage of endemic fauna confined to specific
caves, as emphasized by studies conducted in the last
decades all over the world (see Culver & Sket, 2000;
Christman et al., 2005; Eberhard et al., 2005; Stein
et al., 2012; Iepure et al., 2016; Trajano et al., 2016).
The endemic taxa were ranked on seven steps of
relative scale of frequencies, each step weighted from
1 (endemics reported in one cave) to 37 (endemics
known from 23–37 caves) (Table 1). The maximum
weight was given (accordingly to the W formula) by
the most frequent species which occur, in our case,
in 37 caves.
The Movile Cave presented the highest EI = 16.
The following 386 caves inhabited by endemic fauna,
presented EI ranging from 4.05 to 0.03 (Supplemental
Annex 1).
EI proves to be very sensitive to number of taxa with
W = 1 (15 endemic arthropod species were restricted
to Movile Cave), but it is also influenced by each
added number of endemic taxa with W higher than 1
that occurs in a cave. The 4-fold difference between
the EI in Movile Cave and other caves is related
to the peculiarity of Movile that is one of the most
extreme cases of highly evolved chemosynthetically
based ecosystem (Sarbu et al., 1996) supporting
through its high productivity an outstandingly high
percentage of cave-adapted endemic species (over
65%) (Sarbu, 2000). The high diversity and species
richness of the Movile Cave is also a consequence of
its mesothermalism and of its historic biogeographic
relation with the Euxinic glacial sub-refuge (Nitzu,
2001).
Ranking caves according to their endemicity index
for prioritization purposes
According to their computed EI, the caves were
ranked on a relative scale of six steps of conservation
concern, each step receiving a color code (Supplemental
Annex 1). Leaving aside the particular case of Movile
Cave, 35 caves present a high EI (between 4.05
and 2); therefore these caves were assigned to
the second class of conservation concern (red in
Supplemental Annex 1). Most of these caves are
inhabited by two or at least one unique taxa (recorded
in only one cave), and also, by a considerable number
of endemic taxa, recorded up to present just in few
caves. Davies et al. (2004) stressed that both species
rarity and specialized adaptations may increase
the risk of species extinction independently, even
synergistically. Cave-dwelling fauna, with its narrow
distribution ranges and adaptive specialized traits
developed to cope with the subterranean environment,
is no exception. Consequently, we consider that the
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aforementioned caves should be of high conservation
concern, to protect the endemic subterranean fauna
they shelter.
The same conservation concern concept should be
applied to caves listed in the third class of conservation
concern (72 caves with EI ranging from 1.94 to 1
(orange in Supplemental Annex 1). Despite their lower
diversity in terms of endemic taxa, in comparison
with caves clustered in second class of conservation
concern, these caves are also populated by unique
taxa or by or taxa with extremely narrow distribution
(most of them with one endemic taxa recorded in one
or two caves).
The fourth class of conservation concern includes
58 caves with EI between 0.94 and 0.5 (ocher in
Supplemental Annex 1). These caves are inhabited
by endemic stygobitic and troglobitic taxa with
distribution ranges confined to two or four caves.
Finally, the next two classes of conservation concern
include caves with EI < 0.5 (yellow and light yellow in
Supplemental Annex 1). The caves clustered in the fifth
class, with EI ranging from 0.45 to 0.25, is inhabited
by endemic fauna encountered in few caves (3–4
caves) to up to 37 caves, from a small geographic area
that should be protected by local conservation plans.
In a broad sense, rare species play an important
role in the ecosystem composition and functioning
as follows: 1) they contribute to the maintenance of
ecosystem diversity; 2) they might be indicators of
species diversity patterns (Lyons et al., 2005). In the
context of subterranean environments, the aquatic
narrowly distributed species maintain a high water
quality through water purification, bioremediation,
water infiltration and transport (Boulton et al.,
2008; Griebler et al., 2010), while their persistence
underground is an indicator of surface-groundwater
system health (Meleg et al., 2014). In our study most of
the endemic stygobitic and troglobitic species are rare
and narrowly distributed; therefore their presence in
the studied caves is an essential driver in maintaining
the ecosystem's dynamic equilibrium (Culver et al.,
2006; Culver & Pipan, 2014). As such, we consider
EI a good proxy for assessing protection priorities for
caves and karst areas as follows: caves where high EI
were recorded should be prioritized at national level in
terms of conservation concern, while those with low EI
should be included in regional conservation agendas.
Mapping karst area vulnerability
Caves and karst areas are considered to be highly
sensitive to various environmental and disturbance
factors associated with epigean invasive species
(Wynne et al., 2014), deforestation (Trajano, 2000) and
global climate change (Mammola et al., 2017). Given
the peculiarities and vulnerability of cave ecosystems
and karst landscapes, their preservation and
protection should be of particular concern. Although
large karst areas in Romania (75.65 %) are included
in already-designated protected areas, there are no
taken actions to prove that the environmental policy
provides a sustainable framework for subterranean
fauna and karst conservation. The caves were
mapped by assigning them color codes related to their

EI to highlight the karst areas of highest conservation
concern (Fig. 4). Based on our assessment, Movile
is the cave with the highest concern for protection.
This cave is protected by the Romanian law as
subterranean habitat of high interest based on its
geological importance (Law no. 49/2011) and it is also
protected as habitat H8310 (the code for Caves not
open to public) within the Natura 2000 Network under
the European Habitat Directive 42/93. Unfortunately,
22 of the other 35 caves of high conservation concern
(grouped in the second class) are still unprotected
because of missing legislative frame for protection
of endemic stygobitic and troglobitic fauna in
Romania. The lack of proper conservation plans
dedicated to invertebrates that are frequently island
or cave inhabitants (Martín et al., 2010), has been
discussed by Cardoso et al. (2011). They emphasized
the impediments due to which invertebrates (even
though most susceptible to habitat loss) are often
neglected in biodiversity conservation policies. This
gap in the conservation plans of endemic invertebrate
subterranean fauna in Romania was up to present
justified by the lack of any synthetic assessment of
hotspot areas from a biospeleological point of view.
We hope that our contribution offers a feasible
solution to the above mentioned shortcomings, by
proposing a general scientific method for assessing
the vulnerability of karst areas, and also to map the
hotspots of vulnerable karst areas in Romania based
on the presence of endemic cavernicolous species of
conservation concern.
Comparison of EI with other published indices
proposed for conservation purposes
For the BCC index, Fattorini has used a linear scale
with eight steps (equal weighting steps), based on the
0/1 principle to assess the contribution to weighting
of three parameters: abundance (high/low), biotope
(wide/narrow) and range (wide/narrow). For EI we
firstly counted the number of species occurring from
one to the maximum number of caves, and then by
taking into account the observed logarithmic scale
of species frequency distribution, we differentially
weighted each step of the relative scale in order to
increase the statistical power of unique species and
species occurring only in two caves, in comparison
to the most frequent species (in our case species
recorded in 22 to 37 caves) (Table 1).
In the present study, we provide a formula adapted
to a logarithmic distribution of species frequencies (a
type of statistical distribution common in caves) for
weighting each step of the relative scale, reducing
the risk of biased values of computed endemicity
index. Generally speaking (independent of what cavedwelling or epigean species contributed to the observed
pattern), applying an arbitrary weight to each step of
a relative scale, while ignoring the real distribution of
frequencies values, would bias the final results. For
instance, applying a linear (equal) weighting to each
step for an observed logarithmic distribution of the
frequencies (or Gaussian distribution - as observed
for the most of epigean species), will arbitrary reduce
or increase the importance of that step (or class). In
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Fig. 4. The map of hotspot karst areas based on endemicity scale.

other words, a weight incorrectly assumed to a specific
step of the relative ranking scale, would lead to errors
in the final interpretation.
In comparison to the Biodiversity Conservation
Weight index (BCW) proposed by Fattorini & Dapporto
(2014) to correct the biased BCC index, in which the
authors have used the ratio between local and total
weights (ά), we used the ratio between the number of
species (n) and the weight of each class of frequency.
An interesting methodology for reserve selection
for conserving groundwater biodiversity, including
three selection methods (species richness hotspots,
endemism hotspots and complemetareity) has been
described by Michel et al. (2009). We believe that
assessing the role of species richness and endemicity
indices individually and by comparison in designing
protected areas and networks is most appropriate
for large scale geographic areas, when the regional
endemicity contributes highly to observed patterns.
For smaller geographic areas, especially when the
protection of caves (small and isolated habitats)
is aimed, we consider that a synthetic index (EI)
including richness of endemic species weighted on
their frequencies is more suitable, having in mind
that in caves, the most vulnerable species are the
endemic cave-dwellers with very narrow ranges and
they contribute significantly to the subterranean
biodiversity. Michel et al. (2009) started from the
premise that choose an arbitrary threshold level

of 10% of all geographic cells (4675 grid cells – 0.2
x 0.20) would best represent the diversity of the
stygobitic fauna in six countries for reserve selection
purpose. In our study, based both on stygobitic and
troglobitic endemic fauna, we distributed the species
on an arbitrary (relative) scale of seven weighted steps
of frequencies. Then we computed the EI for each
cave. At the end, depending on their EI values, the
caves were ranked for protection priorities purpose.
At a larger geographic scale, Michel et al. (2009),
have taken into consideration the species penalty
factor (SPF) computed with MARXAN software for
reserve selection to protect groundwater biodiversity.
As the authors mentioned ‘SPF is a weighting
factor which determines the relative importance for
adequately representing a particular species’. This
penalty is given to the species that have not met
their representation target. Broadly speaking, SPF
determines to what priority each individual target or
feature can accomplish its goal. As the quoted authors
have observed, ‘the complementary areas obtained
without species penalties were almost efficient as
endemism hotspots because (i) the endemism hotspots
are complementary by nature and (ii) endemic species
themselves strongly influence the cell selection
process as they constitute a high proportion of the
total richness of groundwater fauna’. Comparatively,
the EI is a weighting index which determines the
relative importance for adequately representing the
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contribution of each endemic species (function of
its frequency in the entire studied area), in species
association of a particular case (cave in our case).
For cave habitats, in the Azores Islands, Borges
et al. (2004) proposed a multiple criteria index
entitled ‘Importance Value for Conservation’ (IV-C),
incorporating arthropod species diversity together
with: geology index, difficulty of exploration index,
threats index, integrity index, accessibility index.
This methodology is hard to follow and ambiguous
establishing the reliable factors for protection. As
the authors have asserted ‘when different values of
criteria are combined in a single index, it is difficult
to know what the single value obtained from it
represents’ (Borges et al., 2004). In a further
publication (Borges et al., 2012) the authors have
tried to correct this inconvenient, but the proposed
methodology remains hard to follow. By contrast,
EI based on the frequency of endemic cave-dwelling
species, overcomes difficulties that may arise when
interpreting multiple criteria indices or biased results
that may appear due to a higher weighting than
normal of a given feature, as mentioned for IV-C index
(Borges et al., 2004).

CONCLUSIONS
For biologists the protection of rare and endangered
species is by itself an important aim in biodiversity
conservation and furthermore their presence in
specific areas makes them suitable candidates in
assessing and designating protected areas. In former
protection studies, the endemic species were used
in addition to other rare species in conservation
priorities of islands (Fattorini & Dapporto, 2014),
or incorporated in a complex index (Borges et al.,
2004, 2012) for conservation priorities in lava tubes.
In this article, we proposed an index of endemicity
conceived to protect “in situ” the endemic stygobitic
and troglobitic species, ranking the caves based on
their endemicity index (EI). The EI is sensitive both to
species richness and their vulnerability, able to solve
the problems raised by the above mentioned indices.
The authors of the formerly quoted studies also
ranked the species in relative scales. In our article we
provide a formula based on logarithmic distribution
of species frequencies for weighting each step of the
relative scale to reduce the risk of biased values of
EI. Based on the cave’s EI, we obtained the map of
karst area vulnerability and the related hotspots of
‘conservation concern’.
The proposed EI was generated as a solution for
prioritization of small and isolated habitats (caves)
at medium scale, different by the suitable solutions
available for reserve selection in continuous
groundwater habits, at large scale areas (Michel et
al., 2009). At medium scale geographic areas (taking
into consideration that is compulsory to include the
entire ranges of the considered endemic cave-dwelling
species of a studied geographic area), the proposed
index can be used to protect the caves with high
endemic fauna, without establishing a threshold, but
on a scale of their vulnerability, thus avoiding the

risk of under-representing or excluding the endemic
species of interest.
Our results have proven reliable and robust, therefore,
we consider that the focus should be on the primary
factors, such as species richness and endemicity,
when protection and preservation considerations with
regard to cavernicolous (troglobitic and stygobitic)
species and their habitat are developed on small (i.e.,
confined to a small geographic area like caves from
a mountain massif) to medium scale geographic area
(i.e., the Carpathian, Balkan, Mediterranean areas).
In future studies, we intend to corroborate
biospeleological conservation concern data with
information regarding the complexity of other elements
of conservation concern in subterranean environments
(i.e., functional diversity, source-sink dynamics,
geology, hydrology, impacts and threats), to asses
a comprehensive prioritization of caves and karst
area in the context of their preservation, protection
and sustainable management. Then, comparing
all those different criteria of vulnerability, we will be
able to establish which cave is most vulnerable to
which factor.
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Abstract:

Keywords:

The Carajás Mineral Province has one of the largest concentrations of caves in Brazil, and
its iron ore is among the country’s main exports. As a result of iron ore intense extraction,
new environmental policies have been implemented. In an attempt to balance economic
activity and environmental conservation, an inventory and a relevance-based classification of
caves were implemented in 2008 as criteria for environmental licensing of mining ventures.
This implementation motivated the present study of phosphate speleothems in Carajás’
caves developed in ferriferous rocks. The objectives of this study are to describe the
phosphate minerals and their formation processes based on geochemical and petrographic
analysis, X-ray powder diffraction (XRD), differential scanning calorimetry coupled with
thermogravimetry (DSC-TG), Fourier-transform infrared (FTIR) and scanning electron
microscopy (SEM). Eight caves were selected for this study, along the slopes of the plateaus
from Carajás. The phosphate speleothems usually present compositional zoning, with
strengite-phosphosiderite in the core and leucophosphite-spheniscidite on the edges. This
zoning cannot be related to leucophosphite-spheniscidite decomposition, since the DSC-TG
curves show that dehydroxylation and loss of NH3 from leucophosphite-spheniscidite require
temperatures higher than 250°C. FTIR results allowed us to identify the NH4 functional group,
based on absorbance bands at 1,430 and 3,040 cm-1, which associated to other data confirm
the presence of spheniscidite. Refined values of the unit cell parameters for spheniscidite
(a = 9.803 Å, b = 9.722 Å, c = 9.858 Å, β = 102.78°) obtained using the Rietveld refinement,
were slightly lower than those of the ICSD-39654 file. These smaller values are attributed to
increasing substitutions of K+ for NH4+, and Al3+ for Fe3+. Based on the geochemical analysis,
significant enrichment in P2O5, Zn, Ni, and Rb was detected in phosphate speleothems, and
phosphatized laterite, suggesting that bat guano was a potential source of these elements.
cave, iron ore, phosphate speleothems, spheniscidite, Carajás
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INTRODUCTION
The caves in the Carajás Mineral Province, southeastern
Pará State (Brazil), developed at the interface between
a lateritic crust and saprolite rock belonging to the
Grão-Pará Group (jaspilite and associated mafic rocks).
These caves are typically present in or around iron ore
mining areas at the Carajás Mineral Province, which
is world’s one of the largest mineral provinces of Fe
and has one of largest concentration of caves in Brazil
(Parker et al., 2013a; Piló et al., 2015).
Although the caves developed in ferriferous rocks
of Carajás represent a unique minerogenic area that
*alanleal@ufpa.br

differs from typical carbonate rocks, these caves
can also be regarded as a karst system due to their
dissolution features, such as those described by
Simmons (1963) in the Quadrilátero Ferrífero, Minas
Gerais State, Brazil. According to the classification
system presented by Gillieson (1996), karst terrains
and their caves develop not only in carbonate and
evaporite rocks but also in arenite, basalt, granite,
and laterite.
Axelrod et al. (1952) published a relevant report on
caves developed in ferriferous rocks and described
caves in solid iron ore at Montes Bomi, northwestern
Liberia. In Brazil, pioneer studies of caves developed
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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in iron ore and associated rocks were carried out by
Simmons (1963) at the Quadrilátero Ferrífero, Tolbert
et al. (1971), and Maurity & Kotschoubey (1995) at
Serra dos Carajás, southeastern Pará State.
Initially, formation and ecosystems studies of cave
in ferriferous rocks were performed only for scientific
purposes. In 2008, following a Brazilian Decree 6.640,
the inventorying and relevance-based classification of
these ecosystems became criteria for environmental
licensing of mining ventures (Auler & Piló, 2015).
Maurity
&
Kotschoubey
(1995)
identified
speleothems composed of Fe and Al oxide-hydroxides,
sulfates and phosphates in caves on Serra Norte,
Carajás. These authors described leucophosphite
[KFe2(PO4)2OH . 2H2O], strengite, and phosphosiderite
(FePO4 . 2H2O polymorphs) as the most abundant
minerals composing these cave’s speleothems, which
are present on cave walls, floors and ceilings as
stalactites, stalagmites, crusts and coralloids.
The formation of these phosphate minerals in
cave ecosystems has been attributed to interactions
between bat guano and the surrounding rocks
(Axelrod et al., 1952; Simmons, 1963; Simmons, 1964;
Bridge, 1973; Maurity & Kotschoubey, 1995; Onac &
Vereş, 2003; Giurgiu & Tămaş, 2013; Sauro et al.,
2014; Wurster et al., 2015). However, the formation,
evolution, and geochemical signature of guano in
these phosphate minerals in the Carajás’ caves have
not been previously discussed.
The speleothems from the Carajás’ caves were
investigated with the objective of identifying phosphate

minerals and their origin based on data from
geochemical and petrographic analysis, X-ray powder
diffraction (XRD), differential scanning calorimetry
coupled with thermogravimetry (DSC-TG), Fouriertransform infrared spectrometry (FTIR), and scanning
electron microscopy (SEM). In addition, our goals were
to contribute to the literature on caves developed in
iron ore and laterite, whose formation and evolution
are poorly understood, and to provide new perspectives
for future studies of karst environments in iron ores,
given that these systems can be points of conflict
between mining and speleological conservation.
GEOLOGICAL AND GEOMORPHOLOGICAL SETTING
The Serra Norte geomorphologic unit (North Ridge) is
represented by several plateaus, named in a sequence,
beginning with N (North): N1, N2, N3, N4, N5, N6, N7,
and N8. The eight caves studied in this work are located
along the slopes of N4 and N5 plateaus, where iron
ore exploitation is in progress (Fig. 1). The Serra Norte
is located in the residual hills of Serra dos Carajás,
southwestern Pará State, Brazil (Fig. 1). The Serra dos
Carajás’ plateaus are part of the Planalto Dissecado
do Sul do Pará and are believed to be partly planation
surfaces resulting from Pliocene pediplanation and
partly ancient Cretaceous or pre-Cretaceous pediplains
(Boaventura et al., 1974). The Planalto Dissecado do
Sul do Pará is characterized by residual hills with
flat tops and groups of peaks and crests interspersed
among low lying terrain (Boaventura et al., 1974).

Fig. 1. Simplified geological map showing the locations of the caves from this study (modified from Vasquez et al., 2008).
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The Serra Norte is underlain by thick lateritic crust
(probably Late Cenozoic), developed on Neoarchean
rocks belonging to the Grão-Pará Group (Maurity
& Kotschoubey, 1995; Macambira, 2003). This
group consists of metabasalt from Parauapebas
Formation and banded iron formations (BIF) from
Carajás Formation (Tolbert et al., 1971; Maurity &
Kotschoubey, 1995; Macambira, 2003; Piló & Auler,
2009; Parker et al., 2013a; Piló et al., 2015). These
rocks influence the overlying lateritic crust formed
on them, both chemical composition and texture, as
well as in the supply of Fe and Al to the formation
of speleothems, as follow: 1) an aluminous iron crust
with spherulitic texture, derived from metavulcanic
rocks; and 2) a hematite crust with breccioid texture,
originated from the weathering of iron formations
(Maurity & Kotschoubey, 1995).
The interface between the lateritic crust and the
saprolite of the Grão-Pará rocks represents the
most suitable horizon for cave development, where
low density zones correspond to layers with high
permeability and porosity (Simmons, 1963; Maurity
& Kotschoubey, 1995; Piló & Auler, 2009).
According to Maurity and Kotschoubey (1995),
the formation of Carajás’ caves could be related to
supergene processes. The Fe, Al, and Si mobilization
and redistribution in the lateritic crust caused the
formation of porous and permeable zones that due to
erosion and dissolution formed the halls and galleries
of the caves. Another possibility for caves formation
in iron rocks could be by microbial action (McFarlane
and Twidale 1987; Parker et al., 2013b). Parker et al.
(2013a) identified microbial species and pendulous
biofilms inside Carajás’ caves. Some of these species
are recognized as responsible for iron oxidation and
reduction processes.
The Carajás’ caves are small in size, in average of
33 m. Structural control is most apparent in the caves
developed in BIF. Drainage channels and temporary
pools occur through the concentration of drip or
percolation of rainwater infiltrated through small
conduits or geological discontinuities. Most of the
caves are connected to the hydrological system of the
modern slopes, generating an irregular subsurface
flow, however, without interconnection between them.
The percolation of water in caves depends on the rock
porosity and their proximity to the surface. As Carajás’
caves are shallow, the water flow is significant only
during the rainy season (Piló et al., 2015).
According to Maurity and Kotschoubey (1995),
the speleothems formation could be related to
the last evolutional stage of the caves, caused by
dissolution and reprecipitation processes. These
deposits are composed of oxide-hydroxides, sulfates,
and phosphates of Fe and/or Al, which constitute
floor, wall, and ceilings coating in the form of crusts,
coralloids, stalactites, and stalagmites.
Caves of N5 Plateau
Caves N5S-0001 and N5S-0002 are located in the
middle of N5 Plateau (Figs. 1 and 2a, b), at the interface
between the jaspilite saprolite and the lateritic crust.
Jaspilite saprolite with leached silica bands is present
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locally, exposing its primary structure, which is
characterized by alternating bands of jasper and iron
oxide-hydroxides (hematite and/or goethite). The
lateritic crust exhibits a porous texture, a breccioid
aspect, and is composed of angular jaspilite clasts
cemented by iron oxide-hydroxides (Fig. 2c). The
speleothems exhibit crust and coralloid forms of
millimetric thickness (Fig. 2c, d). Small colonies of
bats are present in the caves.
Caves of N4 Plateau
The caves of N4 Plateau were divided into two
groups: those on the east side (N4E) and those on
the southwest side (N4WS). Caves N4E-0016, N4E0018, N4E-0027, and N4E-0038, on the east side
(Figs. 1 and 3a-d), developed at the interface between
the lateritic crust and the jaspilite saprolite. The
saprolite shows the preserved relict structure of the
original rock, with locally preserved jaspilite portions
(Fig. 3e). The lateritic crust displays breccioid aspect
and porosity controlled by the jaspilite lamination
orientation and is composed of angular jaspilite clasts
cemented by iron oxide-hydroxides. The speleothems
occur as crust and coralloid of millimetric thickness
(Fig. 3e). Few bats were observed.
Caves N4WS-0067 and N4WS-0072 are located on
the southwest side of N4 Plateau (Figs. 1 and 4a, b)
within the lateritic crust. The lateritic crust displays
a porous texture with a breccioid aspect and is
composed of angular jaspilite fragments surrounded
locally by phosphate material, creating phosphatized
laterite (Fig. 4c). Compare to other caves described in
this study, in both N4WS cavities, the speleothems
are well developed and contain a greater variety of
speleothems, particularly stalactites, stalagmites,
crusts, and coralloids. These speleothems are located
along the walls and cover the cave floors and ceiling
(Fig. 4c). On the floor of Cave N4WS-0067, ravines
typically deeper than 2 m and paleofloors were
observed (Fig. 4d). These caves contain colonies with
hundreds of bats and guano accumulations a few
centimeters thick.

MATERIALS AND METHODS
Thirty-three samples were collected from 8 caves
located on N4 and N5 plateaus (Fig. 1). The samples
consisted of 5 phosphatized laterite samples, 14
lateritic crust and jaspilite saprolite samples, and 14
speleothem samples. Four speleothem samples were
split into core and edges, generating 4 additional
samples, for a total of 37 subsamples.
Textural and mineralogical features were characterized
by analyzing 23 polished thin sections under a light
microscope (LEICA model DM2700 P). In addition, 21
undisturbed fragments and 11 polished thin sections
were analyzed by SEM (Zeiss model LEO 1430) coupled
with point qualitative chemical analysis by energy
dispersive spectroscopy (EDS). The SEM imaging was
performed using the backscattered electron (BSE)
and secondary electron (SE) techniques with a 90 µA
emission current, a 20 kV constant accelerating voltage,
a 15 mm working distance and a 30 s acquisition time.
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Fig. 2. Caves of the N5S Plateau. a-b) maps of caves N5S-0001 and N5S-0002, showing sampling sites;
c) jaspilite saprolite with leached silica bands, and small coralloid composed of iron oxide-hydroxide and
phosphates (inset 1 for details); d) breccioid lateritic crust with jaspilite clasts, and whitish iron phosphate
crust and iron oxide-hydroxide coralloids (inset 2 for details).

Mineralogical identification was also performed
by XRD analysis of 37 samples using the powder
method. The diffractometer used was an Empyrean,
from PANalytical equipped with a Co anode (Kα1
1.790 Å), a Fe Kβ filter, a 1/4° divergence slit, a 1/2°
anti-scatter slit, and a 10 mm beam mask. A 0.02°
2θ step size, 5° to 75° scanning at 2θ, a 70.125 s
step time, a 40 kV voltage and a 40 mA current were
used. The LaB6 NIST/SRM 660b standard was used to
determine instrumental resolution. Data acquisition
was performed with PANalytical X’Pert Data Collector
software version 5.1, and mineralogical identification
was performed with PANalytical X’Pert HighScore Plus
software version 4.0 using the PDF-ICDD database
(Powder Diffraction File - International Center for
Diffraction Data).
Structural calculation of spheniscidite [NH4Fe2
(PO4)2(OH) . 2H2O] was performed using the Rietveld
refinement method with FullProf v. 2011 software
(Rodriguez-Carvajal, 1993) and a FULL v. 2012
graphic interface (Paz et al., 2012). Compound 39654
from the Inorganic Crystal Structure Database (ICSD)
was used as an initial structural model for the
spheniscidite (Yakubovich & Dadashov, 1992).
DSC-TG measurements of 10 phosphate speleothem
samples were conducted using a NETZSCH STA 449F3
Jupiter instrument equipped with a simultaneous

thermal analyzer (NETStanton Redcroft Ltd.) and a
vertical cylindrical platinum furnace operating in a
temperature range of 25 to 1,000°C with a 50 ml/
min nitrogen flow rate and a heating rate of 10°C/min
and using a platinum cup as a reference. The product
obtained after heating to 1,000°C was also analyzed
by XRD.
FTIR spectra were obtained for 10 phosphate
speleothem samples using a Thermo Spectrometer
(model IR100), with a spectral range of 4,000 to 400
cm-1, using 64 scans with a 4 cm-1 resolution. The
samples were prepared as pellets by mixing 5 mg of
sample with 150 mg of KBr. Based on the FTIR data,
two samples representative of two phosphate groups
(strengite-phosphosiderite and leucophosphitespheniscidite) were analyzed using a second
spectrometer (Bruker, model Vertex 70) with a
4,000–400 cm-1 spectral range, using 16 scans and
a 4 cm-1 resolution. The samples were dried at 110°C
for 24 hours, followed by pellet preparation.
The chemical analysis was performed on 12
samples: 4 samples of phosphate speleothem (PS), 4
of phosphatized laterite (PL) and 4 of lateritic crust
and jaspilite saprolite (LC/JS). The mean content of
62 samples of jaspilite (Macambira & Schrank, 2002)
was used for comparisons. The geochemical analysis
was performed by a commercial laboratory (SGS
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Fig. 3. Caves of the N4E Plateau. a-d) maps of caves N4E-0016, N4E-0018, N4E-0027, and N4E-0038, showing the sampling sites; e) slightly
leached saprolite, and millimetric coralloids (inset 1 for details).

Geosol), the major and minor element concentrations
were obtained by inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Perkin
Elmer equipment (model Optima 7300 DV), and
trace elements and rare-earth elements (REEs) were
determined by inductively coupled plasma mass
spectrometry (ICP-MS) using a spectroscope Perkin
Elmer Nex Ion 300X. Sample fusion was performed
with lithium metaborate (LiBO2) and dissolution
with nitric acid (HNO3), and tartaric acid (C4H6O6).
Loss-on-ignition (LOI) values were determined by
calcination 2 grams of sample at 1,000°C for 1 hour.
Fe2O3 and P2O5 concentrations exceeding 75 and 25%,

respectively, were determined by colorimetry using a
Varian spectrometer (model Cary 50 UVVis); the same
technique was used for determining the NH4 content
in the 4 phosphate speleothem samples.

RESULTS AND DISCUSSION
Evidence of phosphatization and
mineralogical composition
The most abundant speleothems in the Serra
Norte’ caves occur as crusts, coralloids stalactites,
and stalagmites. Speleothems composed by iron
oxide-hydroxides (hematite and goethite), and
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sulfate (alunite) occur commonly as crusts and
coralloids, whereas iron phosphates (strengite,
phosphosiderite, leucophosphite, and spheniscidite)
constitute speleothems with larger sizes, as stalactites,
stalagmites, as well as coralloids and crusts. Quartz
and anatase occur as detrital minerals from caves’
host rocks (Fig. 5).
Phosphate speleothems were more abundant in
caves N4WS-0067 and N4WS-0072, which developed
entirely in the lateritic crust and display thick guano
accumulations. In these caves, the lateritic crust is
composed of angular to sub-rounded jaspilite fragments
and iron oxide-hydroxide nodules cemented by either
crystalline or amorphous phosphate material. The edges
of these fragments and nodules (Fig. 6a, b) and a few of
the core of hematite pseudomorph after magnetite (Fig.
6c) are replaced by phosphorus occupying tetrahedral
sites in the hematite structure (Gálvez et al., 1999).
The presence of phosphate minerals is attributed
to phosphatization in which phosphoric acid, a
product of guano decomposition, reacts with iron
oxide-hydroxides, typically amorphous, to produce
dissolution, and thereafter precipitation of iron
phosphates. This process is entirely inorganic (Forti,
2001; Onac & Vereş, 2003; Wurster et al., 2015).

For the formation of iron phosphates by
precipitation in acidic conditions (H3PO4) (Lima
& Reymão, 1983), the following reaction is
suggested (Eq. 1):
FeOOH(s) + H3PO4(aq) → FePO4 . 2H2O(s)  (1)
The phosphate speleothems consist of stalactites,
stalagmites, coralloids, and crusts. They are
porous and commonly display laminated and
concentric structures with core typically composed
of strengite and phosphosiderite and edges made of
leucophosphite and spheniscidite. These minerals
occur as gray-whitish to pale yellow finely crystalline
aggregates (Fig. 7a, b).
Light microscopy analysis indicates that these
minerals do not exhibit textural differences,
because they are present as aggregates of typically
small associated crystals (Fig. 7c, d). Strengite
and phosphosiderite can be differentiated by
XRD, given that they are FePO4 . 2H2O polymorphs,
whereas leucophosphite and spheniscidite (Fig. 7b)
are isomorphs of the monoclinic, P21/n space
group, and contain a solid solution of K+ and NH4+,
respectively (Wilson & Bain, 1976). It was not
possible to differentiate these minerals by SEM since

Fig. 4. Caves of the N4WS Plateau. a-b) maps of caves N4WS-0067 and N4WS-0072, displaying the sampling sites; c) phosphate stalactites,
and lateritic crust composed of jaspilite clasts surrounded by phosphate material (inset 1 for details); d) the floor of Cave N4WS-0067, showing
irregular ravines and potholes.
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Fig. 5. Mineralogical composition of the speleothems in Carajás’ caves.

Fig. 6. Lateritic crust with phosphate cement. a) nodules of iron oxide-hydroxides partially cemented and replaced by iron phosphates
(X polars); b) iron phosphate partially replacing the core and edges of a goethite nodule (SEM-BSE); c) pseudomorph hematite after
magnetite with its core replaced by phosphorus (SEM-BSE).

ammonium is not detectable using EDS and because
strengite and phosphosiderite are polymorphs and
occur in association. Therefore, based on their
general characteristics, strengite, phosphosiderite,
leucophosphite, and spheniscidite were described
as two groups: strengite-phosphosiderite and
leucophosphite-spheniscidite.
Under the light microscope, the strengitephosphosiderite and leucophosphite-spheniscidite
crystals appear as cryptocrystalline aggregates, and
some display fibrous-radial, prismatic, oolitic and
spherulitic habits. These minerals are transparent in
their pure forms and are translucent to opaque when
mixed with iron hydroxides (Fig. 7c, d). Under SEM-

ES, the strengite-phosphosiderite and leucophosphitespheniscidite differ in that the former displays only
a prismatic habit and the latter displays prismatic
forms with intergrowths of tabular structures
(Fig. 7e, f).
In addition to substitution, direct precipitation can
produce iron phosphates as pure speleothems that
display fine concentric and uniform layers. Equations
2 and 3 were suggested by Lima & Reymão (1983) and
Scaccia et al. (2002), for this direct precipitation:
Fe3+(aq) + H2PO4(aq) + 2H2O(l)→FePO4 . 2H2O(s) + 2H+(aq) (2)
Fe3+(aq) + H3PO4(aq) + 2H2O(l)→FePO4 . 2H2O(s) + 3H+(aq) (3)
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Fig. 7. Micromorphology and mineralogical composition of phosphate speleothems. a) stalactites with concentric layers, composed of strengitephosphosiderite core (inset 1 for details) and leucophosphite-spheniscidite edge (inset 2 for details); b) diffractograms corresponding to the
mineralogical composition of phosphate speleothems, with strengite-phosphosiderite core (detail 1) and leucophosphite-spheniscidite edges
(detail 2) (Str: strengite, Phs: phosphosiderite, Lcp: leucophosphite, Sph: spheniscidite); c) spherulitic aggregate of nondifferentiated strengitephosphosiderite crystals (X polars); d) nondifferentiated crystals of leucophosphite-spheniscidite with fibrous-radial structures surrounded by
cryptocrystalline phosphate (X polars); e) strengite-phosphosiderite crystalline aggregate with prismatic habit (SEM-ES); f) leucophosphitespheniscidite prismatic crystals with intergrowths of tabular crystals (SEM-ES).

Thermal behavior investigation
Strengite-Phosphosiderite
The DSC-TG curves for strengite-phosphosiderite
speleothems heated from room temperature to 1,000°C
exhibit four well-defined thermal effects (Fig. 8).
According to Arlidge et al. (1963), Nathan et al. (1988),
and Reale et al. (2003), these events are as follows:
1) A weak and diffuse endothermic peak at ~100°C
due to moisture loss, with a mass decrease of
0.9%;

2) An endothermic effect at 207.9°C characterized
by a large symmetric peak due to removal of
two structural water molecules, with a mass
loss of ~19.60%. The loss of two H2O molecules
creates anhydrous minerals, which is followed
by structural collapse and formation of semiamorphous mineral phases. This reaction is
evident in Fig. 8 as a decline in the DSC baseline
following the removal of the H2O molecules, which
is associated with structural reorganization and
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unit cell shrinkage. These results demonstrate
that the amorphization occurs slowly and involves
mineral transformations;
3) An exothermic peak at 648.5°C attributed to
recrystallization and the formation of a new
FePO4 compound with low quartz structure;
4) An endothermic effect at 712.8°C due to
decomposition of FePO4, which is stable only up
to 710°C. The products from heating to 1,000°C
indicate the formation of FePO4 with high quartz
structure, as shown in the diffractograms in Fig. 8.
Leucophosphite-Spheniscidite
DSC-TG curves for the leucophosphite-spheniscidite
samples representing heating from room temperature
to 1,000°C exhibit well-defined thermal events (Fig. 9).
According to Arlidge et al. (1963), Wilson & Bain
(1976), Marincea et al. (2002), Reale et al. (2003), and
Yuan et al. (2008), these effects are as follows:
1) A weak and diffuse endothermic peak at ~100°C
due to moisture loss, with a mass decrease of
0.32%;
2) An endothermic effect at 174.5°C representing
the removal of one “free” H2O molecule, typically
from structural cavities. This removal represents
a mass loss of ~7.23%, giving the mineral a

3)

4)

5)
6)
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monohydrated character without structural
rearrangement;
An endothermic peak at 236.9°C associated
with the removal of the second H2O molecule,
with a mass loss of 4.43% and the formation of
anhydrous minerals that could be reversible if
exposed to room temperature and humidity;
An endothermic effect at 323.4°C associated
with the removal of the OH- group followed by
the removal of an NH3- group at 400°C, with
a mass loss of ~7.71%. The removal of OHand NH3- causes total structural breakdown
and, consequently, complete amorphization.
These effects demonstrate that leucophosphitespheniscidite can not transform into strengitephosphosiderite by thermal decomposition,
because the temperature average in Carajás’
caves is 24°C;
Exothermic peaks at 512.8°C and 579.9°C
attributed to recrystallization and formation of
FePO4 with low quartz structure;
The endothermic effects at 709.9°C and 845.2°C
represent sample decomposition, which led at the
end of heat treatment to the formation of a FePO4
compound with high quartz structure, similar to
the pattern in the diffractogram in Fig. 8.

Fig. 8. DSC (solid line) and TG (dotted line) curves for strengite-phosphosiderite minerals and diffractogram corresponding to
products from heating to 1,000°C, indicating the formation of FePO4 with high quartz structure.

Functional groups investigation of iron phosphates
Infrared spectra (Fig. 10) from the samples
representing
strengite-phosphosiderite
and
leucophosphite-spheniscidite exhibit absorption
bands corresponding to the following functional
groups: phosphate (PO43-), hydrophosphate (HPO4)2,
hydroxyl (OH-), water (H2O), and ammonium (NH4).
The following explanations of these spectra are based
on findings presented by Marincea et al. (2002), Reale
et al. (2003), Dumitraş et al. (2004), Yuan et al. (2008),
and Frost et al. (2013).

The medium- to low-intensity absorption bands
centered at 3,500 and 3,560 cm-1, respectively, are
attributed to asymmetric stretching vibration mode of
the OH- group. The medium- to high-intensity bands
between 3,100 and 3,380 cm-1 result of symmetric and
asymmetric stretching of H2O structural group, and
the medium- to low-intensity bands between 1,630 and
2,100 cm-1 are attributed to H-O-H in-plane bending.
The (P)O-H stretching absorption band at 2,845 cm-1
and the P-O-H bending bands at 760 and 840 cm-1 are
related to the presence of (HPO4)2-, and the PO43- ion is
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Fig. 9. DSC (solid line) and TG (dotted line) curves for leucophosphite-spheniscidite.

represented by asymmetric stretching bands between
1,010 and 1,150 cm-1 and bending bands at 420, 460,
620, and 630 cm-1.
FeO6 octahedra are represented by P-Fe-O bending
bands between 550 and 595 cm-1. The absorption
bands at 1,430 and 3,040 cm-1 correspond to vibration
modes of NH4 bending and stretching, respectively,
which associated with the other data this research,
confirms the presence of spheniscidite.
The spheniscidite mineral was not identified in
previous works in Carajás, being probably described
as leucophosphite. This is its first occurrence in caves
developed in iron ore and lateritic crust. Sauro et al.
(2014) first reported the presence of spheniscidite in a
cave, however in a quartzitic rock, which was followed
by a report of spheniscidite in limestone caves by
Wurster et al. (2015). Therefore, this work brings the
third occurrence of spheniscidite in cave environment.

Rietveld refinement of spheniscidite
Crystallographic data from a typical spheniscidite
of Cave N4WS-0067 were calculated by Rietveld
refinement. The refined parameters included the scale
factor, sample displacement, polynomial function
with four background coefficients, Thompson-CoxHastings (TCH) profile function (Thompson et al.,
1987) with three additional asymmetry coefficients,
unit cell parameters, allowable atomic positions and
Y parameter of the TCH function, given that the small
size of the crystals was the microstructural parameter
that contributed the most to peak broadening.
Fig. 11 shows the overlapping X-ray diffractograms
measured and calculated for the spheniscidite.
Crystallographic data obtained by Yakubovich &
Dadashov (1992) for synthetic spheniscidite (ICSD
39654) were used as initial values (a = 9.819 Å,
b = 9.737 Å, c = 9.874 Å, β = 102.82°, and the P21/n

Fig. 10. FTIR analyses of strengite-phosphosiderite (solid line) and leucophosphite-spheniscidite (dotted line).
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space group) and -0.02224 mm value for the sample
displacement correction. The unit cell parameters
calculated for the spheniscidite (1) were slightly smaller
than their initial values (2) and those of a second
reference (3) cited by Cavellec et al. (1994). Shortening
of the unit cell b axis of the spheniscidite (1) is likely
due to substitution of K+ for NH4+, and the substitution
of Al3+ for Fe3+ may have caused the decreases in all the
other lattice parameters (Marincea et al., 2002).
The unit cell parameters values estimated for
spheniscidite were satisfactory since the statistical
indices of refinement (RBragg, Rwp, Rexp, and χ2) were
acceptable, considering that χ2 = (Rwp / Rexp)2 and RBragg
were less than 5, 4.54, and 3.69, respectively. The
graphical analysis shows a very good fit for the whole
diffractogram, considering that the relatively high
difference value (~17° 2θ, <10% in the most intense
peak) can be acceptable, since the available structural
model is from a synthetic spheniscidite. In this case,
synthesis conditions are quite different from natural
conditions of spheniscidite formation in caves.
The Rietveld refinement also allowed us to estimate
the spheniscidite d spacing (dcal) and relative intensities
(Ical), which are presented in Table 1.
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Geochemical contribution of guano
Table 2 presents the mean chemical composition
values (major, minor, trace, and rare-earth elements)
for the samples of phosphate speleothems (PS),
phosphatized laterite (PL), and lateritic crust and
jaspilite saprolite (LC/JS) compared to jaspilite
samples analyzed by Macambira & Schrank (2002).
The lateritic crust and jaspilite saprolite were
grouped because they compose the cave host rock and
exhibit geochemical similarities. The phosphatized
laterite, which occurs locally, has a geochemical
similarity with the pure phosphate speleothems,
however, the detrital iron oxide-hydroxides preserve
similarities with host rocks (Table 2).
The mean P2O5 content, LOI values and Zn, Ni,
and Rb concentrations were significantly greater in
the speleothems and phosphatized laterite samples
than in the other samples. This enrichment suggests
an allochthonous source, given that the cave host
rocks are not a potential source of these elements.
In contrast, the high Fe2O3 levels were inherited from
the cave host rocks, which consist of lateritic crust
and/or saprolite of rocks belonging to the Grão-Pará
Group (Table 2).

Fig. 11. Graphic representation of Rietveld refinement showing the difference profile, overlap of X-ray diffractograms measured (dotted
line) and calculated (solid line) for spheniscidite, and unit cell parameters calculated for the spheniscidite (1) and initial values for the
synthetic spheniscidite provided by Yakubovich & Dadashov (1992) (2) and by Cavellec et al. (1994) (3).

The P2O5 increase is related to the presence of
guano in the caves, given that organic-rich bat guano,
in addition to being composed of carbon, nitrogen
and sulfur, also contain high content of phosphorus
released due to organic reactions in acidic conditions
(Hutchinson, 1950; McKelvey, 1967; Forti, 2001;
Onac et al., 2002; Zdanowski et al., 2005; Albarède,
2009; Onac & Forti, 2011; Tămaş et al., 2011).
The transition metals Zn and Ni, found in high
concentrations in samples PS and PL (Table 2),
confirm the geochemical signatures of guano in the
phosphate minerals (Tatur, 1989; Tatur & Keck, 1990;

Zdanowski et al., 2005; Liu et al., 2008; Oliveira et al.,
2009; Wurster et al., 2015). High content Rb were also
detected, which may be another guano geochemical
signature, given that the LC/SJ samples are poor in
this element. According to Oliveira et al. (2009) and
Wurster et al. (2015), metals are concentrated in bat
excrements by bioaccumulation along its food chain
either by insects or plants intake.
Phosphate speleothem formation in Carajás’ caves
Fig. 12 shows the relationship between guano
production from bat colonies and phosphate mineral
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Table 1. X-ray powder diffraction data of spheniscidite.
No.

l

dcal(Å)

Ical(%)

No.

h

l

dcal(Å)

Ical(%)

1

1 0 1

h

k

7.6823

37.8

43

2 3 1

k

2.5046

5.8

2

0 1 1

6.8363

60.0

44

2 3 2

2.4770

2.4

3

1 1 0

6.8171

49.5

45

3 2 1

2.4541

9.2

4

1 0 1

6.1344

45.0

46

0 4 0

2.4307

2.6

5

1 1 1

6.0278

100.0

47

0 0 4

2.4035

4.6

6

0 0 2

4.8070

22.7

48

4 0 0

2.3902

2.5

7

2 0 0

4.7804

19.2

49

1 1 4

2.3880

2.5
5.3

8

0 2 1

4.3383

5.7

50

0 4 1

2.3566

9

1 2 0

4.3334

10.1

51

3 3 0

2.2724

45

10

0 1 2

4.3091

5.9

52

1 2 4

2.1974

4.9

11

2 1 0

4.2899

10.8

53

2 2 3

2.1702

2.7

12

1 1 2

4.2577

7.6

54

0 4 2

2.1692

2.4

13

2 1 1

4.2437

10.6

55

1 1 4

2.1623

8.1

14

1 2 1

4.1080

12.5

56

4 1 3

2.1072

3.9

15

2 0 2

3.8412

4.8

57

4 2 1

2.0104

4.2

16

1 2 1

3.8101

8.9

58

3 3 3

2.0093

5.8

17

2 1 1

3.6567

5.8

59

3 1 3

2.0010

3.2

19

2 2 0

3.4085

5.2

60

2 0 4

1.9788

2.5

20

1 2 2

3.3923

8.8

61

3 4 1

1.9459

3.2

21

3 0 1

3.2473

3.0

62

0 4 3

1.9367

6.0

22

1 1 3

3.0943

21.5

63

3 4 0

1.9327

3.0

23

0 3 1

3.0712

15.1

64

4 0 4

1.9206

2.5

24

1 3 0

3.0694

2.5

65

4 3 2

1.9069

7.6

25

1 2 2

3.0692

10.8

66

5 0 3

1.8299

2.8

26

2 2 1

3.0639

13.4

67

4 2 2

1.8283

5.6

27

0 1 3

3.0436

7.0

68

2 5 0

1.8012

2.7

28

3 1 0

3.0284

10.8

69

4 3 3

1.7965

5.4

29

2 2 2

3.0139

15.3

70

3 4 3

1.7630

4.4

30

1 3 1

2.9861

22.0

71

3 1 4

1.7152

4.6

31

2 1 2

2.9251

36.0

72

1 2 5

1.6956

3.1

32

1 0 3

2.8542

10.9

73

5 3 1

1.6773

2.8
3.2

33

2 1 3

2.8534

9.5

74

1 5 3

1.6706

34

3 1 2

2.8464

26.0

75

3 5 1

1.6683

4.8

35

1 1 3

2.7386

6.1

76

0 0 6

1.6023

3.0

36

1 2 3

2.7099

3.0

77

3 3 5

1.5974

4.2

37

3 2 1

2.7003

10.9

78

1 3 5

1.5798

2.6

38
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formation as observed in N4WS-0067 and N4WS0072 caves. Fig. 12 also shows the main formation
processes of phosphate minerals and their enrichment
in metals, particularly Zn, Ni, and Rb.
Allochthonous components (PO4, NH4, Zn, Ni, and
Rb) related to the formation of phosphate minerals
in caves developed on ferriferous rocks may originate
from rapid decomposition of bat guano. Bacterial
decomposition of freshly guano releases high
amounts of NH3, while phosphorus and certain metals
accumulate as residues (McKelvey, 1967; Bridge,
1973; McFarlane et al., 1995; Forti, 2001; Zdanowski
et al., 2005; Onac & Forti, 2011; Wurster et al., 2015).
Phosphorus in acid solutions that percolate
through the lateritic substrate produces dissolution

and, concomitantly, total or partial replace of iron
hydroxides, typically amorphous. Metals such as
Zn, Ni, and Rb that bioaccumulate in guano are
equally assimilated into the neominerals during the
phosphatization (Liu et al., 2008; Oliveira et al., 2009;
Wurster et al., 2015).
The presence of spheniscidite, leucophosphite,
strengite, and phosphosiderite, in addition to indicate
acidic pH, cave temperatures and high humidity
during their formation, may also suggests changes
in local atmospheric of ammonia concentrations,
given that spheniscidite formation is dependent
on ammonium (NH4) availability, which is in turn
a product of the reaction between ammonia (NH3)
and water (Albarède, 2009). Such shifts in ammonia
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Table 2. Chemical analysis of phosphate speleothems (PS),
phosphatized laterite (PL), and lateritic crust/jaspilite saprolite (LC/
SJ) of the Carajás’ caves, in comparison to the banded iron formation
(BIF) chemical composition (Macambira & Schrank, 2002).
%
SiO2
Al2O3
Fe2O3
MgO
MnO
CaO
Cr2O3
Na2O
K 2O
TiO2
P2O5
NH4
LOI1000°C
ppm
Ba
Co
Cs
Cu
Ga
Hf
Nb
Ni
Rb
Th
U
V
Y
Zn
Zr
Mo
Sn
W
ΣREE

PS

PL

LC/SJ

BIF

<0.01
0.63
43.20
0.13
0.01
<0.01
<0.01
0.02
0.62
0.09
38.23
2.33
15.98

0.43
0.78
61.16
0.08
0.03
<0.01
<0.01
0.01
0.29
0.23
23.74
13.49

2.76
0.85
91.13
<0.01
0.05
<0.01
<0.01
0.01
0.03
0.13
0.60
2.94

44.60
0.63
53.96
0.1
0.06
0.04
0.04
0.02
0.02
0.01
0.73

55.33
<0.5
<0.05
30.25
8.0
0.96
1.42
16.0
43.02
2.62
0.17
46.0
1.43
542.25
53.0
3.25
0.4
0.95
21.05

37.5
0.62
<0.05
47.0
8.05
1.30
2.84
11.0
20.45
3.62
0.59
73.5
3.05
331.25
61.5
3.75
0.67
1.67
36.94

64.33
2.27
0.08
52.25
3.57
0.67
2.25
6.25
0.65
2.77
0.30
61.25
4.10
18.0
32.0
<2.0
<0.3
1.27
35.77

29.73
11.1
29.79
21.16
7.83
66.68
16.89
-

Note: values preceded by “<” denote values below the method
detection limit; “-” indicates data not available.
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concentration are indicated by the compositional
zoning
of
the
pure-phosphate
speleothems,
which exhibit strengite-phosphosiderite core and
leucophosphite-spheniscidite edges. This zoning
can also be related to leucophosphite-spheniscidite
thermal decomposition. However, as shown by the
DSC-TG curves (Fig. 9), dehydroxylation and loss of
NH3 from spheniscidite require temperatures higher
than 250°C.
The presence of phosphate speleothems is expected
on cave floors and less commonly on the walls
when guano is assumed to be the main source of
phosphorus. Thus, the speleothems on the cave
ceiling can be explained by inversion of paleofloor
for ceiling during the evolution of the caves.
This process includes intense dissolution and erosion
of the floor caused by meteoric water and acid solutions,
followed by the collapse of the former ceiling, resulting in
the preservation and expansion of halls at under levels.

CONCLUSIONS
The phosphate speleothems are the most abundant of
Carajás´ caves. The main phosphate minerals described
are strengite, phosphosiderite, leucophosphite, and
also spheniscidite. This is the third occurrence of
spheniscidite in cave environment and the first in
caves developed in iron ore and lateritic crust.
The presence of spheniscidite was confirmed mainly by
FTIR analyses, which show absorption bands at 1,430
and 3,040 cm-1 corresponding to NH4 vibration modes.
The thermal analyses confirmed that the compositional
zoning of the phosphate speleothems could not be
formed by thermal decomposition of leucophosphitespheniscidite, since the dehydroxylation and loss of
NH3 from these minerals require temperatures higher
than 250°C. The unit cell parameters calculated for the
spheniscidite were slightly smaller than those reported
by other researches, probably due to increasing
substitution of K+ for NH4+, and of Al3+ for Fe3+.

Fig. 12. Schematic cartoon of a typical cave developed in ferriferous rocks from Carajás inhabited by bats
and illustration of the main processes of phosphate mineral formation and metal enrichment.
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Iron phosphate minerals of the Carajás’ caves
resulted from phosphatization of the lateritic crust
and/or jaspilite saprolite, caused by acid solutions
from guano bacterial decomposition. In addition to
PO4 and NH4, the geochemical signature of guano
that is preserved in the phosphate minerals was
identified based on high content of Zn, Ni and Rb that
bioaccumulated in the bat guano.
Therefore, this research corroborates previous
studies that indicated that guano is the main
phosphorus source to phosphate speleothems
formation, and it represents a new occurrence of
spheniscidite in caves. The present study paves
the way for new research into caves developed in
ferriferous rocks, contributes to the inventory and
relevance-based classification of these ecosystems,
and highlights the need to preserve caves N4WS-0067
and N4WS-0072 due to their significant mineralogical
and speleological value.
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Abstract:

Sistema Muévelo Rico is a 1.2 km long cave in Quintana Roo, less than 2 km from the
Caribbean Sea. We measured illuminance to a level of 0.1 lux, organic matter (weight loss on
ignition), temperature, and relative humidity. The last two were measured at hourly intervals
for nearly one year. Approximately one-third of the cave has illuminance values greater than
0.01 lux, and most of the rest of the cave has light as well. Temperature and relative humidity
were relatively constant, but they showed a daily cycle at all stations, albeit with different
strengths. Organic matter averaged 8%, intermediate in value between surface and aphotic
zones. Both eyeless species and eyed predators occurred throughout the cave. Their occurrence
can best be explained by their foraging for organic matter and incurring an increased risk
of predation.
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INTRODUCTION
All of life dwelling on the Earth’s surface is attuned to
the daily light-dark cycle. In this cycle, light is present
throughout the night, and many species adapt to the
low light of dawn, dusk, and night (Johnsen, 2012).
These adaptations typically include modifications to
eye structure and function that increase visual acuity
in dim light (Kelber et al., 2002; Tierney et al., 2017),
and the evolution of echolocation in bats and some
birds. Even more fundamentally, the light-dark cycle
entrains the circadian clock, which in turn regulates
physiological functions.
Even more profound is the complete absence of light
in habitats such as caves, deep soil, turbid freshwater
rivers, termite mounds, and other aphotic habitats
(Culver & Pipan, 2014; Fenolio, 2016). Adaptations to
total darkness are more extreme. The most common
aphotic environment, or more properly an aphotic
environment in the absence of bioluminesnce, is the
deep sea. The widespread occurrence of bioluminescent
organisms in the ocean depth, evolved for species and
sex recognition, predation, and predation avoidance
(Johnsen, 2012; Fenolio, 2016), is testament to the
power of the absence of light as a selective force. Cave
*dculver@american.edu

life is best known for the nearly universal occurrence
of blindness (or extreme eye reduction) and pigment
loss (or reduction), features often found in inhabitants
of other aphotic environments (Fenolio, 2016). While
many cave dwelling species retain a functional
circadian clock (Friedrich, 2013), how it operates in
darkness remains a puzzle.
Caves have a transition zone with respect to light,
one that mimics that transition from day to night on
the Earth’s surface. Unlike the daily cycle of light
and dark, which is well characterized with respect to
light during the night (Johnsen et al., 2006; Johnson,
2012), the transition from light to dark at the entrance
to a cave is not well described, nor is it considered of
particular importance because of the relatively abrupt
transition to total darkness. Typically, the transition
zone is short (only a few meters) and there is in fact a
distinct fauna of the twilight zone of cave entrances,
one that is dominated by groups that are not found
in the aphotic zone of caves, such as frogs (Graham,
1962) and moths (Graham, 1968; Taylor et al., 2010).
The fauna of the aphotic zone is distinct. The most
common feature of the inhabitants of caves and
other aphotic subterranean environments is that
they typically harbor species with morphological
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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characteristics that only make sense in aphotic
environments (Mejía-Ortíz, 2005; Culver & Pipan,
2009). Most prominent among these subterranean
associated features are the loss of eyes and
pigmentation, and increased extra-optic sensory
structures. These dark zone specialists are highly
vulnerable to eyed surface-dwelling predators, and
perhaps to UV radiation (Fišer et al., 2014). Nearly all
such specialists (termed troglomorphs by Christiansen
(1962) are limited to aphotic environments, with a few
exceptions that are sink populations (Trajano & de
Carvalho, 2017), populations in decline in the absence
of immigration (Pulliam, 1988).
Subterranean (aphotic) habitats, including noncave habitats such as the underflow of rivers (Malard
et al., 2000), talus slopes (Růžička, 1990), and
groundwater aquifers (Longley, 1984), have reduced
annual and daily fluctuations in temperature, relative
humidity, and other environmental parameters (e.g.,
Eigenmann, 1909; Pipan et al., 2011). This relative
constancy of the environment may also be a selective
factor in the evolution of subterranean species,
especially in having to cope with the absence of daily
cycles (Poulson, 1963). Howarth (1980) argues that
relative humidity itself is an important selective factor
and a factor that isolates animals in caves because of
cuticular thinning. More generally, reduced organic
matter and nutrients have been invoked as important
selective factors in the evolution of reduced metabolic
rate (Hüppop, 2000), foraging behavior (Bilandžija
et al. 2013), and increased egg size (Rouch, 1968).
However, Pipan and Culver (2012, 2015) argue that
the dominant selective force that differentiates surface
and subterranean environments is the presence or
absence of light.
There are of course many dimly lit (twilight) habitats
such as soil, leaf litter and deep aquatic habitats.
Light very rapidly declines in soil, with less than 99%
of light remaining after one mm (Ciani et al., 2005).
Light penetrates farther in leaf litter, and its decline
follows the Beer-Lambert law (Facelli & Pickett, 1991):
RI = 100 ebM
where RI is relative illuminance, b is transmittance
constant of litter, and M is the amount of litter per
g/m2. Light loss in litter is strong, but since the
Beer-Lambert law is exponential, small amounts of
light penetrate deep into the litter. Often, species
in these habitats have enlarged eye size in order to
retain the ability to form images (Warrant, 2006;
Tierney et al., 2017). On the other hand, there are
eyeless troglomorphic species known from twilight
habitats (Prendini et al., 2009; Heads, 2010). There
are additional troglomorphic taxa from deep litter and
deep soil, but rare in caves, such as Symphyla.
A cave in the Yucatan Peninsula of Mexico–Sistema
Muévelo Rico–allowed us to examine and challenge
the critical role of light in distinguishing between
subterranean and surface habitats. As we describe
in detail below, this cave, more than 1 km in length,
has at least 12 openings to the surface, and very
little dark zone. In fact, by some classifications, it
is not even a cave because of the near absence of a

dark zone. By a strict definition of caves as zones
of darkness, we would not expect to find species
limited to caves (troglobionts) with reduced eyes
and pigments (troglomorphic species). On the other
hand, Sistema Muévelo Rico is an environment with
greatly attenuated variation in temperature and
relative humidity, and an environment where all or
nearly all organic matter and nutrients come from the
surface, also features typical of caves (Culver & Pipan,
2009). In a contrasting view of the cave habitat, some
authors (Moseley, 2009), dating back to Racovitza
(1907) argue that the real subterranean habitats, the
one that harbors source populations of troglomorphic
species, are the cracks and crevices found in any cave.
Moseley (2009) proposes that all caves are ecotones.
By this viewpoint, there should be no reduction in
troglomorphic species in Sistema Muévelo Rico, and
their presence in cave passages is a by-product of
movement from the source population in the cracks
and crevices.
Overall, our goals were to:
• Characterize the aspects of the atmosphere
(temperature, relative humidity, and light) and
lithosphere (soil organic matter) in this photic
subterranean habitat.
• Characterize the biosphere, especially with respect
to troglomorphic species and visually oriented
predators.
• Re-examine the absence of light as the defining
feature of subterranean environments.
• Explore the tradeoffs that troglomorphic
species face between the negative features of
light and the positive features of organic matter
and relative humidity.

MATERIALS AND METHODS
Sistema Muévelo Rico
Sistema Muévelo Rico (20°32'05.1"N, 87°12'16.5"W)
is located near the settlement of Paamul, in the
Mexican state of Quintana Roo (Fig. 1). Its surveyed
length is 1,151 m with a depth of 4 m (QRSS, 2017). The
cave, with an elevation of 7 m, is less than 2 km from
the Caribbean Sea. Quintana Roo is characterized by
intense cave development, with 1,367.5 km of surveyed
underwater passages and 277.2 km surveyed dry
passage (QRSS, 2017). Land around the cave is a
dense second growth subtropical forest.
Cave development in coastal regions like Quintana
Roo involves dissolution of limestone at the saltwaterfreshwater interface in laminar flow regimes (Mylroie
& Mylroie, 2007; Mylroie, 2013), but also with
modification by dissolution in freshwater turbulent
flow regimes. Kambesis and Coke (2013) describe
the passage geometry of caves like Sistema Muévelo
Rico as linear phreatic. Due to uplift of the Yucatan
platform, caves become dry and rapidly erode in the
eogenetic limestone (Spaw, 1978; Kambesis & Coke,
2013). As a consequence, Sistema Muévelo Rico has a
large number of entrances, more than 12, if skylights
are included. Because of the close proximity of the
water table to the surface, vertical development and
subterranean terrestrial habitats are very restricted.
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Fig. 1. Locator map and map of Sistema Muévelo Rico. Numbers indicate location of monitoring stations. Map drafted by P. Sprouse, 2014.

Environmental sampling
We established eight environmental monitoring
sites in the cave (Fig. 1). At all eight stations, we
installed HoboTM temperature and relative humidity
dataloggers for a period from 5 April 2015 to 28 March
2016, resulting in a total of 8593 observations at each
site. One of the stations was at the main entrance
to the cave. At stations 1 through 4, HoboTM Pendant
temperature/light dataloggers sensors were installed.
Unfortunately, light levels were all below the detection
limit of the device, which in any case measures relative
light intensity.
Light was measured in March 2017 using a Konica
MinoltaTM T-10A/T illuminance meter with a detection
limit of 0.01 lux. Measurements were taken at midday (11:00AM to 1:00PM). We established a number
of transects in the cave running from entrances
(including skylights) at 5 m intervals up to a distance
of 30 m. In most cases, measurements were also taken
at 1 m intervals for the first five m from the entrance.
In addition, we measured light at each of the eight
sampling stations, as well as at additional points
within the cave. All in all, we had 75 measurements
of light. We also did repeated samples at one minute
intervals at a skylight and 2 m from the skylight to
assess variability over short time periods.
In order to determine whether any light was present,
photographs in the direction of an entrance were

taken using a NikonTM D5100 digital camera at a light
sensitivity of ISO 6400. Photographs were taken at all
eight stations, using an automatic exposure.
Percent organic matter was estimated from cave soil
samples taken from the top 1 cm at all eight stations,
one from the small completely dark zone, and one
from five additional entrances. No surface samples
were taken. Samples were dried at 70°C for 48 hours.
An aliquot was weighed and placed in a muffle furnace
at 500°C for one hour, and weight loss was used to
measure the weight of organic matter.
Fauna sampling
At three month intervals during the environmental
monitoring year, careful visual censuses (a minimum
of 20 person-minutes) of all the organisms with
a 2 m radius of the monitoring devices were done.
Representative samples of each species were collected
and preserved in 70% alcohol. Because most
of the species are undescribed, we categorized
them according to broad taxonomic group. Focus
was on two ecological categories–pigmented and
eyed predators, and species showing obvious
troglomorphic characteristics of reduced eyes and
pigment, and elongated appendages. Additional one
time only biological collections were made in the
completely dark zone, and at two entrances in March
of 2017.
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Data analysis
Temperature and relative humidity data were
plotted in ExcelTM. Statistical analysis was done in
JMPTM, including spectral analysis to determine if any
24 hour cyclicity occurs. A map of light intensity was
created from the illuminance meter data, as well as
direct observation, using the following categories:
• No light detectable either by the illuminance
meter, NikonTM D5100 photographs, or by the
human eye
• Trace light–not detectable by illuminance meter
(>0.01 lux) but detectable by NikonTM D5100
photographs and by the human eye.
• Dim light–0.01 to 1 lux
• Moderate light–1 to 100 lux
• Daylight– >100 lux

RESULTS
Temperature and relative humidity
Variation in temperature and relative humidity
is summarized in Table 1 and Fig. 2. At all seven
stations, temperature was more variable than relative
humidity, according to the coefficients of variation.
Unfortunately, the datalogger at station 8 failed, and
no data were available. At all measured stations,
there was a noticeable drop in winter temperatures,
and overall, stations 4 and 5 were the most variable,
with ranges of more than 12°C (Table 1). Station 5 is
located right at the main entrance to the cave (Fig. 1).
All stations had a temperature range of at least 6°C.
Relative humidity (RH) presented a more complex
pattern with different patterns at different stations
(Table 1, Fig. 2). Stations 1, 3, and 6, were very stable
throughout the year, with RH always above 92%.
Station 2 showed consistent lower RH in winter and
spring, with minimums below 90%. Station 7 had a
RH minimum similar to that of Station 2, but RH was
100% most of the year, except for a brief period in
the spring. Stations 4 and 5 showed consistent lower
RH in spring and variable RH in the winter, with
minimums below 80%.
Spectral analysis of variation in temperature showed
a peak cycle at 24 hours, although the strength
(spectral density) varied considerably among stations
(Fig. 3). Stations 4 and 5 showed a strong daily cycle
(spectral density greater than 30), stations 1 and 2
a moderate cycle, and stations 3, 6, and 7 showed a
weak cycle (spectral density less than 5).
Spectral analysis of variation in relative humidity
showed a somewhat different pattern (Fig. 4). Stations

4 and 5 had strong daily cycles (spectral densities
greater than 100), and only station 2 had a moderate
cycle. Stations 1, 3, 6, and 7 had very weak cycles,
with spectral densities less than 2. Of course, it is not
known if organisms can detect these weak cycles.
Light
Because light incident on the surface varies, we
estimated the extent of mid-day variation at the
skylight near the entrance Baile de Pollo. The mean
lux directly beneath the skylight was 110.7, with a
coefficient of variation of 49.6% for measurements
taken at one minute intervals for ten minutes. At a
distance of 2 m, mean lux was 0.24 with a coefficient
of variation of 40.2%. Because of this variation, we
lumped values into large categories. These data also
illustrate how rapidly light falls off from vertical
skylights. Even for horizontal entrances such as
Cumbria, the fall-off of light is rapid. After 15 m, lux
were reduced from 576 to 22 (Fig. 5).
Photographs were taken with a Nikon D5100 digital
camera using the high sensitivity of the camera to
detect the light. In each of the established sampling
sites light could be detected as shown in Fig. 6. And
only in the area that was previously designated as
completely dark with the light meter and the human
eye was the image completely dark (not shown).
Figure 7 shows light zonation in the cave. Incident
light in the large gray area in Fig. 7 was not detectable
with our light meter. However, throughout this area,
we could detect light, from one or more entrances
or skylights. This light is less than 0.01 lux but
greater than zero, as is possible to see in the images
of Fig. 6. There is a small true dark zone, at least
sense that neither the meter nor the human eye could
detect light.
Organic matter
Percent organic matter in the twilight zone averaged
twice that of the dark zone, but the dark zone was
based on a single measurement (Table 2). Entrance
values in turn averaged more than three times
that of the twilight zone stations. The exceptionally
high value at the skylight near the Baile de Pollo
entrance was likely due to the presence of guano.
Sources of organic matter in the cave are bat guano,
guano from other cave visitors, aerial movement of
detritus and other particulate organic matter, and
tree roots penetrating into the cave. Flooding is
high unlikely because of the highly porous nature of
the limestone.

Table 1. Means, standard deviations, coefficients of variation, medians, minima, and maxima for temperature and relative humidty for stations 1
through 7 (see Fig. 1). No data are available for station 8 because of logger failure. Based on 8,593 hourly readings.
Relative Humidity
Station

Mean

SD

CV

Median

1

99.71

0.65

0.65

100.00

95.16

2

98.24

2.42

2.46

99.50

3

99.95

0.37

0.37

4

98.19

3.00

5

97.06

6
7

Temperature

Minimum Maximum

Mean

SD

CV

Median

Minimum

Maximum

100.00

24.56

1.24

5.05

25.02

18.72

29.96

87.95

100.00

24.92

1.44

5.78

25.38

20.34

27.16

100.00

92.13

100.00

24.46

1.60

6.54

25.11

17.53

26.13

3.06

100.00

77.13

100.00

24.63

2.09

8.49

25.31

15.15

28.12

4.40

4.53

99.63

69.12

100.00

24.53

2.41

9.82

25.06

12.78

29.39

99.98

0.19

0.19

100.00

95.39

100.00

24.49

1.26

5.14

24.97

19.25

25.87

99.96

0.41

0.41

100.00

89.31

100.00

24.53

1.38

5.63

25.06

18.70

25.99
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Fig. 2. Plot of temperature and relative humidity values for the seven monitoring stations (see Fig. 1 for station locations).

Fauna
A total of six groups of troglomorphic taxa were
found, based on their reduced eyes and pigment:
• Araneae
• Collembola
• Hemiptera
• Isopoda
• Opiliones
• Scorpiones
Reddell (1981) listed four species of troglobiotic
spiders (Theotime martha, Oonopscoccus sp., Metagonia
torete, and Pholcophora pearsei), and Palacios-Vargas
et al. (2014-2015) one troglobitic spider (Wanops
coecus) from caves in Quintana Roo, but we were
unable to identify the spiders we collected. PalaciosVargas et al. (2014-2015) also listed one troglobitic
Collembola from Quintana Roo (Metasinella falcifera).

A total of seven groups of eyed predators were found:
• Amblypygii
• Araneae
• Geophilomorpha
• Mantodea
• Opiliones
• Pseudoscorpiones
• Scorpiones
Reddell (1981) states that Paraphrynus raptator
(Amblypygii) is a widespread and common troglophile
in caves in Quintana Roo, and perhaps was the
species we saw.
The distribution of these taxa with respect to the
eight monitoring stations is shown in Fig. 8. There
is little or no difference in the distribution of the
eyed predators and the troglomorphic taxa, their
potential prey.
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Fig. 3. Spectral analysis of cycles in temperature at the seven monitoring stations. Spectral density indicates the
strength of the signal. Spikes are at 24 hours.

A similar diagram of distribution for troglomorphic
and eyed predatory taxa, based on light intensity,
is shown in Fig. 9, where additional information on
occurrence was included for two entrances and the
dark zone, sampled in March of 2017. The dark zone is
of particular interest because only one troglomorphic
taxon (Araneae) was observed.
The pool near Entrada Cumbia (Fig. 1) is connected to
groundwater, and in a zone of illuminance of between
100 and 500 lux. Four species of stygobionts, all with
reduced or absent eyes and pigment were found within
1 m of the surface of the pool: Antromysis cenotensis
(Mysidacea), Creaseriella anops (Isopoda), Typhlatya
mitchelli (Caridea), Creaseria morleyi (Caridea), and
T. pearsei (Caridea). No other macroinvertebrates or
vertebrates were observed.

DISCUSSION
The environment in Sistema Muévelo Rico
The environment of Sistema Muévelo Rico shares
characteristics of both epigean and subterranean
habitats. It shares with epigean habitats the presence
of light and diurnal cycles of temperature and relative
humidity, but these features are greatly diminished
relative to epigean habitats. On the other hand, the
very high relative humidity, often at saturation, is
typical of subterranean habitats.
We have no local data from either caves or surface
habitats to compare values of organic matter, but
the values listed in Table 2 are high (mean = 8.54%
for the sampling stations), compared to values
from temperate zone caves, e.g., Mammoth Cave
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Fig 4. Spectral analysis of cycles in relative humidity at the seven monitoring stations. Spectral density indicates the strength
of the signal. Spikes are at 24 hours.

in Kentucky (Poulson & Culver, 1969), which
averaged 3.02% (S.E. = 0.24, n = 22). Within Sistema
Muévelo Rico, the dimly illuminated part of the cave
is richer in organic matter than the dark zone, and
it would seem very likely that cracks and crevices
have even less organic matter because transport to
the cracks and crevices must be much less than
transport to the small aphotic zone of the cave.
Very little of Sistema Muévelo Rico is aphotic, and
an apt description of the environment is a “photic
subterranean environment”. While the cave is
certainly unusual, the light environment of the cave
is hardly unique. A number of nearby caves, such
as Sistema Pata de Jaguar, have extensive zones
very similar to Sistema Muévelo Rico, but connected
to an even larger aphotic zone. Additionally, every

cave has an entrance zone where light diminishes
with distance into the cave. Because the decline of
light in shallow habitats like leaf litter and soil is
exponential, according to the Beer-Lambert law
(Facelli & Pickett, 1991), light may extend farther into
the ground in these shallow subterranean habitats
than previously believed. What makes Sistema
Muévelo Rico special is that light occupies nearly
all of the cave, which is itself quite long (>1km), and
that troglomorphic species are found throughout
the cave.
We do not know the values of illuminance below
0.01 lux, but roughly half the cave has illuminance
values below this. In these parts of the cave, light
appears as points, which are the entrances and
skylights. By way of comparison, the illuminance of
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Fig. 5. Light incidence at a horizontal entrance. By 30 m, incident light was less than 0.01 lumens, below the
sensitivity of the light meter.

Fig. 6. Photographs at ISO 6400 using a Nikon D5100. The numbers correspond to each sampling station.
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a quarter moon night sky is 0.01 lux, and a clear
moonless night is 0.001 lux (Johnsen, 2012).
The environment of Sistema Muévelo Rico
with respect to natural selection
We have shown that eye reduced species occur
in Sistema Muévelo Rico, and this suggests that
either the ability to form images in these low light
environments is so reduced as to make only the
detection of light important (especially for circadian
clocks, see Friedrich (2013), or that the primary
habitats of troglomorphic species are the cracks and
crevices of the limestone, which are more extensive
in these eogenetic limestones than in older, more
compressed limestones. That cracks and crevices are
the primary habitat of obligate subterranean dwelling
species is the view of Racovitza (1907), Karaman
(1954), and Moseley (2009). The issue is not really
whether the species utilize cracks and crevices. The
answer is certainly that they do. The issue is why
relatively large numbers are found in the cave passage.
It seems unlikely that the individuals in the cave itself
have just blundered into the cave, but rather that
there is something in the larger passages that brings
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out troglomorphic species from the relative safety of
cracks and crevices to face and increased number of
predators. The most likely reason for their presence
in the cave itself is that there is more organic matter
in the large passages than in the cracks and crevices.
It would seem that just as there is no fauna limited
only to caves, as Karaman (1954) suggests, there is no
fauna limited only to cracks and crevices.
It is possible that the number of troglomorphic
species we observed is reduced relative to aphotic
caves. It is difficult to answer this question definitively
because of the lack of studies of the terrestrial cave
fauna of the region. Palacios-Vargas et al. (2014-2015)
list a large number of facultative cave dwellers from
Quintana Roo, several times more than the number
of troglobionts. This suggests that the troglomorphic
fauna of Quintana Roo is not particularly diverse.
This is in contrast to the relatively rich troglomorphic
aquatic fauna (Mejía-Ortíz et al. 2013).
The other issue is why there do not appear to be
any species adapted to low light, with larger eyes,
but there are others ways to increase light sensitivity
beyond increased eye size. Perhaps illuminance is
too low for image formation so that larger eyes have

Fig. 7. Map of zones of incident light in Sistema Muévelo Rico. Red color is day light; Green color is indirect daylight (>100 lux); Yellow color is moderate
light; Blue color is dim light; grey color is trace light; and black color is the true dark zone.
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Table 2. Percent organic matter at the eight monitoring stations, four additional entrances and skylights, and one sample from the aphotic
zone. Station 5 is listed with the entrances because it was located at the main entrance to the cave.
Dry weight (g)

Ashed weight (g)

Organic matter
weight (g)

Percent organic
matter

Station 1

33.328

31.137

2.190

6.572

Station 2

33.197

29.932

3.265

9.836

Station 3

42.420

40.245

2.175

5.128

Station 4

40.206

34.009

6.197

15.413

Station 6

31.567

35.997

4.430

14.034

Station 7

42.041

39.479

2.562

6.094

Station 8

18.596

18.089

0.508

Sites
Interior Stations

2.730

Mean ± S.E.

8.544 ± 1.789

Aphotic Zone
Dark zone

39.172

37.236

1.936

4.942

Claraboya Entrance 1

34.672

28.818

5.853

16.882

Entrance bungalow

37.646

34.891

2.755

7.319

Skylight close station 8

34.185

27.217

6.968

20.383

Baile de Pollo Entrance

41.063

36.980

4.082

9.942

Skylight close entrance baile de pollo

10.760

3.875

6.885

63.990

Station 5

38.281

34.076

4.205

10.985

Entrances and Skylights

Mean ± S.E.

21.583 ± 8.705

no advantage. There is evidence of use of the cave by
nocturnal mammals. Game cameras in the Jaguar
complex of caves have documented jaguar (Panthera
orca), puma (Puma concolor), margay (Leopardus
wiedii), possum (Didelphimorphia), fox (Vulpes vulpes),
and paca (Cuniculus) (Sprouse, unpublished data).
The presence of dim light may explain the
widespread ability of apparently cave-limited species
to detect light and to have a biological clock (Friedrich,
2013). Perhaps these species also encounter photic
subterranean environments. Photic habitats, even
dimly lit ones, are both a source of food and a source
of danger from visually oriented predators for any
species primarily living in aphotic habitats. At low
illuminance, that danger from visually oriented
predators may be quite low.
For stygobionts in the cave, almost certainly the
primary habitat for these species is the deeper, dark
zone, and is likely that their presence near the surface
1

2

3

in a relatively well-lit pool is the result of active
foraging in an area of higher levels of organic matter.
The cost of this activity is the risk of predation, but we
saw no predators in the pool.
Future research and unanswered questions
Almost all aspects of this study could be fruitfully
explored in more detail. First, while technically
difficult (see Johnsen, 2013), the measurement of
illuminance below 0.01 lux would be informative.
The measurement of light in Sistema Muévelo Rico
is actually easier than in many photic subterranean
habitats like leaf litter because the habitat itself in the
cave need not be disrupted in order to measure light.
Second, the scenario that we have put forward here,
that this dimly lit habitat is a habitat with both risks
(predation) and rewards (more food) needs verification,
both by careful observation of the inhabitants of
Sistema Muévelo Rico and by expansion to other
4

5

6

Araneae
Ambypygii
Collembola
Opiliones
Araneae
Opiliones
Pseudoscorpiones
Geophilomorpha
Scorpiones
Isopoda
Hemiptera
Mantodea
Scorpiones
Fig. 8. Occurrence, by station, of troglomorphic taxa (in black) and eyed predatory taxa (in gray).
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Complete
darkness

Trace
(<0.01 lumens)

Dim light
Moderate light
(0.01 to 1 lumens) (1 to lOO lumens)

79
Daylight
(>100 lumens)

Araneae
Ambypygii
Collembola
Opiliones
Araneae
Opiliones
Pseudoscorpiones
Geophilomorpha
Scorpiones
Isopoda
Hemiptera
Mantodea
Scorpiones
Fig. 9. Occurrence, by light zone, of troglomorphic taxa (in black) and eyed predatory taxa (in gray).

caves, ones with larger dark zones. This would allow
examination of the question of how many of the
regional species pool of troglobionts are found in the
dimly lit areas. Third, greater taxonomic precision
would be useful.
Most importantly, the fauna and environment
of Sistema Muévelo Rico should be cause of reexamination of the boundary between light and dark,
and the interactions occurring at this boundary.

CONCLUSIONS
Sistema Muévelo Rico is an environment that
is intermediate between photic and aphotic
environments. The cave is aphotic in only a small
section, but in most of the cave, illuminance is less
than 0.01 lux. In other respects, the environment is
intermediate–a reduced cyclicity and variability of
temperature and relative humidity occurs. Organic
matter is also intermediate, with an average of 8.5% in
the cave. The invertebrate fauna of the cave includes
both aphotic subterranean and photic surface fauna.
Both components occur throughout the cave. The
subterranean fauna likely occurs primarily in cracks
and crevices, but forages for food in the cave itself.
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Abstract:

Keywords:

Calcite surface has been reported by cavers and scientists over the last decades. Here, we
present a methodological work aimed at quantifying that growth. We suggest a method of
draping old photographs of a part of the Gournier Cave onto a 3D model. This work relies on
a collection of photographs taken by cavers. We have chosen to study a site for which the
maximum number of photographs was available. The series of photographs over time makes it
possible to overcome the limitation of calcite crust dating. The acquisition of the 3D model has
been achieved using terrestrial LIDAR. Then, photographs were draped over this 3D model
to digitize the calcite/limestone limit. The four pictures that were used span the 1950 to 2014
growth period. We demonstrate that the growth began before 1964 and that it is not directly
related to an airflow increase in the cave due to the opening of a sump by cavers in 1992. The
surface increase is ascribed to regional changes, but we cannot ascertain whether climatic
or environmental controls are its main drivers. Furthermore, it remains uncertain whether an
acceleration of calcite growth was driven by local changes induced by an increase in airflow.
flowstone, geomorphology, 3D, photo draping, global change
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INTRODUCTION
Among speleothems, little attention has been paid
to subaqueous flowstones because their complex
genesis and diagenesis make U/Th dating difficult
(Ortega et al., 2005). However, they are generated by
karstic flows and are supposed to record changes on a
whole-watershed scale. In various areas, cavers have
reported new growths in subterranean rivers.
The Gournier Cave is one such cave. G. Marbach
(a caver), reported on the evolution of the carbonate
deposits at the cave by comparing two of his own
photographs over time (Fig. 1).
From this initial observation, we propose a method
to ascertain and quantify calcite growth based
on the comparison of photograph sets. Previous
similar methods have been successfully utilised to
demonstrate landscape evolution using photographs
combined with digital elevation models (DEM) (Bozzini
et al., 2013; Scapozza et al., 2014). These studies have
shown that such a method needs to integrate two
features: the availability of a large set of photographs;
and the ability to quantify calcite surfaces, taking into
account the topography.
*kim.genuite@univ-smb.fr

We report here the application of this method on
one site in the Gournier Canyon (Vercors, France).
The Gournier Cave displays both these traits. On the
one hand, the Gournier Cave has been regularly visited
since its discovery, which provides the opportunity to
test the proposed method based on the large quantity
of photographs generated by cavers over time since
1950. On the other hand, the technique of coupling of
3D topometric surveys with improved mathematical
methods designed to cover and reshape photographs
onto numerical topographic models is well designed to
quantify calcite surfaces (Bozzini et al., 2011).

CALCITE CRUST IN THE GOURNIER
SUBTERRANEAN RIVER
Geological settings of the Gournier Cave
The Gournier Cave is located near Grenoble in the
Vercors Range, which is part of the Prealps (45°04'N,
5°23'E, 570 m asl). Next to the Choranche touristic
cave (Perrette & Jaillet, 2010), Gournier contains
17 km of passages and shafts within the massive
Urgonian Limestone Formation (Arnaud-Vanneau et
al., 1976).
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. Comparison of subterranean flowstone growth in the second waterfall of the second
access (see Fig. 2); calcite crust contour is digitised in yellow. The bright calcite deposit
contrasts with the darker limestone, making it easy to visually determine the deposit’s
limits in photographs.

The Gournier karstic spring drains from the
“Plateau des Coulmes” (at 800 to 1,400 m asl). Used
since 1400 AD for wood charcoal production, the
previously cleared environment was progressively
reforested following the reduction of this activity from
the end of the 19th century until its complete halt at
the midpoint of the 20th century (Perrette et al., 2008).
At present, 73% of the 7 km² watershed is covered
by beech forest in the foothill zone, 13% is covered
by mixed forest in the mountain zone (beeches and
spruces), and the remaining 14% is covered with
grassland and agricultural areas.
Karstification in the Gournier area follows the
south dip of the less permeable Hauterivian marl
strata (Fig. 2), leading to a vadose karst that drains
the 1,400 mm of annual meteoric water to the Bourne
river. Unpublished time series measurements by the
“Environment, Dynamics, Territories and Mountain
Laboratory” (EDYTEM) laboratory since 1997 show
that this karst spring responds in less than 6 hours
to rainfall and snow cover melting. The base flow

has been estimated at approximately
40 l·s-1; strong discharges exceed 3 m3·s-1.
From the entrance, the first kilometre of
Gournier Cave follows an underground
river with fossil passages, active canyons
and waterfalls.
After the initial exploration of the cave
in 1948, a perched sump (Siphon Jérôme)
was destroyed in 1992 by the breaching
of the dam by cavers. That opening made
the explorations easier and led to a local
increase in ventilation (Lismonde, 2002),
which could have resulted in increased
calcite saturation as well.
As characterised in 1980, running
water at the site holds a temperature
ranging from 7.5 to 8.5°C and a mean
dissolved calcium concentration of 186
mg·l-1 (Delannoy, 1982). The cave is well
decorated in the fossil passages and in
the subterranean canyon. The calcite
saturation is increased by degassing
processes that occur along waterfalls of
the subterranean canyon.

Calcite crust description
Calcite crust can be observed on the walls in the
canyon of the Gournier Cave and resembles a yellowto-orange travertine-like material that strongly
contrasts with the darker bedrock (Fig. 1, Fig. 3).
Four samples have been cored in the river section in
the Gournier Canyon near the waterfall of the second
access. During the winter of 2014, sampling was
achieved in the riverbed upstream from the waterfall.
Figure 3 shows a typical calcareous tufa fabric as
proposed by Frisia et al. (2000), which is associated
with highly variable discharge and dry periods during
the low water period. Laminations can sometimes be
seen in the samples (Fig. 3), but the architecture of
the laminae makes it difficult to ascertain whether the
laminations are annual.
These calcite fabrics are generally associated with
supersaturation over 0.5 saturation index (SIc) and
can be found in passages where the temperature
fluctuates (Frisia, 2015).

Fig. 2. Gournier’s location. The karst follows the Hauterivian marl and water runs through a forest that grows atop the massive Urgonian
Limestone Formation. The studied area is a waterfall located at the beginning of the subterranean canyon, after a one hour walk into the fossil
cave. It is often photographed by cavers because of its accessibility, being located at one of the two main entrances of the subterranean
canyon. Topography modified from Delannoy et al. (1988).
International Journal of Speleology, 47 (1), 81-91. Tampa, FL (USA) January 2018
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Fig. 3. Section of the crusts. (a) Overview of the homogeneous tufa fabric deposited
on Urgonian Limestone; (b)–(c) laminations in compact zones; (d) magnification
of the (c) zone showing a nested lamination. The contrast between carbonate
deposits and limestone allow the calcite from the limestone regions to be readily
distinguished in photographs.

Calcite growth can be seen into the waterfall but
also in the riverbed and on both sides of the canyon.
However, the limestone tablets in the underground
stream show a gain of mass per surface area of
approximately 5·10-4 g.mm-2·y-1, which corresponds to
a vertical growth of 180 µm·y-1 (Delannoy, 1982). The
same observation can be made at the Choranche Cave,
1 km from the sampling site. Measurements of calcite
deposits on a climbing mast erected during the 1954
explorations of Choranche indicate a slightly higher
calcite deposition rate but at a similar magnitude
(25 mm over 50 years, i.e., 500 µm·y-1) (Perrette et al.,
2015). The measurements (Fig. 3) of calcite crusts
sampled a few meters near the study site indicate that
they are within same range of thickness. This result
confirms that the carbonate deposits in Gournier are
relatively recent in occurrence. Despite the calcite
crust’s thinness (ranging from 0.2 to 8 mm), its bright
colour strongly impacts the cave scenery.

METHODS
Methodological strategy
Photograph collection and analysis
We collected photographs of the Gournier Canyon
taken from 1950 to 2014. The use of mailing lists,
scientific and caving magazines, private collections
and online publications of expeditions facilitated
the collection of a large quantity of pictures (Fig.
4). Photographs were selected according to their
suitability for this study: we needed well-exposed and
sufficiently detailed pictures of the canyon, which
were saved into a database.
Our collection of 148 photographs is composed of:
• 41 slides from private collections (slides that
were scanned).
• 20 pictures published in speleological publications
(Spéléo magazine, Scialet, Spelunca) (photographs
scanned from publications).
• 89 pictures from expeditions published online
(obtained directly from the internet).
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Regarding the 4 photographs used for the
comparison, the 1950 photograph was scanned
from a publication (Bourgin, 1950), the 1964
and 2008 photographs were scanned from
slides, and we took the 2014 photograph. For
each selected site, a photograph was taken
during the winter of 2013/ 2014 to complete the
collection. Each photograph was implemented
in a database with complementary data such
as “presence of calcite deposition in the cave”.
These data were used in order to determine a
global estimate of the repartition of calcite over
time and space.
Figure 4 illustrates the distribution of the
collected photographs over time and along the
topography of the Gournier Cave. Photographic
coverage was obtained for most parts of the
Gournier Cave.

Selection of the waterfall site
To estimate the growth rate of a calcite crust
using photographs, a sufficient database needs
to be compiled for a site of interest. Our strategy was to
initially gather a large photograph collection covering
the entire cave from the speleological community.
From that preliminary collection, 9 sites were chosen
within the first kilometer from the entrance of the
cave based on two criteria: the sites should have
photographs older than 1980, and those photographs
should be sharp. From the assembled database, the
most documented site was selected for testing with
our method: a waterfall with photographs taken from
1950 (Bourgin, 1950) onward.
Following previous methods used by Grussenmeyer
et al. (2010), Ravanel & Deline (2011), Bozzini et
al. (2013), and Ployon et al. (2014), we compare
photographs of the waterfall site by drawing with
CAD software the borders of the carbonate deposit
in the photographs, and the borders are readily
distinguished thanks to the contrast between the
bright calcite and the darker limestone. Unfortunately,
given the diversity of the photographs, surfaces
cannot be directly compared because of the changes
in viewpoints and scales.
Photo draping
Recently developed 3D technologies (Jaillet et
al., 2011a) allow researchers to overcome the
aforementioned limitation of visual photograph
comparison. Because these technologies require
strong investment in data collection in the field and
in data post-processing, we focused the photo draping
application on only one site: the second waterfall of
the second access of the Gournier Cave.
The general principle is to drape a photograph onto
a 3D topography in order to determine the X, Y, and
Z Cartesian coordinate system of each pixel. This
flat metric system was not projected in a terrestrial
coordinate system.
As a first step, we used a laser scanning method to
produce a point cloud (Canevese et al., 2013). Eleven
scans were acquired with a FARO Focus 3D 120
scanner which has a distance accuracy up to ± 0.002 m,
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Fig. 4. Location of photographs taken in Gournier over time. Each bar represents a number of photographs. Different
colours identify decades. The data clearly show an increase in the number of photographs over time: most of the
available photographs were taken recently and mainly in the lowest part of the Gournier Canyon (in altitude asl). It is
also apparent that studied waterfall is the only waterfall amenable to a landscape analysis based on more than two
photographs. Topography modified from Caillault (2000).

range from 0.6 m up to 120 m, and noise reduction
by 50%), (Oludare Idrees & Pradhan, 2016; FAROTM).
Spherical targets are located in the cave before laser
scanning in order to facilitate the rebuilding of the
complete point cloud from the different acquisition
scans by using the SCENE software (FAROTM) (Hajri et
al., 2009; Canevese et al., 2013; Gallay et al., 2015).
According to the instrument specification, (FAROTM),
the point cloud accuracy is approximately 0.002 m.
However, as the laser scanning is done in a wet
environment, the laser beams can be reflected by
water, leading to an increase in the difference between
the point cloud and reality; and a loss of points
during acquisition (by approximately 5%) (Jaillet et
al., 2011a). The problem is also manifested at the
waterfall: the water flow inhibits the determination of
the subaqueous topography by laser scanning, and
the subaqueous surface is not visible in photographs.
Those points have been deleted in the final point cloud
with visual control. The final point cloud representing
the waterfall contains 344,256 points, with a 0.015 m
definition. The 3D numerical model of the waterfall
has been generated using 3DReshaperTM meshing
functions (Hajri, 2010). We have generated a Delaunay
triangulated model (Delaunay, 1934) with regular
triangles (all similar in size), which reveal 0.032-m
details. This resolution was well adapted to our goal.
On the waterfall zone, 10 measurements between
the point cloud and the mesh were achieved
manually with the 3DReshaper measuring tool. A
mean distance of 0.005 m (Fig. 5) was considered for
uncertainty assessment. Only one 3D model has been
built because we assume that the 3D topographic
changes of the bedrock can be neglected over the time
spanned by the study. Indeed, from 1950 to 2014, the
calcite crust spread all over the waterfall. However,
the deposit remained thin, having a thickness of less
than 0.01 m according to our observations on samples
taken around the second waterfall of the second
access (top and bottom of the waterfall – Fig. 2),

which is smaller than the 0.032 m mean triangle size
of the model (Fig. 5).
Thus, the photo draping process was applied to the
upper part of the calcite visible in the photographs.
The 2014 photograph of the waterfall was used
to define the spatial limits of our study because of
its sharpness.
The accuracy of the photographs allowed us to
drape them with less than 0.032 m of uncertainty,
calculated by measuring the difference on topographic
edges, both on the mesh and on the photographs
(Fig. 5). This means that the triangles of the 3D
model are larger than the uncertainty of the photo
draping process for all four photographs used, and
of the “texels” (stretched pixels on the 3D model;
Fig. 5) of the draped photographs. Fortunately, the
sharp topography of the waterfall area favoured the
quality of photo draping and therefore served as its
quality control, as it was possible to see if the sharp
edges visibles on the photograph were corresponding
to the ones onto the 3D model. A few tries were most
of the time necessary before the final validation by
visual control.
We used 3DReshaperTM (Jaillet et al., 2011b;
Battaglia, 2015) to drape our photographs onto the
triangulated model. The draping process involves the
creation of a table that attaches typical points from
a photograph to points in the 3D model, functioning
in the same way as georeferencing and photo draping
processes for 2D and GIS software (Bozzini et al.,
2011; Ployon et al., 2014).
The operator manually chooses the points on
the 3D model and picks a corresponding point on
the photograph. Following the different points, the
photograph is stretched to fit the 3D topography. After
creating 10 to 20 points, the photograph is draped onto
the surface. The draping allows for the construction of
a 3D image and the display of a photorealistic texture
on the triangulated model. This process takes time
and is highly influenced by the positions of the points.
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Fig. 5. LIDAR survey, meshing process and the calculation of the uncertainties. Considering: i) the uncertainty produced
by the mesh construction; ii) the photo draping and iii) the digitising process, the matching uncertainty reaches 2.6 cm
for the 2014 photograph. It is smaller than the mean 0.032 m triangle size of the mesh. Consequently, because of the
resolution that was used for the mesh, the cutting process generates larger uncertainties than the draping method.

An ideal 3D photo draping should be built with
points regularly placed over the entire picture, but
the topography and resolution of a given photograph
do not always allow for such conditions. Hence,
points are only placed when the operator is confident
with the correspondences between the photograph
and the 3D model. In our case, the topography is
clearly visible even on the older photographs (1950
and 1964), so the topographic details helped in the
generation of a decent photo draping (Fig. 5). We took
20 measurements for each photograph, measuring the
difference between the 3D model sharp topographic
details and the visible details in the photograph. This
provided a measure of the global uncertainty of the
draping process. The good resolution of the mesh
resulted in a global draping uncertainty value of less
than 2.6 cm (highest uncertainty value, obtained on
the 2014 photograph stretching, Fig. 5) including
measures of trueness and data processing precision
based on measurements taken on the bare canyon
walls (considered to be stable).

RESULTS
As expected, the number of suitable photographs
increases with time and decreases with distance from
the entrance (Fig. 4). As such, there is a considerable
quantity of data dating from 1980 to the present,
and substantially fewer pictures dating from between
1950 and 1980. Despite the smaller quantity of older
pictures, the collection is sufficient in space and time

to observe a calcite crust progression in different
parts of the cave.
Photographic observations
Calcite crust was observed along the canyon on all
photographs. We managed to compare photographs
taken recently with older photographs of the lower
part of the canyon. Several comparisons were
possible between at least 2 photographs taken at
the same place and, with similar viewpoints (Fig. 7).
Moreover, in the most recent photographs, including
our own 2014 coverage, a highly regular deposit
can be observed along the whole canyon. The upper
border of this calcite crust follows the waterline above
the low flow level. Generally, the distance between
this upper calcite lining and the low water level is
approximately 0.3 m, but this is highly dependent
on the canyon section, and it can exceed 1 m in
the larger sections. The relation between distance
of the calcite lining and the low water level and
with the cave passage seems to be controlled by
flow rates.
From a temporal viewpoint, an increase in calcite
crust deposition can be observed between the 50s and
the 80s in the upper part of the canyon (in altitude
asl) and also looks thick (e.g., the Jérôme drain and in
the Fifth Avenue). The increase seems less important
in the lowest part of the canyon in altitude asl (first
waterfall of the second access, Jérôme Gallery) which
means that either the upper part received an earlier
deposit or a more substantial one.
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Fig. 6. Photo draping method applied to Gournier’s waterfall surface area. After
a manual selection of corresponding points on both triangulated model and
photographs, the software reconstructs the position where the photograph was
taken and then drapes it onto the 3D model (Phase 1). The data is stretched onto
the 3D model, recreating the texture using the topographic information given by
the 3D model (Phase 2). The calcite contours are then directly cut through the 3D
model using the mapped photograph that guides the operator through its cutting
(Phase 3). The cut follows the triangles of the mesh (Phase 4), generating an
uncertainty of quantification of ± 1 triangle along the full length of the perimeter of
the cut (red perimeter and black arrows - Phase 5).

According to cavers’ observations (oral testimonies),
this carbonate deposit seems to have appeared on the
canyon walls around the year 1980.
Quantification
Cutting through the 3D model to spatially delimit the
calcite crust generates greater uncertainty because
the 3D software (3DReshaperTM) only cuts according
to the triangles’ mesh sizes and spatial distributions
(Fig. 5).
On the triangulated model, all the triangles have
approximately the same size, but not exactly. As
the software cuts according to the triangles, a mean
triangle is determined and constitutes the smaller
cutting unit for all four cuts.
As reported in Figure 8, The perimeter of the
cuts is used to determine the global uncertainty of
measurement: the perimeter is divided by the mean
triangle size (0.032 m), then the surface area of the

calcite is divided by the number of triangles.
This process yields the mean number of
triangles that constitute the perimeter.
Then, the measured surface of the calcite is
divided by the real number of triangles that
represent the calcite crust, which yields the
mean surface of the triangles.
Finally, we multiply the mean surface by the
number of triangles found in the perimeter,
which yields the uncertainty for each cut.
For the 1950 photograph, Fig. 9 shows the
boat and the explorers hiding the right part
of the waterfall. Considering that most of it
was still visible, we digitized the masked areas
using the 1964 contours for the masked area
behind the caver and the boat, considering that
the caver was hiding a part of the waterfall that
was not covered with calcite crust in 1964, but
which did not seem to be covered with it in
1950 according to the morphology of its visible
part. The sharp topography of the waterfall
area allows for a check on the quality of the
photo draping.
The digitising of the calcite crust was favoured
by the contrast between the light calcite and
the dark limestone, which allowed for an
accurate delineation of the upper boundary for
each photograph with visual control.
Figure 9 shows the evolution of the carbonate
deposit over time for our study site. The
bright calcite surface increased from 2.0 m2
in 1950 to 7.2 m2 in 2014. Calcite growth is
significant at each stage and far exceeds the
overall uncertainties. A slight acceleration of
the deposition rate seems to appear between
the 1964 and the 2008 photographs. However,
because of the lack of photographs in the
intervening time period and the uncertainty of
the calcite surfaces, we cannot ascertain the
time at which the acceleration occurred as the
uncertainty is too substantial.

DISCUSSION

About the methodology
Working with historical data imposes some challenges
with respect to data acquisition and interpretation,
and requires that the study methodology be tailored
to the data available. For example, the studied
photographs are not taken under identical light
conditions (especially the 1964 one: calcite crust
highly contrasts with bedrock but some bedrock
parts appear brighter because of the flash. Those
areas were not considered as calcite as the same kind
of colour can be found higher on the canyon walls,
on the photograph), nor from the same viewpoint;
and some photographs only provide partial coverage
of study areas (e.g., the 1950 photograph is partly
obstructed by a boat). Consequently, this introduces
some uncertainties which limit the robustness of
our approach. Further, in this study, the calcite was
delineated visually, which was possible because the
contrasts between calcite and bedrock were generally
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Fig 7. Photograph comparisons in the first part of the Gournier Canyon (in altitude asl). The growth of the calcite crust is clearly
visible on the three sites. The (d) photograph (taken during low flow period) reveals how the deposit looks like in the flat parts
of the karstic system.

strong. However, this introduces some uncertainties.
For example, on the older photographs, the contrast
between calcite and bedrock is very strong, however
the boat prevents us from interpreting the calcite shape
behind it. We used the 1964 calcite shape to complete
it because it is the closest data we have, historically
speaking, which provides the best possibility of a
correct interpretation of the morphology of the calcite.
For the more recent photographs (2008 and 2014),
delineation uncertainties are also present, especially

on the left side of the waterfall. This is a place where
the calcite is patchy; sometimes it covers the entire
bedrock, and in others, the bedrock is still visible.
Although the patchy nature of the calcite here is not
taken into account in the final cut of the 3D model (the
mean triangles are bigger), the flashes used during
the photographs, especially on the 2008 one, add too
much uncertainty to be sufficiently sure about our
delineation. Nevertheless, the increase through time
is clear (Fig. 10).
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Although LIDAR is clearly the best solution for
topographic scanning because it respects the geometry
of scanned objects (Wandinger, 2005; Oludare Idrees
& Pradhan, 2016), it remains expensive and is not
always affordable by research labs or the caver
community. Furthermore, because of the absorbance
of laser light by water, the LIDAR technique prevents
us from acquiring the topography of a subaqueous
environment. Other solutions exist and could have
been used to get further data for the research site: a

Fig. 8. Quantification of the uncertainty generated by the cutting process of
the draped calcite, through the triangulated model. The final uncertainty of
each cut is linked to the size of the mean triangle.

subaqueous survey can be conducted with graduated
sticks, and the waterfall can also be digitised with
a photogrammetry method (Burens-Carozza et al.,
2013) using a ring flash on the camera to suppress
the shadows caused by light in a subterranean
area (Plisson & Zotkina, 2015). However, in the
360-degree topography of the subterranean canyon,
geometrical differences may be more of a complicating
factor compared to the scan method, and the camera
has to be near the object in order to make the ring
flash efficient.
We used photographs to study the past landscapes
of the waterfall. However, for future data collection
(beyond 2014), we intend to use laser intensity
technology as a technique for monitoring and
measuring the calcite evolution. Laser intensity
provides information about material reflectance
(Soudarissanane et al., 2007) and hence opens up the
possibility of quantification of the calcite progression
based on comparisons between the 2014 scan and
newer ones. The point cloud will contain all the data
needed to identify the calcite crust on it. However,
tests have to be done regarding the impact of
humidity reflection (Sadier, 2013). We assume that
merging both photogrammetry and laser scanning
(Habib et al., 2004) would provide a better survey
with good resolution and a geometrically correct
3D model.
Questioning the local cause
of the surface increase
Our photograph collection led us to observe the
calcite crust’s progression over time. Its quantification

Fig. 9. Calcite crust progression over time on the first waterfall of the second access. We calculated the interpolated uncertainty with a
smooth spline interpolation using the R-code package “Clam” version 2.2 (Blaauw, 2010).
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at our study site with the 3D model reveals that it is
increasing. Since the opening of the siphon Jérôme
in 1992, some cavers have reported an increase
in the airflow in the bottleneck parts of the cave
(Lismonde, 2002). Such an increase in the airflow
was also reported as the cause of an increase in the
sodastraw growth rate in the neighbouring Coufin
Cave (Perrette & Jaillet, 2010). In the photograph
of the calcite crust (Fig. 3b-c), no evidence of any
increase in the size of laminations was observed. The
expected independence of the growth rate change and
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the opening of the Jerome sump can be linked both
to the growth mechanism of the calcareous tufa and
to the size of the passages. In fact, according to Frisia
et al. (2000), the tufa fabrics are associated with
conditions characterised by an alternation of strong
discharges and dry periods. The deposition of calcite
crust was observed everywhere in the cave despite
the size of certain passages that should be associated
with increased airflow. Therefore, as a local factor,
the opening of the Jérôme sump may not have been
responsible for inducing the growth of the calcite crust.

Fig. 10. Calcite delineation on 3DReshaper. The cutting process that follows the triangles was helped by a pre-delineation
on the photographs, using a CAD software. The colored lines reveal the clear increase of the calcite surface through time.
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However, other factors partially linked to the perched
Jérôme sump opening could have generated the
acceleration in calcite growth. In fact, an increase in
the airflow could slightly enhance the evaporation
occurring on the walls, leading to calcareous tufa
fabrics. If such a process occurred, a slight difference
in growth should be observable between the narrow
and the wide parts of the canyon.
Environmental changes as drivers of calcite growth
The analysis of our collection of photographs
shows that the calcite surface area is increasing.
Furthermore, the calcite crust was seen in the canyon
before the opening of the Jérôme sump in 1992 and
was already increasing. We cannot solely attribute the
calcite surface area increasing to the local increase
in cave ventilation in 1992, as it could have occurred
prior to that. Consequently, environmental and
anthropic changes must also be considered.
In the Vercors area, environmental factors are
suspected to drive the calcite growth in two different
ways: through increases in temperature and through
changes in land cover partly due to rural decline.
First, the atmospheric reanalysis of the National
Center for Atmospheric Research and National Center
for Environmental Prediction (NCAR-NCEP) climatic
data of the Vercors reveals a relatively warm period
from 1948 to 1965 that could explain the calcite growth.
That period is followed by a wet and cold period from
1965 to 1984, which is not supposed to have produced
the observed acceleration in calcite deposition. Then,
a hot and dry period followed from 1984 to 2004,
which corresponds to a warming of the climate. Over
the last several decades, the general Vercors climate
was characterised by more than 1400 mm rain per
year. The wetness of the environment during this time
could be an interesting factor influencing the increase
in the growth rate. Indeed, a strong relationship has
been reported between air temperature and pCO2 in
soils in different mountain environments (Fairchild
& Baker, 2012). Consequently, sensors have been
implemented in the cave to measure the ambient
temperature, the CO2 levels in air and in the water, in
order to study those variations.
The second environmental parameter potentially
implied in the calcite growth could be the vegetation
cover increase on the plateau that has been observed
since 1970, which corresponds to the end of charcoal
production and timber harvesting on the plateau
(Hanus, 2000). Furthermore, the cave carbonate
surface area increases coincide with a change in the
vegetation cover characterised by more and younger
beech trees, which increase the pCO2 concentration
in soils. Despite the fact that its progression has
not yet been quantified, the spreading of deposition
could be a result of the combination of the two
environmental factors (temperature and vegetation
covering) without the need of a local cause (i.e.,
opening of the Jerome sump and the corresponding
increase in cave ventilation). However, because no
quantification has yet been performed, the local
cause proposed by Lismonde (2002) still needs to
be considered.

CONCLUSIONS
This study presented a method designed to perform
diachronic subterranean landscape analysis. Based
on a collection of old photographs taken by cavers,
this method draped images from different time
periods onto a 3D model of the analysed subterranean
landscape. The method allowed us to quantify certain
changes in the subterranean landscape, such as the
spatial extent of the calcite on the canyon walls. In our
case, the sharp contrast between the lightly coloured
calcite crust and the dark limestone wall allowed the
operator to digitise the successive areas manually.
As quantification of more photographs is achieved
in the future, the image processing algorithm might
be applied to more detailed mappings in different
environments.
From an environmental point of view, we have
demonstrated and quantified the growth of calcite on
underground canyon walls since 1950. Two different
causes of that growth have been discussed by the
caver community: first, a local change induced by the
opening (partial emptying) of a sump by cavers that
caused an increase in airflow in the cave; and second,
regional and local environmental changes. Our results
show that the calcite growth preceded the opening
of the sump, arguing in favour of environmental
controls rather than a local effect of airflow change.
Considering our current knowledge, climate and
vegetation changes are probably co-factors. The local
effect of a change in airflow by the opening of the
Jérôme sump cannot be demonstrated even if it was
involved in the increase of the surface area of calcite.
The specific role of the airflow change might be more
precisely ascertained only with a more complete photo
collection. Indeed, this publication may encourage
the collection of more photographs that could help
improve the chronology of the quantification. As a
development, this study should be combined with
monitoring and modelling studies in order to assess
the respective roles of vegetation and climate change
in the calcite growth phenomenon.
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Abstract:

Keywords:

In this study, air, water, and host rock in show caves in a Vietnam’s karst region was
monitored and analyzed to identify the ventilation regime and track the cave air CO2 sources.
In general, the studied caves are well ventilated. In dynamic – multiple entrance caves, air
ventilation is described with the use of U shape model. In static – single entrance cave, air
circulation is explained by cold air trap model. Both ventilation models suggest that air is
more circulated in winter than in summer. Seasonally, the cave air CO2 increases from early
spring to summer. Value in the deepest part of the single-entrance cave is approximately
1,000 ppmv and 8,000 ppmv in early spring and summer, respectively. In multiple-entrance
and wet caves, CO2 level is fairly constant all over the show section, increasing from 500 ppmv
in early spring to 2,000 ppmv in summer. Data of microclimate, CO2 content, and particularly
δ13C show that cave air, particularly in single entrance cave, has higher CO2 concentration
during summer due to a stagnation of cave air circulation and an elevated CO2 input from
soil and epikarst. The cave air CO2 increase is also observed after intense rainfalls. A factor
that increase cave air CO2 in show caves during the festive days could probably be huma
n exhaling but the extent of human factor in these studied cave systems should be further
investigated. Cave waters including cave pools and streams mediate CO2 level in wet caves.
Above all, the atmospheric fraction of CO2 is always dominant (>60%) in all cave sections.
Phong Nha – Ke Bang, microclimate, cave air ventilation, soil air CO2, human exhaling
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INTRODUCTION
Air CO2 is a key factor in a carbonate karst
environment. Carbon dioxide produced in soil and
vadose zone by microbial degradation and respiration
spreads toward the upper part of the karst and the
epikarst, and from there it moves to the subjacent
parts of the unsaturated zone, including caves
(Faimon et al., 2006; Kowalczk & Froelich, 2010).
CO2 dissolution gives water its aggressiveness against
carbonate rock and participates in the karstiﬁcation
potential. Caves are a result of karstiﬁcation and
they are specific parts of vadose zone where external
atmosphere air mixes with vadose zone air (Baldini
et al., 2006). Depending on numerous processes and
conditions (e.g., temperature, pressure gradient, wind
*ducta@ich.vast.ac.vn

direction, cave geometry), the cave air CO2 undergoes
variations throughout the year, though normally is
more concentrated than the open atmosphere level
(Kowalczk & Froelich, 2010; Fairchild & Baker, 2012;
Gregorič et al., 2013; Pflitsch & Piasecki, 2003; Geiger,
1961; Vieten et al., 2016b; Baldini, 2010; Benavente
et al., 2010; Bourges et al., 2014; Breecker et al.,
2012; Fernández-Cortés et al., 2011, 2015; Mattey et
al., 2016, among others).
From a global perspective, CO2 is one of the most
important greenhouse gases and its generation,
dispersal, and sequestration on earth surface and
crust are subject of different researches. Numerous
studies have shown a signiﬁcant CO2 reservoir
existing in the vadose zone of aquifers and a ﬁrst
approximation estimates that the subterranean CO2
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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pool could represents more than half of the total
CO2 content of the atmosphere (Serrano-Ortiz et al.
2010; Fernández-Cortés et al., 2015). Both abiotic
and biotic processes that control the CO2 exchange
between atmosphere and vadose zone in karst can
vary depending on the ecosystem location, climatic
conditions, and particular ventilation regime.
The concentrations of CO2 in cave air have a close
relationship with the deposition of speleothem calcite
and the way that chemical proxies for paleoclimate
are recorded and interpreted from cave deposits
(Dreybrodt, 1988; Baldini, 2010; Banner et al.,
2007; Breecker et al., 2012; Cosford et al., 2009;
Frisia et al., 2011; Mattey et al., 2010; Spötl et al.,
2005). Monitoring of cave environments is necessary
to improve understanding and interpretation of
speleothem climate proxies (Fairchild et al., 2007;
Fairchild & Baker, 2012; James et al., 2015) because
variations in speleothem geochemistry are produced
through changes in rainfall amount, weather
patterns, rainfall source, temperature, vegetation
atop the epikarst, and ventilation. Site
specific cave
atmosphere studies help constrain interpretations
of regional geochemical records derived from the
speleothem analysis (McDermott, 2004, Treble et
al., 2005 and Fairchild et al., 2006). It is interesting
to note that some high quality records of long term
continental paleoclimate obtained from speleothems
collected in Asian monsoon region matches well with
records of other well-known paleoclimate archives like
ice cores and sediment cores (Wang et al., 2001, Hu
et al., 2008).
In show caves, measurements of CO2 concentration
are usually done for conservation purposes or, more
frequently, for the appropriate management of the visit
regime (Bourges et al., 2014). An increase of cave air
CO2 resulted from the visitor exhaling could increase
the dissolution of speleothems and the destruction
of archaeological cave wall arts (Fernández et al.,
1986; Calaforra et al., 2003; Vieten et al., 2016a).
Previous studies have found show caves in developing
and populous countries like Vietnam are highly
vulnerable (Trinh & Garcia-Guinea, 2014; Trân et
al., 2014; Trinh et al., accepted). Human impacts
have been well studied in Lascaux Cave in France
(Coye, 2011) and Altamira Cave in Spain (SánchezMoral et al., 1999) and just the CO2 increase appears
to be harmful on long time scale decades-centuries
(Vieten et al., 2016a), even more harmful appear to
be bacteria and constant illumination (Dupont et
al., 2007; Cañveras et al., 2001). Probably especially
interesting for touristic cave is the risk of increased
condensation corrosion (de Freitas & Schmekal,
2003; Miedema, 2009; Vieten et al., 2016a), where a
visitation increased temperature difference can lead
to condensation (Tarhule-Lips & Ford, 1998).
To our knowledge, there have been no study that
traces the generation and dispersal of CO2 in show
caves in tropical karst of Southeast Asia either
for CO2 sequestration assessment, paleoclimate
reconstruction, or conservation/management. Thus,
this study is the first effort to evaluate the impact
of human visitation, along with natural factors on

spatial and temporal variations of cave air CO2 in 4
different caves in Phong Nha – Ke Bang National Park
(PNKB), Vietnam. We focused particularly on (1) i
dentifying ventilation modes in relation with the cave
geometry, (2) assessing the role of tropical climate to
the cave air CO2, (3) evaluating the impact of visitors
on cave air CO2, and (4) depicting the variability of
the CO2 soil/epikarst emission and water degassing
in caves.

STUDY SITE
The Phong Nha – Ke Bang National Park (PNKB)
The Phong Nha-Ke Bang National Park (between
17°39’N-105°57’E and 17°21’N-106°24’E) covers
an area of 857.54 km2 and is a UNESCO World
Heritage Site, reflecting its global importance. The
park came under UNESCO protection in 2003
because of its extraordinary stratigraphical diversity
(from the Precambrian to the present day), the long
development of its topography (from the Oligocene
to the present day) and the intensively developed
tropical karst formations (Fig. 1a,b). Over 300 karst
caves have been recorded in the park (Limbert,
2012). The park has geological and geomorphological
diversity and has considerable biodiversity in fauna
and flora, and extraordinarily well conserved tropical
karst forests. Limestones in the area are sedimentary
without marble recrystallization (Thanh et al., 2013)
during the Palaeozoic era, about 400 million years
ago, one of the oldest major karsts in Asia (Shao
et al., 2000). These ancient stratified sedimentary
limestones were formed from accumulation of shell,
coral, algal, and fecal debris in marine environment.
Later, these limestones have experienced several
geological changes such as very low metamorphism
to transform phytoplankton to kerogen (black color)
or local hydrothermalism through fissures placing
quartz veins with new hydrothermal minerals.
Annual precipitation in the region is about 2,000 –
2,300 mm and evapotranspiration in the region is
1,100 – 1,200 mm (Fig. 2).
The central limestone area is bordered by
impermeable strata which collect water on the surface
and in the southern part of the park discharge it
towards the Chay River lying further north. This inflow
of allogeneic water is the main factor of the development
of the underground caves explored to date.
This study targets three show caves named as
Phong Nha, Tien Son, and Thien Duong and a nonshow cave named as Hang Chuot (Fig. 1b; Table
1). The first two show caves were open for frequent
visits since 1995 and the last one was open later
in 2006. They receive thousands of visitors on
the daily basis and the number increases yearly
(Vietnamtourism, 2016).
Geometry of the studied show caves
The position and vertical profile of the caves are
given in Fig. 1. The caves are part of either active
or inactive/dead underground streams/rivers. Long
history of karstification has made the caves spacious,
long, and accessible.
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Fig. 1. Map of the study area and sketch of the surveyed caves. (a) map of Vietnam and location of Phong Nha – Ke Bang National park in central
Vietnam, (b) topographic map of Phong Nha – Ke Bang National Park and relative positions of the surveyed caves, (c), (d), (e), (f) top down views
of surveyed caves, (g), (h), (i), (j) horizontal views of caves. The red lines (passage lines) in (c), (d), (e), (f) are respectively where the cross sections
of (g), (h), (i), (j) have been taken. Blue numbers: elevation of the cave floor relative to the cave entrance elevation (m), Red numbers: distance
from main entrance (m), Vertical scales: relative elevation, Horizontal Scales: horizontal distance, Solid stars: points of spot surveys and cave air
sampling in show sections. Crossed black stars: additional spot surveys and air sampling in non-show section, DM: diurnal monitoring points.
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calcite choke. The average width and height of Tien
Son Cave, the shortest among the 3 studied ones,
are 60 and 55 m, respectively. Although Phong Nha
and Tien Son caves are in the same mountain, there
are no linking grottos between them. The exact cave
formation history is uncertain and has to be studied
in more detail.

Fig. 2. Monthly temperature, precipitation (Prec), and evapotranspiration
(ETP) monitored at station Dong Hoi over the study period: August 2014
- August 2016; arrows indicate the survey times.

Phong Nha Cave
This cave is about 8,300 m long and the section
open for regular tours extends about 1,500 m from
the entrance. It has long sections of deep water
passed by swimming, some sections of wading and
walking along sand banks, and nearer to its exit
some well decorated dry sections of cave. The first full
exploration and survey of the cave was completed in
1992. The entrance for visit is outflow of Son River
which flows in the south-north direction (Fig. 1c, g).
The other entrance is the Son River inflow which is only
accessible by professional cavers. That is the reason
it is considered as a wet cave. Like many caves in this
area, this cave has been continuously shaped by the
local river systems. Inside the cave, galleries are large
with some having 100 m width. Specifically in this
cave, the air and water surveys and samplings were
mostly conducted on small paddling boat traveling
along the river running through the cave. Inside the
cave, due to the corrosion/dissolution along fractures,
river depth varies, reaching more than 18 m deep in
some places. Every few years, caves like Phong Nha
are inundated during rainy season. Cave wall still
shows water mark up to 3 m above the normal level.
Tien Son Cave
The entrance of Tien Son Cave is about 1 km to the
west of Phong Nha cave, at an altitude of 135 m amsl
(Fig. 1d). This cave is 980 m in length and the visiting
section is about 500 m long (Fig. 1h). The cave floor
is gradually descending from entrance to the deepest
and innermost galleries. The cave ends in a final

Thien Duong Cave
Total distance of Thien Duong Cave is 31 km,
divided into 3 segments as shown in Fig. 1e. The
segment targeted of this study is about 5 km long
and includes a 1.1 km which is open for visitation
(light and pedestrian path are set up in this section).
The studied cave segment has 2 entrances at 280 and
140 m amsl. The first one, which is now used for visit,
is a crack on the cave ceiling. The second one is a huge
sinkhole of about 100 m in diameter (Fig. 1i). Water
was found in this cave in different forms from newly
drip to deep and large cave pools. In some sections
there are water inlets which after heavy rains, a large
amount of water can come in via these inlets, quickly
flooding the dry passages. Underground flow is active
in several sections. Newly formed speleothems were
found in many parts as well.
Hang Chuot
This cave is a non-show cave and in this study it
is used as a reference for identifying human impact
on cave microclimate and cave air CO2. This is a
short cave, only about 200 m in length (Fig. 1f). This
cave has 2 distinctive large entrances at both ends
(Fig. 1j) to ensure a strong exchange between cave air
and exterior. This cave is considered as dry cave as its
elevation is above outside ground.

MATERIALS AND METHODS
Our surveys, monitoring, and analyses are
categorized as (1) spot surveying, (2) diurnal
monitoring, (3) spot air sampling and analysis, and
(4) host rock and (5) water sampling and analysis.
From August 2014 to August 2016, 5 surveys were
conducted in spring and late summer. According to
the Nyquist-Shannon’s theorem that the sampling
rate must be at least twice the maximum frequency
present in the signal (the so-called Nyquist rate), this
number of surveys over a 2 year span would correctly
interpret the cave microclimate conditions if the
conditions are dominated by the annual frequency
(seasonal oscillation).
Spot surveying
Since 2014, 5 surveys have been conducted in early
spring and summer (Table 2). Especially, one survey

Table 1. Cave characteristics.
Cave

Altitude
Show section
Height
Width
Overburden (m)
River Entrances
(m amsl)
length (m)
(min-max) (min-max)

Latitude

Longitude

Phong Nha

17°34’53”N

106°16’59”E

5

50-250

1,500

Yes

Multiple

2.6-148

1.3-167

Tien Son

17°34’48”N

106°16’52”E

135

20-150

500

No

Single

7-98

10-82

Thien Duong

17°31’45”N

106°13’30”E

280

20-350

1,100

Yes

Multiple

3-72

3-150

Hang Chuot

17°46’37”N

106°04’09”E

190

30-190

NA

No

Multiple

54-71

66-98
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taken in April-May 2015 was conducted during the
Vietnam national holidays when visitation was later
found almost 10 times higher than regular days (Zing,
2015). It should be noted that caves are open for visit
every day around the year and there is no visitation
limitation setup in all show caves. Thus, the daily
visitation increases very much during holidays. In
each show cave, 4 spots were checked for microclimate
conditions; outside the cave in front of the entrance,
within 20 m inside the cave from the entrance, center
of the show section, and end of the show section.
Additional monitoring and air sampling were taken
deep inside Thien Duong Cave, in the non-show section
until the next entrance (sink hole), about 5 km from
the first entrance (Fig. 1i). Variables of T°C (accuracy:
±0.3°C), relative humidity (RH, accuracy: ±0.1%), wind
speed (accuracy: ±2% rdg., range: 0 – 30 m s-1), and CO2
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(accuracy: ±1 ppmv) were monitored with the use of a
GrayWolf Toxic Gas TG 501 (USA), a highly accurate
and very rapid response sensor stabilizing within 3–4
minutes so that field comparisons are quick. Since
all stairs are fenced to prevent visitors from crossing
out of the visiting passages, air monitoring was taken
few meters far away from the stairs to avoid direct
interference from visitors. The Gas TG 501 which
combined GrayWolf’s advanced hotwire air velocity
sensor technology was left stabilized for few minutes
and then programmed to record 5 results at 2 minute
interval. For the whole monitoring period, only 1 person
in charge of microclimate monitoring was within 1 m
of the sensor to limit possible interference. Sensor
was placed approximately 1 m above cave floor. All
microclimate data were recorded between 10-11.30 A.M.
and 2.30–4 P.M. during visitation peak hours.

Table 2. Timetable of organized surveys, monitoring, and sampling
Date

Spot survey (1)

Diurnal monitoring (2)

Air sampling (3)
PN, TS, TD

Aug. 2014

PN, TS, TD

Apr.– May. 2015

PN, TS, TD

TS, TD

Aug. 2015

PN, TS, TD

TS, TD

Mar. 2016

PN, TS, TD

TS, TD

Aug. 2016

PN, TS, TD

TS, TD, HC

Host rock (4)

Cave water (5)

PN, TS, TD

PN, TS, TD
PN, TS, TD
PN, TS, TD

PN, TS, TD

PN, TS, TD
PN, TS, TD

Note: PN, TS, TD, and HC are respectively Phong Nha, Tien Son, Thien Duong, and Hang Chuot caves.

Diurnal monitoring
Diurnal monitoring of temperature, humidity and
air pCO2 was performed with the use of a cSense
CO2 + RH/T Monitor w. Data-Logger Kit (CO2Meter,
USA). Its CO2 sensor is designed with non-dispersive
infrared waveguide technology and equipped with
automatic background calibration preset on for long
time drift compensation. Accuracies of CO2, RH, and T
are ±50 ppmv ±5% rdg, ±3%, and ±0.6°C, respectively.
As shown in Table 2, the system was deployed in Tien
Son, Thien Duong, and once in Hang Chuot (a nonshow cave used as reference). The system is powered
by 2 12V batteries to guarantee the measurement
for at least 24 hours. In order to capture the most
representative data of cave microclimate, avoiding
the mixing zone at the proximity of cave entrance,
incidentally affected by visitors, the precise monitoring
points were set a bit further from visiting path and not
directly on the cave floor. In detail, in Thien Duong,
the multi-entrance and show cave, the monitoring
unit was deployed near central of show section about
500 m from the entrance, 10 m from the visiting
pathway, and 2 m above cave floor. In Tien Son,
the single-entrance and show cave, monitoring was
deployed at the end of 500 m show section about 20
m from the show path, and 3 m above the ground.
In the 200 m non-show cave of Hang Chuot, the unit
was placed in between the entrances and 3 m above
cave floor. Relative positions of the monitoring points
(DM) are indicated in Fig. 1h, i, j.
Spot air sampling and analysis (CO2 and δ13C of CO2)
Air samples were taken at the spot surveying points
in 2 surveys; April-May 2015 and March 2016. All
samples were taken from 1 m above the cave floor.

A portable air compressor (AQUANIC s790) was used
to pump air at 0.4 l min-1 into 1L Tedlar bags with
lock valves designed to ensure the inertness and
impermeability of air samples.
Soil air collection was conducted in front of the
show caves, precisely at sites located vertically above
each cave using a 1 m hollow metal tube (FernándezCortés et al., 2015). The tubes were inserted to a
depth of 50 cm near the bedrock–soil interface. Soil
air was extracted using a microdiaphragm gas pump
(KNF Neuberger, Freiburg, Germany) at 3.1 l min-1 at
atmospheric pressure. The soil air samples were also
pumped into Tedlar bags like cave air samples.
The air samples collected in May 2015 were
analyzed using a CRDS analyser model G2201-i
(Picarro Inc., USA). The system uses cavity ring down
spectroscopy (CRDS), a laser spectroscopic technique
highly sensitive for measurement of absolute optical
extinction by samples that scatter and absorb light,
to identify and quantify δ13C of CO2 and automatically
calculates its isotopic value. The analyzer measures
the isotopologues of the carbon dioxide (12CO2 and
13
CO2) and automatically calculates the δ13CO2. The
device measurement precisions are 200 ppb and
10 ppb for 12CO2 and 13CO2, respectively. The resulting
accuracy is 0.3‰ for δ13CO2 after 5 min of analysis.
The device was calibrated before each analysis session
using synthetic gases with known concentrations.
Three in-house standards with certified gas mixtures
and known CO2 concentration (7,000 ppmv,
400 ppmv and zero-CO2, supplied by PRAXAIR Spain
in high-pressure gas cylinders for this study) used
to calibrate and adjust the measurement of CO2
concentration were run regularly at the beginning
and at the end of each day/session of analyses to
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verify the proper functioning of the Picarro G2101-I
analyser. Additionally, some duplicated air samples
were analyzed in order to check and adjust our δ13C
of CO2 data in function of the NOAA WMO-2004A and
WMO-X2007 reference gases. Further details about
the methodological and analytical procedures can be
found in Fernández-Cortés et al. (2015).
For the samples collected in the March 2016
campaign, CO2 mole fractions were measured
independently in the greenhouse gas laboratory at
Royal Holloway University of London (RHUL), UK, with
a Picarro G1301 CRDS analyser, calibrated against
the NOAA WMO-2004A and WMO-X2007 reference
gases. The carbon isotopic ratio (δ13C of CO2) of bag
samples was measured in the RHUL lab in triplicate
to high precision (±0.05 ‰) by continuous flow gas
chromatography isotope ratio mass spectrometry (CF
GC-IRMS) (Fisher et al., 2006).
Cave water sampling and analysis
Water samples for alkalinity, hardness, and δ13C
of DIC analyses were selectively collected in cave
pools/rimestones and underground streams nearby
the spot air monitoring points. In Phong Nha, as Son
River covers entirely the cave bottom, only stream
water samples were taken. In Tien Son, as there is
no stream/river running inside the cave, all samples
were collected from cave pools. In Thien Duong,
waters in both types (cave pools and stream/river)
were sampled. As the caves are huge, we could not
access to the ceiling to collect newly exposed drip
water. Also, no drip water sampler, or any sampling
equipment, was allowed to be placed under the
dripping spot inside the caves after our expeditions
finished. In addition, our pool water sampling was
not always at the same pools due to drying up in dry
season but we always tried to find the closest pools to
the air sampling and monitoring site. Depending on
the relative positions of cave pools, sources of water
could be from ceiling and cave wall (drip water), from
stream during high stand, or even from groundwater
(several pools located on the cave floor in Thien Duong
have bottom deep below the cave floor and could
be connected to groundwater). On the other hand,
sampling of stream water was always conducted
at the same spots. First, 1-little HDPE bottles were
carefully dipped into water bodies to avoid disturbing
water bodies and ensure that water near the surface
is sampled. Then, sub-samples for different analysis
were extracted from these 1-little bottles.
The sub-samples subjected to isotope analysis were
pretreated in situ. All inorganic carbonate species
were precipitated from the water at high pH and the
wet precipitate is shipped to the laboratory. In detail,
300 ml of cave water was added with first 5 ml of
SrSO4 solution and then few drops of concentrated
NaOH. The sample bottles were filled to the top,
tightened with cap, and left stabilized for 3 hours.
The wet precipitate was then carefully decanted and
transferred to smaller 25 ml HDPE screw cap bottle
prior transferred to laboratory for δ13C analysis.
In situ monitoring of the water physico-chemical
parameters (e.g., Temperature, pH, Conductivity) was

performed with the use of a Hydrolab Sonde 5a (USA).
The accuracies of temperature, pH, and conductivity
are ±0.01°C, ±0.2, and ±1% of reading (±0.001
µS/cm), respectively.
Immediately after arrival to the laboratory in cold
box after maximum 3 days, water alkalinity was
measured on filtered samples and determined by the
single-point titration method using methyl orange as
indicator (Trinh et al., 2016). Water hardness was
determined according to the EDTA titration method
(Trinh et al., 2009).
The partial pressure of gaseous CO2 that would
be at equilibrium with aqueous carbonates in water
(pCO2,water) is calculated as:
pCO2, water =

Alk ⋅ H + 

K C 0 ⋅ K C1 ⋅ 106

  (1)

Where pCO2,water is in ppmv, the alkalinity (Alk)
corresponds to the “normal” measurement of
bicarbonate alkalinity expressed in µeq/l units (Alk
= AlkC), and [H+] is hydrogen concentration in water
(µeq/l) = 10(6-pH). The KC0 and KC1 values are equilibrium
coefficients of bicarbonate and carbonate species in
water and their values were taken from Stumm and
Morgan (1996) as follow:
H 2CO30 
 = exp  − 60.2409 + 93.4517 100 +
KC 0 = 

T
pCO2


(2)

 T 
+ 23.3585 ⋅ ln 

 100  
H +  HCO3− 

 = exp  3.17537 − 2329.1378 −
K C1 = 
  (3)

T
H 2CO30 



−1.597015 ⋅ ln (T ) )

with T is Kelvin temperature.
Saturation index of CaCO3 (SICaCO3) is calculated as
(Neal et al., 1998)
 Ca 2+  ⋅ HCO3−  ⋅ 10−1.85 
 

  (4)
SI CaCO3 = log10  


H + 





If SICaCO3>0, the aqueous solution is CaCO3
supersaturated and prone to CaCO3 precipitation. If
SICaCO3<0, the solution is CaCO3 undersaturated and
no CaCO3 precipitation occurs.
Host rock sampling and analysis
The host rock samples were taken by breaking tips
of rocks near the cave entrance.
For the C isotope analysis of host rock and carbonate
species in cave water, powder samples were weighed
by microbalance and introduced into a combustion
module coupled to a Picarro CRDS system at Center for
Energy, Environmental and Technological Research
(CIEMAT), Spain (Robredo et al., 2011). Briefly, the C
present in the sample is transformed into CO2 by flash
combustion in a Costech module and then introduced
using N2 as carrier gas into a Picarro isotopic analyzer
model G1121-i. The equipment was calibrated with
reference materials certificated for δ13C in the range
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+2 to -26‰VPDB. Analytical precision was 0.11‰ for
CaCO3 standard samples namely NBS 18, NBT 19, and
IAEA-CO-8 (n=10) and 0.21‰ in triplicate samples.
The Micro-Raman spectra of samples were carried
out in a Thermo-Fischer DXR Raman Microscope
(West Palm Beach, FL 33407, USA). The system has
Olympus BX-RLA2 Microscope and a CCD (1024x256
pixels) detector, motorized XY stage, auto-focus and
microscope objectives Olympus UIS2 series. A light
source at 532 nm of a frequency doubled Nd:YVO4
DPSS solid laser (maximum power 30mW) was used
for the sample excitation. We used the 20X objective,
the laser source at 532 nm at 6 mW in laser mode
power at 100%. The average spectral resolution in the
Raman shift ranging from 100 to 3,600 cm-1 was 4
cm-1, i.e., grating 900 lines/mm and 2 µm spot sizes.
The system was operated under OMNIC 1.0 software
fitting routinely conditions such as pinhole aperture
of 25 µm, bleaching time 30 s and four exposures
average timed 10 s each.

RESULTS
Characteristics of cave waters and host rock
Water monitoring and analyses show a large
variation in water quality (Table 3). For instances,
specific conductivity in water was between 50 and
280 mS cm-1 (results not shown). pH varied between
7.8 and 8.6, showing the alkaline characteristics of
water usually found in karst region. Water hardness
ranged between 0.1 and 2.0 mmol L-1. Total alkalinity,
exhibiting total inorganic carbonate in water, varied
from 0.2 to 4 mmol L-1.
Seasonally, hardness and alkalinity fluctuated more
during summer-rainy season than during springdry period (Fig. 3a). A high 1:1 correlation between
hardness (CaCO3) and alkalinity (HCO3-), especially
during spring surveys and in stream water, implies
karstification was main process producing dissolved
Ca and CO2 in water (Fig. 3a). Apart from that, some
cave pool samples collected in Thien Duong in summer
surveys showed a different trend of hardness-alkalinity
relationship from the limestone dissolution trend
(Fig. 3a). Also in Thien Duong where both types of water
exist, the analytical results show a more similarity
between pool water and stream water in spring/dry
period than during summer/rainy period (Table 3).
For the same type of water, there was a similar trend
in both summer and spring samples: water in Thien
Duong seems more diluted than in Phong Nha and
in Tien Son. The only exception (opposition) is about
hardness in cave pools in summer that the mean
value in Thien Duong was higher than in Tien Son.
However, this exception might not be representative
since the number of samples in Thien Duong is only 3
and all 3 samples were from the same cave pool.
Saturation index of CaCO3 in water was calculated
from hardness, alkalinity, and pH according to formula
[2]. The positive mean saturation index (SICaCO3)
indicates that majority of water samples were CaCO3
supersaturated. Like water hardness and alkalinity,
SI varied more in summer than in spring and more
in cave pools than in stream waters. Seasonality, in
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cave pools, SI was lower in summer than in spring. In
stream waters, SI was not different between seasons.
In summer, SI was lower in cave pools than in stream
waters. In spring, the difference between cave pools
and streams was less obvious than in summer.
Partial pressure of CO2 in water (pCO2,water) was
calculated from alkalinity, pH, and water temperature
with formula [1]. Thus, water having alkalinity in the
range of 2 – 4 mmol L-1 at 25°C and pH=8 would have
a pCO2,water between 550 and 1,100 ppmv. In general,
pCO2 was lower in summer than in spring and
varied stronger in cave pools than in stream waters.
Particularly, in some cave pools, pCO2 was calculated
as smaller than 400 ppmv (the outside air pCO2).
The carbon isotope ratio of water CO2 (δ13C of DIC)
varied from -11.8‰ to -5.7‰. It was found that water
collected from small pool splashed with water dropped
directly from ceiling and muddy pool have lower δ13C
of DIC than large cave pool water and underground
flow water. In general, water contacted recently with
soil and epikarst appears to have higher alkalinity
and lower δ13C of DIC than water experienced more
contact with atmosphere (Fig. 3b).

Fig. 3. Crossplots of (a) Ca vs HCO3 and (b) δ13C of DIC vs log(pCO2)
water in water collected from different water bodies (pool, river), in
different caves (Tien Son (TS), Thien Duong (TD), Phong Nha (PN)),
and in different seasons (summer (sum.), spring (spr.)).

Our Raman spectroscopical analyses were
performed on (1) host rock to confirm that the material
is dominantly calcite and (2) grains collected in the
internal cave sands to show quartz (SiO2), anatase
(TiO2), florencite (CeAl3(PO4)2(OH)6) and tumchaite
(Na2(Zr,Sn)Si4O11·2(H2O) which are minerals typically
formed by hydrothermal alteration of dolomite-calcite
rocks. Such mineralizations are more frequently
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Table 3. Cave water quality (N is number of samples) CP: Cave pool water, SR: Stream and river water.
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observed in ancient limestones and dolostones.
Carbon isotopic analysis of limestone host rocks
shows a narrow range in δ13C compositions; between
0.52 and 0.72‰. All results are in good agreement
with the regional limestone characteristics formed
during the Palaeozoic era (Shao et al., 2000).
Cave atmosphere conditions (T°C, humidity, wind
speed, CO2, and δ13C of CO2)
In all surveys spanning from early spring (March)
to late summer (August), temperature inside the
caves was always lower than outside atmospheric
temperature (Fig. 4T). Only in March 2016 cave air
temperature was approximately close to the night time
temperature of outside air (around 20°C) monitored
at station Dong Hoi (17°28’28”N, 106°36’15”E), the
closest meteorological station in the area. In the
Phong Nha Cave where entrance is as large as the
interior gallery and in the same elevation with cave
floor, temperature was more resemble with the outside
temperature than in other caves (21°C in spring and
25 - 56°C in summer). Temperature deep inside Tien
Son, the single-entrance, and dry cave and Thien
Duong, a multiple-entrance cave with high above
ground entrances, did not fluctuate much between
different surveys (20 - 22°C), attesting the thermic
stability of cave atmosphere.
Depending on the entrance size, relative humidity
could slightly fluctuate/oscillate near the entrance,
but it was always stable and close to the saturation
level deep inside the caves (Fig. 4H). Averagely, RH deep
inside the caves was lowest in Tien Son – the dry cave
(94%) and highest in Thien Duong – a wet cave (99%).
Still, these values are much higher than outside value
(66%). Seasonally, the cave air RH was higher in the
summer surveys than in the spring surveys. Spatially,
from entrance to the interior, RH varied more gradually
in spring than in summer, implying a better exchange
of RH between cave interior and outside atmosphere.
It is interesting to note that water, abundant in wet
caves, could add more humid to cave air when RH
drops far below saturation level. Without underground
flow to buffer humidity, a dry cave would probably
have lower and more abrupt humidity profile than a
wet cave when air circulation with exterior is strong.
Wind speed pattern detected in the single entrance
cave was different from the one found in the multiple
entrance caves (Fig. 4W). It should be stated that
entrance is considered as size compatible to the cave
interior to guarantee that air could flow under the
difference of pressure. Small cracks of few cm2 in size
and penetrating through a host rock layer of 10s m in
thickness are not considered as entrances of a cave
of hundreds m2 in cross-section and thousands m
in length. Thus, it is clear that the air circulation in
Thien Duong and Phong Nha was detectable and fairly
steady all over the show sections thanks to the large
and multi-entrance and the underground river. On
the other hand, in Tien Son (a single-entrance cave
with no underground flow) air circulation in the inner
section was not detectable in all surveys (Fig. 4bW).
In Thien Duong and Phong Nha, it is also important
to note that, air flow detected in spring is generally
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Fig. 4. The cave microclimate in 5 surveys (Aug. 2014, Apr. 2015, Aug. 2015, Mar. 2016, Aug. 2016), (a) Phong Nha
Cave, (b) Tien Son Cave, and (c) Thien Duong Cave.
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stronger than in summer. We particularly observed
during our surveys that in Thien Duong Cave, wind
blew steadily from tourism operation entrance into
the cave and in Phong Nha, the wind direction was
mainly from inside to outside.
The cave air CO2 concentrations are generally
higher
than
background
atmospheric
value
(Fig. 4P). Cave air CO2 exhibits a seasonal difference
in all caves. High CO2 concentrations occurred during
the warm summer periods, and low concentrations
were found in spring time. Especially in Tien Son,
the single-entrance one, CO2 accumulated in the
deepest section (Fig. 1h), reaching closely to 1%. In
detail, CO2 concentration in the innermost gallery
ranged from 570 in spring (March 2016) up to
8,000 ppmv in summer (August 2016). Carbon dioxide
was also highest in Tien Son among the surveyed caves.
For the same times, in Thien Duong Cave, it ranged
from 470 to 1,190 ppmv. Atmospheric CO2 measured
at 0.5 m above the open ground outside the caves
were 360 and 630 ppmv, respectively. Soil air CO2
taken in April-May 2015 and March 2016 campaigns
provided a value of 3,400 and 1,600 ppmv,
respectively. In addition, CO2 detected in non-show
section of Thien Duong is shown in Fig. 5. Generally,
values found in non-show section are relatively lower
than in show section.

Fig. 5. Spatial variation of cave air CO2 in Thien Duong Cave shows
that CO2 tends to increase in show section than in non-show section
(gray area shows visiting section).

Based on the data of temperature, RH, and cave air
CO2 content, we have averagely estimated the virtual
temperature (Tv) of cave air and compared it to the
exterior air one. Formulation of the virtual temperature
calculation is well represented in Sánchez-Cañete
et al. (2013). At T°C = 20°C, RH = 98%, and pCO2 in
the range of 0.2 – 1%, Tv in cave is about 1.2 – 2.2°C
higher than the measured temperature. For outside
air (T°C = 25 – 30°C, RH = 66% and pCO2 = 400 ppmv),
the difference is between 2.4 and 3.4°C. Taking into
account the fact that in all our surveys, the measured
outside temperature was always higher than inside one,
the difference of outside-inside Tv would not change
the sign. In general, the air composition of the studied
caves barely has any influence on the air density and
that is logic since the caves are highly ventilated and,
consequently, the CO2 concentrations and RH are close

to background atmosphere. The air density differences
are mainly controlled by temperature.
Analytical results of δ13C from the 2 spring surveys
are shown in Fig. 4D. In general, from outside into
the cave, δ13C decreased gradually; from -11‰ near
entrance to -26‰ in lower and deeper sections.
Excluding the soil air samples, the isotope fraction in
cave air was more widespread and lower during the
2015 survey (between -25.7 and -15.2‰) than during
the 2016 one (between -14.3 and -11.4‰). Comparison
among the caves shows that Tien Son Cave has the
largest range of δ13C value and Phong Nha has the
smallest range of δ13C. It is interesting to note that
during the April-May 2015 survey, the isotope fraction
in the innermost section of Tien Son Cave was -25.7‰,
which is lower tha soil air value picked up during the
2016 survey (-21‰ and -22‰). The carbon isotope
fraction in open air outside the caves, less than 1 m
above ground, varied from -18.7 to -10.8‰. More
importantly, there was an anti-correlation between the
CO2 content and δ13C of CO2. Correlation coefficient
between δ13C of CO2 and the inversed CO2 was ≥0.99
for all subsets of samples (samples of the same cave
and the same survey) (Table 4).
Keeling plot and δ13C of CO2 in soil and atmosphere
The CO2 concentration in cave air results from the
mixing of background atmospheric CO2 with CO2
produced from soil, water, cave biota, and possibly
human. The mixing processes (advection and
diffusion) between 2 (or more) end-members can be
interpreted with the use of Keeling plot method (Pataki
et al., 2003). Table 4 represents y-intercept value of
Keeling plot for outside air and each cave of different
campaigns ranging from -23.7 to -29.1‰. Keeling plot
drawn from the 2 survey results shows 2 distinctive
patterns. In the April-May 2015 survey, regression
lines (both slope and intercept) of cave air samples
were quite close to one another and to the outside air
(Fig. 6). Especially, intercept of Thien Duong is more
negative than outside air (Table 4). In the March 2016
survey, on the other hand, there are discrepancies of
slope and intercept of samples collected from different
caves and all intercept values are higher than the
outside air one. The highest intercept value is for air
in Tien Son (Table 4).
In order to estimate the δ13C of CO2 of the soil and
atmosphere end members, we rely on Keeling plot
of the outside air samples. As shown in Fig. 6, our
air samples collected outside of the caves, within
50 cm above the ground and completely under the
forest canopy, possessed varying values in both
concentration and isotope fraction. Theoretically,
compared with the cave air samples, those outside
air samples are expectedly less affected by diffusion
process as well as very unlikely contain human breath
CO2. Linear regression for those outside air samples
illustrates an advective mixing of 2 end members; soil
production flux and atmospheric air. In fact, a very
high correlation coefficient (R2=1.00, Table 4) found
between CO2 content and its δ13C value supports for
this 2 end member advective mixing claim. There is no
other source (another end member) or process (e.g.,
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diffusion) involved in this outside air CO2 isotopic –
content variation. The 1/CO2 value for ‘pure’ CO2 is 10-6
but this value is so small that for practical purposes we
can regard the point as lying on the X-axis itself, where
1/CO2 = 0 (Mattey et al., 2016). Thus, extrapolation
down to the X-axis (intercept) gives the δ13C of CO2 of
the soil end member. The regressed intercept of -28.6
(Table 4) implies that the C3 type plants dominate the
region (Vogel, 1993). To the upper end, considering
that atmospheric CO2 content is 400 ppmv, the δ13C of
the atmospheric CO2 calculated from this regression
equation is -7.7‰, well agreed with data recorded at
2 NOAA’s meteorological observatory stations (Mauna
Loa Observatory and Christmas Island) (NOAA, 2017)
located in Pacific Ocean at 20°N and 2°N latitudes
(noted that PNKB is at 17°N).
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the show caves and the non-show cave, CO2 was
higher during daytime than during nighttime in the
formers but inversely higher during nighttime than
during daytime in the latter.
Diurnal variation of temperature in the innermost
section of Tien Son Cave was about 0.1 - 0.2°C (Fig. 7b).
Interestingly, contradict to the outside atmosphere,
temperature appeared to be a bit higher during night
time than in day time. In a single entrance cave like
Tien Son, some study has concluded that cave air
temperature has a lag time to outside temperature
(Fairchild & Baker, 2012). It should be stated that
the monitoring was conducted in March, a period
having nocturnal temperature close to cave air
temperature. In Thien Duong, the multi-entrance
cave, temperature was more oscillating than in Tien
Son (about 0.4°C) and, different from Tien Son,
low and high values were found in night and day
times, respectively (Fig. 7b). Compared to outside
atmosphere where temperature between night
and day was from 7 to 10°C difference (Fig. 2), the
diurnal temperature oscillation in both caves was
much smaller. More importantly, the outside minus
inside temperature was always positive, implying a
higher cave air density than outside atmosphere.
Between the single-entrance and multiple-entrance
caves, the daily variation imprints more in the
latter than the former one. Temperature in the nonshow cave oscillated approximately 1°C between
day (high) and night (low) which is more than in
the show caves. Such stronger oscillation could be
interpreted as stronger exchange between cave air
and exterior atmosphere where daily temperature
fluctuation was about 5 to 10°C between night
and day. This non-show multiple-entrance cave is
characterized with 2 large entrances at 2 end of the
200 m cave length (Fig. 1j).
There is not much to discuss about humidity
in the show caves since all monitoring logs show a
constantly saturated humidity (Fig. 7c). Only in Hang
Chuot, RH showed a diurnal pattern - low (high)
during the day (night) time, mimicking the external
atmospheric condition (Fig. 7c). We suspect that the
constantly saturated RH could be due to equipment
problem that some RH sensor when deployed to
very high humidity medium may drift and loss of
measurement accuracy. Comparison with the spot air
sampling data, we conclude that at RH above 95% like
in deep sections of the show caves, RH sensor in our
monitoring equipment did not work very well.

Fig. 6. Keeling plots of 1/CO2 versus δ13C for outside air (Out.), and
cave air in Phong Nha (PN), Thien Duong (TD), and Tien Son (TS).
Numbers 15 and 16 denote the April-May 2015 and March 2016
surveys, respectively. Assuming soil air (atmosphere air) has pCO2
= 13,500 ppmv (400 ppmv), the % distribution of atmosphere-soil
CO2 along the advective mixing line (solid black line) is roughly
constructed. Broken curved black arrows start at mixtures of
atmospheric air with soil production flux (the composition of the
overall ﬂux of CO2 from roots and soil organic matter into the soil
gas), labeled as % of pure additional CO2 and show the effects of
Rayleigh fractionation with a kinetic fractionation of 4.4‰ due to
upwards diﬀusion of CO2 to open atmosphere (Camarda et al., 2007).

Diurnal oscillation of cave air conditions (T°C, RH,
and CO2)
In general, the monitoring results represent a
diurnal oscillation of CO2 and temperature and a
saturated humidity in the show caves. For all results,
CO2 increased from morning, around 7.A.M. which
is also the time caves are open for visit, reached
maximum level around 3 P.M. and then gradually
decreased to the minimum level at around 3 A.M (Fig.
7a). Margin of difference between day and night of CO2
is 100 – 400 ppmv in Thien Duong and 100 – 150
ppmv in Tien Son. Interestingly, comparing between

DISCUSSION
Ventilation in the studied caves
Historically, caves were classiﬁed into two groups
according to their ventilation: (i) static caves (single-

Table 4. Keeling plots in different caves.
Date
Apr.-May 2015
Mar. 2016

Outside

Thien Duong

Intercept

R

-28.6

1.00

2

Tien Son

Phong Nha

Intercept

R

Intercept

R

Intercept

R2

-29.1

1.00

-28.3

0.99

-27.1

0.99

-25.3

0.99

-23.7

1.00

-26.5

0.99

2

2
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Fig. 7. Continuous monitoring of (a) cave air CO2, (b) temperature, and (c) humidity (RH) in Tien Son Cave on 6-7th
August 2015 (max – min outside T.: 33 – 26°C), Thien Duong Cave on 15-16th March 2016 (max – min outside T.: 2820°C), and Hang Chuot Cave on 9-10th August 2016 (max – min outside T.: 34-29°C).
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entrance caves); and (ii) dynamic caves (multipleentrance caves) (Bögli, 1978). Understanding the
sorted caves as models of thermally induced airﬂows
may help estimate air flow between exterior and
interior. The dynamic cave model (system with two
and more entrances at different altitudes) ventilates
during the whole season by a so-called chimney
effect. The airﬂows are zero only at Text = Tcave (where
Text is external air temperature and Tcave is cave air
temperature [°]). Based on the signs of differences Text
− Tcave > 0 or Text − Tcave < 0, cave air ﬂows from the
upper entrance towards the lower entrance or vice
versa. In contrast, the static cave model ventilates
predominantly during one season when either Text <
Tcave or Text > Tcave, depending on whether the cave space
is located below the entrance (cold air trap) or above
the entrance (warm air trap), respectively (Vieten et
al., 2016b and citations within).
Essentially, it could be concluded from monitoring
results that the mechanics of air circulation in the
single-entrance cave (Tien Son) is different from the
one in the multiple-entrance caves (Thien Duong and
Phong Nha). In the single cave, air circulation depends
on the air-density difference between cave air and
exterior, similar to the static cave model mentioned
in Faimon et al. (2012). In multiple-entrance cave,
ventilation is a function of the differences in air
density (and hence pressure) inside and outside the
cave, agreeing to the U-shape model described in
Faimon and Lang (2013).
Cold air trap model in the single-entrance cave
In detail, the Tien Son cave’s entrance is high
above the first chamber cave floor and the cave floor
elevation drops steadily from the entrance to a 26.6
m lower level near the end of the 500 m show section
(Fig. 1d). With that geometry and as demonstrated
by monitoring results, cave air ventilation is
comparatively in accordance with the cold air trap
type circulation introduced in Faimon et al. (2012)
in which air ﬂows between the cave interior and
the external atmosphere are controlled by the airdensity gradient, determined by temperature changes
between the interior and the exterior. During winter
time when outside temperature is lower than cave
air temperature, exterior air density is denser than
interior one, convection takes place to drive hot and
less dense air out of the cave which is replaced by
cold and denser outside air. During summer time,
air inside the caves maintains a lower temperature
and higher density than exterior, this cold air mass
is practically trapped inside the cave. Advective flow
is diminished. The cold air trap model applied to the
single-entrance Tien Son Cave leads to a vision that
time for warm cave air blowing out of the cave (cave
air is warmer than outside) was shorter than time for
fresh cave air escaping to the atmosphere (cave air is
fresher than outside). This vision is likely true since
(1) in our visits spanning from March to August, cave
air temperature was always higher than outside one
and (2) September is as hot as July-August in the
area (Fig. 2). Thus, the cold air period in caves should
be from March (or earlier) to sometime after August. It
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is well agreed with remark from local people that air
inside the cave is usually fresher than outside.
U-shape model in the multiple-entrance caves
According to the U-shape model, a multiple-entrance
cave like Thien Duong and Phong Nha can be simplified
as a system of multiple columns connecting to each
other at the lowest point of the cave. Each column
is measured from the entrance to the lowest point of
the cave (or water level in wet cave like Phong Nha).
The airflow driving forces, i.e., pressure differences,
result from the differences in weights of the individual
columns in the system.
During summer when atmospheric temperature
is high, air mass in the cave has higher density
creating higher pressure at the same levels than
atmosphere and the pressure difference causes
air flow from column with the highest pressure to
the lower one, and then out to atmosphere. During
winter, conversely, the air mass in the cave has
lower pressure than atmosphere and the air flow is
from the lowest pressure column to the higher one,
and subsequently out to the atmosphere. According
to Faimon & Lang (2013), airﬂows are weaker in
the summer season in comparison with ones in the
winter season under the same driving forces and
that cold air tends to be conserved in the cave. In
other words, a multiple entrance cave ventilates
more intensively in cold seasons in comparison with
ventilation in warm seasons. It is consistent with our
observation that air circulation in the early spring
survey (March 2016) was, in general, stronger than
the summer campaigns in Phong Nha and Thien
Duong Caves (Fig. 4W). The explanation for such air
circulation intensity seasonality is that, as quoted
from Faimon & Lang (2013), during winter, external
cold air entering the cave by the lower entrance cools
the air of shorter column and increases the weight of
already heavier shorter column at this moment. This
process creates positive feedback between external
temperature and the driving force, which amplifies
the differences between lower column and higher
column weights and, consecutively, increase cave
airflow. During summer, warm and light external air
penetrating the cave from the upper entrance lightens
the heavier longer column at this moment to create
negative feedback between the external temperature
and the airflow driving forces, which decreases the
cave airflows. In our study, we found (1) a steady
flow from upper entrance to the lower entrance and
a constantly lower than outside temperature inside
the caves during summer and (2) a stagnation of air
circulation and a close to outside temperature inside
the caves during spring. Those features are fully
depicted in Faimon & Lang (2013).
Either U-shape or cold air trap mode, ventilation
should be stronger in winter/colder time and that
makes the cold period longer than the hot period
inside the caves. Some caves in US, Spain, and
Japan were reported to experience fastest ventilation
in winter (Wilkening & Watkins, 1976, Fernández
et al., 1986, Tanahara et al., 1997, Buecher, 1999,
Dueñas et al., 1999, and Banner et al., 2007). As
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a consequence, it is possible that caves need less
time to release all heat they accumulate during hot
weather into cold atmosphere outside than time to
absorb heat. The phenomenon can be transmitted
into the cave air temperature oscillation as the
period/season of cave air colder than outside
atmosphere is longer than the season of cave air
hotter than outside atmosphere. That is in agreement
with our observation in PNKB since the caves were
cold not only in summer and autumn season but
also in spring time. Carbon dioxide would mutually
decrease to near atmospheric level during the cave
exhaling period and then accumulate again during
the stagnation time
Signature of different CO2 sources with the use of
the δ13C – CO2 relationship
It should be restated that the twice per year surveys
conducted in this preliminary study could interpret
the CO2 pattern if this pattern is dominantly annually
fluctuated. On the other hand, there could be a
misinterpretation if higher frequency factor(s) (e.g.,
rainy events) dominates the cave CO2 variation. As
shown in Fig. 4, 6, and 8, cave air CO2 exhibits a
seasonal difference in all caves, similar to cave studies
in Spain (Fernández-Cortés et al., 2009), USA (Banner
et al., 2007), Austria (Spötl et al., 2005), Ireland (Baldini
et al., 2008), Poland (Przylibski, 1999), and Japan
(Tanahara et al., 1997), among others. Compared to
other studies elsewhere in temperate or less humid
regions, the diurnal oscillation margins of CO2 as well
as T°C and RH recorded inside the show caves (Fig. 7)
are either similar (Breitenbach et al., 2015) or smaller
(Baldini et al., 2008; Kowalczk & Froelich, 2010;
Garcia-Anton et al., 2013). Theoretically, CO2 input
into a show cave includes (1) natural contributions
associated with direct input from soils/epikarst and
vadose ground, microbial decay of organic matter
in cave sediments, endogenous such as volcanism
or magmatism, cave water degassing, respiration of
animals living in the caves, and (2) anthropogenic
contribution stemming from visitor exhaling. Based
on our observations, variation in the cave air CO2
concentrations in PNKB is balanced between the
contributions from soil/epikarst, cave water, and
visitor exhaling and the exterior atmosphere. The only
exception is perhaps the dry cave where water plays
a minor role. In this sub-section, the significance and
variability of the 4 sources contributing to the cave
CO2 mass balance are discussed.
Atmospheric input
To better assess the mixing process existing inside
a cave, stable carbon isotopes appear to be a useful
variable. An increasing number of authors use the
Keeling plot to express cave air as a mix between
several end-members, mostly between external
atmosphere with low CO2 and an higher δ13C of
CO2 value as opposed to a “light end-member” with
high CO2 and a low δ13C of CO2 value (Spötl et al.,
2005; Kowalczk & Froelich, 2010; Mattey et al.,
2010; Frisia et al., 2011; Riechelmann et al., 2011;
Tremaine et al., 2011). The light end-member

source should be located close to the roots of C3
type vegetation, which is the most common type
growing in a tropical evergreen forest region (Pataki
et al., 2003). Close to the vegetation roots, CO2 is
low in 13C isotope with δ13C of CO2 ranging from -30
to -24‰ (Vogel, 1993). Due to a different diffusion
coefficient for 12C and 13C, soil air δ13CO2 near the
earth surface could be increased by about 4 to 5‰
(Dorr & Munich, 1986; Cerling et al., 1991; Davidson,
1995) compared to root respired and decomposed
CO2. As highlighted in the result section, the δ13C
range in our soil air samples (-26 and -21‰) and the
extrapolated soil end member (-28.6‰) (Table 4, and
Fig. 6) confirm the dominance of the C3 type plants
in PNKB.
Keeling plot shows clearly that air circulation is
strong in multiple-entrance caves to smooth CO2 level
all over the cave passage. Data points obtained from
each sampling campaign are graphically congregated
(Fig. 6). The most homogenous cave is Phong Nha
where cave entrance is huge and at the same
elevation with active underground river flow. In the
single-entrance cave, Tien Son, CO2 near the entrance
is different from the innermost section, indicating
a weaker air circulation there. The plot also shows
that atmospheric composition of cave air CO2 ranges
between 60 and 99%, mostly in the range of 95 and
99% (Fig. 6). That reflects well a conclusion presented
in the precedent sections that all studied caves are
well ventilated. Even in the innermost section of Tien
Son Cave (the most confined sites among our sampling
sites), the atmosphere fraction was generally higher
than 95%. Other CO2 sources in this dry cave are
emitted from soil/epikarst and exhaled from visitors.
They are discussed in next sub-sections.
Between 2 surveys, the ranges of CO2 and of its
δ13C indicate that atmospheric fraction in cave air
during March was higher than during April-May. The
isotope fraction (CO2 level) was more positive (less
concentrated) during March than during April-May.
Such decrease of atmospheric air fraction in cave
air toward summer time reflects a limit in cave air
circulation during summer. This reflection is in line
with our precedent discussion on the mode of air
ventilation in the caves.
Cave water degassing
As shown in the result section (Fig. 3), there is a
strong variation of water quality and CO2 content and
that is not surprising because water in caves of PNKB
stemmed from different sources such as rainwater
directly drop through cracks on ceiling and sinkholes,
river water (underground flow), or drip water seeping
through surface soil and epikarst. When inside
the caves, they were found in both mobile and still
states. Some (cave pools and rimestones) has high
retention and some (underground flow) just quickly
moves through. Since cave waters stem from different
sources (e.g., rain or river) and experience different
flow paths (e.g., through soil, epikarst, or river), their
properties (e.g., total alkalinity and δ13C of CO2) were
different. For instance, the hardness-alkalinity trends
in Fig. 3a indicate that while most water samples
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have infiltrated through or a longtime in contact with
limestone (relative equality between alkalinity and
hardness), 5 samples have their chemical compositions
stemmed from different sources. Noticeably, these
different chemical composition samples were picked
up in rainy season. Different water sources may also
explain for a lower than outside air pCO2 of water
pCO2 in some cave pools. Further studies focusing on
the regional hydrology and groundwater chemistry are
still needed to identify and confirm the water sources
in those cave pools.
Since we did not actually sample drip water,
in this sub-section, we only discuss the CO2
exchange between large water bodies (cave pools
and underground streams) and cave atmosphere.
More importantly, we consider that in large and well
ventilated caves like in PNKB, the role of still water
masses (e.g., cave pools or dripping) sporadically
distributed inside dry cave cannot play a major role
in mediating cave air CO2. Only stream/river running
through the wet caves would be a significant source
of buffering cave air CO2.
Cave water CO2 degassing rates are essentially
dependent upon how larger water pCO2 than cave
air pCO2 is. Large pCO2 difference between cave
water and cave air will result in faster degassing
and higher calcite deposition rates. Commonly, CO2
is lost from cave water bodies to the gaseous phase
(cave air) because the water carries in solution
biogenic CO2 evolved in the soil zone where the
concentration is up to two orders of magnitude
higher that in the free atmosphere (Dulinski &
Rozanski, 1990; Kaufmann, 2003). Apparently, it
is not the case in PNKB where large water bodies,
collected mostly from wet caves, have the same
order of magnitude of cave air CO2 (Table 3 and
Fig. 3, 4). In other words, the cave air CO2 was more
or less in equilibrium with the water CO2, lessening
the aggregate flux of CO2 from water to cave air.
A plausible explanation for this equilibrium is that
caves are long, high, and large. Most sampled waters
are exposed to the cave atmosphere long enough to
get equilibrated with the cave air CO2. Since water
represents in every corner of the wet caves, it can
buffer (absorb or degas) large portion of CO2 and,
indeed, we observed no sharp change of CO2 in both
cave water and cave air.
Theoretically, the degassing reaction increases
isotopically heavy carbon dioxide in DIC and
releases isotopically light carbon dioxide to the
cave air (Frisia et al., 2011). The CO2 degassing
can be evaluated from the stable carbon isotope
difference in total inorganic carbon (δ13C of DIC)
between undegassed water entering the cave and
water that has equilibrated with cave air. Indeed,
as commented in the result section, we found that
relatively old water (large cave pools and streams)
has heavier δ13C of DIC than water in small cave
pools actively receiving drip water (shorter time
exposing to the cave atmosphere) (Fig. 3b).
As a whole, based on the CO2 distribution,
unsaturated RH, and δ13C of DIC between old and
new cave waters, it is possible that the water-air CO2
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exchange might take place previously and the cave air
CO2 in wet caves had a fraction derived from water.
Soil and epikarst CO2 input
There are 3 main mechanics defining the soil air
CO2 input in cave; (1) the CO2 production in soil and
epikarst, (2) the air transport in soil column, and (3)
the permeability of surface soil. To assess the soil
CO2 emission strength, we looked into the impact of
temperature and rainfall on the CO2 production and
transport in soil and epikarst. In tropical climate,
three mechanisms (Mec.) are in turn dependent on
temperature and rainfall.
Mec. 1: Soil CO2 production is derived from
respiration of both autotrophs and heterotrophs. A
wide consensus exists that soil biota respiration is
controlled by temperature and moisture (see Davidson
et al., 1998; or Fang & Moncrieff, 2001 and references
therein). Usually, soil CO2 production reaches the
lowest value in late winter and the highest value in
summer (Frisia et al., 2011). The process is also lower
when soil is dry than when soil is wet (Serrano-Ortiz
et al., 2010). Soil moisture supports heterotrophic
respiration and enhances CO2 production as long as
soil is not saturated with water (Moyano et al., 2013).
Mec. 2: Gas transport in soil occurs by both advection
and diffusion. Because diffusion is much slower than
advection, the CO2 emission from soil/epikart to cave
air should be strong when advection dominates and
weak when diffusion prevails. Temperature changes
cause advective movements of gas in or out of the
soil (Mattey et al., 2016). While advection is a bidirectional process, it does not cause fractionation of
the soil CO2. The other principal transport process is
diffusion and this always acts to transports CO2 from
high to low concentration and causes the CO2 in the
pore space to have more positive δ13C. Fractionation
by diffusion ensures that the CO2 in the pore space
is always increased in δ13C relative to the respiration
ﬂuxes from decomposition and root respiration
(Cerling, 1984). The kinetic fractionation during
diffusion of CO2 from depth to the soil surface is likely
to vary depending on the relative contributions of
diffusion and advective movement of gas to the overall
ﬂux of CO2 from the soil (Camarda et al., 2007). In the
Keeling plot, the relative contribution of diffusion over
advection is shown as the deviation of sample points
from mixing line of autogenic soil gas and atmospheric
value toward higher δ13C. Linear regression of the
CO2 data experienced from diffusive movement would
result in a higher (more positive) intercept value than
the one dominated by advection (Mattey et al., 2016).
Mec. 3: In monsoon climate, particularly in coastal
region like PNKB, rainfall is another factor that should
be taken into account. Indeed, there was a theory that
during and after rain, the pores and ﬁssures near the
surface that connect to the external atmosphere are
blocked by the more abundant water. Carbon dioxide
produced from humification and mineralization is
trapped and concentrated in soil and epikarst. As the
pores and fissures that connect to the cave wall are less
wet than surface soil, the blocked CO2 will go to cave air
instead of to atmosphere (Serrano-Ortiz et al., 2010).

International Journal of Speleology, 47 (1), 93-112. Tampa, FL (USA) January 2018

Trinh et al.

108

Looking at the CO2 and δ C of exterior air shown
in Fig. 4P and 4D, we conclude that during summer
time (August), the CO2 flux emitted from soil surface,
in general, is stronger than during spring time
(March, April-May). An explanation could be that
high temperature increases degradation of OM and
respiration of organisms (Mec. 1) and advection
dominates in soil column (Mec. 2).
Keeling plot (Fig. 6) shows a more deviation of
data points from mixing line in March 2016 than in
April-May 2015 for all 3 caves. Based on the Mec 2,
one can easily interpret that in March, temperature
in soil and epikarst does not vary much. Advection
is weak, leaving diffusion as the main process of soil
air CO2 movement. Shown in Keeling plot, the March
data are deviated from the mixing line. In April-May,
summer starts, temperature in soil column varies,
and advection prevails. Regression of the April-May
data provides a similar slope and intercept as the
outside air data. Generalization of this diffusionadvection competition is that soil air transport is
weak in spring time and strong in summer time.
Based on the diurnal variation (Fig. 7), the
isotopic-CO2 values in soil air samples (Fig. 6), as
well as spatial variation of cave air CO2 especially in
deeper section of the single entrance cave (Fig. 4bP),
we estimate that soil air CO2 level near the surface
fluctuates seasonally, from 103s in cold season to
104s in hot season. In detail, in deeper section of
Tien Son Cave, diurnal monitoring and point survey
show CO2 level up to nearly 104 ppmv (Fig. 4bP,
6). The soil air CO2 in soil and epikarst is expected
to be concentrated more than that. In fact, stable
isotope data proves that the maximum soil air CO2
content is around 104 ppmv. Mattey et al. (2016)
reviewed that in the C3 type plant domination
region, the endogenous soil gas is produced with a
δ13C of -28 to -26‰. If we assume that this range
is also valid in PNKB, the corresponding soil air
CO2 content calculated by using the outside air
regression equation (the 2 end member advective
dominated mixing model) is 3,200 - 13,500 ppmv.
Considering the maximum value of 13,500 ppmv,
this value is reasonably about 50% higher than the
maximum value detected in inner section of Tien
Son in summer (Fig. 4bP). Thus, the 104s ppmv is a
plausible value that we would find in soil in PNKB
in summer time. At the other end, in spring (March
precisely), direct analysis of soil air CO2 reveals a
range of 1,500 – 3,000 ppmv (Fig. 6), even lower
than the cave air CO2 inside single entrance cave
in August (Fig. 4bP). We go further to suspect that,
not only in spring but also in winter, soil air CO2
near the earth surface would not be as high as in
summer. The reasons are (1) microbial activities
diminish in low temperature and dry condition
(Mec. 1) and (2) strong air circulation in caves
(discussed in precedent sub-section) would evade
soil air CO2 reaching to the soil-air interface faster
in winter than in summer. Thus, the soil air
CO2 reaches the minimum level at some time in
winter-spring, probably around 103 ppmv. In fact,
our estimated range conforms to numerous direct
13

measurements in karst soils elsewhere (between 103
and 104 ppmv) (Bourges et al., 2001; Spötl et al.,
2005; Mattey et al., 2016).
Mec. 3 is proper to decode the positive correlation
between rainfall and cave air CO2 in the deepest part
of the single entrance cave (Fig. 8). In fact, innermost
section of Tien Son is, among other caves and sections,
most stable in term of temperature, air pressure, and
air circulation (calmest). Tien Son is also the least
visited among the show caves. The effect of rainfall to
the cave air CO2 level would, therefore, be more easily
assessed with the use of data collected in this section
than in other caves/sections.

Fig. 8. Cave air CO2 in the innermost section of Tien Son Cave, showing
a correlation with weekly rainfall (or soil humidity) prior to the survey
dates. Weekly rainfall data were selected based on the thickness of
overburden layer, the cave size, and the karst limestone filtration rate
(Shevnin et al., 2006).

Combination of all discussion about the soil air CO2
seasonality, we draw a picture that the soil air CO2
flux to the cave air during rainy summer is highest
among seasons.
Human exhaling
Basically, since the caves are large and well ventilated,
it is not easy to assess impact of human (respiration)
on the cave air CO2. Still, our limited data show (1)
diurnally, CO2 increased during the visiting hours
(Fig. 7a), (2) spatially, CO2 was more concentrated in
show section than in non-show section (Fig. 5), and
(3) isotopically, there was a depleted tendency of δ13C
of cave air CO2 during holidays when visitation is
excessive (Zing, 2015) as compare to outside air where
human impact is trivial (Fig. 6).
About the first sign of temporal/diurnal CO2
oscillation, not only CO2 was higher during visiting
hours (day time) than non-visiting hours (night time) in
the show caves, there was also a contrasting pattern of
CO2 in non-show/reference cave (Fig. 7a) – lower CO2
during day time than during night time. Probably, the
CO2 pattern in the non-show cave inherits the outside
atmospheric CO2 oscillation that the CO2 decrease
during the day was due to photosynthesis in the jungle
outside of the cave. Of course, a natural phenomenon
such as a less dense air concentrated with CO2 rising
from the lower section of the cave to the monitoring
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point could be the sole reason for this increased CO2
in the show section during the daytime. Further
investigations including annual-basic monitoring
and air circulation mapping are necessary to assure
whether human have significantly contributed to the
CO2 enrichment in show section during visiting time.
About the second sign, the spot surveys have shown
a general trend of higher CO2 in cave air in show
section than in non-show section in Thien Duong
(Fig. 5), the only show cave that we have additional
monitoring points beyond the show section.
About the third sign, it is all well-known that there
is a similarity in carbon isotope ratio between human
diet and human exhaled CO2 and as discussed above
human diet in the region would consist mainly of C3
type plants, the vegetation has δ13C in the range of
-30 to -26‰ (Mattey et al., 2016). Some other study
on human breath found a similarity with those of
car exhaust–air mixtures, i.e., -22.3±0.2‰ (Affek
& Eiler, 2006). Therefore, a mixture of CO2 added
with human exhaled CO2 represented in Keeling plot
would produce a more negative intercept value than
the one not added with human factor. Based on that
hypothesis, we compare the samples picked up during
high visitation (April-May survey) and the samples
least impacted by human (outside air samples) and,
as predicted; cave air during high visitation has very
negative intercept. Particularly, air in Thien Duong
has a more negative intercept than outside air (Fig. 6,
Table 4). Among several factors that may lead to the
same problem: very negative intercept, human factor
appears to be the most realistic reason.

CONCLUSION
The show caves in PNKB are found well connected
with the exterior atmosphere thanks to their large or
multiple entrances.
Depending on the cave geometry, there are 2
different models of air circulation in the show caves in
PNKB; cold air trap model and U-shape model. Either
model would increase ventilation during winter when
outside temperature is lower than inside the cave.
Stable C isotopes and Keeling plot were used to assess
the soil CO2 emission seasonality, pinpoint human
exhaling CO2, and allocate the soil and atmospheric
CO2 fractions in cave air. In summer, intensified CO2
production and advective flow domination in soil
column generate stronger soil air CO2 emission than
in other seasons.
Seasonality of cave air circulation and soil air
CO2 emission leads to an impression that cave air
CO2 is higher in summer than in winter. In winterspring time, cave air CO2 was in the same order of
magnitude with the atmospheric level (less than
1,000 ppmv). In summer, CO2 could reach as high as
104 ppmv in deep section of the single entrance cave
after heavy rain.
Human input is detected during our visits which is
reflected via both CO2 content itself and δ13C of CO2.
The impact from visitors on cave air CO2 should be
addressed in near future via long term and intensive
monitoring and analyses.
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Although water presents in many parts of the multipleentrance and wet caves, it is not easy to assess its role in
mediating the cave air CO2 because of the water quality
and origin complexity and the cave air circulation.
Nevertheless, as cave air CO2 is less concentrated and air
is more circulated in the multiple-entrance and wet caves
than in the single-entrance and dry cave, degassing is
expectedly faster which concomitantly results in faster
CaCO3 precipitation (speleothem growth potential) in
the former caves than in the latter. In fact, we found
that stalagmites in the former caves have faster growth
rate than in the latter one (results not shown).
It is hypothesized based on our sparse surveys
that intense rainfall could result in a cave air CO2
enrichment. Still, more frequent cave visits, especially
after rain events, should be taken to clarify this rainfallcave CO2 relationship.
There is a need to conduct surveys in winter and
particularly analysis of δ13C of CO2 to affirmatively
assemble ventilation regime of the PNKB’s caves.
Regrettably, lack of ability to perform stable isotope
analysis in Vietnam and difficulty in handling and
mailing of air samples to our research partners in UK
and Spain led to the fact that only 2 sets of cave air
samples taken in spring 2015 and 2016 were analyzed
for δ13C.
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Abstract:

Keywords:

As part of a microclimate study at Ascunsă Cave, Romania, we used Gemini Tinytag Plus
2 data loggers to record cave air temperature variability. At one of the monitoring points we
recognized the presence of semidiurnal cycles on the order of a few thousands of a degree
Celsius that could be produced under the influence of the semidiurnal tidal components of
the Sun (S2) or the Moon (M2). Using a Gemini Tinytag Plus 2 data logger with an external
probe we measured core rock temperature and showed that it does not influence the
cave air temperature on such short time scales. We thus rejected the possibility that Earth
tides, mostly produced by the lunar tidal influence on the Earth’s crust, would have had a
semidiurnal influence on cave air temperature. Moreover, time series analysis revealed a
12.00-hour periodicity in temperature data, specific for the S2, allowing us to assign these
variations to the influence of the thermo-tidal action of the Sun. Using the Ideal Gas Law and
assuming a constant volume and amount of air, we calculated that a theoretical change in
atmospheric pressure of around 40 Pa was needed to produce the temperature changes we
observed. This agrees with published values of atmospheric pressure changes induced by
the semidiurnal solar component of the thermal tides (S2(t)). We thus can assign the observed
temperature changes to semidiurnal atmospheric pressure changes (S2(p)) induced by the
thermal excitation of the Sun. Our study signals the possibility that readily available data from
cave monitoring studies around the world could be used in the study of atmospheric tides.
Moreover, it appears that Ascunsă Cave acts as a natural meteorological filter on a short time
scale, removing the direct thermal influences of the Sun (especially night and day differences)
and preserving only the barometric information from the surface.
cave atmosphere, thermal tide, semidiurnal, S2(t), Romania
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As part of a complex monitoring study aimed at
understanding how climate signals are transferred
through the karst system at Ascunsă Cave, Romania,
we recorded cave air temperature at 10 minutes
intervals at different points along the main passage
of this cave (Drăguşin et al., 2017). For this, we used
Gemini Tinytag Plus 2 loggers which, according to
the product data sheet, have a reading resolution of
0.01°C or better and an accuracy of about 0.5°C at
7°C (Gemini Data Loggers, 2014). The cave is located
at about 1,000 m elevation at 45°00'N / 22°36'E.
At one of the monitoring sites, POM A, we observed
semidiurnal cycles in the temperature data, with
*virgil.dragusin@iser.ro

minima both in the late morning and in the evening,
while maxima were observed during the afternoon and
in the early morning. The amplitudes are small, around
0.005°C or less, and are superimposed on larger scale
variations. When consulted, the manufacturer of the
logger, Gemini Data Loggers Ltd., suggested that such
variability could be produced by processes pertaining
to the electronic components, but did not rule out
environmental influences (Blewett, pers. comm.).
These small temperature differences are not
explainable by diurnal thermal changes of the surface
and/or cave ventilation processes that could be based
solely on the radiative forcing of the Sun. Such forcings
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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are documented in well ventilated caves, usually at
Between early March and late April 2017, core rock
shallow depths. At Ascunsă Cave, we recorded large
temperature rose from 7.035 to 7.052°C (Fig. 1).
diurnal variability only at the POM Entrance site,
Cave air temperature followed this variability and
where the proximity to the cave entrance permits
rose by 0.035°C, from 6.990 to 7.025°C. Higher
exchanges between cave air and outside atmosphere
rock temperature suggests that cave air values are
(Drăguşin et al., 2017).
controlled to some extent by those of the surrounding
Knowing that there are semi-diurnal periodicities
rock. Further study could clarify the relationship
in Earth and atmospheric tides, we expected one
between cave air, rock and outside temperature, but
of the tidal components to be behind the observed
most important for our present study is that we did
small temperature variations. Earth tides are natural
not distinguish in the rock temperature data the same
phenomena caused by the combined gravitational
semi-diurnal variability as seen in cave air. Thus, we
action of the Moon and the Sun (Melchior, 1983).
can state at the moment that the surrounding rock
Except at the poles, the daily rotation of the Earth on
might control air temperature on monthly timescales,
its axis and the relative positions of the Moon and the
but not semi-diurnal ones. Hence, the influence of
Sun give two high tides (tidal bulges) per day at any
lunar tides on cave air temperature is insignificant
given point on the planet (Baker, 1984).
and neglected for the moment.
The most important semidiurnal tidal components
If cave air temperature is not influenced by the
are the lunar one (M2) with a periodicity of 12 h 25 min
surrounding rock or by air advection from the outside,
14 sec, and the solar one (S2) with a periodicity of 12 h
we could consider a possible control by surface air
0 min 0 sec. Each constituent has a variable amplitude
pressure changes, under the Sun’s influence. By
of the vertical and horizontal tidal displacement as a
regarding the cave as a closed volume, we can use
function of latitude.
the ideal gas law to calculate what pressure change
The effects of Earth or atmospheric tides on cave
is needed for the observed temperature shifts. The
environments is less studied. A significant influence
equation describing this law is written as
regarding fluid flow in karst systems was reported by
PV = nRT   (1)
Maucha & Sárváry (1970), Williams (1977), and Bayari
& Ozyurt (2014), while Van Ruymbeke
et al. (2004) demonstrated that in an
underground environment variations in
rock temperature are closely influenced
by the M2 tidal component.
While the Sun’s influence on the
atmosphere has both a tidal and a
thermotidal dimension (Chapman &
Lindzen, 1969), the thermal component
is dominant. These oscillations are
excited in different ways, including the
absorption of solar radiation (mostly
by water vapor and ozone), while the
restoring force acting on the tides is
Earth’s gravity (Oberheide et al., 2015).
The thermal excitation mechanism
leads to changes in temperature,
density, and pressure.
A question rises about the possible
influence of lunar tides on cave air,
via rock temperature. To assess this
relationship, we installed in March
2017 another Gemini Tinytag Plus 2
data-logger with an external PB-5001
temperature probe that was buried
inside the limestone cave wall. The PB5001 probe has a diameter of 6 mm
and a length of 150 mm. For the
installation, we drilled a 6 mm diameter
hole to accommodate the probe and
we enlarged it towards the exterior in
order to house the handle too. The free
space left around the handle was filled
with cement. In this way, the probe
is in direct contact with the rock over
Fig. 1. Comparison between cave air (blue) and core rock temperature (gray). The running
its entire surface and is isolated from average, calculated using a three hour window, is shown for each dataset. A) Variability over
interacting with the cave atmosphere.
the studied period; B) Detailed view of a 9 day period.
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where P is the air pressure expressed in kilopascals
(kPa) , V is the volume in liters (L), n is the amount
of substance of gas in moles (mol), R is the ideal gas
constant (8.314 kPa L mol-1 K-1) and T is the absolute
temperature of the gas in Kelvin (K).
We take as example a change in temperature
observed on 22nd April 2016, from 7.035°C at 15:00
to 7.040°C at 21:00. If we consider the volume (L)
and amount of air (mol) to be constant, the initial air
pressure at 15:00 can be calculated as
P0V = nT0R   (2)
where P0 and T0 represent the air pressure and the
temperature at 15:00. Further, the air pressure at
21:00, P1, is calculated as:
P1V= nT1R   (3)
where T1 is the temperature at 21:00.
Solving equations (2) and (3) shows that the
0.005°C temperature rise can be explained by a rise
in atmospheric pressure of 40 Pa. Similar values for
the amplitude of the S2(p) are given for our latitude by
Chapman & Westfold (1956), Dai and Wang (1999) or
Schindelegger and Ray (2014).
Surface pressure data from the Drobeta Turnu
Severin meteorological station, situated 40 km to the
south at 77 m asl, can be used for a direct comparison
between cave air temperature and surface air pressure
variability on semidiurnal scales. For our analysis, we
used hourly surface pressure data available at NOAAFig. 2. Comparison between three hour surface air pressure variability
NCDC (2017).
at Drobeta meteorological station (blue) and theoretical air pressure
For a comparison between the cave and the meteo
variability inside Ascunsă Cave (orange).
station, we reconstructed air pressure variability
for two random periods during June and July 2015.
two independent methods for the period June-July
First, we translated the Drobeta pressure data to
2015. The period was chosen thanks to its lack of
local time, from UTC to UTC+2. Then we calculated
major temperature fluctuations (Drăguşin et al.,
the temperature change from 03:00 to 09:00, 09:00
2017), thus making the detrend step easier and more
to 15:00, 15:00 to 21:00, and finally 21:00 to 03:00 of
reliable.
the next day. Using the ideal gas law, we transformed
Using Fourier analysis, between 01 June 2015 and
the temperature variation into theoretical pressure
31 July 2015 we identified a 12 hour periodicity in
values (Fig. 2). Further, we calculated the surface
cave air pressure variability (Fig. 3, left panel), while
pressure differences at Drobeta for the same 3-hour
surface pressure clearly shows two periodicities of 12
intervals. From the graphical representation in Figure
and 24 hours (Fig. 3, right panel).
2 we can already see a similar variability of the two
Further, we used the Morlet wavelet, which provides
datasets, with the best fit at 15:00, the time of day
insight into the non-stationary nature of a time
with the greatest thermal excitation. We also note that
series and can identify localized and intermittent
the six hour variability is better expressed at Ascunsă
periodicities (Torrence & Compo, 1998). This shows
Cave, which appears to act as
a natural meteorological filter
on a short time scale, removing
the direct thermal influences of
the Sun (especially night and
day differences) and preserving
only the barometric information
from the surface. Further study
should detail why the amplitude
of S2 is much smaller inside the
cave whereas S1 is completely
filtered-out.
A semi-diurnal component of
temperature variability can be
better identified using spectral
analysis and we chose to employ Fig. 3. Periodicities identified in the theoretical air pressure variability.
International Journal of Speleology, 47 (1), 113-117. Tampa, FL (USA) January 2018

Drăguşin et al.

116

clear periodicities at 12 and 24 hours in surface air
pressure at Drobeta, and a faint 12 hour signal at
Ascunsă Cave (Fig. 4).
A possible phase lag between the two datasets was
also investigated, analyzing each dataset separately,
in reference to their starting time. We obtained a phase

lag of 12 minutes for Drobeta and ~24 minutes for
Ascunsă Cave. We note that we did not calculate the
uncertainty related to these figures. The roughly 12
minute difference between the two sites is small and
could be induced by data sampling or by differences
in site conditions.

Fig. 4. Wavelet analysis of the theoretical air pressure variability at Ascunsă Cave (left panel) and air pressure variability at Drobeta meteorological
station (right panel). Red quadrangles indicate the 12 and 24 hour periods.

Our present study shows how detailed temperature
monitoring can help in the cost effective identification
of stable underground sites for the placement of
geophysical equipment that is sensitive to temperature
or pressure. Moreover, as Schindelegger & Ray
(2014) show that global numerical models do not
reproduce very well the local variations in pressure
due to atmosphere tides, an approach such as the
one presented here can help in the monitoring of
atmospheric tides at local/regional levels, especially
thanks to the fact that caves can occur in regions
and altitudes that lack direct observations from
meteorological stations.
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