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The present work deals with the results of long-term micro-erosion measurements in the most important
gypsum cave of Spain, the Cueva del Agua (Sorbas, Almeria, SE Spain). Nineteen MEM stations were positioned
in 1992 in a wide range of morphological and environmental settings (gypsum floors and walls, carbonate
speleothems, dry conduits and vadose passages) inside and outside the cave, on gypsum and carbonate bedrocks
and exposed to variable degree of humidity, different airflowand hydrodynamic conditions. Four different sets of
stations have been investigated: (1) the main cave entrance (Las Viñicas spring); (2) the main river passage;
(3) the abandoned Laboratory tunnel; and (4) the external gypsum surface. Data over a period of about
18 years are available. The average lowering rates vary from 0.014 to 0.016 mm yr−1 near the main entrance
and in the Laboratory tunnel, to 0.022 mm −1 on gypsum floors and 0.028 mm yr−1 on carbonate flowstones.
The denudation data from the external gypsum stations are quite regular with a rate of 0.170 mm yr−1. The
observations allowed the collecting of important information concerning the feeding of the karst aquifer not
only by infiltrating rainwater, but under present climate conditions also by water condensation of moist air
flow. This contribution to the overall karst processes in the Cueva del Agua basin represents over 20% of the
total chemical dissolution of the karst area and more than 50% of the speleogenetically removed gypsum in the
cave system, thus representing all but a secondary role in speleogenesis. Condensation–corrosion is most active
along the mediumwalls, being slower at the roof and almost absent close to the floor. This creates typical corro-
sion morphologies such as cupola, while gypsum flowers develop where evaporation dominates. This approach
also shows quantitatively the morphological implications of condensation–corrosion processes in gypsum karst
systems in arid zones, responsible for an average surface lowering of 0.047 mm yr−1, while mechanical erosion
produces a lowering of 0.123 mm yr−1.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The existing literature on the quantification of karst denudation by
approaches of hydrochemical and flow rate measurements is relatively
abundant (Corbel, 1959; Gunn, 1981; Lauritzen, 1990; Pulina and Sauro,
1993; Abu-Jaber et al., 2001; Groves and Meiman, 2005; Gabrovšek,
2009). However, there are many studies that use experimental mea-
surements in karst terrain (Stephenson and Finlayson, 2009). Essential-
ly, the methods most commonly used are the direct measurement by
instruments generically called Micro-Erosion Meter (MEM) (High and
Hanna, 1970; Smith, 1978; Trudgill et al., 1981; Stephenson, 1997;
Furlani et al., 2010) or calculation of weight loss of standardized lime-
stone (or gypsum) tablets located onsite in the study area (Trudgill,
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1975; Crowther, 1983; Gams, 1986; Tarhule-Lips and Ford, 1998; Plan,
2005; Gabrovšek, 2009). The previous studies on karst denudation in
gypsum areas are far less abundant than those in carbonate terrains,
relative to some experiences in the gypsum karst of Spain (Calaforra,
1998), Italy (Dell'Aglio, 1993; Cucchi et al., 1996; Del Monte et al.,
2000; Forti, 2005), Ukraine (Klimchouk and Aksem, 2002, 2005), New
Mexico (Shaw et al., 2011) and a comparative study among some of
these areas using results from rock-tablets (Klimchouk et al., 1996a).
The fact that the gypsum in natural conditions is between 5 and 10
times more soluble than calcite allows the denudation in this lithology
to be detected even over short time intervals. Thus the accuracy of the
instrument is not a limitation as frequently occurs in carbonate terrains.

The use of the MEM experimental method enables the determination
of denudation rates in very specific conditions. This is because the location
of measurement points can be set in previously chosen spots with differ-
ent characteristics of lithological, textural or specific environmental con-
ditions. The short-term MEM method can suffer from incorrectly
detected variations of overall denudation values in an area, which are

http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2014.09.009&domain=pdf
http://dx.doi.org/10.1016/j.geomorph.2014.09.009
mailto:speleokikers@tiscali.it
mailto:jo.dewaele@unibo.it
mailto:jmcalaforra@ual.es
mailto:paolo.forti@unibo.it
Unlabelled image
http://dx.doi.org/10.1016/j.geomorph.2014.09.009
Unlabelled image
http://www.sciencedirect.com/science/journal/0169555X
www.elsevier.com/locate/geomorph


214 L. Sanna et al. / Geomorphology 228 (2015) 213–225
apparently only detectable on a large scale throughmass balance calcula-
tions at the basin or aquifer scale. However, it should be noted that when
measurements expand over intervals of many years, as in this case study,
the obtained data can start to be significant in the validity and represen-
tativeness of the overall process of denudation (Spate et al., 1985;
Stephenson et al., 2010; Trenhaile and Lakhan, 2011). The climatic impli-
cations of denudation in arid zones must also be highlighted. Normally
denudation is related to rainfall in the area, and to the temporal distribu-
tion of the rain, but it also depends on the diurnal temperature variance
and the role of condensation–corrosion processes (Shaw et al., 2011).

Condensation–corrosion is an important dissolutional process in
speleogenesis that occurs within caves in many karst settings around
theworld (Dublyansky and Dublyansky, 2000), but it is scarcely studied
and most of the previous works focused on condensation as a micro-
climatic process (Badino, 2004) and on numerical (De Freitas and
Schmekal, 2003, 2006) and physical models (Dreybrodt et al., 2005;
Gabrovšek et al., 2010) as a function of the vapour gradient between
the cave air and cave walls and on heat flux as contribution of conden-
sationwater (Curtis, 2009). In some cases the speleogenetic importance
of condensation–corrosion was highlighted, especially in hypogenic
caves (e.g. Audra et al., 2007; Plan et al., 2012). Also the importance of
condensation on cave morphology, especially in semi-arid regions,
was highlighted (Auler and Smart, 2004) but without carrying out
quantitative measurements. Large thermal variations between surface
and underground environments and the presence of several entrances,
allowing strong and widespread air circulation as well as highly soluble
rocks cause condensation–corrosion mechanisms to become an im-
portant speleogenetic agent, as in the case of the gypsumkarst of Sorbas
(SE Spain) (Pulido Bosch, 1986).

In order to quantify these phenomena multidisciplinary research
commenced in 1991 on the chemical corrosion of gypsum in the
Mediterranean region and Cueva del Agua karst system (Sorbas district)
was the first gypsumcavewhere variousMEMmonitoring stationswere
installed (Calaforra et al., 1993a,b; Dell'Aglio, 1993). In this paper the
long-term experimental MEM data collected in this cave are presented
and considered with respect to condensation–dissolution rates.

2. Study area

The gypsum karst of Sorbas is a protected natural area in the sector
of Sorbas (Almeria, South-East Spain) and, thanks to its peculiar surface
and underground karst morphologies, represents one of the most im-
portant evaporite karst regions in the world (Klimchouk et al., 1996b;
Gutierrez et al., 2008) (Fig. 1).

In only 25 km2, this plateau hosts more than 1000 caves, several of
which develop for over a kilometre. These caves constitute a network
of subterranean passages of tens of kilometres of development. Sorbas
hosts the largest gypsum cave in Spain, the Cueva del Agua.

From a geological point of view this area is located in the Tabernas–
Sorbas Basin, a intramontane Neogene depression in the Betic Belt
where Messinian evaporite deposition occurred on silt and clay out-
crops (Dronkert, 1977). The sedimentary series is represented by 16 cy-
cles of interbedded gypsum and pelitic-marly laminated sediments
with a total thickness of about 120 m and massive selenite strata up to
30 m (Roveri et al., 2009). Despite their compact appearance the
gypsum layers are composed of large crystals that can be up to 2 m
long. Marine sandstones, coastal plain silts and sands and continen-
tal conglomerates overlie the evaporitic series (Ruegg, 1964; Roep
et al., 1979; Mather and Harvey, 1995). The structure is poorly-
deformed tabular, and stratification varies from slightly inclined to
sub-horizontal, with beds affected by some tilting and northward
faulting playing an important role in cave development (Calaforra and
Pulido-Bosch, 2003).

The climate in the Sorbas basin is semi-arid Mediterranean with an
annual precipitation average of 274 mm (Maestre et al., 2013), with
greater concentration occurring as high-intensity, short-duration
events distributed in only 3–4 stormy days. On average, there are only
30 rainy days per year (Pulido Bosch, 2007), and despite this aridity
epigenic karst morphologies are well developed because of the high
gypsum solubility. The rainfall regime is characterised by minimum
mean values recorded in July, whereas the maxima are registered in
November. The area is mostly exposed to south-western winds that
bringwarm, moist air masses from Africa. The average annual tempera-
ture in the area is approximately 14.6 °C, with the minimum in January
(7.3 °C) and the maximum in July (30.3 °C), so the resulting very high
evapotranspiration (1190 mm yr−1) (Jones and Harris, 2011) reduces
the effective rain to less than 25% of the total (60 mm yr−1), but proba-
bly the infiltration is even less due to the fact that the rain is concentrat-
ed in only a few storms (Calaforra et al., 1993b).

2.1. Karst of Sorbas

The particular geomorphology of the evaporite karst of Sorbas is
associated with strong contrasts in lithology and structure between
the gypsum itself and the surrounding sedimentary rocks. The gypsum
stands out above the landscape forming a large, NE-elongated platform
with sub-vertical or very steep edges looking out on dry valleys excavat-
ed on softer marls and clays. The average altitude of the top plateau is
around 400 m a.s.l. (Sanna et al., 2012).

The epikarst comprises an enormous number of small dolines (more
than a thousand of closed depressions have been catalogued) (Calaforra
and Pulido-Bosch, 1999b), different forms of karren (mainly rinnenkarren
in mesocrystalline gypsum and rundkarren in macrocrystalline ones)
and wide fields of tumuli (superficial, hollow sub-circular domes)
(Calaforra and Pulido-Bosch, 1999a). Most of these relief features are
related to the extensive subterranean karst network present beneath
the arid gypsiferous desert of Sorbas. Dolines rapidly collect runoff at
the surface and allow rainwater infiltration, reaching the spring in
only a few days after rainfall. Currently water seepage between the
gypsumcrystals and along the exfoliation planes is very scarce, affecting
only the first centimetres of rock and just the interbedded marls have
some storage capability. Underground cave development follows the
orientation of the surface network and derives from the gradual disso-
lution and erosion of the evaporite rock along the planes of weakness
in contact with the marly, less permeable base. Characteristic cave
morphologies are triangular interbedded passages (Calaforra, 1986).
Once the infiltrated water reaches the caves, it tends to evaporate and
leaves mineral salts in the form of gypsum and carbonate speleothems
(stalactites, stalagmites and many other forms). Thus the speleogenetic
evolution of the caves of Sorbas is intimately linked to the hydroge-
ological history of the area. After an initial phreatic phase, during which
water flowed in gypsum protoconduits, the progressive lowering of the
base level brought these voids to shift into vadose conditions initiating
the mechanical erosion of the marls and the enlargement of the cave
passages. Once the less permeable basementwas reached, the discharge
fluctuations partially filled the cave passages with the overlying clastic
materials eroded from the surface. Precipitation of the carbonate and
gypsum speleothems occurred during these late stages (Calaforra and
Pulido-Bosch, 2003). The edge of the gypsiferous plateau is charac-
terised by the presence of a number of springs, mainly connected to
one of the most important underground rivers which discharges
water from this karstic area and is currently independent from allo-
genic catchment contributions, indicating the presence of other al-
ternative water sources different from rainfall. Freshwater outflows
occur through gypsum fissures and at the contact between gypsum
and marls, with large variations in flow as an immediate response
to heavy rainfall. Most of the rainwater infiltrated in this basin even-
tually emerges at LosMolinos spring, the largest in the district, with a
flow of around 70 L s−1 — a considerable amount for this semi-arid
area (Pulido Bosch and Calaforra, 1993). A modest outlet directly
related to a large gypsum cave is Las Viñicas, which drains the Cueva
del Agua.



Fig. 1.Geological sketchmap of the Sorbas Basin and profile at section A–B, the same geometry across the study area (red square). Inset shows some of the important karst sites. The bold
line represents themacrodoline of Cueva del Agua (modified from Sanna et al., 2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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2.2. Cueva del Agua

Cueva del Agua or Marchalico karst system drains a wide closed de-
pression 1.5 km2 in size, located in the north-eastern part of the Sorbas
plateau, representing one of the most characteristic endorheic basins of
the area (Fig. 2). This depression hosts more than one hundred dolines
per km2, the highest density of Spain. The Cueva del Agua, with its laby-
rinth of underground passages, has more than 33 explored entrances
(but it is reasonable to suppose thepresence of hundreds of them)andex-
tends overmore than 8.9 km (currently themost extensive in Andalusia),
reaching 50 m depth (Espeleo Club Almeria, personal communication).

Its sub-horizontal conduits develop in a NW-SE direction, a fewme-
tres below the surface, and are accessible through several small vertical
shafts that represent upper entrances. An underground stream feeds the
Las Viñicas spring (356 m a.s.l.) with a low water discharge of less than
1 L s−1 (around 0.8 L s−1) and a peak discharge of about 150 L s−1,
occurring suddenly after heavy rainfall, flooding the lower conduits
completely during a few hours and with a steep depletion curve just
after rainfall ends (Calaforra, 1986). An ephemeral outlet is Tropplein
cave (383 m a.s.l.), which drains a usually inactive passage that de-
velops parallel to the main underground river and collects the rainfall
through some small dolines. The geometric settlement of Sorbas massif
does not allow any recharge of this cave system from adjacent basins.

Air circulation inside the cave is very complex and driven by thermal
disequilibrium between outside and inside air and water temperatures
(annual mean temperature in the main gallery ranges between 15 and
17 °C, whereas average water temperature is 14.5 °C) (Calaforra et al.,
1993b). Las Viñicas spring (the main cave entrance) behaves as the
lower entrance during most of the year, with air flow directed towards
the outside, while the numerous small vertical shafts represent upper
entrances that inhale moist air. The cave atmosphere is characterised
by water-saturated air and only near the cave openings the relative
humidity decreases up to values of 40% (Fig. 3).

Close to themain entrance (Las Viñicas spring) and also in the inter-
mediate sectors of the cave, conduits are of phreatic origin, with round-
ed cross-sections, later filled by clastic sediments and covered by
carbonate flowstones, deposited once the water level fell. Further
upstream from the spring, the passages and shafts are generated in
vadose conditions. These kinds of galleries correspond to different pat-
terns of karst system development and some of them are currently
completely abandoned by the underground river. Cave morphology
is also characterised by typical condensation–corrosion features such
as bell-shaped domes and boxworks. In the vadose galleries most
speleothems are made of gypsum, while within the active sector calcite
speleothems are found more often (Calaforra et al., 2008).

3. Methods

Direct measurement of denudation using a Micro-Erosion Meter
(MEM) was initially developed by Hanna (1966) in cave conduits in
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Fig. 2.Geomorphological sketchmap of the Cueva del Agua area (see Fig. 1 for location). The positions of theMEM stations are indicated by blue numbers and detailedmaps along the cave
passages are shown in the insets (modified fromDell'Aglio, 1993; cave survey from Espeleo Club Almeria). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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England and by Dahl (1967) on granite in Norway, and later extend-
ed and improved by High and Hanna (1970) and Trudgill (1970) in
England and by Ford (1971) in Canada. Then, some improvements
to the instrument were made by Trudgill et al. (1981) and finally
Stephenson (1997) and Stephenson and Finlayson (2009).

The MEM method basically consists of a probe connected to a
millesimal-resolution micrometer gauge (with graduations of 0.005 mm)
on a tripod structure. The instrument directly touches on three stainless
steel nails set into the rock surface, two with semi-spherical heads
and a flat one (Fig. 4A). One of the three legs of the micrometer is
semi-spherical and the other two are of pinacoidal shape. This disposi-
tion leads to six kinematic vinculums, three that restrict translational
movement and the other three preventing rotation. This configura-
tion, called Kelvin Clamp Principle, guarantees that the point where
measurement is performed, the central part of the triangle formed by
the three nails, is always exactly the same (Stephenson et al., 2010).
In practice, because it is easy to combine several MEM measurement
triangles, eachmeasurement point can be constructed in order to obtain
several stations depending on the number of the installed nails. The
micrometer gauge is firmly fixed to the leg supports, thus allowing
highly accurate analyses of rock lowering rates (Spate et al., 1985).
The instrument is checked periodically by laboratory measurements
on a calibration slab of rock at a given temperature (Furlani et al., 2009)
as well as in field at the MEM stations, on a stainless steel support. This
value is subtracted at each reading to calculate the net lowering. Readings
below 0.010 mm must be considered with caution (Stephenson
and Finlayson, 2009). Downwearing measurements were taken by two
repeated readings at the same station, to reduce the source of error

image of Fig.�2


Fig. 3. Relationship between cave micrometeorological data of Cueva del Agua and pluviometry during 1992–1993. A. Water temperature of the underground stream; B. Conductivity of
the streamwater; C. Air temperature close to one of the upper entrances; D. Relative humidity variation close to the cave openings; this value is stable at 100% in the interior of the cave
(Laboratory tunnel and along the main cave passages); E. Rainfall pattern at the Sorbas meteostation (modified from Calaforra, 1998).
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due to the erosion performed by the probe tip on the soft gypsum
surface and thus producing an apparent lowering. Trenhaile and
Lakhan (2011) report that about 10 measurements at each point
would normally provide reasonable estimates of surface elevation
changes. The values reported for gypsum are more reliable than those
for other kinds of less soluble rocks because their lowering rates
are much greater, thus reducing the significance of errors. Also long
periods of observation drastically reduce the uncertainties (Spate et al.,
1985).

Nineteen MEM stations (indicated with progressive numbers, see
Fig. 2) were positioned in a wide range of morphological and environ-
mental settings inside the cave, on two bedrock types (gypsum and
carbonate) and with variable degree of humidity (from 40% to 100%),
and different hydrodynamics and air flow conditions: (i) on gypsum
on the floor of the passages, (ii) on carbonate speleothems, and (iii) on
walls and roofs where water comes in contact with the rock exclusively
by condensation processes. In particular, three different sets of stations
have been investigated: (1) themain cave entrance (Las Viñicas spring),
where the influence of rapid temperature and humidity fluctuations at
the surface is more intense (Fig. 3); (2) the main passage, in which the
underground stream can flow on gypsum and on carbonate floor;
(3) the Laboratory tunnel, an abandoned passage without present day
water flow. Another 5 additional measurements were collected on
MEM stations installed on the external gypsum surface. All sites are
listed in Table 1.

In the cave entrance, not far from the spring, five MEM stations are
located: one on a black horizontal calcite flowstone located in laminar
flow conditions in the active cave passage (station S06, Fig. 4C) and
four at half height on vertical gypsum walls in a fossil branch: two of
them directly exposed to moist air coming from the internal part of
the cave (stations S07a and S08a, see Fig. 4B), thus in the wet part of
the cavewall, and the other two are placed on the conduit wall oriented
toward the main entrance, thus in drier conditions (stations S07b and
S08b, respectively).

image of Fig.�3


Fig. 4.MEM stations: A.Micro-ErosionMeter; B.Measurement station at S08a on thewall; C. Floor station number S06 on carbonate flowstone close to themain entrance; D. Stations S13
to S16 on the carbonate floor along the main passage and scheme of the arrangement of nails (the finger indicates the lower vertice of the triangle on the left of measurement point);
E. Medium station S21 on the wall in the Laboratory tunnel; F. Stations S09 to S12 on the gypsum floor at the measurement point in the active branch. In the background, on the other
side of the stream the arrow indicates the multistation S13-S16 on carbonate flowstone (Photos Laura Sanna).
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The stations in the main passage are within some hundred metres
from the main entrance in the same stream level (a few centimetres
above the water level, thus sporadically flooded) but displaced in two
different sub-horizontal sites, one in front of the other: stations S09,
S10, S11 and S12 (Fig. 4F) have been positioned on gypsum bedrock,
while stations S13, S14, S15 and S16 have been installed on carbonate
crusts (Fig. 4D). All sites are arrangedwith 6 nails forming four triangles,
thus providing four measurements (see Fig. 4D).

image of Fig.�4


Table 1
Main features of the MEM stations in gypsum karst of Sorbas.

MEM station Location Lithology Description

S01 Surface Selenite macrocrystalline gypsum Flat area, sub-horizontal
S02 Surface Selenite macrocrystalline gypsum Flat area, sub-horizontal
S03 Surface Selenite macrocrystalline gypsum On a tumulo, with evident gypsum exfoliation karren
S04 Surface Selenite macrocrystalline gypsum Small ephemeral stream channel
S05 Surface Selenite macrocrystalline gypsum Area with small morphological step
S06 Cave entrance Carbonate speleothem Horizontal, on black carbonate flowstone. A laminar water flow is present

almost during all the year, while turbulent flux occurs during floods.
S07a-S08a Cave entrance Selenite macrocrystalline gypsum On a vertical gypsum wall, exposed to moisted air circulation
S07b-S08b Cave entrance Selenite macrocrystalline gypsum On a vertical gypsum wall, in dried condition
S09-S10-S11-S12 Main cave gallery Selenite macrocrystalline gypsum Sub-horizontal gypsum floor
S13-S14-S15-S16 Main cave gallery Carbonate speleothem Sub-horizontal black carbonate flowstone
S17-S18-S19 Lab tunnel – zone A Selenite macrocrystalline gypsum Vertical gypsum wall, at the top, middle and bottom, respectively
S20-S21-S22 Lab tunnel – zone B Selenite macrocrystalline gypsum Vertical gypsum wall, at the top, middle and bottom, respectively

Table 2
MEM station measurements: monitoring spans over 18 years, with different time periods
between readings. All lowering values are expressed in mm (n.d.: not-determined). The
measurements at 126 days were made with the “Trieste 1” instrument, the one at 579 -

days with the “Bolonia 1” instrument, while the remainder with the “Almeria”MEM.

Elapsed time (days)

Station ID 126 579 5408 6611 mm/a

Surface (exterior)
S01 −0.03 −0.36 −3.36 −4.14 −0.229
S02 −0.06 −0.44 −2.43 −2.95 −0.163
S03 −0.06 −0.59 −3.10 −3.22 −0.178
S04 −0.02 −0.33 −1.46 −2.03 −0.112
S05 −0.04 −0.37 −1.59 n.d. n.d.
Mean −0.170

Cave (entrance, gypsum wall)
S07a −0.26 −0.27 −0.40 −0.022
S07b −0.04 −0.07 −0.10 −0.006
S08a −0.13 −0.40 −0.41 −0.023
S08b 0.03 0.07 0.02 −0.08 −0.005
Mean −0.014

Cave (main gallery, gypsum floor)
S09 −0.04 −0.39 −1.22 −0.74 −0.041
S10 −0.02 −0.18 −0.36 −0.50 −0.028
S11 0.01 −0.07 −0.16 −0.30 −0.017
S12 −0.06 0.01 −0.15 −0.01 −0.001
Mean −0.022

Cave (carbonate flowstone)
S06 0.00 −0.11 −0.18 −0.15 −0.008
S13 −0.01 −0.03 0.01 −0.20 −0.011
S14 −0.03 −0.27 −0.32 −0.41 −0.023
S15 0.03 0.03 0.03 −0.44 −0.025
S16 −0.03 −0.07 −3.11 −1.28 −0.071
Mean −0.028

Cave (Lab tunnel, gypsum wall)
S17 high −0.00 0.00 −0.04 −0.14 −0.008
S18 med −0.01 −0.01 −0.13 −0.54 −0.038
S19 bott −0.03 0.06 −0.05 0.05 0.003
S20 high −0.03 −0.06 −0.16 −0.19 −0.011
S21 med 0.00 −0.23 −0.36 −0.65 −0.036
S22 bott 0.00 −0.39 −0.35 −0.07 −0.004
Mean −0.016
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All stations of the Laboratory tunnel are on vertical gypsum walls,
but separated into two distinct zones and arranged at different heights:
at the top, in the middle and at the bottom of zone A, upstream of the
fossil gallery (stations S17, S18 and S19), and zone B, in the central
part of the Laboratory tunnel (stations S20, S21 and S22).

The first 5 measuring sites are located at the surface (stations S01,
S02, S03, S04 and S05), in an area of exposed bedrock at the eastern
margin of the closed depression of the Cueva del Agua doline (Fig. 2).

4. Results

Themicro-erosionmeasurements carried out inside the cave started
from June 1992, when the reference elevations were recorded at the
beginning of the study, and have been taken four times during the
18 years ofmonitoring, one after a short period (October 1992), the sec-
ond in January 1994, the third thirteen years later (April 2007) and the
last in July 2010. The first two readings (the reference elevations and the
measurements inOctober 1992)were performedwith aMEMproduced
at Trieste (“Trieste 1” instrument). For the third record “Bolonia 1” in-
strument calibrated in Bologna was used. The last readings have been
carried out with a new instrument produced at University of Almeria,
but equivalent to the “Bolonia 1” instrument. The measurements are
comparable since the instruments have been calibrated among each
other. The results of the net elevations measured at each station are
presented in Table 2. This table contains the period of surveying and
the mean annual lowering rate calculated for each station.

The maximum duration of the measurements was 6611 days,
concerning almost all stations, except for two of them in which moni-
toring started four months later. Some stations positioned close to the
water of the cave stream have been partially flooded, so the reading
was sometimes impossible. The average lowering rates vary from
0.014 to 0.016 mm yr−1 near the main entrance and in the Laboratory
tunnel, 0.022 mm yr−1 on gypsum floors, and 0.028 mm yr−1 on
carbonate flowstones. These values show a similar order of magnitude
as those measured in carbonate karst areas (Häuselmann, 2008; Furlani
et al., 2009; Gabrovšek, 2009).

As regards the vertical gypsum walls, a spatial gradient in the same
site seems to occur: in the entrance part of the cave, stations placed
on the wall oriented toward the lower entrance and not exposed to
the moist cave air (stations S07b and S08b) show lower rates, as well
as those close to the floor (bottom) of the Laboratory tunnel (stations
S19 and S22) (Fig. 5e–f).

In the case of stations S07a and S08a, the control points were placed
on vertical walls trying to put the nails in the areaswhere condensation
appears to be greatest (related to sub-horizontal air currents, located at
a medium height on the wall).

For the stations in the Laboratory tunnel (stations S17 to S22), the
highest measurement points were placed in condensation cupola.

In the medium walls (Fig. 5c–d) rock surface downwearing rates
were higher than top and bottom stations.
Of the four bottom(lower) stations, three report oscillations between
negative (downwearing) and positive (swelling) values (S08b, S19,
S22), while one shows only a very small lowering (S07b) (Fig. 5e–f).

In general, values of surface elevation changes are higher on gypsum
surfaces with respect to carbonate flowstones. However, surprisingly,
the lowering rates on some carbonate surfaces are greater than those
registered on gypsum (e.g., stations S14 and S15, see Fig. 6a–b). The
values recorded at station S16 (spatially in close proximity to the
stream) has been removed from the graph due to the high variability
of the readings. In some cases, the downwearing rates are not consis-
tent between the various measurement points and seem controlled by



Fig. 5. Lowering valueswith respect to time (left) and rainfall (right) for top, medium, and bottom stations on thewall. Due to their little variation, stations S07b and S08b have been rep-
resented together with the bottom stations in the Laboratory tunnel.
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factors that vary from point to point (e.g., transported clastic materials,
flow intensity, etc.). In two cases (last measurement of station S06 and
the penultimate measurement of station S13, see Fig. 6a–b) an obvious
increase was encountered.

Mean lowering rates on gypsum are generally a little bit higher on
the sub-horizontal surfaces than on cave walls, except for some of the
half-height— medium — wall stations.

The denudation data from the external gypsum stations are quite
regular, with a rate of 0.170 mm yr−1 (Fig. 6e), almost an order of
magnitude greater than the mean obtained from all cave stations
(0.021 mm yr−1) and close to 0.3 mm yr−1 calculated based on mass
loss of gypsum tablets in the Gypsum Plain (New Mexico) (Shaw
et al., 2011). There is a good linear trend between surface denudation
and rainfall (Fig. 6f). The slightly lower value of station S03 measured
in the last 3 years clearly depends on factors related to the measure-
ment point (S03 is on a tumuli feature, so gypsum swelling might
have occurred). The slope of the various lines is obviously dependent
on local conditions such as the steepness of the measuring point, the
orientation of gypsum crystals, water flow, and so on.

5. Discussion

5.1. Condensation–corrosion as a global speleogenetic agent

Just a very marginal role was attributed to the process of
condensation–corrosion in speleogenesis in the past. Its real importance
in the formation of caves has been highlighted only in the last decades
through the development of several investigations in carbonate envi-
ronments (Cigna and Forti, 1986), and in gypsum (Pulido Bosch,
1986). In the case of gypsum the much more soluble rock evidences
the prominent role of condensation–corrosion in speleogenesis, espe-
cially in arid environments.

The condensation–corrosion, and also the related rock lowering rate,
has an influence on karst morphology, because the evaporation–
condensation processes are able to continuously wet the cave walls
with undersaturated water (Badino, 2010). The characteristic features
originated from this process, such as the protruding of less soluble
lithology from the rock matrix (boxwork), are very different from those
due to running waters, especially in gypsum where condensation–
corrosion types are easier to find. In the case of gypsum karst the dis-
solution by condensation inside a cave tunnel is obviously balanced
by the formation of speleothems through evaporation in nearby
places or at a certain distance where these water films become
saturated. Although both corrosion and deposition phenomena can
be localised inside several cave systems, the presence of widespread
and well-developed condensation–corrosion forms is not suffi-
cient to state that this process contributes significantly to the overall
speleogenesis of a cave. It is also necessary that the cave microclimate
shows large thermal variations and the karst system is characterised
by several entrances, thus allowing strong and widespread air flow in-
side the cave passages in order to promote evaporation of the solution.

As reported in preliminary short-term studies (Calaforra et al.,
1993a,b; Dell'Aglio, 1993), Cueva del Agua cave system is an ideal
place where the climatic effect is clearly represented due to the high
number of upper entrances that connect the cave and external atmo-
sphere, its constant strong air circulation and its well-defined catch-
ment area hydraulically isolated from other neighbouring catchment
areas. In fact the high thermal non-equilibrium condition between
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Fig. 6. Lowering values of carbonate and gypsum floor in the cave and on the external gypsum bedrock, with respect to time (left) and cumulative rainfall (right).
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cave stream water (average 14.5 °C) and diurnal external air entering
into the karst system (mean 19 °C) guarantees that the arid climate of
the area greatly affects the meteorological behaviour of this cave.

Considering a relative humidity near 70% and a temperature of
25 °C (normal value for sunny days through the year) the external
air would have more water vapour than cave air (16.2 g m−3 instead
of 12.7 gm−3) (Badino, 1995). Typical experimental values of air veloc-
itymeasured in the 33 known entrances of Cueva del Agua cave system
are higher than 1m s−1. Hypothesizing four hundred 0.5 m2-sized cave
inlets, themean volume of air entering into the cavemight be estimated
as about 200 m3 s−1. This air flow would produce around 0.7 L s−1 of
condensation water and justifies the water volume discharged by the
cave also during the long dry periods, a base flow fed only by condensa-
tionwater (b1 L s−1). This analytical approachwas confirmed by sever-
al micro-dye tracer experiments (Calaforra et al., 1993b) and by an
ongoing experiment of direct collection of condensation water on arti-
ficial support (Calaforra et al., 2011) that gave an idea of the amount
of water which may condense in a single place on each square metre
(0.006 L s−1). Using the cumulative rain during the 18-year long mon-
itoring period (4630 mm), the effective infiltrating rain (25% of the
total) on the 1.5 106 m2-wide Cueva del Agua catchment area is about
1,735,000 m3. On the basis of the previous estimation of cave air flow
(200 m3 s−1 with a condensation rate of 0.7 L s−1) the condensation
water for the same period (6611 days) is around 400,000 m3, a contri-
bution of the condensation–corrosion to the total chemical dissolution
of the area of around 20%.

Moreover chemical analyses of water and experimental data of
weight-loss gypsum tablets (Calaforra et al., 1993a,b; Dell'Aglio, 1993)
indicate that the waters in the Cueva del Agua underground stream are
always undersaturated with respect to gypsum (2.13 g L−1 compared
to the 2.4 g L−1 of maximum concentration in pure water at 15 °C)
(Klimchouk, 2000).

Despite the lack of long time-series monitoring, the available hydro-
dynamic data at the Las Viñicas spring (Calaforra, 1998) demonstrated
that during 70 days per year the average discharge is around 15 L s−1,
giving an estimated volume of 91,000 m3 of water discharge. After
high flows water takes about a few hours to a maximum of ten days
in restoring the previous low water discharge values of conductivity
(from 1.7 mS/cm during floods in December 1992 to 2.4 mS/cm in
low water discharge, Fig. 3B), temperature, and saturation degree.
Considering an average rate of 60 mm yr−1 for the effective infiltration
over the Cueva del Agua catchment area, the mean annual recharge of
the LasViñicas spring has been calculated as about 90,000m3 (practically
equal to the high flow discharge), demonstrating the absence of storage
capacity in the gypsum karst aquifer (those of the rare thin marl inter-
beds is insufficient) (Calaforra, 1986). The total discharge at the spring
would be about 111,000 m3, 20,000 m3 of which coming from the base
flow (18%).

On the basis of hydrochemical data on the Cueva del Agua stream,
Pulido Bosch and Calaforra (1993) observed that the different water
saturation between rain and flood waters is due to the fact that rainy
water, very aggressive at first, loses much of its potential dissolution
capability becoming relatively saturated with respect to gypsumwithin
the first few metres of its subterraneous path. Only during periods of
heavy rainfall, when infiltration is tremendously rapid, low water satu-
ration ismaintained inside the caves. For this reason strongkarstification
in a semiarid climate, such as Sorbas, can be considered as a sporadic
phenomenon in the vadose zone, where cave enlargement is improved
only during periods of torrential deluge whereas for most of the year
only very slow processes are active.
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Fig. 7. Morphological evolution scheme in gypsum caves related to condensation–
evaporation processes. The inset in A shows the boundary conditions of gypsum
dissolution with the very slow diffusion of dissolved molecules from the boundary
layer to the flowing solution. See text for explanation.
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Taking into account the gypsum water content at the spring during
flood events (2.13 g L−1) it is possible to estimate the chemically-
removed gypsum by the rain over the 18 years of monitoring as about
3690 t (204 t yr−1) while, using the average gypsum content of the
spring water during the dry periods (a standard maximum value of
2.5 g L−1 at 20 °C) rough quantitative data on the corrosion by air
condensation reaches an amount of 1000 t (55 t yr−1), corresponding
to 21% of the total. Considering that only some 20% of the effective infil-
trated rain (percentage of rainstorms) is able to produce chemical disso-
lution, the amount of gypsum dissolved from the rainwater flowing into
the cave (calculated over the same 18 years) is 738 t (40 t yr−1) for
a total underground removed quantity of gypsum of about 1735 t
(100 t yr−1), confirming the 1000 t of dissolved gypsum by condensa-
tion water.

The contribution of the condensation–corrosion to the overall karst
processes (55 t yr−1) in the Cueva del Agua basin represents over 20%
of the total chemical dissolution of the karst area but more than 50%
of the speleogenetically removed gypsum in the cave system. These
processes, at least in the present climate, are of considerable importance
in speleogenesis of gypsum caves.

5.2. Measurement of climate-induced processes

Along the main gallery of Cueva del Agua the MEM measurements
show dissolution processes active on the walls and ceiling, related to
condensation waters.

The maximum observed value for such dissolution was 0.41 mm in
3 years (mean 0.038 mm yr−1 over the 18-year period) at station S18,
at half height on the wall in the Laboratory tunnel. An almost identical
mean annual value (0.036mmyr−1) was recorded at station S21, locat-
ed in a similar position, while the average measurement near the roof
and close to the floor gave 0.0085 mm yr−1 and 0.0035 mm yr−1, re-
spectively. Thus, in the Laboratory tunnel the two groups of locations
show the following behaviour: a slow dissolution near the roof (stations
S17 and S20), a more evident downwearing rate in themiddle (stations
S18 and S21) and very low dissolution towards the floor (stations S19
and S22). The different trends shown at the two roof stations (S17 and
S20) depend on the relative positions of each measurement point. In
fact station S17 was placed almost at the top of a cupola while station
S20 was located slightly lower. Therefore it is evident that the latter
has more often been subject to film flow conditions (Fig. 5a–b).

In the whole of cave passages, the medium walls rock surface
downwearing rates (Fig. 5c–d) were higher than the top and bottom
stations, most probably due to a more regular presence of condensation
waters. The phenomenon of condensation at stations S07a and S08a
was clearly much less efficient resulting in less dissolution.

Accordingly, different dissolution conditions are created at different
heights of a passage cross section. These differences in dissolution rate
do not depend on the gypsum bedrock which is strongly isotropic, ex-
cept for the presence of less soluble inclusions (e.g. well-shaped crystals
or carbonate re-crystallization). Instead, there appears to be a direct
relationship between dissolution and condensation rates.

Condensation rates in caves are controlled by thermal stratification
inside a cave passage (Badino, 2010). The temperature gradient causing
stratification depends on external heating of air particles and has
seasonal effects: drier and warmer air will be present in the upper
parts of the cave passages, while colder andmoister air will concentrate
at the bottom.

When condensation occurs (Fig. 7A), at first water moves in a lami-
nar flow controlled by viscosity and surface tension of the water. In this
condition there is onlyminimum dissolution. The dissolution kinetics of
gypsum, in fact, ismainly controlled by the slowest process, which is the
transfer of ions from the boundary layer to the solution. In a laminar
water flow gypsum does not go into solution, as shown by measure-
ments on vertical and horizontal gypsum walls in the Cava a Filo near
Bologna (Forti, 2005). With the increase of the wall slope and/or the
water quantity involved in the process, laminar passes to film flow, a
kind of very thin water layer moving with turbulent flow, and dissolu-
tion increases reaching its highest level. This is followed by a decrease
in dissolution along the cave wall because of the presence of increasing
calcium and sulphate ions in solution. Finally dissolution stops due to
the saturation in gypsum of the water flowing on the wall and/or to
the beginning of evaporation processes. This is when gypsum deposi-
tion can start (Forti, 2004). Considering that condensation, and also
evaporation, is not constant during the year but depends on several
factors (e.g. temperature, relative humidity, air circulation, and so on),
the sites where laminar flows transform into film flows, and the evapo-
ration areas, change with the seasons (Fig. 7B). This defines areas in
which condensation and/or evaporation can be alternatively slow and
fast.

The cumulative action of these phases can explain the evolution of
condensation dissolution cupolas, characterised by a flat roof and by a
lower convex surface where the deposition of gypsum flowers can
occur at different heights (Fig. 7B). The enlargement of the flat ceiling,
by planation of the rough surface and the rock noses, is related to an
increase of dissolution rate and/or flaking. Both actions lead to a mixing
of boundary layers, a necessary condition for having effective dissolu-
tion. In this way, the roof enlargement is followed by the formation of
a concave surface along the first few metres on the slope wall, due to
increasing of the flow rate that produces higher dissolution. The pro-
gressive gypsum saturation of the flowing solution reduces the corro-
sion process towards the bottom of the wall. Evaporation processes
can also create conditions of supersaturation; at first supersaturation
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is very low and epitaxial growth favours the enlargement of existing
gypsum crystals in the bedrock. Only when the supersaturation
becomes important, new gypsum crystals form typical speleothems
(e.g. gypsum flowers). This last phase is not frequent in the gypsum
karst of Sorbas, due to the great amount of condensation water that
feeds the cave system, but it can be found close to the entrances where
the effectiveness of evaporation processes is amplified by the tempera-
ture increase and relative humidity decrease, as in the Covadura cave
system (Fig. 8, see Fig. 1 for location). Here conductivity measurements
on dripping water from stalactites fed by moist air show values around
1.8 mS/cm, testifying that gypsum speleothemprecipitation leaves drip-
ping water with a high sulphate content.

The MEM stations at the cave entrance (stations S07 and S08) only
show the stage of active dissolution (film flow stage in Fig. 7) without
laminar flow and gypsum speleothem precipitation.

Although the expected lowering rate on the cave floor should be less
than that measured on thewalls, the data from themain gallery reports
the highest values of the underground measurements (an average of
0.028 and 0.022 mm yr−1, for carbonate and gypsum respectively).
Marginally higher mean lowering rates on gypsum sub-horizontal sur-
faces can be referred to stream erosion (Figs. 5–6). The differences
among the various floor stations can easily be explained by fluctuations
ofwaterflowduringfloods and lowdischarge. During some periods also
a very small increase has been observed in some of them. The major
observed variations in downwearing and swelling are due to the charac-
teristics of the gypsum crystals that are quickly eroded on one side and
more rapidly deposited on the other: this explains the overall increase
in stations S09 and S12 (Fig. 6c–d). The positive (swelling) incongruent
pattern and unreasonable variations of the surface elevation on carbon-
ate floormay be explained by calcium carbonate deposition from super-
saturated water during low discharge flow but this situation requires
that water should be sufficiently enriched in organic material which,
by oxidation, delivers enough CO2 to the system allowing precipitation
of carbonate instead of sulphate (Dalmonte et al., 2004). This hypothesis
is less probable under the current climatic conditions: in fact the
gypsum area of Sorbas is semi-arid with a very low water discharge
fed by condensation during most of the year, leaving flowstones dry.
In addition, condensation is a process that leads to a very low CO2 in
the water, not sufficient to cause carbonate deposition. Furthermore
this karst landscape is practically without vegetation, thus lacking im-
portant soil cover as a possible source of organic matter, and hindering
the mechanism of the incongruent dissolution which is responsible for
most of the calcite deposits in gypsum caves. A last consideration on
the carbonate speleothems is that their general dryness or corrosion
Fig. 8.Morphological evidence of condensation–evaporation processes in Covadura cave
system (Gypsum Karst of Sorbas) (Photo Laura Sanna).
confirms that theymust have developed during a previous speleogenetic
stage. For all these reasons it is reasonable to attribute these strange
values to rock surface swelling (Stephenson et al., 2004) and/or instru-
mental errors due to mechanical stress produced on the nails during
the floods, as at the measurement point S16, in proximity to the cave
stream. It is interesting to see that if these anomalous values are not
considered, the mean lowering rate reaches a value of 0.020 mm yr−1,
very close in both kinds of substrate (gypsum and carbonate). This re-
sult should be referred to a combined chemicalwater dissolution during
high water stands and mechanical erosion during high flows. Erosion is
testified by the occurrence of clastic materials (e.g., pebbles, sands)
found on the many sampling stations and by the widespread erosion
morphologies like scallops, blades and potholes along the river bed.
Differences between single sites can be related to the diverse location
of measuring points with respect to the floods and, in particular on
gypsum, also to the presence of thin clay films in between the crystals.
Correlating the lowering rate and rainfall, all points on carbonate flow-
stones have shown an overall decrease (Fig. 6b), which indicates that
the dominant process taking place on this floor is currently erosion
that occurs during the flooding of the underground stream. The
frequency and intensity of floods are not directly correlated to mean
annual rainfall data. It should be interesting to correlate the lowering
rates with each rainstorm in order to improve the knowledge on the
importance of the peculiar climate of Sorbas on the cave morphology,
but short-term measurements increase the errors.

Further data are available from 5 MEM stations at the surface and
suggest a very fast erosion with a mean value of 0.170 mm yr−1,
while an even higher value (3.16 mm yr−1) was obtained from the
weight loss of gypsum tablets (Calaforra et al., 1993a).

In order to quantify the contribution ofmechanical erosion in surface
lowering, the conductivity values were used to calculate the percentage
of effective rainfalls that influence the surface downwearing (about 80%
of the saturation value). The quantity of removed gypsum is equal to a
volume of about 70 m3 yr−1 (163 t), corresponding to an average
surface lowering of 0.047 mm yr−1. The difference with respect to the
average measured value (0.123 mm yr−1) corresponds to mechanical
erosion induced by the arid climate: few days of rainstorms in a gener-
ally dry climate, strong diurnal condensation which takes place practi-
cally every night and powerful winds (Shaw et al., 2011), as in Sorbas.
It has to be emphasized that inside the cave most of the removed rock
was surely dissolved, while at the surface the mechanical erosion is
responsible for over 70% of the lowering.

6. Conclusions

The results of long-term MEM measurements in a gypsum cave of
Sorbas (Almeria, SE Spain) have allowed quantification of the dissolu-
tion caused by condensation processes, and their possible role in
speleogenesis. The data from 19 micro-erosion measurement points in
four different morphological and environmental conditions show an
average lowering rate of 0.014 mm yr−1 near the main cave entrance
and of 0.016mmyr−1 in the Laboratory tunnel, which can be correlated
withwater condensation ofmoist air flow triggered by thermal disequi-
librium between cave and external atmospheres. Different dissolution
rates are present along the cave cross-section: a slow dissolution near
the ceiling, a more effective corrosion in the middle conduit wall and a
very low lowering rate towards the floor. Rates of 0.022 mm yr−1 and
0.028mmyr−1 have been recorded on gypsum bedrock and on carbon-
ateflowstones, respectively, as cumulative effect of chemical dissolution
andmechanical erosion. The denudation data from the external gypsum
stations are higher, with an average of 0.170 mm yr−1. In the gypsum
karst of Sorbas dissolution is evaluated in an average surface lowering
of 0.047 mm yr−1. On the other hand, the mechanical erosion corre-
sponds to 0.123mmyr−1. The contribution of dissolution by condensa-
tion waters to the overall karst processes in the Cueva del Agua
catchment area represents over 20% of the total chemical dissolution
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of the karst area and more than 50% of the speleogenetically removed
gypsum in the karst system. Condensation–corrosion processes thus
appear to be important in speleogenesis of gypsumcaves in arid climate.
At the cave scale, the morphological evidence of these processes is
expressed by the evolution of dissolutional cupolas, characterised by
flat roof, concave wall, and by a lower convex surface where the depo-
sition of gypsum flowers can occur in response to sulphate supersatura-
tion induced by evaporation. Climate factors (e.g. temperature, relative
humidity, air circulation, rainfall, etc.) affect their development. Mor-
phological evidence shows condensation–evaporation processes to be
active in many cave systems of Sorbas and surely they are effective in
most of the arid gypsum karsts worldwide. The same processes might
also be important in both halite and limestone caves in arid climates.
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