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ABSTRACT

The karst of Sorbas (SE Spain) is one of the most important gypsum areas worldwide. Its underground karst network comprises over 100 km of cave passages. Rounded
smooth forms, condensation cupola and pendant-like features appear on the ceiling of the shallower passages as a result of gypsum dissolution by condensation water.
Meanwhile, gypsum speleothems formed by capillarity, evaporation and aerosol deposition such as coralloids, gypsum crusts and rims are frequently observed closer to the
passage floors. The role of condensation—dissolution mechanisms in the evolution of geomorphological features observed in the upper cave levels has been studied by
means of long-term micro-erosion meter (MEM) measurements, direct collection and analysis of condensation waters, and micrometeorological monitoring. Monitoring of
erosion at different heights on gypsum walls of the Cueva del Agua reveals that the gypsum surface retreated up to 0.033 mm yr—1 in MEM stations located in the higher
parts of the cave walls. The surface retreat was negligible at the lowest sites, suggesting higher dissolution rates close to the cave ceiling, where warmer and moister air
flows. Monitoring of microclimatic parameters and direct measurements of condensation water were performed in the Covadura Cave system in order to estimate seasonal
patterns of condensation. Direct measurements of condensation water dripping from a metal plate placed in the central part of the EI Bosque Gallery of Covadura Cave
indicate that condensation takes place mainly between July and November in coincidence with rainless periods. The estimated gypsum surface lowering due to this
condensation water is 0.0026mmyr—1.Microclimatic monitoring in the same area shows differences in air temperature and humidity of the lower parts of the galleries
(colder and drier) with respect to the cave ceiling (warmer and wetter). This thermal sedimentation controls the intensity of the condensation—evaporation mechanisms at
different heights in the cave.

1. Introduction

Subterranean morphologies in caves have been utilised in many cases to identify the type of speleogenetic mechanisms involved in the endokarst
development, especially to distinguish between epigenic and hypogenic speleogenesis (Klimchouk, 2009; Palmer, 2011). Subaqueous speleogenesis
produces typical cave morphologies, including scallops, cupolas (rounded ceiling pockets), ceiling channels, pendants, oxidation vents, bubble trails
and zenithal ceiling tubes, described in a variety of caves (Audra et al., 2002; Calaforra and Pulido-Bosch, 2003; De Waele and Forti, 2006; Audra et
al., 2007, 2009; Klimchouk, 2009; Calaforra and De Waele, 2011; Palmer, 2011; Pasini, 2012; Gazquez and Calaforra, 2013, amongst others).
Subaerial speleogenesis may occur in caves placed above the water table. Condensation and CO2 diffusion into the condensedwater, termed
“condensation corrosion” by Ford and Williams (1989), is identified as being the precursor process of carbonate rock dissolution both in nonthermal
(Jameson, 1991; Tarhule-Lips and Ford, 1998; De Freitas and Schmekal, 2006) and thermal caves, which display specific dissolution patterns (Cigna
and Forti, 1986; Bakalowicz et al., 1987; Sarbu and Lascu, 1997; Audra et al., 2007; Gazquez et al., 2013). Some characteristic speleogen features
produced by condensation corrosion are “air scallops” (Hill, 1987), hollow half-spheres on walls and ceilings (Cigna and Forti, 1986; DeWaele et al.,
2009; Plan et al., 2012), boxwork formations (LaRock and Cunningham, 1995; Gazquez et al., 2012), weathering rinds (Auler and Smart, 2004), and
less frequently, corrosion channels (Vattano et al., 2013).

Condensation corrosion can pose a serious threat for the conservation of the subterranean heritage, in particular in show caves in which microclimatic
conditions are artificially altered by visitors. Modification of cave air temperature, humidity and particularly CO2 concentration in air can trigger
dissolution—corrosion of speleothems (Dublyansky and Dublyansky, 2000; Avramidis et al., 2001; Fernandez-Cortés et al. , 2006).

Condensation is a widespread process in caves, as revealed by the large number of research works published over the past thirty years, based on direct
or indirect measurements of this phenomenon (Cigna and Forti, 1986; Sarbu and Lascu, 1997; Dublyansky and Dublyansky, 1998; Tarhule-Lips and
Ford, 1998; Avramidis et al., 2001; De Freitas and Schmekal, 2003; Auler and Smart, 2004; De Freitas and Schmekal, 2006). Suspended glass plates
(Sarbu and Lascu, 1997), lysimeters and metallic devices (Dublyansky and Dublyansky, 1998), refrigerated containers (Tarhule-Lips and Ford, 1998),
weight loss measurements of gypsum tablets (Calaforra, 1996; Klimchouk et al., 1996; Klimchouk and Aksem, 2002; Tarhule-Lips and Ford, 1998),
micro-erosion meter measurements of cave surface retreatment (Calaforra et al., 1993; Klimchouk et al., 1996), determining thickness and age of
weathering rinds (Auler and Smart, 2004), and more recently electrical devices coupled to data loggers (De Freitas and Schmekal, 2006) have been



utilised to estimate and/or measure condensation in caves. In addition, theoretical models and approaches to the condensation mechanisms in caves
have been developed over the last decade (Dreybrodt et al., 2005; Gabrovsek et al., 2010).

Condensation corrosion has been postulated as an important process in speleogenesis in semi-desertic karst areas of Central Asia (Dublyansky and
Dublyansky, 1998), northeastern Brazil (Auler and Smart, 2004) and the Mediterranean region (Pasquini, 1973; De Waele et al., 2009). Dublyanskaya
and Dublyansky (1989) argued that at a global scale, the possibility of condensation in caves strongly depends on latitude and altitude.

Remarkably, condensation studies in non-carbonate caves have been very limited and scarce (Calaforra et al., 1993; Klimchouk et al., 1996;
Fernandez-Cortés et al., 2006), mainly focused on gypsum environments.

Because of the fact that the ratio of gypsumto calcite solubility is around 10:1 (Ford and Williams, 1989), the effects of condensation corrosion in
gypsum caves are presumably greater that those experienced in carbonate caves. Therefore, cave morphologies produced by condensation are of
major relevance for vadose speleogenesis in gypsum caves with respect to limestone caves (Calaforra et al., 1993). Moreover the aggressiveness of
the condensed water in gypsum caves is not affected by the CO2 diffusion from air to water that is the slowest reaction in the dissolution kinetics of
condensation corrosion in carbonate systems.

Another relevant line of research deals with the importance of condensation in the total recharge of gypsum aquifers, in particular in semi-arid areas.
Various researchworks have postulated that condensation can represent a substantial contribution to the total recharge in gypsumaquifers (Calaforra et
al., 1993; Forti, 1993) and can play an important role in the dry-season discharge of karst springs and rivers (Dublyansky and Dublyansky, 1998).

In the present work, various morphological features induced by condensation—dissolution mechanisms have been studied in several shallow caves of
the gypsum karst of Sorbas (Almerfa, SE Spain), one of the most well-known gypsum karst areas of the world (Calaforra and Pulido-Bosch, 1996,
2003; Gazquez and Calaforra, 2014). In the Cueva del Agua, the longest gypsum cave in Spain, micro-erosion meter (MEM) measurements of
gypsum wall retreat over the past twenty years have suggested condensation corrosion to be effective, besides normal erosion. Monitoring
microclimatic parameters (temperature and relative humidity) and direct measurements of condensation water were performed in the upper levels of
Covadura Cave during the period 2011-2013, in order to identify seasonal patterns of condensation—evaporation mechanisms and their effects on the
gypsum cave morphology during recent vadose stages.

2. Geological setting and cave description

2.1. Geology

The gypsum karst of Sorbas (Almeria, SE Spain) is one of the best known karst areas in Spain (Calaforra and Pulido-Bosch, 2003). Nearly one
thousand caves are concentrated in only 25 kmz, forming one of the most important gypsum karst areas in the world from the cave science
perspective.

The gypsumkarst of Sorbas is located in the Tabernas—Sorbas Basin, SE Spain, one of the intramontane Neogene basins within the Betic Cordillera. It
includes significant gypsiferous Messinian evaporites in its sedimentary fill (Dronkert, 1977). It lieswithin a topographic depression bounded to the
north by the Filabres Range and to the south by the Alhamilla and Cabrera ranges (Fig. 1). The region has a semiarid climate, with mean annual
precipitation around 300 mm (Maestre et al., 2013).

The karstified Messinian gypsum (YesaresMember) occurs as a 120 m thick cyclic sequence consisting of alternating gypsum and pelitic—marly units
(Dronkert, 1977). The selenitic gypsum units reach 30 m in thickness. The most complete sequence of the Yesares Member crops out in the Rio
Aguas canyon, where 12 cycles of alternating gypsiferous and carbonate—pelitic laminated sediments were initially described by Dronkert (1976),
though up to 14 (Krijgsman et al., 2001) and 16 (Roveri et al., 2009) sedimentary cycles were recognised in laterworks. Such stratigraphic alternation
has been attributed to precessional cycles of the Earth with impact on the global climate (Krijgsman et al., 2001). The Messinian sequence is scarcely
deformed in the centre of the basin, barely affected by minor tilting and faulting. Stratification of the gypsum—marl series and diaclases played a
decisive role in the development and configuration of the cave levels (Calaforra and Pulido-Bosch, 2003).

The Yesares Member is overlain by (1) marine sandstones with some intercalated siltstones of the Sorbas Member (Roep et al., 1979); (2) coastal
plain silts and sands of the ZorrerasMember; and (3) continental conglomerates of the Gochar Formation (Mather et al., 2001). The semi-pervious
nature of the overlying sequencewas of great importance for the development of the gypsum Karst, as it creates semiconfined conditions on the
gypsum strata at the western edge of the basin and controls the hydrogeological regime of the main spring of LosMolinos (Calaforra, 1996). The
impervious base of the gypsum aquifer comprises silts and clays of the Abad Member.
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Fig. 1. Panoramic viewof the gypsumkarst of Sorbas (above) and geological sketch of the Sorbas Basin (below) (modified from Braga et al., 2003). Location of the studied cave (photo
by L. Sanna).



2.2. Caves

Up to six passage levels have been detected in the gypsum caves. Their development was controlled by the stratification planes between the soft marls
and the more soluble gypsum units. This cave arrangement is related to the hydrogeological history of the area. Initially, the gypsum Kkarst evolved as
a semi-confined multi-layer aquifer under phreatic conditions, enabling the formation of small proto-conduits in individual gypsum beds, whilst the
marly and clayey interbeds acted as impervious barriers (Calaforra and Pulido-Bosch, 2003).

During a subsequent stage, after lowering of the piezometric level following fluvial incision, vadose conditions were established and mechanical
erosion in the underlying marls and clays became the dominant process. This genetic duality indicates that the Sorbas gypsum karst can be considered
an example of interstratal Kkarstification, in which underground erosion processes and the resulting features should be considered products of the
hydrogeological evolution (Calaforra and Pulido-Bosch, 2003).

Most cave passages of the gypsum karst of Sorbas show a predominantly horizontal attitude, and have relatively lowvertical development (less than
10min many cases), as well asmultiple entrances (Calaforra and Pulido-Bosch, 2003). This is the case of Covadura Cave, on the north-western part of
the gypsum karst (Fig. 2A). This cave system comprises 4.25 km of galleries distributed in six levels of depth, reaching —126mdeep. It has seven
main entrances, though earlier microclimatic studies suggest possible existence of hidden air entrances, with strong influence on the air movements in
the cave (Fernandez-Cortés, 2005). In the upper cave levels (mainly the first and second levels of depth, less than 20 m deep) relatively intense airflow
within the galleries favours evaporation, producing subaerial gypsum precipitation in the form of speleothems (Calaforra et al., 2008; Gazquez et al.,
2011; Gazquez, 2012). Particularly striking are the hollow stalagmites of the El Bosque Gallery (Forest Gallery) (Fig. 3D) (Calaforra and Forti, 1993;
Calaforra, 1996; Forti, 1996; Calaforra, 2003; Gazquez and Calaforra, 2014). This passage, 100 m long, is developed in the second marly stratum of
the Yesares Member (around 15mbelowthe surface). The maximum gallery height, around 2.5 m, occurs at 20 m from the entrances, and the passage
progressively decreases its size until access is not possible anymore (Fig. 2A).

The Cueva C3 is located in the northern part of the gypsum karst (Fig. 1). Its entrance lies 200 m away from the western access to Covadura Cave and
500mfromEl Bosque Gallery. Despite their relatively short distance apart, a person-sized connection between these cavities has still not been found.
This cave is developed in the upper marls level of the Yesares formation — around 3 m deep — and is 150 m long (Fig. 2C). The height of its passages
ranges between 1.5 and 3 m. The presence of laminated detrital sediments suggests that this cave was affected by flood events in the past (Sanna et al.,
2011). A variety of gypsum speleothems has been described in this cavity, including deflected stalactites, “gypsum trees”, coralloids, rims and gypsum
rusts (Fig. 3C, E, F, G) (Calaforra, 2003; Gazquez et al., 2011; Gazquez, 2012; Gazquez and Calaforra, 2014).

The Cueva del Agua lies on the north-eastern side of the Sorbas plateau. This cave comprises up to 8.9 km of galleries and is the longest gypsum cave
in Spain. In the surroundings of the Cueva del Agua more than one hundred dolines have been mapped in an area covering 1 kmz,which represents the
highest density of dolines reported in Spain (Calaforra and Pulido-Bosch, 1996). The cave — comprising labyrinthine passages — has more than 33
entrances, reaching 50 m deep (Fig. 2B). A subterranean river runs through Cueva del Agua, so that some cave passages are permanently flooded.
Nevertheless, there are many abandoned passages in which no evidence of recent water flows has been observed. Water springs up through the only
horizontal cave entrance, located on the eastern side of the gypsum massif, giving rise to the Las Vifiicas outlet that is the main entrance of this cave
system. This spring drains a wide endorheic basin 1.5 kmz in size and its discharge varies from less than 1 to 150 L/s, displaying fast responses to
rainstorms in this area (Calaforra et al., 1993).

Air circulation inside this cave is complex and driven by thermal disequilibrium between outside air and in-cave air and water temperatures. The
annual mean temperature in the main gallery oscillates around 15— 7 °C, whereas the average water temperature is 14.5 °C (Calaforra et al., 1993).
The cave morphology is also characterised by condensation corrosion features such as bell-shaped domes and boxwork in the cave roof. In the non-
flooded galleries it is possible to find a variety of gypsum speleothems, whilst carbonate flowstones are frequently found in the hydrodynamically
active sector (Calaforra, 2003; Calaforra et al., 2008).
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Fig. 2. Topography of the studied cave, location of the experimental stations and main speleogen features; A. profile view of El Bosque Gallery (Covadura Cave); B. plan view of
Cueva del Agua (south sector), where labelled red circles represent natural entrances; C. plan view of C3 Cave, showing the most relevant speleogen features related to condensation
and evaporation mechanisms. Espeleoclub Almeria is credited for the topographies.

3. Methodology

3.1. Micro-erosion meter (MEM)

The micro-erosion meter (MEM) method consists in a millesimal resolution micrometer gauge (with graduations of 0.005 mm) on a tripod structure.
The instrument couples to three stainless steel nails that were previously drilled into the rock surface. Two of the nails display semi-spherical head,
whilst the head of the third one is flat. The micrometer gauge has three legs that perfectly fit on the three nails on the wall. Consequently,
measurements are performed every time on the central part of the triangle formed by these fixed reference points.



Direct measurements of gypsumsurface retreat using a MEM instrument were carried out in Cueva del Agua over a very long period. The MEM
measurements inside the cave started in June 1992 and were performed five times during the 21.4 years of monitoring: the first one after a short period
in October 1992, the second one in January 1994, the third one over thirteen years later (April 2007), a fourth in July 2010 (18 years) and the last one
in November 2013 (Table 1).

To verify that condensation is an effective mechanism for gypsum surface retreat, two monitoring sites were put in place in the cave (Zone A and
Zone B), consisting of three MEM stations each. The measuring points were placed in the gallery called the “Laboratory Tunnel” (Fig. 2B), a 1.5-m
high fossil passage without evidence of recent water flow, unlike the main passage, in which the underground stream flows on the gypsum bedrock.
The two measuring points are separated by 5 m in the same passage, which is 200 m from the nearest cave entrance. The MEM stations were placed
on subvertical gypsum walls at three different heights, at 20 cm (bottom), 60 cm (middle) and 110 cm (top) from the passage floor (Fig. 4A). These
MEM stations form part of a wider experimental network from which earlier results were published by Calaforra (1996) and Klimchouk et al. (1996).
The first two measurements were performed with a micro-erosion meter produced at Trieste (Italy) (“Trieste 1” instrument). For the third measurement
the “Bolonia 1" instrument calibrated in Bologna (ltaly) was used. The last two readings were carried out with a new instrument produced at the
University of Almeria (Spain), but equivalent to “Bolonia 1”. All measurements have been standardised with respect to the last MEM instrument.
Erosion measurements were taken by repeated readings, no more than two times in each site at the same time, to reduce the source of error due to the
erosion performed by the probe tip on the gypsum surface and, therefore, producing an apparent lowering. However, the values reported for gypsum
are more reliable than those from other kinds of less soluble rocks because their erosion rates are much greater, thus the errors are not as significant.
Furthermore, uncertainties are demonstrated to be drastically reduced for long periods of observation (Spate et al., 1985). See also Stephenson and
Finlayson (2009) and Stephenson et al. (2010) for more information about the MEM technique.
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Fig. 3. Dissolutional forms and gypsum speleothems in the caves of Sorbas. A. Rounded smoothed wall in Cueva del Agua; B. gypsum crystals
corroded by condensation water in Cueva del Agua; C. gypsum “trees” in C3 Cave; D. hollow stalagmites and dissolution forms on the ceiling of El
Bosque Gallery of Covadura Cave; E. gypsum crusts partially dissolved in C3 Cave; F. popcorn-like speleothems showing size gradation in C3 Cave;
G. pendant-like feature displaying gypsum coralloids on the lower parts (photos by Jabier Les).
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3.2. Microclimatic parameter monitoring

Microclimate parameters (air temperature and humidity) in the El Bosque Gallery of Covadura Cave (Fig. 2A) were monitored by using dataloggers
iButton of Maxim-ic (model DS1923-F5). This device comprises a temperature sensor and a hygrometer, both included in a stainless steel container,
similar in size to a coin. The sensor is fixed to a plastic support hanging from a plastic thread, and uses a lithium battery with an average life time of
up to 10 years, so electric connection is not needed. Resolution for temperature and humidity are +0.06 °C and +0.04%, respectively.

Sampling frequency was set at every hour. This ensures quick sensor equilibration with the cave air even when fast environmental changes occur.
Temperature accuracy was also evaluated in the laboratory using a 1/100 mercury thermometer. The same operation was repeated in the cave several
times for checking calibration and drift of the sensors.

Cave air monitoring was performed at 20 cm from the gallery floor from September 2012 to November 2013. Two sensors were running at the same
site, as a data verification test. Additionally, a preliminary experiment in which simultaneous monitoring of microclimatic parameters of cave air close
to the floor and near the ceiling was performed in January 2012, in order to investigate possible thermal stratification in this cave (Sanna et al., 2012a).
Climatic parameters outside the cave were also measured using an iButton sensor for the period September 2012 to November 2013 (Figs. 6 and 7).
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monitored over 21 years. MEM measurements of gypsum surface lowering are plotted for each station (photos by L. Sanna and Paolo Forti).

3.3. Direct measurement of condensation amount

Condensation water was collected in the wider part of EI Bosque Gallery of Covadura Cave, 20 m from the entrance of this passage, by means of an
assembly consisting of a metal plate (50 x 25 cm) placed at the height of 1.5 m from the cave floor (Fig. 5). This site was chosen because evidences of
dissolution morphologies and active condensation on the cave ceiling had been previously detected (Sanna et al., 2012a).

In contrast, dripping points have not been observed in this area, but some hollow stalagmites are located 5 m into the gallery (Fig. 3D). The metal
lamina was folded 90° along its long axis and placed with a 45° angle slope to favour the flow of condensation water (Fig. 5). The plate was supported
by a wooden base and its inclined surface was placed perpendicular to the passage length and faced the gallery entrance. Theoretically, moist air
coming from outside comes up against the metal plate and leaves water in the form of condensation.

Water dripping from the plate was collected using a plastic container coupled to a funnel 1 cm in diameter at its narrow part to minimise potential
evaporation of the stored water. The sampling frequency ranged from 28 to 62 days, from July 2011 to November 2013. Water conductivity was
measured in situ by a WTW handheld meter (Multi 340i: resolution 0.01 mS/cm, accuracy +0.5%). Rainfall data in the Sorbas area were obtained
from a nearby meteorological station (5 km away from Covadura Cave) part of the Automatic System of Hydrological Information (SAIH) of the
Andalusia Government (Station #93, www.redhidrosurmedioambiente.es).
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Fig. 5. Condensimeter in El Bosque Gallery of Covadura Cave. Condensation rates and rainfall in the Sorbas area between June 2011 and November
2013 (photos by J.M. Calaforra).

4. Results and discussion

4.1. Speleological evidence of condensation corrosion and related Mechanisms Evidences of condensation processes are present in the upper cave
galleries of the gypsum karst of Sorbas. In places, dissolution driven by condensation produces rounded shapes on the cave ceiling, in the form of
semispherical cupolas, pendant-like features and smoothed surfaces on cave walls, which have been identified in Cueva del Agua and C3 Cave (Fig.
3A). Also very common is the presence of irregular ceiling forms composed of microcrystalline gypsum crystals as a result of heterogeneous

and more aggressive dissolution of the gypsum host rock, as observed in some galleries of Cueva del Agua (Fig. 3B), at the entrance hall of C3 Cave
and on the ceiling of El Bosque Gallery (Fig. 3D). In C3 Cave, dissolution forms appear in the upper parts of the passages, down to a level 1 m below
the cave ceiling. Below this level the morphologies of the walls change drastically, and speleothems such as gypsum crusts, coralloids, and gypsum
stalagmites are displayed. As for gypsum coralloids, popcorn-like speleothems appear on the cave walls showing a gradual decrease in size from
around 1.5 m above the gallery floor, where only small new-formed gypsum crystals are observed, to gypsum botryoidal forms various centimetres in
size and gypsum crusts that lie on the cave walls at the lower passage levels (Fig. 3F).

This size gradation represents differences in the supersaturation of the depositing water films, which can be put in relation with the speed at which
evaporation occurs. These local differences are a result of the widespread mechanism of thermal stratification proposed in the current paper, which
invokes warmer and wetter air in the upper parts of the cave passages and colder and drier air circulating in the lower parts. Hence, air entering the
cave leaves condensation water in the upper parts, favouring gypsum dissolution and preventing secondary gypsum precipitation, whilst the
evaporation and precipitation of gypsum speleothems take place along the lower parts of the cave walls (Fig. 3G). Gradations observed in the
popcorn-like concretions in C3 Cave (Fig. 3F) and Covadura Cave indicate that the effects of thermal air stratification are reflected in gradual
dissolution/evaporation processes in some locations.
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Nevertheless, the transition between conditions for gypsum dissolution and those needed for gypsum precipitation appears to be abrupt in some sites
of C3 Cave. In fact, 20-cm-thick crusts made of microcrystalline gypsum appear on the gypsum bedrock, whilst the upper part of the gypsum wall,
above 1.5 m from the floor, is completely smoothed and apparently rounded by condensation corrosion. The boundary between the primary gypsum
bedrock and the secondary gypsum crust is well defined. The upper part of the speleothem is rounded and re-dissolved by condensation mechanisms
that gave rise to a concave-shaped surface (Fig. 3E). The genetic mechanism proposed here involves a first stage of gypsum host-rock dissolution by
condensation in the upper part of the cave passage and migration of water saturated in calcium sulphate towards the lower wall parts, where the
decreasing humidity produces evaporation and gypsum precipitation. In later stages, condensation became more intense at this cave site and the upper
part of the gypsum crust was re-dissolved.

Similarly, gypsum “trees” with maximum heights of 50—60 cm appear in C3 Cave in a narrow passage 50 m far from the cave entrance. In contrast,
the cave roof in this site is partially corroded and lacks speleothems (Fig. 3C). The presence of gypsum stalactites is limited to the entrance area (less
than 20 m inside the cave) where evaporation is more intense and occurs even close to the cave ceiling. A similar pattern of dissolution and
evaporation can be found in El Bosque Gallery. In this case, dissolution is evidenced by corroded gypsum surfaces and irregular pendant-like
morphologies hanging from the cave ceiling (Fig. 3D). The presence of a group of carbonate stalactites covering the middle part of the gallery is
particularly striking. These speleothems are currently active and their dripping generates one of the rarest gypsum speleothems of the Sorbas Caves,
the hollow stalagmites (Fig. 3D) (Calaforra and Forti, 1993; Calaforra, 1996; Forti, 1996; Calaforra, 2003).Drops of condensation water can be found
hanging on the cave ceiling, in particular in summer time. Like in C3 Cave, gypsum crusts and coralloids are abundant in this gallery below the height
of Imfromthe floor, whereas the presence of gypsum stalactites and coralloids on the ceiling is limited to some sites close to the entrance area.

As in Cueva del Agua, smoothed surfaces at the top of the galleries have been identified, as well as rounded shapes related to dissolution produced by
condensation water. Dissolved gypsum crystals from which water is dripping, as well as water drops on the MEM stations located in the “Laboratory
Tunnel” (Fig. 4B), point to active condensation processes taking place in this cave.
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Fig. 6. A, B. Monitoring air temperature and humidity in EI Bosque Gallery of Covadura Cave. External air temperature is also plotted (moving
average, step = 15 data); C. difference between cave air temperature and external air temperature; D. condensation rate on a metal plate placed in El
Bosque Gallery.

4.2. Micro-erosion meter measurements

The overall gypsum surface retreat observed in the MEM station of the Laboratory Tunnel of Cueva del Agua ranged between —0.005 and —0.705 mm
from 1992 to 2013 (Fig. 4 and Table 1), involving gypsum lowering rates ranging from—0.0002 to—0.033mmyr-1. The highest dissolution rates
correspond to MEM stations at the top and middle parts of the gypsum wall, in both Zones A and B, which range from —-0.003 to —0.033 mm yr-1. In
contrast, MEM stations located in the lower part of the wall underwent very slow gypsum dissolution rates, in particular in Zone A, where practically
no gypsum erosion has been observed over the 21.4 years of this study (-0.0002 mm yr-1). These outcomes strongly support speleological
observations mentioned above. Highermean dissolution rates occur close to the passage ceilings, unlike sites closer to the cave bottom in which
lowering of the gypsum surface is very subdued.

Taking into account all the MEM stations, the mean gypsum surface retreat was around —0.011 mm yr-1 during this long-term experiment. Calaforra
(1996) reported gypsum dissolution rates of—0.1mmyr-1 on average for these MEM stations in Cueva del Agua, during the period between 1992 and
1994. Calaforra's value is one order of magnitude higher than the one found during the complete experiment lasting 21.4 years. Such apparent
discrepancy is a consequence of the relatively high gypsum surface lowering detected in the second reading (July 1994) at the middle and bottom
stations of Zone B, —0.235 and —0.395 mm yr-1, respectively. This point reinforces the warning expressed by Ford and Williams (1989) regarding the
interpretation and extrapolation of MEM results through time and space. Remarkably, the gypsum dissolution rates at bottom MEM stations displayed
erratic behaviour during the entire monitoring period (Fig. 4).

Experiments based on weight loss of gypsumtablets in the same locations performed between 1991 and 1994 found that gypsumdissolution rates
varied from 0 to —0.03 mm yr-1, with a mean value of 0.004 mm yr-1 (Calaforra, 1996; Klimchouk et al., 1996). These values are in total agreement
with the ones obtained in our long-term MEM experiments. Similar gypsum dissolution rates based on gypsum tablet experiments were reported in
Ukrainian gypsum caves (+0.03 to —0.03 mm yr-1) (Klimchouk et al., 1996; Klimchouk and Aksem, 2002).

Between 1991 and 1994,MEMand gypsum tablet experiments were also carried out in locations of the Cueva del Agua affected by water flows,
including perched cave lakeswith occasional flooding, ephemeral cave streams and a sump at the downstream end of the cave system (Calaforra,
1996; Klimchouk et al., 1996). This early study found that the gypsum dissolution rate in these MEM stations ranged from —0.02 to —0.16 mm yr-10n
average. This means that, in places, the gypsum surface lowering produced by condensation mechanisms may be greater than the one produced by
sporadic or permanent streams flowing in gypsum caves. This is strongly supported by theoretical approaches that point to condensation as a very
efficient mechanism of host rock dissolution in caves (Dublyansky and Dublyansky, 1998; Dreybrodt et al., 2005). This is due to low salinity of
condensation water, which involves a great potential for gypsum dissolution. Hence, dissolution due to condensation is demonstrated to be an
important process in gypsum cave evolution, especially in semi-arid zones (Klimchouk, 1996).

4.3. Seasonal pattern of condensation
Monitoring of cave air temperature close to the floor of El Bosque Gallery in Covadura cave during the period 2012—2013 shows that higher air
temperature values were recorded in late September, with maximum values of 14.3 °C and 14.2 °C in 2012 and 2013, respectively. On the other hand,



the lowest air temperatures, around 9.5 °C, were recorded in early December 2012 and the air remained cold at around 11.5 °C between December
2012 and March 2013. Then, air temperature started increasing gradually over spring and summer times. The mean air temperature during the whole
period in this passage was 13.0 °C.
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Fig. 7. Monitoring air temperature experiment performed during eleven days in El Bosque Gallery of Covadura Cave. Temperature was monitored
close to the ceiling and at the bottom of the cave. On the eighth day, the floor sensor was moved besides the ceiling sensor.

The period of maximum air temperature values recorded outside occurred around July—August 2013, with maximum temperature of up 37.0 °C.
Nevertheless, whilst external air temperature decreased from middle August, cave temperature in EI Bosque Gallery continued rising until late
September. This fact suggests that microclimate parameters are barely affected by external temperature during summer in these cave passages, acting
as a “cold air trap”. The gradual cave air temperature increase during summer time could be a result of heating produced by condensation mechanisms,
which is an exothermic process (585 kcal/kg), as well as, thermal diffusion from the surface.

On the other hand, the in-cave air temperature seems to be more strongly influenced by rapid cooling of the outside temperature than by extreme high-
temperature events. For instance, relatively fast external air cooling in late October 2013 from 27 °C to 6 °C in only two days produced a cave
temperature decrease of 1.4 °C, from 14.0 to 12.6 °C. This quick cave air cooling takes place as the outside atmosphere is colder than the in-cave air,
so that cave air (relatively warmer with respect to the surface air masses) rises from the deepest parts of the cave and displaces air in its shallow
passages. This process can have spectacular physical effects, as vapour columns coming out of the cave entrances during very cold days. In contrast,
rapid outside temperature increases, as the one occurred in early October 2012 from 9 to 26 °C in three days did cause the underground air
temperature to rise only 0.2 °C, suggesting that in periods in which the mean external air temperature is considerably higher than air temperature in El
Bosque Gallery, air exchange in this passage is considerably limited, acting as a “cold air trap”. This is also supported by reduced temperature
variability observed in the cave air during summer time in comparisonwith the high-frequency temperature oscillations occurring over winter time.
This fact supports the above-mentioned mechanism of warming and heat accumulation in summer time because of water condensation on the cooler
walls of the cave, which has also been observed in other cavities (Molerio and Leslie, 1981; Racovitca and Viemann, 1984).

The relative humidity record of the cave air is well correlated with the temperature. Relative humidity of cave air varied from 76 to 100%, with an
average value of 95.6% during the entire period of monitoring. As for the air temperature, relative humidity of cave air reached its lower values in
winter time, whilst it remained around 100% during summer. This suggests that colder air entering this passage during winter leads to drier conditions
inside. It is worth mentioning that no correlation has been detected with respect to the relative humidity of external air. As noted by Klimchouk
(1996), the intensity of air exchange and temperature differences between the outside and the in-cave atmosphere are most pronounced during warm
seasons under temperate climatic conditions, and especially in semi-arid zones. On the other hand, colder and saturated air coming from deeper parts
of the cave causes the upper cave level to become drier due to the reequilibration of its water vapour content at the warmer environment of the
shallower passages. Deep air mass upward movement also triggers evaporation processes that locally removed heat.

In general terms, temperature gradients in ventilated conduits of caves are usually around 0.1 °Cm-1 (Badino, 2010). Extreme temperature gradients of
up to 5 °C m-1 have been measured in grotta Cucchiara (Mt Kronio, Sicily), though this value represents a very special and very rare case in an active
hydrothermal cave (Badino, 2010). This phenomenon is called thermal sedimentation and has also been observed in El Bosque Gallery in this work.
To this end, a temperature sensor that was initially placed close to the passage floor was moved to the upper part of the gallery, at a 2 m height, and at
the same location of a second temperature sensor that was already measuring there. This experiment, carried out in the beginning of January 2012
(thus in winter conditions) demonstrated that air temperature close to the gallery roof was up to 3 °C higher than at the bottom (Fig. 7).Whilst air
close to the upper cave conduit barely experienced daily temperature oscillations, differences of up to 1.5 °C were observed between day and night at
the floor station. Thus the thermal gradient ranged between 0.75 and 1.5 °C m-1 during the observation period. Most probably, this gradient undergoes
variation during the year and is typical of this cave site. However, it is probable that this temperature gradient decreases during winter time due to
increased air exchange and intake of colder air from outside and deeper parts of the cave during this season, as observed in other caves (Badino,
2010). Therefore, the temperature gradient due to thermal sedimentation in EI Bosque Gallery during summer time is such that opposed mechanisms
like condensation and evaporation can coexist in places only 2 m away.

Direct measurement of condensation in El Bosque Gallery found that the condensation rate presents systematic seasonal variations. Maximum
condensation rate, up to 15 cma m-2 per day, takes place in summer and autumn (Figs. 5 and 6). The condensation rate starts decreasing during winter
and no condensation was observed in late winter and early spring times. Non-condensation periods match in time with terms of reduced thermal
differences between outside air and in cave air. In cases, external air was 10 °C colder than cave air (Fig. 5), so cave air masses from the deeper levels
flowed towards upper passages, as well as colder air entered from lower entrances. As cold and relatively dry air arrives in the shallower conduits,
there is an immediate transfer of sensible heat and vapour into the colder air because of the large heat and vapour gradient, and thus evaporation
occurs (De Freitas et al., 1982).

The condensation experiment began in July 2011 and its record comprises over one year with data (January 2012—November 2013) which resulted in
a condensation rate of 310 cms yr-1. Taking into account the surface of the metal plate (0.125mz2), this yields a specific condensation rate of 2480
cmam-2 yr-1, or 19.8mmyr-1. The lack of correlation between condensation rate and the annual distribution of rainfall amount in the Sorbas area (R2=
0.01) also supports the evidence of condensation phenomena (Fig. 6).

In situ conductivity analyses of collected condensation water ranged from 136 to 530 uS/cm, indicating relatively low concentration of dissolved salts
in comparison with typical conductivity observed in waters of the gypsum karst of Sorbas, such as spring waters (2380 to 3290 uS/cm, Sanna et al.,
2012b) and dripping water from stalactites in El Bosque Gallery (1670 to 3870 pS/cm). This corroborates that water collected in this experiment was
almost exclusively produced by condensation and only a very small salt contribution from aerosols took place, as testified by foggy atmosphere
observed in neutral periods. Condensation water with low concentration of dissolved salt presents a high potential to dissolve gypsum. In fact, a
condensation rate of 2480 cms m-2 yr-1 involves dissolution of 5.9 g m-2 of gypsum per year (gypsum solubility at cave temperature being 2.40 g
cm-3; Blount and Dickson, 1973).Estimation of gypsum dissolution rates caused by condensation in a particular zone of a gypsum cave in the Western
Ukraine was found to vary from —0.001 to —0.005 mg cm-2 per day according to the season (Klimchouk and Aksem, 2002), which implies that the



annual gypsum dissolution rates ranged between extreme values of 3.65 gm-2 and 18.25 gm-2, in the range of data estimated for the gypsum karst of
Sorbas.

In the Sorbas Kkarst case, the gypsum dissolution rate produces the loss of 2.58 cma m-2 per year of gypsum (using a gypsum density of 2.31 g cm-3)
that results in a gypsum surface lowering rate of 0.0026mmyr-1. This value is in the range of the lower gypsum dissolution rate observed by means of
gypsum tablet experiments (0.004 mm yr-1, Calaforra, 1996; Klimchouk et al., 1996), and is also very similar to the surface lowering observed by
MEM measurement at the highest (roof) stations of Zone A (0.0033 mm yr-1, Table 1).

5. Conclusions

Speleogen forms produced by condensation corrosion mechanisms have been identified in the gypsum karst of Sorbas. The upper cave passages show
dissolutional forms on the ceilings, including corroded gypsum crystals, semi-spherical condensation domes and pendant-like morphologies.
Meanwhile, the lower part of the cave galleries are decorated frequently with spectacular gypsum crusts, stalagmites and coralloids, whose origin is
linked to the evaporation of calcium-sulphate-rich waters. This suggests that condensation mechanisms are favoured close to the highest parts of the
cave passages, whilst evaporation and gypsum precipitation is a widespread process near the cave floors. MEM measurements over a period of 21.4
years at different heights on a gypsum cave wall have corroborated these speleological evidences. The mean dissolution rate inferred by this method
was 0.011mmyr-1. It was considerably higher closer to the passage ceiling than on the lower wall parts, where practically no gypsum surface lowering
was observed.

Monitoring of microclimatic parameters (temperature and humidity) of cave air at the shallower cave levels indicates that warmer and moist air is
located at the upper part of the cave passages, whereas the colder and drier air flows on the passage bottom. This thermal sedimentation is responsible
for the condensation—evaporation mechanisms mentioned above.

Direct measurements of condensation waters support these microclimatic data. This periodic condensation—evaporation pattern suggests that the
precipitation of gypsumspeleothems in these caves depends on several factors (e.g. temperature, relative humidity, air circulation...) and evaporation
areas are affected by seasonal cycles. As a general rule, secondary gypsum precipitation mainly occurs during winter, when cave air humidity is lower
and evaporation is favoured. This behaviour presents relevant implications for future works using subaerial gypsum speleothems as palaeoclimatic
proxies (Calaforra et al., 2008; Gazquez et al., 2011).

In addition, the condensation rates obtained on the basis of direct measurements on the metal plate (19.8 mm yr-1) have enabled us to estimate the
mean gypsum dissolution rate occurred during the studied period (0.0026 mm yr-1), which is in the range of gypsum surface lowering observed by
MEM measurements (0.0033 mm yr-1) and the one obtained by earlier experiments of gypsum tablet dissolution (0.004 mm yr-1). In cases, gypsum
dissolution rates due to condensation are higher than the ones observed in passages partially flooded by permanent or temporary streams. Therefore,
although one might think that water streams flowing in gypsum caves normally represent the main speleogenetical drivers, this investigation reveals
that condensation must be taken into account as an important speleogenetic agent in gypsum caves in semi-arid areas, producing typical cave forms.
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