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ARTICLE INFO ABSTRACT

The dissolution of carbonate host-rock by freshwater in phreatic or vadose conditions is the most common mech-
anism for the formation of caves; however, circulation of saline solutions through carbonate materials and pre-
cipitation of soluble salts may also play an important role. We studied the stable isotope composition (%0 and
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Coastal caves 8%4S of sulfate, '80 and 8D of structurally-bound gypsum hydration water and 87Sr/%Sr) and salinity of fluid
Evaporites inclusions in gypsum speleothems found in El Orén-Arco Cave (Cartagena, SE Spain). We suggest that physical
Gypsum weathering of carbonate host-rock was driven by precipitation of soluble sea-salts (mostly gypsum and halite),

Halite . and this process controlled the recent geomorphological evolution of the cave. The Triassic carbonate host-rock

Salt weathering shows clear evidence for salt weathering, including gypsum/halite infillings in cracks of the bedrock, mechanical

Gypsum speleothems . . . S

Stable isotopes spalling of the carbonate, and detachment of rock fragments that lead to the formation cave voids and in-situ
accumulations of piles of unsorted rubble. Sulfur and oxygen isotopes of gypsum sulfate (3.0%0 < 8'0 < 11.6%0
and 16.7%o < 8%4S < 20.7%0) are generally lower than modern seawater sulfate and suggest contributions from
a 34S-depleted source (i.e. oxidation of pyrite). The §'80 and 8D of gypsum hydration water are relatively low
compared to expected values for the evaporation of pure seawater to gypsum saturation, suggesting that gypsum
precipitation involved a secondary calcium-sulfate source or recycling of gypsum from previous stages, along
with mixing of seawater and meteoric water seepage to the cave. The 8’Sr/%¢Sr in gypsum shows intermedi-
ate values between modern seawater and Triassic carbonate values because of interaction between the solution
and the bedrock. The salinities of the speleothem-forming solutions are relatively high (13.2 + 3.2wt%eq. NaCl)
compared to gypsum formed from evaporated brackish solutions (i.e. ~4-8 wt% eq. NaCl) and indicate dissolu-
tion of earlier evaporites before secondary gypsum precipitation. This cave-forming mechanism, which is related
to saline water circulation and precipitation of evaporitic minerals, may be common in other coastal caves.

eventually leading to the formation of large chambers and passages
(Ginés and Ginés, 2007).

1. Introduction

The mechanisms involved in the formation of caves (i.e. speleogen-
esis) are generally linked to dissolution of carbonate host-rock by fresh-
waters undersaturated in calcium carbonate (see Audra and Palmer,
2015 for a recent review). These karstification processes create voids in
the rock that can result in the breakdown and collapse of cave ceilings,
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In the case of coastal caves, the dissolution of the carbonate
host-rock can be enhanced by the mixing of freshwater and seawater
that generates solutions undersaturated in calcite (CaCO3) and dolomite
(CaMg(CO3),). These undersaturated solutions are capable of dissolving
limestone and dolostones, accelerating cave forming processes (Mylroie
and Mylroie, 2007). In addition to karstification processes, speleogene-
sis in coastal caves can be driven by the geomorphological evolution of
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the shoreline, in many cases connected to coastal erosion that causes
landslides and fracturing (Moore, 1954). Caves that develop in coastal
fractures (e.g. ‘flank margin caves’) display distinctive features com-
pared to caves formed by dissolution (Mylroie and Carew, 1990) and
lack specific features generated by a subterranean water course or
phreatic conduits, such as ‘scallops’ and smoothed surfaces (Mylroie
and Mylroie, 2007). Additional geochemical processes in coastal karstic
aquifers can also result in the formation of subterranean voids; potential
mechanisms include mechanical weathering caused by the pressure gen-
erated in pores of the carbonate host-rock because of the precipitation
of soluble salts (i.e. ‘gypsum/halite wedging’; White and White, 2003).
However, the relative importance of salt weathering processes in coastal
cave environments remains uninvestigated.

Salt weathering is known to influence the development of many geo-
morphologic features in different environments, including honeycombs
and alveoles (Mustoe, 1982), tafoni, and cave genesis in granitic rocks
(Bradley et al., 1978). Furthermore, this mechanism is an important
contributor to rock debris generation in arid regions (Beaumont, 1968;
Goudie and Day, 1980), coastal environments (Mottershead, 1989), and
cold settings (Prebble, 1967). In this study, we examine the mineralogy
and geochemistry of secondary evaporite deposits in El Orén-Arco Cave
of Cabo Tifoso (‘Scabby Cape’, Cartagena, Region of Murcia, SE Spain)
in order to evaluate the role of sea salt weathering during its formation.
Oxygen and sulfur isotopes of sulfate in gypsum (CaSO,2H,0) are uti-
lized to determine the sources of sulfate for the formation of the gyp-
sum speleothems. Oxygen and hydrogen isotopes in structurally-bonded
gypsum hydration water (GHW) and salinity of fluid inclusions (i.e. mi-
crothermometry of fluid inclusions) are used to identify the source of
water (seawater vs meteoric seepage; e.g. Evans et al., 2015), the de-
gree of evaporation of the solution in the cave, and potential recycling
of older evaporites before the precipitation of the gypsum speleothems.
Strontium isotopes in gypsum and soluble salts in pores of the host-rock
are used as an indicator of the degree of contribution of cations (calcium
and strontium) from the cave matrix to the solution before gypsum pre-
cipitation. We generate a model to explain the cave formation based on
geomorphological and geochemical observations, with potential impli-
cations for the genesis of other coastal caves.

2. Geological setting and cave description

El Orén-Arco Cave system is located in the southern flank of Cabo
Tifoso in Cartagena, Murcia Region, SE Spain (Fig. 1). The cavity con-
sists of a subterranean network that extends over 1500 m, from El Arco
Cave in the south-east, first surveyed in the 1980s (Llamusi et al., 1990),
to the more recently discovered El Or6n Cave in the north-west (Puch,
1998). El Arco Cave is also known as the ‘Cave of the Great Lake’ be-
cause of the presence of a 1200 m? brackish lake with a maximum depth
of 2m. The largest cave chamber is the ‘Hall of the Chandeliers’, which
is located between 40 and 170 ma.s.l., representing the highest point in
the cave above sea level. The rest of the passages and chambers lie be-
tween the sea level and ~40ma.s.l. There are two entrance locations to
El Orén-Arco Cave; the first is via a submarine access point (2mb.s.L),
whereas the second consists of a subaerial entrance in the cliff of Cabo
Tifioso (~10ma.s.l.) (Fig. 1).

The cave has formed along a fracture running NW to SE, parallel to
the shoreline, in the highly foliated Triassic limestone and dolostone of
the Alpujarride Formation of Cabo Tifioso (Garcia-Tortosa et al., 2000).
A series of greyish limestones and interbedded reddish dolostones out-
crop both in the cave (Fig. 2A) and outside (Fig. 2B). No evidence for
phreatic dissolution or signs of subterranean runoff are found in the
cave, whereas two brackish-water lakes at sea-level are the only known
waterbodies at present.
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Fig. 1. Geological setting of Cabo Tifloso (after Gordillo et al., 1972) and topography of
El Orén-Arco Cave (produced by Llamusi, Inglés and Ros, 1984-1998). Sampling sites are
indicated.

Climate in this region is semi-arid, with mean annual temperature
around 20°C, maximum temperatures in August (~28°C) and mini-
mum in January (~14°C). Average annual precipitation rarely exceeds
250 mm in this region and is one of the driest areas of the Iberian Penin-
sula. Vegetation over the cave consists of thermo-Mediterranean pre-de-
sertic scrubs and xerophilic herbs.

3. Methods
3.1. Sampling of speleothems

We performed a detailed photographic study of the geomorpholog-
ical and speleothemic features of El Orén-Arco Cave (Figs. 2 and 3)
and collected 27 mineral samples for mineralogical and stable isotopes
analyses (Fig. 1 for sampling site locations; Figs. 2 and 3 and Table 1 for
sample descriptions). In general, sample amounts were smaller than 5g
and were preferentially selected from discreet parts of the chambers to
minimize the impact on the cave environment.
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Fig. 2. A. Interbedded highly foliated greyish limestones and reddish dolostone in which El Orén-Arco Cave is hosted; B. Contact between the limestones and the dolostone inside the
cave; C. Caline concretions on the cave walls; D. Piles of unsorted rock fragments on the cave walls; E. Altered limestone and saline concretions; F. Saline efflorescences on the walls of

the Hall of the Great Lake.

Saline concretions on the cave walls were sampled from foliation
planes of the host-rock in different sectors of the cave (n = 8) (Figs.
2A and 3). We took samples of the foliated greyish and reddish ma-
terials that comprise the host-rock inside and outside the cave (n = 4)
(Fig. 2B), and one sample of yellowish calcschists from outside of the
cave entrance. A sample of yellowish unconsolidated, sandy material
was taken from a fracture following the foliation of the greyish host-rock
in the Hall of the Chandeliers. In the same chamber, a sample of the
whitish microcrystalline crust that occurs all over the ceiling in this lo-
cation was collected (Fig. 3E). Another sample comprises a ~5cm frag-

ment from a ~1m long transparent euhedral crystal that hangs from
the cave ceiling, resembling a ‘chandelier’ (Fig. 3E), and morphologi-
cally similar to those described in Lechuguilla Cave, New Mexico, USA
(Davis, 2000). In places, the apices of these crystals display a ~10cm
long and 1 cm wide hollow cylinder, resembling a soda-straw, made of
a transparent microcrystalline mineral (Fig. 3F). In the ‘Hall of the Ec-
centrics’, we took a ~5g fragment of a hollow gypsum hemisphere,
~20cm in diameter from the cave ceiling (called ‘blisters’ hereafter),
which are surrounded by (but generally not in contact with) carbon-
ate speleothems (Fig. 3H). Similar ‘blister’ speleothems have been de-
scribed in Cupp-Coutunn Cave, Turkmenistan (Maltsev and Self, 1992).
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Fig. 3. Speleothems in El Orén-Arco Cave: A. Concretions of gypsum on the carbonate host-rock; B. Aggregate of gypsum crystals covered by sandy materials; C. Saline concretions (gyp-
sum + halite) in planes of the host-rock; D. Sugar-textured calcite infillings in planes of the host-rock; E. Gypsum ‘chandeliers’; F. Details of the apex of a ‘chandelier’; G. Saline coating on

the cave walls; H. Carbonate boxwork formations covered with microcrystalline gypsum; I. Hollow gypsum hemispheres (‘blisters’) surrounded by carbonate eccentrics; J. Gypsum single

crystals hanging from the tip of a carbonate dripstone.

Lastly, a transparent single crystal was collected from the tip of a sta-
lactite (Fig. 3I). Samples (~250mg) were ground to a fine powder and
dried at 45 °C overnight for mineralogical and isotopic analyses.

3.2. Mineralogical analyses

A transmission X-ray diffraction (XRD) instrument (Terra), inXitu,
Inc. (California), was utilized to determine the mineralogy of 27 samples
(Sarrazin et al., 2005) at the Unidad Asociada al Centro de Astrobiologia
CAB-CSIC-UVa of Valladolid University (Valladolid, Spain). Powdered
samples were initially transferred into a vibrating cell. A micro-focused
X-ray source (Co) (10 W) was combined with miniature slits to produce
a low divergence beam illuminating the sample at a 10° incidence an-
gle. A custom CCD camera (Andor™) was used to collect the XRD signal
over a range of 5-55° of 20. X-ray diffractogram resolution was 0.3° of
the 26 angle. Sections of diffraction rings were collected in 2D images,
while the 1D XRD patterns were calculated by circumferential integra-
tion of the diffracted intensities along diffraction rings. Diffractograms
were processed by the X-Powder software (Martin, 2004) and miner-
alogical determination used the PDF-2 (Power Diffraction Files) data-
base.

3.3. Stable isotope analyses

3.3.1. Sulfur (5°*S) and oxygen (5'804,) in sulfate

The sulfur and oxygen isotopes of the sulfate of 13 samples were
analyzed in the Godwin Laboratory at the University of Cambridge
(UK). Powdered gypsum samples (~5mg) were dissolved in deionized
water at 45°C overnight. The effluent containing the aqueous sulfate
from the dissolution was then separated, and a barium chloride solu-

tion (50g/L) was added to induce BaSO, precipitation. The BaSO, was
rinsed with 6M HCI to remove carbonates, and subsequently rinsed
3 times with deionized water. The samples were then dried at 45°C
overnight.

For §'80g,, a High Temperature Conversion Element Analyzer (TC/
EA) was used to pyrolyze the BaSO, at 1450 °C and produce CO, which
was measured by continuous flow Gas Source Isotope Ratio Mass Spec-
trometry (ThermoScientific Delta V Plus). All §'80g, are reported rel-
ative to V-SMOW (Vienna-Standard Mean Ocean Water). Samples were
run in triplicate, alongside the NBS-127 Standard (8.6%o0), and the stan-
dard deviation of the replicate analyses was better than 0.5%0 (10).

For 8%4S4,, the BaSO, was combusted at 1030 °C in a Flash Elemen-
tal Analyzer (Flash-EA), and the sulfur dioxide produced was measured
by continuous flow Gas Source Isotope Ratio Mass Spectrometry (Ther-
moScientific, Delta V Plus). All §%*Sg,, are reported relative to VCDT
(Vienna-Canyon Diablo Troilite). Samples for sulfur isotope analysis
were run in duplicate, alongside the NBS-127 standard (20.3%o). The re-
producibility (16) of §%*Sgy, of the duplicate analyses was better than
0.2%o, similar to the long-term reproducibility of the NBS-127 over the
run (0.2%o).

3.3.2. 5'%0 and 6D of gypsum hydration water (GHW)

The GHW of 8 samples was extracted by slowly heating each sam-
ple (~200mg) to 400°C, in vacuo, using a bespoke offline extrac-
tion system consisting of six vacuum lines contained within a modified
gas chromatography (GC) oven, following the method of Gazquez et
al. (2015a). Oxygen (5'80) and hydrogen (8D) isotopes in GHW were
measured simultaneously by cavity ring down spectroscopy (CRDS) in
the Godwin Laboratory at the University of Cambridge (UK) using a
L1102-i Picarro water isotope analyzer (Hodell et al., 2012; Evans et
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Table 1
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Mineralogical and geochemical analyses of samples from El Orén-Arco Cave. Results of §'80 and §°*S in sulfate, 5'%0 and 8D in gypsum hydration water (GHW) and strontium isotopes

(37Sr/%6Sr) are presented. Sr/%°Sr in brackets corresponds to leaches from the carbonate host-rock. The §'80 and 8D of gypsum mother water (MW) have been reconstructed by applying

fractionation factors by Gazquez et al. (2017a). Ice melt temperatures of primary fluid inclusions (Tm) in gypsum speleothems and derived salinities (wt% NaCl eq.) calculated from the

equation of Bodnar (1993), are also given.

Sample Description Site Mineralogy 8%Sg04 8180404 8180¢w 8Dguw 3180y SDyw Th (°C) % NaCl eq 87Sr,/86Sr
CT-01 Yellowish Outside Calcite - - - - - - - -
calcschist
CT-02 Grey host-rock Outside Calcite - - - - - - - -
CT-03 Infillings along Outside Halite, - - - - - - - -
host-rock strata gypsum (-)

CT-08 Grey limestone Outside Calcite, - - - - - - - - 0.707737
dolomite (0.707988)
=)

CT-09 Whitish coating Entrance Gypsum 17.7 8.4 - - - - - -

on host-rock passage

CT-11 Gypsum ‘rose’ in Entrance Gypsum 19.6 8.3 - - - - - -

sediment passage

CT-12 Sugary texture Passage of Calcite,

brownish infillings the debris dolomite
=)
CT-13 Crystalline Passage of Gypsum, 19.2 5.8 - - - - - - 0.708188
coatings on the the debris celestine (-)
cave wall
CT-14 Reddish host-rock Hall of the Dolomite,
chandeliers goethite (—)

CT-15A Microcrystalline Hall of the Gypsum 17.0 - 5.5 -16.9 2.2 3.2 - -

coatings over chandeliers
chandeliers

CT-15B Gypsum Hall of the Gypsum 17.7 4.7 5.8 -13.6 2.5 1.4 -10.7 £ 2.5 142 +25 0.708183

chandelier (1) chandeliers

CT-15C Halite soda-straw Hall of the Halite, - - = - - - - -

chandeliers celestine (-)
CT-16 Gypsum Hall of the Gypsum 17.0 3.0 4.8 -16.9 1.5 -2.0 - -
chandelier (2) chandeliers
CT-17 Microcrystalline Passage of Gypsum 17.1 7.5 4.3 -21.4 1.0 -6.5 - -
gypsum the debris
CT-18A Yellowish powder Hall of the Halite, 17.0 - = - - - - -
in planes of the chandeliers gypsum,
host-rock quartz (-)
CT-18B Reddish host-rock Hall of the Dolomite, - - - - - - - - 0.707835
chandeliers goethite (-) (0.707926)
CT-18D Whitish veins in Hall of the Calcite - - - - - - - -
the host-rock chandeliers
CT-19A Whitish coatings Hall of the Gypsum 20.7 11.6 3.4 -18.9 0.1 -4.0 - -
on boxwork boxwork
CT-19B Boxwork laminae Hall of the Dolomite, 4 - - - - - - -
boxwork calcite (-)
CT-21B Stalactite Hall of the Aragonite - - - - - - - -
eccentrics
CT-21A Spar on the tip of Hall of the Gypsum 16.7 5.8 4.1 -18.8 0.8 -3.9 -9.9+24 13.3+2.4
a stalactite eccentrics

CT-21C ‘Blister’ Hall of the Gypsum 17.1 7.4 2.6 -24.8 -0.7 -9.9 - - 0.708095

speleothem (1) eccentrics
CT-23A Microcrystalline Hall of the Gypsum 18.4 9.8 - - - - - -
coating over eccentrics
stalactite

CT-23A1 Spar on the tip of Hall of the Gypsum - - - - - - -5.3*1.9 8226
a stalactite eccentrics

CT-23B Stalactite Hall of the Aragonite - - - - - - - -

eccentrics

CT-23C Stalactite Hall of the Aragonite - - - - - - - -

eccentrics

CT-24 ‘Blister’ Hall of the Gypsum 17.9 7.8 2.0 -24.7 -2.3 -9.9 - -

speleothem (2) eccentrics

al., 2015; Chen et al., 2016). All results are reported in parts per thou-
sand (%o) relative to V-SMOW. Calibration of results to V-SMOW was
achieved by analyzing internal standards before and after each set of
10 or 12 samples. Internal standards were previously calibrated against
V-SMOW, GISP, and SLAP. External error (1c) of the method was
+0.1%o for 8'80 and *0.6%o for 8D, as estimated by repeated analy-
sis (n = 3) of an analytical grade standard, extracted together with the
samples in each run of the extraction apparatus (Gazquez et al., 2015a).

3.3.3. Strontium isotopes

Strontium isotope (87Sr/%Sr) measurements were made by thermal
ionization mass spectrometry (Thermo-Scientific Triton Plus MC-TIMS)
at the University of Cambridge. Approximately 2.5 mg of powdered gyp-
sum (n = 3) was processed for isotopic analysis. Gypsum was ground
to a fine powder and dissolved in deionized water. Carbonate sam-
ples were also ground placed deionized water for 24h to extract sol-
uble salts. The supernatant fluid was stored for isotopic analysis
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(n = 2). The carbonate samples themselves (n = 2) were prepared for
isotope analysis by treating the samples with methanol, 10% ammo-
nium hydroxide and water washes (to mechanically remove clays and
adsorbed ions), each step performed in triplicate. To isolate the carbon-
ate phase, the solid sample was dried, weighed and placed in a volume
of 0.1 M HCl containing 110% of the acid required for complete dissolu-
tion of the carbonate, calculated to avoid elemental variation generated
by incomplete dissolution.

An aliquot of each sample solution containing approximately 300 ng
of strontium was dried down, dissolved in 200 uL. 3M HNO; and refluxed
at 80°C for 3h. Strontium was separated using Eichrom Sr Spec resin
with 100 pm to 150 pm mesh particle size in clean lab conditions. The
separated Sr was dried down, refluxed in 3N HNO; and subsequently
dried down once again. Samples were then loaded onto degassed single
Re filaments together with 1 pL of tantalum phosphate activator. A cur-
rent of ~0.8 A was continuously applied during the loading. The evapo-
ration filament is heated manually until a stable signal between 4V and
6V of 88Sr on a 10'!Q resistor was reached. Data acquisition was com-
prised of 10 blocks of 20 measurements with a ~8s integration time in
static mode. Results were normalized to 88Sr/8°Sr 0.1194 with an expo-
nential fractionation correction. Runs were bracketed with the NBS 987
standard. Eleven analyses of NBS 987 during 2months before and after
this study gave a mean value of 0.710253 (26 = 0.000007). Blanks were
<250 pg and negligible for the Sr concentration of these samples.

3.4. Microthermometry of fluid inclusions

The method for microthermometric analysis of fluid inclusions in
gypsum closely followed that described by Attia et al. (1995) and Evans
et al. (2015). Thin (<1 mm) sections of gypsum were obtained by cleav-
ing the mineral along 010 planes using a razor blade. The fragments
were placed in a Linkam THMSG600 heating-freezing stage attached to
a Zeiss Axio Scope.Al microscope. The ice melt temperature (T ;) of pri-
mary fluid inclusions (identified as described in Attia et al., 1995) in
samples CT-15B (n =11), CT-21B (n = 10) and CT-23 (n = 4) was de-
termined following the procedure described by Evans et al. (2015). T,,
was recorded to within 0.1 °C and reproduced at least twice for each in-
clusion with an error of +0.2°C. Salinities of the fluid inclusions were
calculated from the final T,,, and expressed as weight % NaCl equivalent
(Bodnar, 1993).

4. Results
4.1. Mineralogy

The cave host-rock comprises an alternate sequence of limestone
(grey materials) and dolostone (reddish materials) beds that outcrop in-
side and outside the cave (Fig. 2A and B). Most of the concretions, infill-
ings and coatings in the Passage of the Debris and the Hall of the Chan-
deliers are made of microcrystalline gypsum (Fig. 3C) and halite (NaCl)
(Fig. 3G), with minor dolomite and celestine (SrSO,) and occasionally
brownish sugary-textured calcite (Fig. 3D). The mineralogical analyses
confirm that the microcrystalline coatings in the ceiling of the Hall of
the Chandeliers and in the selenite crystals of the ‘chandeliers’ (Fig. 3E)
are made of high-purity gypsum. The apices of some of the chandeliers
are made of a halite cylinder, containing traces of celestine (Fig. 3F).
The ‘boxwork’ structures of the ‘Hall of the Boxwork’ is composed of
dolomite blades (with minor calcite), covered by gypsum coatings (Fig.
3G). In the Hall of the Eccentrics, the ‘blister’ speleothems are made of
gypsum, while the inner stalactites are composed of aragonite (Fig. 3I).
All the analyzed stalactites in this chamber are composed of aragonite,
which in places display single gypsum crystals hanging from their tips
(Fig. 30).
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4.2. Stable isotopes

4.2.1. Sulfur and oxygen in sulfate

The &%%S values in gypsum speleothems range from 16.7%0 to
20.7%o, and the 880y, in sulfate ranges from 3.0%o to 11.6%o. The 534S
and §'®0g4n, show a positive correlation with slope of 1.3 (Fig. 4). The
gypsum coatings from the Passage of the Boxwork display higher §4S
and 8'®0gq,4, within the range of modern marine sulfate (~20%. and
~9%o, respectively). The rest of samples fall out of this range and gen-
erally have lower §%*S and §'80g, values.

4.2.2. 5'80 and 5D of gypsum hydration water

The §'%0 and 8D in GHW of speleothems from El Orén-Arco Cave
range from 2.0%¢ to 5.8%0 and from —24.8%. to —13.6%o, respectively.
The oxygen and hydrogen isotope composition of the parent water from
which the gypsum formed is calculated by using the values of GHW and
known fractionation factors (o"®Ogypcum-water AN 0Dgypsum-water), Which
are practically insensitive to temperature between 5°C and 30°C
(Gazquez et al., 20174a; Liu et al., 2018). The aDgyyqum-water 18 Telatively
sensitive to water salinity (3 x 107> per g/L of NaCl between 30 g/L and
300g/L), whereas a!®0gy g water 1 DOt affected by salinities <150g/
L of NaCl (Gazquez et al., 2017a). Gypsum samples in this study pre-
cipitated mostly from solutions with salinities around 130-150g/L (see
Section 4.3). We use fractionation factors at 150 g/L (ocl8Ogypsum_‘,‘,at.er of
1.0033 and aDgypem-water Of 0.985; Gdzquez et al., 2017a). Changes in
temperature of =5 °C, result in uncertainty of +0.5%c in the calculated
values of 8D of the mother water, which is insignificant given the ana-
lytical precision of the measurements (+0.6%c). Changes in salinity of
+50g/L would result in uncertainties of =1.5%0 in 8D of the mother
water, which is also irrelevant for our application.

By applying the selected isotope fractionation factors to the isotope
composition of GHW, we found that the §'80 of the speleothem-form-
ing water ranges from —0.7%o to 2.5%0, while 8D ranges from —9.9%o to
3.2%o. The speleothems from the Hall of the Eccentrics show the lower
8'80 and 8D values, whereas gypsum in the Hall of the Chandeliers pre-
cipitated from a solution more enriched in the heavy isotopes (Table 1
and Fig. 5). Together, the 5'80 and 8D of the speleothem-forming water
values describe a line with a slope of ~3.3.
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Fig. 4. Sulfur and oxygen isotope composition of gypsum speleothems from El Orén-Arco
Cave. The 8%4S and §'80g, values of modern marine gypsum (SCG samples) from a nearby
salt factory (Salina of Cabo de Gata, Almeria, SE Spain; Evans et al., 2015) are presented
for comparison.
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Fig. 5. Oxygen and hydrogen isotopes of speleothem-forming water in El Orén-Arco Cave
obtained from gypsum hydration water after applying known isotope fractionation factors
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than the symbols.

4.2.3. Strontium isotopes

The &Sr/%Sr of the analyzed gypsum speleothems is
0.70815 = 0.00005 (n = 3). The lowest value corresponds to the gyp-
sum ‘blisters’ from the Hall of the Eccentrics (0.708095), while the
highest 87Sr/86Sr value is found in the gypsum coatings from the Passage
of the Debris (0.708188). The carbonate host-rock shows consistently
lower %7Sr/86Sr values of 0.70779 = 0.00007 (n = 2). The %7Sr/%6Sr of
the water-soluble salt leaches from the host-rock display intermediate
87Sr/86Sr values between the gypsum speleothems and the host-rock of
0.70796 + 0.00004 (n = 2) (Fig. 6).
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Fig. 6. Strontium isotope composition (¥7Sr/%°Sr) of gypsum speleothems, carbonate
host-rock and soluble salts leached from the host-rock in El Orén-Arco Cave. Analytical
errors are smaller than the symbols.
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4.3. Fluid inclusions

The ice melt temperatures (T,,) of primary fluid inclusions in gyp-
sum speleothems range from —15.7°C to —3.3°C (n = 27), correspond-
ing to salinities from 19.2 to 5.4wt%eq. NaCl. The gypsum ‘chande-
liers’ (Fig. 3E) have the lowest T, (-10.7 = 2.5°C; n = 12) and there-
fore, the highest salinity of fluid inclusions (14.2 = 2.5wt%eq. NaCl),
while the gypsum spar on the tip of an aragonite stalactite (CT-23A1)
from the Hall of the Eccentrics displays the highest T, (-5.5 = 1.9°C;
n=4) and lowest salinities (8.2 + 2.5wt%eq. NaCl). Another gypsum
spar (CT-21A; Fig. 3J) from the same chamber shows intermediate T,
values (—9.9 + 2.4°C; n = 11) and salinities (13.7 + 2.4 wt%eq. NaCl).
Altogether, the mean T, is —-9.5*29°C and the salinity is
13.2 + 3.2wt%eq. NaCl, on average (Fig. 7).

5. Discussion
5.1. Geomorphological and mineralogical evidence for sea salt weathering

There is no physical evidence of either phreatic or vadose dissolu-
tion that would support conventional karstification mechanisms oper-
ating in the El Orén-Arco Cave today. As in many other ‘flank mar-
gin coastal caves’, El Orén-Arco Cave lacks both the typical morpholo-
gies related to water flow and indicators of subaqueous carbonate dis-
solution (e.g. scallops, smoothed surfaces or cupolas, etc.) (Mylroie and
Mylroie, 2007). In contrast, the cavity displays clear evidence of recent
mechanical weathering processes (Fig. 8). It should be noted that, while
there is no evidence for conventional speleogenesis within El Orén-Arco
Cave, it cannot be ruled out that the initial stages of the cave speleoge-
nesis were controlled by phreatic or vadose dissolution processes. This
may have led to the enlargement of the subterranean network before
the stage of physical weathering. The signs of such hypothetical disso-
lution mechanisms might have been masked by the subsequent effects
of subaerial sea salt weathering. In addition, the motion of faults system
that runs parallel to the cliff of the Cabo Tifioso may have played a main
role in the initial stages of the cave formation by creating preferential
groundwater pathways that favored the karstification of the carbonate
host-rock.

The unsorted carbonate host-rock fragments (<1 mm to tens of cen-
timeters) that rest against the walls of the ‘Passage of the Debris’ and
in the entrance of the ‘Passage of the Boxwork’ provide strong evi-
dence of a mechanical cave-forming mechanism that has operated in
the cave at least in recent times (Fig. 2D). The cave walls and ceilings

0.7092

Modern marine
strontium
0.7090 4
0.7088
0.7086 A
—
9D 07084 | Gypsum speleothems
=
r-(-D 0.7082 - Carbonate Soluble salts in
© host-rock the host-rock
0.7080 [
[ ]
0.7078 1 ® Iriassic
. marine strontium
0.7076

Fig. 7. Microthermometry of primary fluid inclusions in gypsum speleothems from El
Orén-Arco Cave. Ice melt temperature (T,,,) of fluid inclusions were converted to salinity
(Wt% eq. NaCl) using the equation of Bodnar (1993).
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are made of easily detachable rock that crack and eventually fall nat-
urally to the cave floor, accumulating as piles of unsorted rubble. This
process is currently active and was observed during our visits to the
cave. Indeed, the accumulation of rock debris in the smaller passages
(e.g. the access to the Passage of the Boxwork) represents a serious chal-
lenge when accessing the cave, since these galleries are prone to ob-
struction and frequently need to be unblocked by speleologists.

Mineralogical analyses of cave wall materials reveal the presence of
minerals typically derived from evaporated seawater, including halite,
gypsum and occasionally calcite (Table 1). The cave host-rock is pre-
dominantly composed of greyish limestone and reddish dolostone, the
latter containing small amounts of iron oxides. In the planes of the car-
bonate beds, whitish and yellowish saline concretions and efflorescences
are observed projecting out into the cave (Figs. 2C and 3C). A mecha-
nism is needed to explain the presence of evaporitic minerals within the
host-hock material and the formation of weathered debris on the cave
floor.

We suggest that capillary action and infiltration of seawater through
the carbonate formation of Cabo Tifioso followed by evaporation of
the solution in the cave results in the crystallization of evaporites in
planes and pores, leading to ‘gypsum/halite wedging’ of the host-rock
(Fig. 8). In the cave environment, evaporation of infiltrated seawater
is favored by the relatively high air temperature in the cave (~19°C
during our visit in January 2012) and likely low relative humidity.
Although relative humidity has not been measured in the cave, the
presence of halite strongly indicates relatively dry conditions be-

cause halite dissolves if atmospheric relative humidity is above ~73%
(Wexler and Hasegawa, 1954; Oerter et al., 2018).

The crystallization pressure generated by the formation of salts in
pore spaces (e.g. Goudie and Viles, 1997; Rodriguez-Navarro and
Doehne, 1999) caused fracking and disaggregation of the original Trias-
sic dolostones and limestones. Moreover, the motion of the faults in the
Cabo Tifioso formation and eustatic sea-level changes may have played
a role in the ejection of the disaggregated materials (Fig. 8). During pe-
riods of relatively high sea-level, parts of the cave passage (today mostly
between 0 and 50 ma.s.l.) were likely submerged in a brackish aquifer.
In this scenario, calcium ions could be released to the solution from the
limestones and dolostones and, in combination with the SO,2~ from sea-
water, result in the oversaturation of the solution for gypsum (SI,,, > 0)
and subsequent mineral precipitation in cracks and pores of the carbon-
ate host-rock (see Section 5.3) (Fig. 8A). During periods of relatively
low sea-level, these primary evaporites would dissolve because of cir-
culation of meteoric/brackish water mixture undersaturated in gypsum
and halite (Fig. 8B). The solution enriched in dissolved salts could evap-
orate in the voids of the rock and the crystallization pressure generated
by the secondary minerals would result in a significant sea salt weather-
ing mechanism, as shown in Fig. 8.

The ‘gypsum/halite wedging’ process described above is a rela-
tively uncommon mechanism in caves and has only been described in
a few subterranean sites, including the Mammoth cave system in Ken-
tucky, USA (White and White, 2003), the Friars Hole cave system in
West Virginia, USA (Jameson, 1991), and some caves of the Nullar-
bor Plain, Australia (Lowry and Jennings, 1974). Also, it is well docu-
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mented that similar processes of capillary action of saline waters and
crystallization of salts are responsible for the decay of building materi-
als and limestone sculptures (e.g. Cardell et al., 2008; Goémez-Laserna
et al., 2013; Gazquez et al., 2015b) and contribute to the formation of
geomorphological features, such as honeycombs, alveoles and tafoni, es-
pecially in dry regions (Prebble, 1967; Beaumont, 1968; Bradley et al.,
1978; Goudie and Day, 1980; Mustoe, 1982; Mottershead, 1989). We
use stable isotopes to test the sea salt weathering hypothesis in Sections
5.2 and 5.3.

5.2. Identification of sulfate sources

The §'80g,4 and 534S of secondary gypsum deposits in El Orén-Arco
Cave are generally lower than those expected for gypsum formed solely
from modern seawater (8'80g0, ~9 and §%*S ~21%o) (Fig. 4). The only
samples that show seawater-like sulfate isotopic composition are the
gypsum crusts on the dolomite boxwork formations found in the Pas-
sage of the Boxwork. In a §'80g4-6%4S plot, the gypsum samples are pos-
itively correlated (slope of 1.3) and have §'04p, and §**S down to 3%o
and 16.5%o, respectively.

During crystallization from the solution, gypsum precipitates with
a negligible sulfur isotope fractionation (Raab and Spiro, 1991; Van
Driessche et al., 2016), but as much as a 3% offset for oxygen isotopes,
although the latter isotopic fractionation factor is poorly constrained
(Van Driessche et al., 2016). If the sulfate that formed the gypsum was
derived directly from seawater, the §'80gn, and 8%*S of the gypsum
should reflect seawater values. Subsequent solution-reprecipitation of
the gypsum in water with a similar §'80g, and 8%4S should not alter the
818040, and §%*S of the gypsum significantly (Evans et al., 2015). Our
observations in El Orén-Arco Cave show that gypsum speleothems have
significantly lower oxygen and sulfur isotope values than modern ma-
rine sulfate, so direct gypsum precipitation from seawater cannot com-
pletely explain our observations.

The lower 58040, and §%4S may be derived from either (i) oxidation
of isotopically 3*S-depleted sulfur in sulfide minerals (e.g. pyrite) hosted
in the carbonate bedrock (e.g. Audra et al., 2015) or (ii) the oxidation
of aqueous sulfide previously reduced from marine sulfate by bacteria.
Both sulfide minerals and aqueous sulfide take at least one of their oxy-
gen atoms from water upon oxidation, producing sulfate that is more
depleted in both the 3*S and '80 isotopes.

No sulfide mineralization has been identified in the cave or in our
samples by mineralogical analyses. However, this region, including the
nearby Sierras of Cartagena and Mazarrén (~20km from El Orén-Arco
Cave), hosts important Zn-Pb-Cu-Ag-Fe sulfide deposits that are related
to volcanism and epigene hydrothermal activity (Esteban-Arispe et al.,
2016). Most regional sulfide minerals have 84S values ranging from
+2%o to +15%0, and thus represent a potential source of 34S-depleted
sulfates to the cave system compared to marine sulfate (Table 1). We
suggest that migration of fluids from depth through the faults system
of Cabo Tifioso can explain the §'®0gn, and §°4S values. This mecha-
nism assumes oxidation of 3*S-depleted sulfide to sulfate occurred in
deeper strata, followed by mobilization to the cave level and mixing
with marine sulfate. Indeed, in other caves affected by ‘gypsum wedg-
ing’ (e.g. Mammoth cave system, Kentucky, US), the §3*S values in gyp-
sum (—12%o to +12%0) have been interpreted as being completely de-
rived from oxidation of pyrite (Metzger et al., 2015). Thus, we suggest
that, although oxidation of sulfide minerals is not the primary source
of sulfate for gypsum precipitation in the El Orén-Arco Cave, mixing
with marine sulfate can explain the observed 534S values. As for §'80g,,
the relatively low §'80gy4 observed in El Orén-Arco Cave can also be
explained by oxidation of sulfide, which incorporates oxygen atoms
from meteoric water that is typically depleted in the 80 isotope (Van
Stempvoort and Krouse, 1994; Onac et al., 2011).
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Alternatively, mixing of aqueous sulfate derived from the oxidation
of sulfide (previously reduced from seawater sulfate by bacteria) and
marine sulfates may explain the relatively low 84S and §'80gy, in the
gypsum speleothems in this cave. Microbial sulfate reduction produces
34S-depleted sulfides, with maximum observed depletions of —~72%. (Sim
et al., 2011), whereas the oxidation of sulfide to elemental sulfur has
a far lower sulfur isotope fractionation, producing enrichments in the
345 isotope on the order of +8%. (Zerkle et al., 2016). Complete oxi-
dation of elemental sulfur to sulfate does not produce significant sulfur
isotope fractionation (Zerkle et al., 2016 and references therein). Bacter-
ial sulfur reduction and re-oxidation result in sulfates with low §*4S and
8180g,, values. However, this mechanism requires anoxic conditions
that may have never occurred in El Orén-Arco Cave, where the pres-
ence of organic matter is scarce, and oxygen concentration may have
not been a limiting factor. In summary, the §'80g,, and 5%S observed in
El Orén-Arco Cave can be explained by mixing of seawater sulfate and
isotopically lower sulfate derived from oxidation of sulfide minerals in
depth and transported to the cave level though the faults system.

5.3. Modes of gypsum/halite precipitation

Gypsum precipitation has been identified as the cause of aqueous
sulfate depletion in the fronts of marine water intrusions in coastal
aquifers (Gomis-Yagiies et al., 2000; Boluda-Botella et al., 2004). The
meteoric-seawater mixture in the mixing zone of coastal aquifers is
generally undersaturated in gypsum (Sl,,, < 0). However, the intrusion
front contains relatively high concentrations of dissolved ions (mostly
S0,%-, Cl-, Ca%*, Mg?* and Na*) that can interact with the carbonate
bedrock. Magnesium and sodium can displace calcium in limestones and
dolostones, resulting in an increase of calcium in the solution that, to-
gether with high sulfate concentrations in seawater, can lead to Sl > 0
and gypsum precipitation (Gomis-Yagiies et al., 2000; Boluda-Botella et
al., 2004).

Strontium isotope ratios provide a tracer between marine-sourced
fluids and other strontium-bearing fluids as each endmember is often
characterized by different strontium concentrations and 8Sr/%0Sr. Be-
cause of the long residence time of strontium relative to the mixing time
of the ocean, 8Sr/8Sr is homogeneous in the global ocean. Strontium in
modern seawater has a radiogenic 87Sr/80Sr (0.70916) which differs sig-
nificantly from other sources of strontium such as fluids produced from
the weathering of silicate (>0.720) and carbonate (<0.708) lithologies
(Elderfield, 1986). The host-rock of El Orén-Arco Cave shows relatively
low 87Sr/80Sr values (0.70779 + 0.00007), that are similar to those ex-
pected for Triassic marine carbonates (0.7078; McArthur et al., 2001).
The 8Sr/%6Sr of the gypsum speleothems is 0.70815 + 0.00005 (n = 3),
thus displaying higher 87Sr/86Sr than those of the host-rock, but consid-
erably lower 87Sr/86Sr than modern seawater. The soluble-salts leaches
from the host-rock have intermediate 87Sr/%°Sr between the Triassic car-
bonate and the speleothems (Fig. 6). This suggests that strontium in the
speleothem-forming solution comes primarily from the Triassic carbon-
ate (~75%) dissolution by brackish aquifer water before gypsum precip-
itation, rather than from modern marine strontium (~25%). This mech-
anism of host-rock dissolution was therefore also responsible for en-
hanced calcium concentration in the solution that lead to SI, > 0 and
gypsum precipitation in cracks of the host-rock.

The gypsum precipitation process often requires evaporation of the
fluid for the solution to reach Sl,, >0, as observed in other caves
(Forti, 1996; Filippi et al., 2011; Gazquez et al., 2015¢, 2017b). In such
situations, §'®0 and 8D of the evaporated water normally produce a
line in 8'80 vs 8D space with a slope <8. However, by adding calcium
and sulfate to the solution, gypsum can precipitate directly from the so-
lution with little evaporative enrichment. We test both hypotheses by
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studying the stable isotopes of GHW. Because the $'®0 and 8D is
recorded by the structurally-bound hydration water of evaporative gyp-
sum, evaporative processes (or lack therefor) can be constrained (Evans
et al., 2015, 2018; Gazquez et al., 2017b, 2018).

The 8'80 and 8D values of the speleothem-forming solution in El
Orén-Arco Cave do not fall in the field of non-evaporated seawater (5'%0
and 8D ~ 0%o), nor do they indicate gypsum precipitation from evapo-
rated seawater to the point of gypsum saturation (e.g. Evans et al., 2015;
Gézquez et al., 2017a), which displays much greater 580 and 8D values
than observed. Instead, the isotope values of the speleothem-forming
water fall on an evaporation line that probably departed from an inter-
mediate point between seawater values and the meteoric water seepage
(8'80 of ~-5%0 and 8D of ~—40%. in SE Iberian Peninsula; e.g. Gazquez
et al., 2017b) (Fig. 5). This demonstrates that (1) the speleothem-form-
ing solution was a mixture of fresh-meteoric water and seawater and (2)
that this solution underwent significant evaporation in the cave before
gypsum precipitation.

Surprisingly, the salinity of the speleothem-forming waters
(13.2 + 3.2wt%eq. NaCl) was considerably higher than expected for
gypsum formed from an evaporated brackish solution (i.e. ~4-8 wt%eq.
NaCl; Attia et al., 1995; Natalicchio et al., 2014; Evans et al., 2015)
and more similar to the salinity of fluid inclusions in purely evapo-
rated seawater to gypsum saturation (i.e. ~12-14wt%eq. NaCl). This
apparent discrepancy between the results of stable isotopes in GHW and
salinity of fluid inclusions can be explained by a mechanism involving
(1) remobilization of halite/gypsum previously precipitated in cracks of
the host-rock that is easily dissolved by water undersaturated in halite
and gypsum (e.g. meteoric/seawater mixture); and (2) evaporation once
the solution reaches the cave, resulting in precipitation of gypsum with
relatively high salinity of fluid inclusions, but relatively low §'®0 and
8D values (Fig. 8). Alternatively, partial post-depositional isotopic ex-
change of GHW with an isotopically '80-depleted source (i.e. meteoric
waters) or gypsum reprecipitation, particularly in the case of microcrys-
talline gypsum speleothems (e.g. Fig. 3I), could be argued (Sofer, 1978;
Pierre, 2018). However, this alteration may also derive secondary fluid
inclusions with lower salinities, which have not been observed in the
analyzed samples from El Orén-Arco Cave.

6. Conclusions

We demonstrate that the genesis of El Orén-Arco Cave was linked to
the motion of faults that runs parallel to the cliff of the Cabo Tifioso, and
to salt weathering of the carbonate host-rock by infiltration and capil-
lary action of seawater that subsequently evaporates within the cave,
leading to precipitation of evaporite minerals (gypsum and halite) in
pores and planes of the carbonate. The crystallization pressure of salts
produces cracking of the host-rock at different scales. The detached rock
fragments accumulate in piles that rest against the cave walls. The same
process of seawater infiltration is responsible for the precipitation of
gypsum and halite in speleothems of uncommon morphology, including
gypsum chandeliers, halite soda-straws and gypsum blisters.

The source of sulfates for gypsum precipitation is predominantly ma-
rine, although the 84S and §'®0gn, results are lower than those ex-
pected during the formation from modern seawater alone, suggesting
a mixing of marine source fluids with an isotopically depleted sulfate
source (i.e. oxidation of sulfide minerals). The isotopic composition of
GHW and relatively high salinity of fluid inclusion in gypsum crystals
can be explained by recycling of evaporites (gypsum and halite) from
previous stages and gypsum reprecipitation in the form of speleothems.
The salt-weathering mechanism proposed here for the formation of El
Orén-Arco Cave is probably not an isolated case and may be responsi-
ble for the formation of other caves elsewhere, both in coastal environ-

10

Chemical Geology xxx (xxxX) XXX-XXX

ments of dry regions and saline settings (e.g. caves associated to saline
diapirs).
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