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We studied one cycle (Cycle 6) of gypsum–marl deposition from the Messinian Yesares Member in Sorbas 
Basin, Spain. The objective was to reconstruct the changing environment of deposition and its relation to 
astronomically-forced climate change. The δ18O and δD of gypsum hydration water (CaSO4 • 2H2O) and 
salinity of fluid inclusions were measured in the same samples to test if they record the composition 
of the mother fluid from which gypsum was precipitated. Water isotopes are highly correlated with 
fluid inclusion salinity suggesting the hydration water has not exchanged after formation. The relatively 
low water isotope values and fluid inclusion salinities indicate a significant influence of meteoric 
water, whereas δ34S, δ18OSO4 and 87Sr/86Sr support a dominant marine origin for the gypsum deposits. 
The discrepancy between water and elemental isotope signatures can be reconciled if meteoric water 
dissolved previously deposited marine sulfates supplying calcium and sulfate ions to the basin which 
maintained gypsum saturation. This recycling process accounts for the marine δ34S, δ18OSO4 and 87Sr/86Sr 
signatures, whereas the low δ18O and δD values of gypsum hydration water and fluid inclusion salinities 
reflect the influence of freshwater.
The cyclic deposition of gypsum and marl in the Yesares Member has previously been interpreted to 
reflect changing climate related to Earth’s precession cycle. We demonstrate that the δ18O, δD and salinity 
of the parent brine increased from low values at the base of the cycle to a maximum in the massive 
gypsum palisade, and decreased again to lower values in the supercones at the top of the cycle. This 
pattern, together with changes in mineralogy (calcite–dolomite–gypsum), is consistent with a precession-
driven change in climate with wettest conditions (summer insolation maxima) associated with the base 
of the calcium carbonate marls and driest conditions (summer insolation minima) during formation of 
the gypsum palisade.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

During the Messinian salinity crisis (MSC), the Mediterranean 
Sea was transformed into a giant brine pool where more than one 
million cubic kilometers of salt was deposited in 630 ka (Fig. 1) 
(Krijgsman et al., 1999; Rouchy and Caruso, 2006; Manzi et al., 
2012). Most of the deposits in the deep-basins have remained 
unsampled; thus, studies have relied upon onshore Messinian de-
posits in marginal basins to infer the stratigraphic history of the 
MSC (Roveri et al., 2014a).
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In marginal basins of the circum-Mediterranean, the lowermost 
gypsum bed marking the onset of the MSC is dated at ∼5.97 Ma 
(Krijgsman et al., 1999; Manzi et al., 2013). The overlying unit 
known as the Primary Lower Gypsum comprises up to 16 beds of 
massive gypsum interbedded with finely laminated marls or shale 
(Roveri et al., 2009; Lugli et al., 2010). The deposition of these 
evaporite–marl cycles is reported to be controlled by the varia-
tions of Earth’s orbital parameters, mainly the ∼21-kyr precession 
cycle (Krijgsman et al., 1999, 2001; Lugli et al., 2010; Manzi et al., 
2009, 2012). According to this interpretation, evaporite deposition 
occurred at the precession maxima (i.e. minimum summer inso-
lation when summer solstice and aphelion coincided) when evap-
oration exceeded precipitation during periods of dry climate and 
marl deposition occurred at precession minima (maximum sum-
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://core.ac.uk/display/77408853?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.epsl.2015.07.071
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://creativecommons.org/licenses/by/4.0/
mailto:ne243@cam.ac.uk
http://dx.doi.org/10.1016/j.epsl.2015.07.071
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2015.07.071&domain=pdf


500 N.P. Evans et al. / Earth and Planetary Science Letters 430 (2015) 499–510
Fig. 1. (A) Location map of the Sorbas Basin and surrounding areas modified after Krijgsman et al. (2001). Indicated are the distributions of the outcropping marginal 
Messinian reefs (Cantera Member) and gypsum deposits (Yesares Member). (B) Map of the Messinian evaporites in the Mediterranean modified after Rouchy and Caruso
(2006) and Roveri et al. (2014a). Also shown is the location of the DSDP-ODP boreholes in which Messinian evaporites were recovered.
mer insolation when summer solstice and perihelion coincided) 
when rainfall increased (Krijgsman et al., 1999, 2001).

Whereas orbital forcing may explain the observed large-scale 
lithological cyclicity, the composition and salinity of the brines 
from which large volumes of sulfate minerals formed are still 
debated. Most information on brine chemistry has been inferred 
using strontium (87Sr/86Sr), sulfur (δ34S), and oxygen isotopes in 
sulfate (δ18OSO4 ) (e.g., Longinelli, 1979; Müller and Mueller, 1991;
Lu and Meyers, 2003; Lugli et al., 2007, 2010). Here we combine 
these traditional isotope tracers with the measurement of gypsum 
hydration water and fluid inclusions to reconstruct the chemical 
composition of the parent brine solution.

The measurement of oxygen and hydrogen isotopes in gyp-
sum hydration water is a potentially powerful tool for studying 
the nature of the parent water from which gypsum was pre-
cipitated (Sofer, 1978; Longinelli, 1979; Hodell et al., 2012). An 
assumption of the method is that once formed, gypsum hydra-
tion water retains its isotope composition and does not undergo 
postdepositional isotopic exchange (Sofer, 1978). To test this as-
sumption, we compare the isotope composition of the hydration 
with the salinity of fluid inclusions in gypsum estimated by mi-
crothermometry (Goldstein and Reynolds, 1994; Attia et al., 1995;
Natalicchio et al., 2014). We expect the δ18O and δD of hydration 
water to be well correlated with the salinity of primary fluid inclu-
sions if it has retained the isotopic signature of the mother water.

In addition to 87Sr/86Sr, δ34S, and δ18OSO4 isotope analysis of 
gypsum, we measured oxygen and hydrogen isotopes in gypsum 
hydration water and salinity of fluid inclusions in gypsum from the 
sixth cycle of gypsum deposition from the Río de Aguas section, 
Sorbas Basin. We also measured modern gypsum deposits from 
the Cabo de Gata Salina, Almería, Spain, to provide a comparison 
to Messinian gypsum. We demonstrate that the hydration water in 
Messinian gypsum of Sorbas Basin has retained its original isotopic 
composition and can be used to infer paleoenvironmental condi-
tions of gypsum deposition. We also show a well-defined cyclicity 
in the mineralogy and δ18O and δD of gypsum hydration water and 
fluid inclusion salinity over a single gypsum cycle that is consistent 
with astronomical forcing of Messinian climate.

2. Geological setting

The Neogene Sorbas Basin in southeastern Spain is an elon-
gated intra-montane depression surrounded by basement highs of 
the Betic Internal Zone (Fig. 1A). The deposition of evaporites be-
gins with gypsum/marl cycles of the basal Yesares Member. These 
evaporites consist of gypsum deposits that are interbedded with 
laminated marls. The Yesares Member consists of a total of 16 gyp-
sum cycles and is best exposed in the Río de Aguas section in the 
Sorbas Basin (Krijgsman et al., 2001; Roveri et al., 2009).

The stratigraphy of the Río de Aguas section was described by 
Dronkert (1977; 1985) and, more recently, by Lugli et al. (2010). 
Cycle 6 at the base of the Río de Aguas section (Fig. 2) begins 
in the marl that underlies the gypsum (Krijgsman et al., 2001). 
Lugli et al. (2010) identified this bed as Cycle 8, but, for identifica-
tion purposes only, we have retained the original cycle designation 
as 6. The contact between the marl and overlying gypsum is un-
dulating containing structures interpreted to be “nucleation cones” 
(Dronkert, 1985). These load structures consist of conical clusters 
of crystals that occur at the base of the gypsum beds, representing 
the initial nucleation points of gypsum that sank into the relatively 
soft marls (Lugli et al., 2010). The lower part of the gypsum unit 
consists of massive, vertically-elongated, twinned (“selenite”) crys-
tals described as “arrow-headed” or “swallow-tailed” (Bąbel, 2004;
Lugli et al., 2010). The crystals have a preferred vertical orientation 
and produce a “palisade”-like structure (Dronkert, 1985). The base 
of the gypsum beds generally consists of the largest crystals (up to 
20 cm in length) and the size become progressively smaller (up to 
a few centimeters) up section.

Between 1 and 2 m above the base of the gypsum layer (aver-
age ∼130 cm), crystal size decreases and is described as “banded 
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Fig. 2. Cycle 6 of the Río de Aguas section, displaying the differing crystal morphology and structures (A) relative to a schematic diagram (B) (after Dronkert, 1977). Carbonate 
marls occur at the onset and termination of the cycle. Nucleation cones represent the onset of gypsum precipitation. Palisade gypsum directly above the nucleation cones 
contains large, vertically orientated selenite crystals. Selenite palisade is overlain by banded selenite that are, in turn, overlain by asymmetric conical structure (supercones) 
juxtaposed to carbonate marls.
selenite” (Lugli et al., 2010). Above the banded selenite, the gyp-
sum grades into giant cauliflower-shaped “supercones” (Dronkert, 
1985). The occurrence of this branching selenite facies (Lugli et al., 
2010) from the 6th Cycle upwards is of particular importance as 
it provides a marker bed for correlation to other sections across 
the Mediterranean (Roveri et al., 2014a). Supercone structures are 
created from clusters of small gypsum crystals creating curved, 
horizontal branches up to ∼2 m in length. The branches origi-
nate from a central nucleation region and gradually increase in 
length towards the top of the section, thus forming the inverted 
cauliflower-shaped cones (Dronkert, 1977; Lugli et al., 2010). Lami-
nated marls occur in pods between the branches of the supercones 
and carbonate minerals are composed almost entirely of dolomite. 
Some of the carbonate laminae can be traced into the gypsum 
crystals where they thin and disappear, indicating the gypsum and 
marl are syndepositional.

3. Methods

3.1. Field locations and sample collection methods

We sampled gypsum Cycle 6 that is exposed at the base of 
the Río de Aguas section (37◦05′23.2′′N 002◦06′54.2′′W) in Sorbas 
Basin, SE Spain (Dronkert, 1985; Krijgsman et al., 2001). Samples 
were collected in April 2013 and March 2014. The zero depth ref-
erence was taken as the horizontal base of the palisade gypsum 
layer; therefore, gypsum crystals sampled in nucleation cones have 
a negative depth reference. Marl samples were obtained from the 
base of the section and from marls juxtaposed to the supercones. 
See Supplementary Information (SI) and SI Figs. 1 and 2 for details 
of the sample collection.

3.2. δ34S and δ18O of sulfate

Samples for isotope analysis were ground to a fine powder, 
dissolved in deionized water and reprecipitated as barite (barium 
sulfate – BaSO4). Prior to analysis they were cleaned in 6N HCl 
and rinsed in deionized water to purify the barite from any co-
precipitating minerals. For δ18OSO4 analysis, barite was pyrolyzed 
at 1450 ◦C in a Temperature Conversion Element Analyzer (TC/EA), 
and the resulting carbon monoxide (CO) was measured by con-
tinuous flow isotope ratio mass spectrometry (IRMS) with a Ther-
moFisher Delta V Plus. For the δ34S analysis, the barite was com-
busted at 1030 ◦C in a Flash Element Analyzer (EA), and the result-
ing sulfur dioxide (SO2) was measured by continuous flow IRMS 
(Delta V Plus). Samples were run in triplicate for δ18OSO4 and the 
average and standard deviation of these replicate analyses is pre-
sented. Samples were bracketed by NBS127, an international barite 
standard, which was corrected to δ18OSO4 of 8.6� and δ34S of 
20.3�.

3.3. Sr isotopes of gypsum

Approximately 10 mg of powdered gypsum was processed for 
strontium isotopic analysis. Strontium was separated by standard 
cation exchange chemistry. Strontium isotopic ratios were deter-
mined on a VG Sector thermal ionization mass-spectrometer (see 
SI for details). The internal standard NBS 987 gave 0.710257 ±
0.000010 (1σ) on 45 separate measurements over the last two 
years. Procedural blanks for strontium were negligible.

3.4. X-ray diffraction (XRD)

XRD data were used to estimate the relative proportion of cal-
cite to dolomite in the sample. Samples were ground to <5 μm 
particles, slurry mounted onto glass slides with acetone, and ana-
lyzed with a D8 Bruker diffractometer (see SI for details).

3.5. Total inorganic carbon, δ18Ocarb and δ13C of bulk carbonates

Samples were digested in 50% H3PO4 for 20 hours at 70 ◦C 
and total inorganic carbon was measured using an AutoMateFX 
autosampler coupled to a UIC (Coulometrics) 5011 CO2 coulome-
ter (Engleman et al., 1985). Analytical precision was estimated by 
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analysis of reagent-grade CaCO3 (100%) and MgCa(CO3)2 (100%) 
and yielded a mean and 1σ standard deviation of 99.5 ± 0.4% and 
94.6 ± 0.8% for calcite and dolomite, respectively. The dolomite 
is likely underestimate because of incomplete reaction even after 
20 h. Weight %calcite and dolomite of samples were calculated us-
ing the dolomite/calcite ratio obtained by XRD multiplied by the 
total inorganic carbon measured by coulometric titration. Results 
are expressed as weight %CaCO3 and weight %MgCa(CO3)2 assum-
ing typical stoichiometry.

For stable isotope analysis, bulk sediment samples were ground 
to a fine powder, flushed with CP grade helium then acidified with 
104% H3PO4 and left to react for 1 h at 70 ◦C. Stable carbon and 
oxygen isotopes of carbonate were measured using a ThermoSci-
entific GasBench II, equipped with a CTC autosampler coupled to a 
MAT253 mass spectrometer (Spötl and Vennemann, 2003). Analyt-
ical precision was estimated at ±0.08� for δ13C and ±0.1� for 
δ18Ocarb by repeated analysis of the Carrara Marble standard. Re-
sults are reported relative to the Vienna Pee Dee Belemnite (VPDB).

3.6. Gypsum hydration waters

Gypsum samples were ground and dried in a 30 ◦C oven for 
24 h to remove absorbed water and fluid inclusions. Hydration wa-
ter was extracted using a semi-automated extraction system – the 
WASP (Water Analyser Sample Preparation) Device developed at 
the University of Cambridge (Gázquez et al., accepted) (see SI for 
details). Water oxygen and hydrogen isotopes were measured si-
multaneously by cavity ringdown laser spectroscopy (CRDS) using 
a Picarro L1102-i water isotope analyzer and A0211 high-precision 
vaporizer at the University of Cambridge. Each sample was injected 
nine times into the vaporizer. Memory effects from previous sam-
ples were avoided by rejecting the first three analyses. Values for 
the final six injections were averaged with in-run precision of less 
than ±0.1 for δ18O and ±0.6 for δD (1σ). Calibration of results 
to V-SMOW was achieved by analyzing internal standards (JRW, 
ENR, BOTTY, SPIT) before and after each set of 7 or 8 samples. In-
ternal standards were calibrated against V-SMOW, GISP, and SLAP. 
All results are reported in parts per thousand (�) relative to V-
SMOW. External error, less than ±0.1� and ±0.8� for δ18O and 
δD, respectively, was estimated by repeated analysis of an internal 
gypsum standard, New-Gyp (n = 5).

3.7. Microthermometric analysis

The method for microthermometric analysis closely followed 
that described by Attia et al. (1995). Thin (<1 mm) samples 
of gypsum were obtained by cleaving 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.A1 microscope equipped with a 100× objective (see SI for 
details).

3.8. Scanning electron microscopy (SEM)

SEM analyses of marl samples were performed with a Zeiss 
Supra 50 VP equipped with an energy dispersive X-ray detector 
for element analysis (EDX) (see SI for details).

4. Results

4.1. δ34S and δ18O of sulfate

Twenty-four samples were analyzed for sulfur isotopes and 
nineteen samples were analyzed for oxygen isotopes of sulfate (SI 
Tables 1 and 2). These data are shown in Fig. 3 relative to the 
expected range of gypsum precipitated from Miocene seawater. 
Fig. 3. δ34S vs. δ18O of sulfate of the Yesares Gypsum. Messinian seawater values 
of ∼22.5� and ∼13.5� for δ34S and δ18OSO4 , respectively (Paytan, 1998; Turchyn 
and Schrag, 2004), are marked with star.

δ34S varies between 21.9 and 23.3� V-CDT and δ18OSO4 between 
11.3 and 14.5� V-SMOW. There are negligible differences in the 
isotope composition among the nucleation cone, palisade, banded 
selenite, and supercone samples and δ34S and δ18OSO4 display no 
systematic changes with depth in the section.

4.2. Sr isotopes

Six samples from Cycle 6 were measured for strontium isotopic 
analysis (SI Table 1). The range of 87Sr/86Sr is small (29 ppm), 
varying between 0.708942 and 0.708971. These values falls slightly 
below the range of strontium isotope seawater expected for the 
Messinian (McArthur et al., 2001) (Fig. 4).

4.3. XRD, weight %calcite and weight %dolomite of bulk carbonates

Thirty-one marl samples were analyzed by XRD (SI Table 3). The 
results are semi-quantitative and indicative of the relative abun-
dances of common mineralogical components only. In addition to 
clay, the major phases are gypsum, calcite, and dolomite and each 
occurs in varying proportions in Cycle 6. The marls at the base 
of the section contain both calcite and dolomite. The ratio of cal-
cite to dolomite in the lower marls decreases up-section such that 
dolomite becomes more dominant toward the gypsum–marl con-
tact (Fig. 5A). Fine-grained gypsum within the marl is abundant in 
the upper marl from 8 cm below the marl–gypsum contact. Marls 
juxtaposed to supercones are purely dolomitic and contain varying 
proportions of gypsum.

4.4. δ18Ocarb and δ13C of bulk carbonates

The oxygen and carbon isotope composition of thirty-seven 
carbonate samples vary widely from −3.7 to 3.5� for δ18Ocarb
and from −4.9 to 1.5� for δ13C (SI Table 4; Fig. 6). The car-
bon and oxygen isotope composition of the carbonates are within 
the range of other Messinian carbonates associated with evapor-
ites in the Mediterranean (Longinelli, 1979). Marls at the base of 
Cycle 6 ranged from −3.7 to 1.9� for δ18Ocarb and between −0.1 
and 1.5� for δ13C. In contrast, marls juxtaposed with the super-
cones show relatively high δ18Ocarb (2.8 < δ18Ocarb < 3.5�) and 
low δ13C values (−4.9 < δ13C < −3.8�).

4.5. Gypsum hydration waters

Forty-seven samples representing massive, banded and branch-
ing selenite were analyzed for their gypsum hydration water (SI 
Tables 1 and 2). The measured δ18O of gypsum hydration water 
ranges from 1.4� to 7.8� and δD from −35.9� to −2.0�. Five 
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Fig. 4. Sr isotope curve during the Messinian in the Mediterranean Sea and Global Ocean. The progressive change in the isotopic composition of Mediterranean waters during 
the MSC occurred because of the restricted exchange with the global ocean due to closure of the gateways as well as a contribution of freshwater with low 87Sr/86Sr from 
rivers (e.g. Nile and Rhone) or from the Paratethys (Roveri et al., 2014b). 87Sr/86Sr data from this study are plotted at 5.867 Ma in accordance with the cyclostratigraphic 
dating of cycle 6 (Krijgsman et al., 2001). Sorbas Basin stratigraphy after Krijgsman et al. (2001). Figure modified after Roveri et al. (2014b).

Fig. 5. (A) The ratio of dolomite to calcite of the marls at the base of the section. % gypsum is obtained from XRD data; (B) δ18Ocarb, δ13C and % dolomite in the marls at the 
base of the section. 0 cm is the gypsum–marl contact.
modern gypsum samples were also analyzed from the Salina at 
Cabo de Gata, Almería, Spain. The δ18O of gypsum hydration water 
ranged from 10.3� to 11.6� and the δD from 9.6� to 18.62�. 
The oxygen and hydrogen isotope composition of the parent wa-
ter in which the gypsum formed is calculated by correcting for the 
fractionation factors (α):

α = (1000 + δ18OSMOW)

18
(1000 + δ OBrine)
Fractionation factors were assumed to be 1.004 and 0.98 for oxygen 
and hydrogen isotopes, respectively (Gonfiantini and Fontes, 1963;
Fontes and Gonfiantini, 1967; Hodell et al., 2012). Following cor-
rection, the δ18O of the gypsum mother water for Messinian sam-
ples is estimated to have ranged between −2.6� and 3.8� and 
the δD from −16.2� to 18.4�. The δ18O of the gypsum mother 
water of modern Salina samples ranged between 6.2� and 7.6�
and the δD from 30.2� to 39.4� (Fig. 7).
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The δ18O and δD of gypsum mother water show a systematic 
change through Cycle 6 (Fig. 8). The most negative δ18O and δD 
values are found at the base of the section in the nucleation cone, 
which represents the first gypsum to precipitate above the marl. 
δ18O and δD increase up section into the gypsum palisade reach-

Fig. 6. δ18O and δ13C of carbonates from the marl intervals within the Yesares For-
mation. Diamonds are marls taken from the base of Cycle 6; squares are marls taken 
from beds juxtaposed to supercones.
ing maximum values of 3.8� and 18.4�, respectively, at 56 cm. 
Above this peak, δ18O and δD fall to average values of −0.2� and 
−2.5�, respectively, in the banded selenite above 130 cm. Isotope 
values in the supercones are lower than those below with average 
values of −0.4� for δ18O and −4.7� for δD. The top of the super-
cone has the lowest δ18O and δD values of −1.4� and −12.1�, 
respectively. Thus, the entire section displays a systematic change 
from low isotopic values at the base (nucleation cone), to maxi-
mum values in the middle (palisade gypsum), and a return to low 
isotopic values near the top (supercone).

4.6. Microthermometric analysis

Eleven samples from the Messinian gypsum of the Sorbas Basin 
and two samples from the modern Salina at Cabo de Gata, Almería, 
Spain, were selected for microthermometric analysis (SI Table 5). 
Primary inclusions in Messinian gypsum froze at temperatures be-
tween −40 and −60 ◦C, with simultaneous shrinkage of the vapor 
bubble. During heating, first melting was observed between −42
and −32 ◦C, but this transition is easily missed.

The final melting temperature (Tmice) for massive, banded and 
branching selenite is recorded in SI Table 5 and SI Fig. 3. The Tmice
of 101 primary Messinian inclusions ranged between −0.2 ◦C and 
−5.2 ◦C. The average Tmice was −1.68 ◦C. Using the revised equa-
tion and table for determining the freezing point depression of 
H2O–NaCl solutions of Bodnar (1993), salinities estimates range 
from 0.35% to 8.14% (average 2.85 wt% NaCl equivalent). Tmice of 
modern gypsum from the Cabo de Gata Salina ranged between 
−8.0 and −10.1 ◦C (average −8.8 ◦C), corresponding to an average 
salinity of 12.6%.
Fig. 7. Diagram of δ18O vs. δD. δ18O and δD of rain water (dashes), surface and ground water (circles), gypsum hydration water as measured from Yesares gypsum (open 
diamonds), and predicted Messinian brine mother water values for the differing facies of Cycle 6 of the Yesares gypsum after correction for fractionation factors (colored
diamonds). Grey dashed lines encompass gypsum hydration water and gypsum mother water; the solid black line represents the local meteoric water line (LMWL) estimated 
by regression through rain, surface and groundwater data (δD = 7.30 · δ18O + 7.75; r2 = 0.8838); the blue line represents the evaporative line estimated by least-squares 
linear regression using mother-water data of Messinian gypsum (δD = 6.06 · δ18O − 1.27; r2 = 0.9760). Light blue triangles are modern gypsum data from the Cabo de Gata 
Salina. Red square is Standard Mean Ocean Water (SMOW). The trajectories for the evaporation of seawater (with starting composition SMOW) for high (slope 7) and low 
(slope 2.5) humidities are shown, defining a range of possible δ18O and δD values (pink field). Gypsum precipitation takes place at 3 to 7 times concentrated seawater; 
gypsum saturation (blue field) is calculated using the Rayleigh Distillation equation, assuming initial δ18O and δD values of 0�, and gypsum saturation occurring at an 
evaporation ratio of 3.8× (evaporation ratio = weight of H2O of original seawater divided by weight of H2O in residual evaporated brine). Errors are less than the width of 
the symbols. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. (A) Schematic diagram of Cycle 6 scaled to height of the section, showing carbonate marls at the base and top, a nucleation cone at the base of the gypsum, gypsum 
palisade, banded selenite and supercone. Data points in B, C and D are plotted relative to the height from which the samples were taken. Samples used for both δ18O/δD 
and fluid inclusion salinity measurements are highlighted with a bold outline. (B) δ18O (V-SMOW) of gypsum mother water vs. height in section; 1-standard deviation is the 
width of the symbol. (C) Eq% NaCl vs. height in section. Eq% NaCl calculated from the final melting temperatures of ice using the equation of Bodnar (1993). Error bars denote 
one standard error. (D) δD (diamonds, black trend line) of gypsum mother water and d-excess (squares, gray trend line) vs. height in section. d-excess = δD − 8 · δ18O 
(Craig, 1961); note that the d-excess axis is reversed. 1-standard deviation is the width of the symbol. All trend lines are 5th Order Polynomial Regressions. (E) Hypothetical 
insolation curve, where T1 denotes the humid period during marl deposition, T2 denotes the period of gypsum palisade formation at the peak of the cycle, and T3 denotes 
the time period during banded selenite and supercone growth; T1 + T2 + T3 is equal to approximately 21 ka, although the relative duration of T1, T2 and T3 is unknown.
The Tmice of fluid inclusions show a systematic change during 
Cycle 6. When Tmice values are converted to wt% NaCl equivalent, 
the curve co-varies with the δ18O and δD of gypsum hydration 
water data (Fig. 8). Nucleation cone samples at the base of the sec-
tion display the highest melting temperatures (averaging a Tmice of 
−1.0 ◦C) and lowest salinities. Moving up into the palisade gypsum, 
the lowest Tmice and greatest salinity values occur at 87 cm, aver-
aging −2.55 ◦C and 4.2 wt% NaCl equivalent, respectively. Above 
this maximum, values increase throughout the banded selenite, 
from average Tmice values of −2.10 ◦C at the base to −1.44 ◦C at 
231 cm. Supercone Tmice values are more positive again, but col-
lectively are very similar, averaging a Tmice of −1.39 ◦C.

5. Discussion

An outstanding question regarding the depositional environ-
ment of Messinian gypsum in marginal basins of the Mediter-
ranean is whether the gypsum was precipitated directly from sea-
water or was influenced by meteoric water (e.g. Longinelli, 1979;
Müller and Mueller, 1991; Attia et al., 1995; Playà et al., 2000;
Flecker et al., 2002; Lu and Meyers, 2003; Lugli et al., 2010;
Natalicchio et al., 2014). Strontium and sulfur isotope results fa-
vor a dominantly marine origin whereas hydration water and fluid 
inclusion data support a significant contribution by meteoric wa-
ter. Below we discuss these seemingly contradictory interpretations 
and propose an explanation to reconcile the geochemical data.

5.1. Strontium, sulfur and oxygen isotopes of gypsum

Our measured δ34S of gypsum in Cycle 6 of the Sorbas Basin 
ranges between 21.9� and 23.3� CDT (Fig. 3), which agrees 
with those measured in other Messinian evaporite deposits (e.g. 
Longinelli, 1979; Lu and Meyers, 2003; Lugli et al., 2007), and is 
similar to Miocene seawater as reconstructed through pelagic ma-
rine barite from the equatorial Pacific (∼22.5 ± 0.5� CDT; Paytan, 
1998). This suggests that the Mediterranean Sea in the Miocene 
was connected to and isotopically similar to the global ocean. Sim-
ilarly, the measured δ18OSO4 of Yesares gypsum (11.3� to 14.5�) 
is similar to the δ18OSO4 of Miocene seawater sulfate, reconstructed 
from pelagic marine barite (∼13.5�; Turchyn and Schrag, 2004). 
The fact that seawater values are measured for sulfur and sulfate–
oxygen isotopes in the gypsum of the Yesares Member suggest that 
deposition was dominantly in a marine environment (e.g. Müller 
and Mueller, 1991; Lu and Meyers, 2003).

It has been suggested that gypsum precipitates with a negli-
gible sulfur isotope fractionation, but as much as a 3� offset for 
oxygen isotopes (Fig. 3) (Lloyd, 1968). However, this oxygen isotope 
fractionation factor remains poorly constrained, and the isotope 
composition of a multiply evaporated basin may evolve over time. 
If the sulfate from Miocene seawater trapped in the Mediterranean 
were quantitatively precipitated, then, by mass conservation, the 
δ34S and δ18OSO4 of the bulk precipitated gypsum should reflect 
Miocene seawater. Subsequent solution–reprecipitation of the gyp-
sum in water with a similar δ34S or δ18OSO4 will not alter the δ34S 
or δ18OSO4 of the gypsum significantly. Abiotic oxygen isotope ex-
change between aqueous sulfate and water does not occur over 
geologically relevant timescales (Lloyd, 1968; Rennie and Turchyn, 
2014).

The sulfur and sulfate–oxygen isotope composition of meteoric 
water that could have been supplied to the site of gypsum forma-
tion would largely reflect the isotope composition of sulfur-bearing 
minerals that are being locally weathered. Measurements of the 
δ34S and δ18OSO4 in Spanish rivers today are heavily biased to-
wards evaporite values (high δ34S and δ18OSO4 ) owing to the ongo-
ing weathering of the Messinian evaporites. However, underneath 
these evaporites exist sedimentary deposits containing shale beds 
that plausibly bear pyrite, and it is possible that oxidative pyrite 
weathering could have dominated the terrestrial sulfate–isotope 
signal during the MSC. Oxidative weathering of pyrite produces 
river sulfate that is enriched in the 32S isotope and typically with 
a δ18OSO4 similar to the δ18O of the water (Calmels et al., 2007). 
If a significant amount of sulfate used to make the Yesares gyp-
sum were derived from terrestrial sources, then we hypothesize 
the δ34S and δ18OSO4 of the gypsum would be significantly lower 
than what we measure.

87Sr/86Sr of a semi-enclosed marginal basin is similarly a func-
tion of the balance between ocean and riverine input, both of 
which are characterized by different strontium concentrations and 
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87Sr/86Sr. Because of the long residence time of strontium relative 
to the mixing time of the ocean, 87Sr/86Sr is homogeneous in the 
global ocean. The 87Sr/86Sr of Messinian seawater is well estab-
lished with values varying between 0.70900 and 0.70903 during 
the MSC (McArthur et al., 2001). There is no fractionation of stron-
tium isotopes during gypsum precipitation; thus, a direct compari-
son can be made between the 87Sr/86Sr of gypsum and the parent 
solution.

Measured 87Sr/86Sr of the gypsum samples in Cycle 6 of the Río 
de Aguas section vary between 0.708942 and 0.708971. The val-
ues fall slightly below the range of the strontium isotope curve 
for seawater (McArthur et al., 2001), suggesting that continen-
tal waters with a lower 87Sr/86Sr than contemporaneous Miocene 
seawater may have modified the brine within the Sorbas Basin. 
However, the values are within the range given by Roveri et al.
(2014b) for Mediterranean 87Sr/86Sr seawater values between 5.97 
and 5.60 Ma (Fig. 4). While the 87Sr/86Sr values of the Río de 
Aguas do not indicate formation of gypsum from global seawa-
ter, they could represent Messinian Mediterranean seawater with 
little local freshwater input. The 87Sr/86Sr data, coupled with δ34S 
and δ18OSO4 data, imply little, if any, contribution of meteoric wa-
ter to the brine that formed the Yesares Gypsum (Longinelli, 1979;
Lugli et al., 2010).

5.2. Gypsum hydration water and microthermometry

The observed range of δ18O and δD of gypsum mother water 
(−2.6� to 3.8� for δ18O and −16.2� to 18.4� for δD) is sig-
nificantly lower than expected from gypsum formed solely from 
the evaporation of seawater. Assuming a starting point of seawa-
ter with modern δ18O and δD values, Fig. 7 shows the possible 
trajectories of δ18O and δD for evaporative concentration under 
conditions of high and low humidity. Modern gypsum measured 
from the Salina at Cabo de Gata falls in the region of predicted 
gypsum saturation for evaporated seawater. If the gypsum precip-
itated in the Sorbas Basin were solely of marine origin, we would 
expect the values to fall along a mixing line within this zone of 
gypsum saturation. Instead all δ18O and δD values from Cycle 6 
fall well below the saturation point for gypsum on the evaporative 
line. This implies that the Yesares Gypsum was precipitated from 
a hybrid brine, consisting of a mixture of seawater and meteoric 
water.

An alternative explanation of the low δ18O and δD of hydration 
water is that the values don’t reflect the original brine but have 
undergone postdepositional isotopic exchange of the crystallization 
water with meteoric water. The kinetics of the isotopic exchange 
of gypsum hydration water is not well studied, but Sofer (1978)
concluded gypsum hydration water only retains its isotopic com-
position under dry conditions (e.g. Negev Desert) and exchanges 
isotopically under humid conditions. He suggested the gypsum hy-
dration method can only be applied to primary gypsum that has 
not undergone dehydration, exchange, or recrystallization, and thus 
has retained its original water isotopic composition. To test if the 
isotope composition of gypsum hydration water is reliable in the 
Sorbas Basin, we directly compared gypsum hydration water iso-
topic results with microthermometric analysis of primary fluid in-
clusions from the same samples.

Primary fluid inclusions trap the parent brine and reflect the 
composition of the solution from which the gypsum precipi-
tated (Attia et al., 1995). Microthermometric data show that no 
Messinian fluid inclusions have salinities high enough to be within 
the range of gypsum saturation if evaporated from seawater (SI 
Table 5). Gypsum first precipitates during the evaporation of sea-
water at a wt% NaCl equivalent of ∼11%, which should corre-
spond to a Tmice of −7 to −8 ◦C (Attia et al., 1995; Natalicchio 
et al., 2014). In comparison, the fluid inclusions from the mod-
ern Salina samples melted at −8.8 ◦C corresponding to 12.6 wt% 
NaCl equivalent, and are above the point of gypsum saturation. In 
contrast, Messinian fluid inclusions from the Río de Aguas section 
have wt% NaCl equivalent ranging from 0.4% to 8.1% (averaging 2.9 
wt% NaCl equivalent), indicating that the brine from which gyp-
sum formed was dilute relative to seawater (Attia et al., 1995;
Natalicchio et al., 2014).

Using the equation of Goldstein and Reynolds (1994), we con-
verted wt% NaCl equivalent to salinity in parts per thousand (ppt) 
seawater. The salinity of primary Messinian fluid inclusions is 
highly correlated with δ18O and δD of gypsum mother water, 
yielding an r2 of 0.88 and 0.87, respectively (Fig. 9). The inter-
cepts of the regression equations and salinity are −4.4 ± 1.3�
for δ18O and −28.9 ± 8.7� for δD. These values define the iso-
tope composition of the freshwater endmember and are within 
error of the average isotope values of precipitation and groundwa-
ter data from the local region of Almería today (δ18O = −4.3� and 
δD = −22.2�; IAEA, 2005). These results provide strong evidence 
that both the fluid inclusion and gypsum hydration water are rep-
resentative of the mother brines in which the gypsum formed and 
postdepositional isotopic exchange has not occurred. These results 
also imply that the mother fluid from which the gypsum was pre-
cipitated was influenced by meteoric water.

5.3. Decoupling of the source of ions and water during gypsum 
formation

An inconsistency exists between the marine origin of gypsum 
implied by strontium isotopes, sulfur and oxygen isotopes of sul-
fate and the significant meteoric influence inferred from the δ18O 
and δD of gypsum hydration water and the salinities of fluid in-
clusions. The formation of the Primary Lower Gypsum is most 
commonly attributed to the evaporation from brines produced by 
continuous inflow of seawater from the Atlantic Ocean, provid-
ing the ion supply necessary for gypsum precipitation, coupled 
with episodes of reduced outflow under dryer climate conditions 
(Krijgsman and Meijer, 2008; Topper and Meijer, 2013). A nonma-
rine origin of Messinian gypsum in marginal basins raises ques-
tions concerning the marine signatures of strontium, sulfur, and 
oxygen isotopes in sulfate and the source of calcium and sulfate 
ions needed for the formation of such large gypsum deposits. An 
alternate mechanism is needed to explain the lower salinities in-
ferred from fluid inclusion and isotopic results in the Río de Aguas 
section.

One interpretation is that strontium isotopes, sulfur and oxygen 
isotopes in sulfate are relatively insensitive to freshwater inputs 
and are therefore not recording the dilution of seawater by nonma-
rine fluids. For example, assuming standard marine and freshwater 
strontium concentrations and a 87Sr/86Sr freshwater endmember 
value of 0.7090 ± 0.001, >20% freshwater influx would be needed 
to produce a nonmarine strontium isotope signature in a typi-
cal brine (e.g. 4× the concentration of seawater) (Lu and Meyers, 
2003; Flecker et al., 2002). Sulfate concentrations in terrestrial wa-
ters are even lower, with most rivers containing three orders of 
magnitude less sulfate than seawater. While this hints that stron-
tium isotopes, sulfur and sulfate–oxygen isotopes are relatively in-
sensitive to freshwater inputs, the volumes of freshwater needed 
to generate the low salinities inferred from inclusions and hydra-
tion water require an evaporated seawater brine to be diluted by 
over 50% for the majority of samples. This volume of meteoric wa-
ter input is well above the modeled threshold necessary to observe 
a nonmarine signature in strontium isotopes, sulfur and sulfate–
oxygen isotopes.

A plausible explanation is sulfate and strontium molecules are 
decoupled from the source of the water for the gypsum hydra-
tion water, which was a mixture of marine and terrestrial sources. 
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Fig. 9. Coupled measurements of δ18O and δD of hydration water and salinity of fluid inclusions in Messinian Gypsum. Salinities calculated from the final melting tempera-
tures of ice using the equation of Goldstein and Reynolds (1994). The dark gray band denotes 95% confidence limits. The y intercept at zero salinity defines the freshwater 
δ18O/δD endmember. Error bars denote 1-standard error. 1-standard deviation in δ18O and δD is the edge of the symbol.
The source of the sulfate and strontium may come from dissolu-
tion of previously deposited marine gypsum that recharged the 
basin and maintained gypsum saturation. Evaporation of this fluid 
would produce a brine with the observed δ18O and δD values and 
salinities, while retaining marine 87Sr/86Sr, δ34S and δ18OSO4 values 
because of low concentrations of these elements in meteoric water. 
This mechanism has been proposed previously by Natalicchio et al.
(2014) to explain salinity inferred from fluid inclusions in gypsum 
from the Piedmont Basin (Italy).

5.4. Deposition of the lower marl unit

The carbonate in the marl at the base of Cycle 6 is a mixture 
of calcite and dolomite (Fig. 5A; SI Table 4). There is an increase 
in the proportion of dolomite/calcite towards the top of the marl 
where it transitions into the gypsum unit above. The proportion of 
gypsum in the marls increases in the 8 cm below the transition 
into the massive gypsum above the marl. This progression of cal-
cite to dolomite to gypsum is indicative of fractional crystallization 
of minerals by evaporative enrichment (Eugster, 1980).

The δ18Ocarb and δ13C values of bulk carbonate in the lower 
marl unit increase from −3.7� and −0.1�, respectively, at the 
base to a maximum of 1.9� and 1.5� at 10 cm below the tran-
sition into the massive gypsum before decreasing in the top of the 
lower marl unit (Fig. 5B). The δ18Ocarb and δ13C of bulk carbonate 
is expected to be higher in the marls dominated by dolomite be-
cause of the different isotope fractionation factor for oxygen and 
carbon isotopes between calcite and water, and dolomite and wa-
ter; the oxygen and carbon isotope composition of dolomite is 
∼2.6� and ∼2.4� greater than calcite when formed in equi-
librium (Vasconcelos et al., 2005; Sheppard and Schwarcz, 1970). 
This indicates that a good correlation exists between the percent 
dolomite and bulk δ18Ocarb and δ13C. The relatively positive δ13C 
in the marls at the base of the section suggest there is not signifi-
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Fig. 10. Scanning electron microscopy (SEM) photomicrographs and energy dispersive X-ray (EDX) analyses of the carbonate minerals present in the studied samples. (A) Image 
of a representative sample of the lower marl unit (i.e., RdA1 −25 cm). Calcite crystals are characterized by an elongated, almost acicular morphology, while dolomite crystals 
display a rhombohedral habit. No morphological evidence indicates that dolomite formed through a diagenetic replacement of calcite or whether it is a primary precipitate. 
Both calcite and dolomite are authigenic. (B) Typical calcite crystal present in the lower unit and corresponding EDX spectrum, which is consistent with a Ca-carbonate. (C) 
Typical dolomite crystal present in the lower unit and corresponding EDX spectrum, which is consistent with dolomite. (D) Image of representative dolomite crystals present 
in the upper unit (i.e., SC marl 100) and corresponding EDX spectrum. Rhombohedral crystals of dolomite seem to form through aggregation of dolomite nanoglobules (white 
arrow), which suggests that dolomite in the “supercone unit” is a primary precipitate. Dolomite crystals that form through aggregation of nanoglobules are typically observed 
in microbially mediated dolomite. Pt peaks in all EDX spectra are due to the metal coating used for sample preparation. Si peaks in the spectra measured from dolomite are 
interpreted as a contamination from the surrounding authigenic silicate minerals.
cant oxidation of organic carbon, which would drive the δ13C lower 
(Fig. 6). SEM investigations show that both calcite and dolomite 
present in the lower unit are authigenic (Fig. 10). Indeed, no an-
gular or fractured mineral surfaces indicative of transport and 
mechanical erosion were observed. The elongated, almost acicu-
lar, morphology of the calcite crystal as well as the rhombohedral 
habit of the dolomite is commonly observed in carbonate minerals 
that form in the peritidal and supratidal zone of modern evaporitic 
environments (Bontognali et al., 2010). We found no clear morpho-
logical evidence (i.e., dissolution/re-crystallization structures, hy-
brid mineral shapes) suggesting that the dolomite formed through 
a penecontemporaneous replacement of calcite. Therefore, the pro-
gressive enrichment in dolomite vs calcite observed in the studied 
sequence (Fig. 5A) may have been caused by an environmental 
change from fresher peritidal marine-waters to more evaporated 
intertidal/supratidal conditions.
5.5. Formation of the supercone–marl unit

The origin of the supercone structures and associated laminated 
marls in the Río de Aguas section have prompted much speculation 
since their initial description by Dronkert (1977; 1985). We have 
identified important differences in the mineralogical and isotopic 
composition of the marl at the base of the cycle and the marl as-
sociated with the supercones near the top. The carbonate in the 
marl of the supercone unit is entirely dolomite and display higher 
δ18Ocarb and lower δ13C values than those in the lower marl unit 
(Fig. 6).

The supercone selenite and the associated marl are consid-
ered to be syndepositional as individual lamina thin and disappear 
into gypsum crystals. Some laminae wrap around the supercone 
branches and can be traced above and below. The syndepositional 
nature of the dolomitic marl and gypsum permits paleotempera-
ture to be estimated if the gypsum and dolomite were formed in 
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isotopic equilibrium with the same water. The δ18O of the gyp-
sum hydration water provides the δ18O of the water whereas the 
δ18Ocarb of the dolomite provides the carbonate value (Hodell et 
al., 2012). Marl sample SC50-10 (δ18Odolomite = 3.05�) is directly 
juxtaposed to gypsum sample SC50B (δ18O = 1.08�), and together 
yield a temperature of 19.2 ◦C using the dolomite–water paleotem-
perature equation of Vasconcelos et al. (2005). This temperature is 
close to the average sea surface temperature from the local re-
gion of Almería today (15–25 ◦C). It also agrees with Messinian 
sea surface temperatures (17–18 ◦C) obtained from fluid inclusion 
analyses in Messinian halite (Speranza et al., 2013). These reason-
able temperature estimates provide support that the dolomite and 
gypsum of the marl–supercone beds were formed at the same time 
from water with similar δ18O values.

The marls associated with the supercones are very finely lam-
inated and lack any evidence of bioturbation indicating anoxic 
conditions, and are reminiscent of the anoxic dolomite found in 
the Messinian Tripoli Formation in the deep basin (McKenzie et 
al., 1979). The δ13C of the dolomite is low and varies between 
−3.8 and −4.9�, indicating a source of dissolved inorganic car-
bon at least partially derived from the oxidation of organic matter; 
thus, the formation of the dolomite may be microbially mediated 
(Vasconcelos et al., 1995; Vasconcelos and McKenzie, 1997). This 
interpretation is also supported by the morphology of the dolomite 
crystals, which form through aggregation of spherical/amorphous 
nanoglobules (Fig. 10D). In a study conducted with sulfate reduc-
ing bacteria capable of mediating dolomite formation, Bontognali 
et al. (2008) demonstrate that such nanoglobules represent the 
early stage of mineral nucleation within microbially produced ex-
tracellular polymeric substances (EPS). Nanoglobules that merge to 
form rhombohedral dolomite have also been observed in microbial 
mats that occur in the intertidal and supratidal zone of the sabkha 
of Abu Dhabi (Bontognali et al., 2010). In this modern evaporitic 
environment, dolomite can co-occur with gypsum crystals. As the 
sediment ages, only the dolomite (and not the microbial mat) is 
preserved, similar to observations in the marls juxtaposed to su-
percones.

5.6. Climate control of gypsum–marl deposition

The gypsum–marl cycles of the Lower Primary Gypsum are pur-
ported to represent climatic changes paced by precession with 
gypsum deposited during more arid conditions and sapropelic 
marl during more humid conditions (Krijgsman et al., 1999, 2001; 
Krijgsman and Meijer, 2008). The mineralogical and isotopic trends 
support this interpretation for Cycle 6:

1. The peak wet conditions occurred at the precession minimum 
(maximum summer insolation) and is represented by the de-
position of the laminated marl at the base of the studied sec-
tion. Climate conditions became progressively drier promoting 
the formation of dolomite, and finally gypsum towards the top 
of the lower marl unit (Fig. 5A).

2. As climate became progressively drier, detrital input declined 
and pure gypsum began to precipitate in nucleation cones. The 
hydration water of the gypsum in the nucleation cones has 
relatively low δ18O and δD and the fluid inclusions indicate 
relatively low salinity compared to the gypsum above (Fig. 8).

3. Salinity, δ18O and δD progressively increased above the nu-
cleation cones reaching a maximum in the massive selenite 
palisade unit, marking peak aridity associated with the pre-
cession maxima (summer insolation minimum). A highly strat-
ified brine, which in relation to total water depth produces a 
high and stable pycnocline (the gypsum saturation interface), 
creates the condition necessary for massive selenite growth 
(Bąbel, 2007). The δ18O and δD and salinity of the palisade 
gypsum support formation at a low saturation state needed 
for slow crystal growth (Bąbel, 2007).

4. After formation of the gypsum palisade, the trend in aridity 
reversed indicating a progressive decrease in salinity related to 
increased freshwater input as recorded by decreasing salinity, 
δ18O and δD values of the banded selenite unit.

5. As precipitation increased with falling summer insolation, the 
supercones and associated dolomitic marls began to be de-
posited. The salinity of fluid inclusions and δ18O and δD of 
gypsum in the supercones are lower than the banded and 
massive selenite units below. Detrital input also increased and 
led to the deposition of the dolomitic marls juxtaposed to the 
supercones (Section 5.5). Above the supercone the basal clay 
unit of Cycle 7 was deposited, marking the return of wetter 
climate conditions associated with the precession minimum.

6. Conclusions

We made tandem measurements of the isotopic composition of 
gypsum hydration water and the salinity of fluid inclusions to test 
whether Messinian gypsum retained the original isotopic compo-
sition and salinity of the mother water. After correction of oxygen 
and hydrogen isotopes of gypsum hydration water for known frac-
tionation factors, we show that the δ18O and δD of the mother 
water is highly correlated with salinity of fluid inclusions in gyp-
sum deposits of Cycle 6 within the Yesares Member. The intercepts 
of the regression equations (i.e., at zero salinity) define the iso-
tope composition of the freshwater endmember. These values are 
within error of the average isotope composition of precipitation 
and groundwater data from the local region of Almería today. This 
agreement provides strong evidence that the gypsum hydration 
water has retained its isotope composition and has not undergone 
postdepositional exchange.

The isotope and salinity values indicate a significant contribu-
tion of meteoric water during formation of Messinian gypsum in 
the Sorbas Basin. This observation contrasts with sulfur and oxy-
gen isotopes in sulfate (21.9 < δ34S < 23.3�; 11.3 < δ18OSO4 <

14.5�) and strontium isotopes (0.708942 < 87Sr/86Sr < 0.708971) 
that are similar to those measured in other Messinian evaporites of 
the Mediterranean. We suggest the source of the ions for gypsum 
formation is recycled from previously deposited units, whereas the 
source of the water is a mixture of marine and meteoric sources. 
The 87Sr/86Sr, δ34S, and δ18OSO4 retain the signature of the parent 
sulfate deposits because of low concentrations of these elements 
in meteoric water, whereas the δ18O and δD and salinity reflect a 
mixed signal of marine and freshwater. The recycling of solutes 
explains the discrepancies between strontium, sulfur and water 
isotopes by decoupling the geochemical signatures of the ions and 
water during gypsum formation.

Lastly, we demonstrate that the patterns displayed by the δ18O 
and δD and salinity of the gypsum, together with the overall 
changes in mineralogy (calcite–dolomite–gypsum) in Cycle 6, are 
consistent with a precession-driven change in climate. Additional 
studies are needed to determine whether the patterns observed 
here for Cycle 6 apply to other cycles in the Yesares Member.
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