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Abstract

Gypsum (CaSO4�2H2O) is a hydrated mineral containing crystallization water, also known as gypsum hydration water
(GHW). We determined isotope fractionation factors (a17O, a18O and aD) between GHW and free water of the mother solu-
tion in the temperature range from 3 �C to 55 �C at different salinities and precipitation rates. The hydrogen isotope fraction-
ation factor (aDgypsum-water) increases by 0.0001 units per �C between 3 �C and 55 �C and salinities <150 g/L of NaCl. The
aDgypsum-water is 0.9812 ± 0.0007 at 20 �C, which is in good agreement with previous estimates of 0.981 ± 0.001 at the same
temperature. The a18Ogypsum-water slightly decreases with temperature by 0.00001 per �C, which is not significant over much of
the temperature range considered for paleoclimate applications. Between 3 �C and 55 �C, a18Ogypsum-water averages 1.0035
± 0.0002. This value is more precise than that reported previously (e.g. 1.0041 ± 0.0004 at 25 �C) and lower than the com-
monly accepted value of 1.004. We found that NaCl concentrations below 150 g/L do not significantly affect a18Ogypsum-

water, but aDgypsum-water increases linearly with NaCl concentrations even at relatively low salinities, suggesting a salt correc-
tion is necessary for gypsum formed from brines. Unlike oxygen isotopes, the aDgypsum-water is affected by kinetic effects that
increase with gypsum precipitation rate. As expected, the relationship of the fractionation factors for 17O and 18O follows the
theoretical mass-dependent fractionation on Earth (h = 0.529 ± 0.001). We provide specific examples of the importance of
using the revised fractionation factors when calculating the isotopic composition of the fluids.
� 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Gyspum (CaSO4�2H2O) is a common hydrated mineral
on Earth and has been recently found to be abundant on
Mars (Showstack, 2011; Massé et al., 2012). The oxygen
(16O, 17O, 18O) and hydrogen (1H, 2H) isotopes of gypsum
hydration water (GHW) provide a rich source of informa-
tion about the environmental conditions under which gyp-
sum formed (Matsuyaba and Sakai, 1973; Sofer, 1978;
Fontes et al., 1979; Halas and Krouse, 1982; Bath et al.,
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Under certain conditions, the isotopic composition of
GHW retains the value of the parent solution and is not
altered by post-depositional processes. For example, recent
studies of lacustrine gypsum (ca. 43–10 ka; Hodell et al.,
2012; Grauel et al., 2016) and Messinian marine gypsum
(ca. 5.9 Ma; Evans et al., 2015) suggest that the isotopic
values of GHW differ considerably from those expected
for isotopic exchange with recent environmental water
(e.g. pore waters and groundwater, respectively). In the case
of Messinian gypsum, the d18O and dD of GHW is highly
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correlated with other indicators of evaporation (e.g. salinity
of fluid inclusions) indicating it has retained its original iso-
topic composition.

Calculating the isotopic composition of the mother fluid
requires an accurate knowledge of the fractionation factors
for both oxygen and hydrogen isotopes. The isotopic frac-
tionation factor (a) between the mother water and GHW is
defined as:

agypsum-water ¼ dgypsum þ 1000

dwater þ 1000

where dgypsum and dwater denote the isotopic ratio (i.e.
17O/16O, 18O/16O and 2H/1H) of the hydration water and
mother water, respectively, relative to V-SMOW (Vienna-
Standard Mean Ocean Water).

Early experiments conducted by Baertschi (1953) sug-
gested an a18Ogypsum-water of 1.0035. Subsequently,
Gonfiantini and Fontes (1963) and Fontes and
Gonfiantini (1967) measured an a18Ogypsum-water value of
1.0037 ± 0.0005 and an aDgypsum-water value of 0.985 in
the temperature range between 17 and 57 �C. Matsuyaba
(1971) determined an a18Ogypsum-water of 1.0041 and an
aDgypsum-water value of 0.980 that are in agreement with
those reported later by Sofer (1975); 1.0040 and 0.980,
respectively. Based on these works, the accepted fractiona-
tion factors used in most studies of GHW was rounded to
1.004 and 0.98 for a18Ogypsum-water and aDgypsum-water,
respectively. More recently, Hodell et al. (2012) reported
a value of 1.0039 ± 0.0004 for a18Ogypsum-water and 0.981
± 0.002 for aDgypsum-water in the temperature range from
12 �C to 37 �C, which did not differ significantly from the
accepted values.

The opposite signs of the fractionation factors for oxy-
gen and hydrogen isotopes in GHW have been ascribed
to isotopic fractionation between the free solution and the
hydration sphere of the dissolved ions. The enrichment by
ca. 4‰ in GHW with respect to the mother solution can
be explained by the effect of the hydration sphere of Ca2+

that is presumably enriched in 18O compared with the free
solution (Taube, 1954; Gonfiantini and Fontes, 1963; Oi
et al., 2013). In contrast, depletion in 2H by ca. 20‰ may
be ascribed to the fact that the hydration sphere of SO4

2�

in solution is depleted in 2H with respect to the free water
(Oi and Morimoto, 2013).

Previous studies suggest that a18Ogypsum-water is not sen-
sitive to temperature in the range from 12 to 57 �C within
analytical uncertainties (Gonfiantini and Fontes, 1963;
Hodell et al., 2012; Tan et al., 2014). However, Hodell
et al. (2012) found a slight positive temperature dependence
(0.00012 per �C) for aDgypsum-water between 12 �C and 37 �
C. The effect of temperature on the isotopic fractionation in
the gypsum-water system remains poorly known. In fact,
most investigations of hydrothermal gypsum have used
the accepted a18Ogypsum-water and aDgypsum-water of 1.004
and 0.98 (e.g. Matsuyaba and Sakai, 1973), even though
these values may differ at the higher temperatures of
hydrothermal gypsum precipitation (e.g. 55 �C; Garofalo
et al., 2010; Gázquez et al., 2012, 2013, 2016).

Previous estimation of fractionation factors
(a18O gypsum-water and aD gypsum-water) were conducted using
several methods of gypsum precipitation (i.e. Gonfiantini
and Fontes, 1963), including the hydration of anhydrous
CaSO4, evaporation of solutions saturated in CaSO4, and
mixing of CaCl2 and Na2SO4 solutions. In most cases,
results utilizing different methods of gypsum formation
have been treated as equivalent (Gonfiantini and Fontes,
1963; Fontes and Gonfiantini, 1967; Tan et al., 2014).
Although the fractionation factors from different studies
generally agree (Gonfiantini and Fontes, 1963; Fontes
and Gonfiantini, 1967; Sofer, 1978; Hodell et al., 2012),
the uncertainty remains unsatisfactory for certain geologi-
cal and paleoclimate applications (see Section 4).

Here we re-evaluate the fractionation factors in the tem-
perature range from 3 �C to 55 �C using two different meth-
ods of gypsum formation (hydration of anhydrous CaSO4

and mixing of CaCl2 and Na2SO4 solutions) and varying pre-
cipitation rates. We discuss the importance of equilibrium
and kinetic isotopic fractionation in our experiments and
the application to natural gypsum deposits. We also studied
the effect of salinity on the fractionation factors with potential
implications for gypsum formation from brines. In addition,
a17Ogypsum-water has been empirically determined for the first
time. This parameter is essential for determining the 17O-
excess in paleo-waters from d17O and d18O measurements
of GHW. Lastly, we apply the revised fractionation factors
to precisely determine the isotopic composition of the original
fluids that are derived from a set of natural gypsum deposits,
including gypsum in lakes (Lake Peten Itza; Hodell et al.,
2012; Grauel et al., 2016), hydrothermal selenite crystals
(Caves of the Naica mine, Chihuahua, Mexico; Garofalo
et al., 2010; Gázquez et al., 2012, 2013, 2016) and gypsum
precipitated from evaporated seawater (Salinas of Cabo de
Gata, Almeria, SE, Spain; Evans et al., 2015).

2. METHODS

Calculating fractionation factors for gypsum involves
measuring the relative difference in the isotopic composi-
tion of the hydration water and the free water of the mother
solution. The measurements can be made very precisely and
accurately if both mother and hydration water are mea-
sured consecutively by Cavity Ringdown Laser Spec-
troscopy (CRDS) (Hodell et al., 2012; Steig et al., 2014).
Gypsum was precipitated via (i) the hydration of anhydrous
CaSO4 and (ii) the mixing of CaCl2 and Na2SO4 solutions.
Gypsum precipitation experiments were conducted at a
range of temperatures and salinities. The effect of precipita-
tion rate on isotope fractionation factors was evaluated by
changing the initial concentration of CaCl2 and Na2SO4.

2.1. Hydration of anhydrous CaSO4

Following the method of Conley and Bundy (1958),
1.5 g of analytical grade powdered anhydrite (Acros, UK)
was hydrated by adding 100 ml of 0.5 M Na2SO4 solution.
Sodium sulfate acts a catalyst during the hydration reaction
of anhydrite. Acceleration of the reaction takes place
through the medium of transient surface complexes that
are unstable in dilute solution and finally evolve to gypsum
(Conley and Bundy, 1958). Importantly, the hydration
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sphere of Na+ does not isotopically affect the activity of
water in dilute solutions; thus, the addition of Na2SO4 does
not interfere with isotopic fractionation during gypsum pre-
cipitation (Taube, 1954; Gonfiantini and Fontes, 1963). The
conversion of anhydrite to gypsum occurs in two steps:

CaSO4ðsÞ þ 2H2O $ CaSO4 � 1
2
H2Oþ 1:5H2O

$ CaSO4 � 2H2OðsÞ

where CaSO4 � 1
2
H2O is an intermediate hemihydrate of cal-

cium sulfate (i.e. bassanite) (Wang et al., 2012; Van
Driessche et al., 2012).

Prior to the experiment, anhydrite was heated to 400 �C
for 3 h to completely remove all hydration and adsorbed
water. Subsequent analysis by ATR-FTIR (Attenuated
Total Reflectance, Bruker Platinum accessory, coupled to
a Fourier Transformation Infrared Spectrometer instru-
ment, Bruker, Tensor II; Department of Earth Sciences,
University of Cambridge, UK) detected only anhydrite,
with no traces of gypsum or bassanite. The XRD analysis
(Appendix 4) of the same material showed insignificant
amounts of basanite (0.5%) and gypsum (0.4%).

Experiments were performed in duplicate or triplicate
in a conical flask with a greased ground glass stopper
and joint to prevent evaporation. Before mixing, the anhy-
drite and the Na2SO4 solutions were temperature equili-
brated in an oven at 20 �C, 25 �C, 30 �C, 35 �C and 40 �
C for at least 2 h. Anhydrite was added to the solution
and then constantly stirred at 700 rpm for 24 h using a
wireless magnetic stirrer. After mixing, the flasks contain-
ing the solution and the anhydrite were placed again in
the oven and temperature was maintained to a precision
of ±0.1 �C (1SD).

Experiments at the lower temperatures of 8 �C and 3 �C
were conducted in a refrigerator and cold room, respec-
tively, in which temperatures were monitored for the dura-
tion of the experiments and varied by less than 0.5 �C. At
temperatures greater than 45 �C, the conversion of anhy-
drite to gypsum was incomplete (e.g. 42 wt% of gypsum
at 45 �C or 0 wt% at 60 �C) because of the greater stability
of anhydrite relative to gypsum at temperatures above 42 �
C (Ostroff, 1964). Thus, we only consider the experiments in
which the hydration of anhydrous CaSO4 resulted in over
98 wt% conversion to gypsum (i.e. experiments performed
at temperature below 40 �C).

A water sample (200 lL) from each experiment was
stored for subsequent isotopic analysis. We found that dur-
ing temperature equilibration in the experiments at 3 �C,
Na2SO4 precipitation occurred because of a rapid decrease
in solubility at temperatures below 10 �C. For this reason,
experiments at 3 �C used a 0.05 M Na2SO4 solution.

After 24 h, the solutions were vacuum filtered using Mil-
lipore nitrocellulose filters (0.45 lm U pore). Samples were
then dried at 45 �C for 48 h. Thermogravimetric analysis
(Netzsch STA 449 F1 Jupiter) showed that this drying
method removed all adsorbed water, but did not result in
the loss of hydration water. The mineralogy of the dry
precipitates was analyzed by X-ray diffraction.
2.2. Mixing CaCl2 and Na2SO4 solutions

Gypsum saturation was achieved by mixing solutions of
CaCl2�6H2O and Na2SO4 of varying concentrations to con-
trol the rate of precipitation. Experiments with three differ-
ent initial Ca2+ and SO4

�2 concentrations (0.5 M, 0.33 M
and 0.125 M) were conducted by diluting mother solutions
of 0.5 M CaCl2�6H2O (analytical grade, Sigma–Aldrich)
and 0.5 M Na2SO4 (analytical grade, Fisher Scientific).

Experiments were conducted at 5 �C, 20 �C, 25 �C, 45 �C
and 55 �C using a water bath (±0.1 �C) and solutions were
temperature equilibrated for 2 h prior to mixing. A sample
of each solution was collected after mixing. In order to pro-
mote slower gypsum precipitation, no stirring or shaking of
these gypsum precipitation experiments occurred (referred
to as free-drift experiments hereafter). Experiments at 25
and 55 �C were repeated by setting the shaking mode of
the bath at 110 cycles per minute to promote solution
homogenization and fast gypsum precipitation (referred
to as shaking experiments hereafter). Both sets of experi-
ments lasted 10 days. Subsequently, solutions were filtered
and the precipitate was dried and analyzed by XRD using
the same method employed in the anhydrite hydration
experiments (Section 2.1). A sample of each solution was
stored after filtering. The saturation index of gypsum
(SIgyp) in the initial solution was calculated using
PHREEQC (3.1.7) (Parkhurst and Appelo, 2013).

2.3. Gypsum precipitation in brines

Experiments examining gypsum precipitation from bri-
nes of varying salinity used the same methodology
described in Section 2.1, but varying amounts of NaCl were
added to the initial 0.5 M Na2SO4 solutions. The NaCl con-
centrations were 30 g/L, 80 g/L, 150 g/L, 200 g/L and
300 g/L. All the experiments were conducted in duplicate
at 20 �C and used the same procedure for filtering, drying,
and mineralogical analysis described in Sections 2.1 and
2.2.

2.4. Extraction of gypsum hydration water

GHW was extracted by slowly heating each sample
(�200 mg) to 400 �C, in vacuo, using a bespoke offline
extraction system (Gázquez et al., 2015). The hydration
water was recovered by cryogenic trapping at liquid nitro-
gen temperature.

2.5. Isotopic analyses and calculation of fractionation factors

Oxygen (d18O) and hydrogen (dD) isotopes in waters
and hydration water were measured simultaneously by cav-
ity ring down spectroscopy (CRDS) in the Godwin Labora-
tory at the University of Cambridge using a L1102-i Picarro
water isotope analyzer and A0211 high-precision vaporizer
(Hodell et al., 2012). In addition, the original solution and
the GHW of 11 experiments of hydration of anhydrous
CaSO4 were measured using a L2140-i Picarro CRDS ana-
lyzer, capable of analyzing triple oxygen (d17O and d18O)
and hydrogen (dD) isotopes (Steig et al., 2014). The samples
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were analyzed using the same method described by
Gázquez et al. (2015). The mother waters collected from
each experiment and the corresponding hydration water
extracted from the gypsum were measured consecutively
by CRDS under the same instrument conditions. This
direct comparison minimizes the effect of drift and provides
precise and accurate estimates of the fractionation factor
that is calculated as the isotopic difference between the
sequential samples of the mother water and GHW. By ana-
lyzing the waters before and after gypsum precipitation, we
found that the isotopic composition of the solution did not
change over the course of the experiments within error
(Appendix 1); therefore, the values of the initial solutions
were used for the calculation of the isotope fractionation
factors.

Each sample was analyzed 9 times when using the
L1102-i Picarro and 10 times for the L2140-i Picarro by
multiple injections of 2 lL of water into the A0211 vapor-
izer. Memory effects from previous samples were avoided
by rejecting the first three analyses. Values for the final
6–7 injections were averaged with a typical in-sample preci-
sion (±1SD) of ±0.05‰ for d18O and ±0.4‰ for dD for
analyses conducted with the L1102-i Picarro analyzer, and
were ±0.02‰ for d17O, ±0.04‰ for d18O and ±0.19‰ for
dD for samples analyzed using the L2140-i Picarro ana-
lyzer. 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 calibrated against
V-SMOW, GISP, and SLAP for d18O and dD, and against
V-SMOW and SLAP for d17O–d18O, following the recom-
mendations of Schoenemann et al. (2013). No drift was
observed during the analysis and, consequently, no
correction was applied. All results are reported in parts
per thousand (‰) relative to V-SMOW. External error of
the method was ±0.05‰ for d17O, ±0.1‰ for d18O and
±0.7‰ for dD (1SD), as estimated by repeated analysis
(n = 17) of an analytical grade gypsum standard, extracted
together with five samples in each run of the extraction
apparatus (Gázquez et al., 2015).

3. RESULTS

3.1. Hydration of anhydrite at low salinities

The a18Ogypsum-water values of the anhydrite hydration
experiments varied from 1.0033 ± 0.0001 to 1.0037
± 0.0001 in the temperature range from 3 �C to 40 �C, with
the lowest values at 30 �C and the highest values at 3–8 �C.
There was no statistically significant trend over this temper-
ature range given the analytical uncertainty of the measure-
ments (R2 = 0.56; p-value >0.05). In contrast, aDgypsum-

water increased with temperature from 0.9788 ± 0.0003 at
3 �C to 0.9821 ± 0.0009 at 40 �C and showed significant
dependence with temperature (R2 = 0.89; p-value <0.05)
(Table 1, Fig. 1 and Appendix 1).

The a17Ogypsum-water was determined in the experiments
of hydration of CaSO4 and varied in the same manner as
a18Ogypsum-water reflecting mass dependent fractionation in
the triple oxygen isotope system (Cao and Liu, 2011), with
minimum value of 1.0017 ± 0.0001 in the temperature
range from 25 �C to 40 �C and maximum of 1.0020 at 8 �
C (Table 1). The relation between a17Ogypsum-water and
a18Ogypsum-water is given by the parameter h (Mook, 2000);

a
17

Ogypsum-water ¼ a
18

Ogypsum-waterh ;

where h = ln(a17Ogypsum-water)/ln(a
18O gypsum-water).

h was found to be 0.5297 ± 0.0012 (n = 11) and dis-
played no correlation with temperature (Table 1).

All gypsum samples yielded a weight loss of hydration
water of over 20%, similar to that of the gypsum standard
(20.5 ± 0.3%). This suggests that there was complete hydra-
tion of anhydrite to gypsum and complete mineral dehydra-
tion in our extraction procedure for GHW. Insignificant
amounts of bassanite and anhydrite (less than 1 weight
%) were detected in all samples (Appendix 4).

3.2. Gypsum precipitation from mixing of CaCl2 and Na2SO4

solutions

Experiments of gypsum precipitation from mixing of
CaCl2 and Na2SO4 solutions produced a mean
a18Ogypsum-water value of 1.0034 ± 0.0003 in the temperature
range from 5 �C to 55 �C. No measurable differences were
found between the free-drift gypsum precipitation and the
shaking experiments. No significant relationship was
observed with temperature considering the analytical uncer-
tainty of the measurements (R2 = 0.73; p-value >0.05). The
a18Ogypsum-water value was unaffected by the different initial
SIgyp of the solution within the analytical error (Figs. 1 and
2 and Table 2).

Unlike the oxygen isotope fractionation factor, aDgyp-

sum-water was affected by changes in both temperature and
initial SIgyp. The average aDgypsum-water was 0.9815
± 0.0025 between 5 �C and 55 �C. No measurable
differences were found between the free-drift gypsum pre-
cipitation and the shaking experiments. The experiments
conducted at 55 �C produced the highest values of
aDgypsum-water (0.984 ± 0.001) compared with gypsum pre-
cipitation at lower temperatures (e.g. 0.977 ± 0.001 at 5 �
C). Hydrogen isotope fractionation shows a clear increasing
trend with temperature by 0.0001 units per �C (R2 = 0.94;
p-value <0.05; taking the average of the experiments at dif-
ferent initial SIgyp). The aDgypsum-water was affected by the
SIgyp of the initial solution, increasing by 0.0033 for each
increase of 1 unit in the SIgyp. This linear trend is similar
(±0.0012, 1SD) at different temperatures (Appendix 2).
Less than 1 weight% of bassanite and anhydrite has been
detected in all samples (Appendix 4).

3.3. Gypsum precipitation from brines

The addition of NaCl to the solution does not affect
a18Ogypsum-water (1.0033 ± 0.0001) below 150 g/L of NaCl,
and results were similar to gypsum precipitation at 20 �C
when no NaCl was added (1.0034 ± 0.0001) (Table 3 and
Fig. 3). In contrast, a18Ogypsum-water increased to 1.0038
± 0.0002 at a salinity of 200 g/L and to 1.0047 ± 0.0003
at 300 g/L. The aDgypsum-water increased linearly with
salinity from 0 to 300 g/L NaCl by 0.00003 units per gram
of NaCl in solution and showed the greatest value of



Table 1
Isotope fractionation factors (a17Ogypsum-water, a18Ogypsum-water and aDgypsum-water) between GHW and its mother solution obtained
experimentally by the hydration of anhydrite. See Appendix 1 for complete report. (*Analyses conducted with Picarro L-2140i analyzer;
#averaged results of samples analyzed by Picarro L-1102i and L-2140i analyzers).

Temperature (�C) a17O* 1SD a18O* 1SD h 1SD n* a18O# 1SD aD# 1SD n#

3 1.00197 0.00005 1.00372 0.00010 0.5300 0.0011 4 1.0037 0.0001 0.9788 0.0003 4
8 1.00201 0.00009 1.00380 0.00016 0.5293 0.0014 4 1.0037 0.0002 0.9801 0.0006 6
20 n.a – n.a – – – – 1.0034 0.0001 0.9814 0.0011 4
25 1.00181 – 1.00341 – 0.5298 – 1 1.0035 0.0001 0.9810 0.0006 5
30 1.00174 0.00000 1.00329 0.00001 0.5289 0.0014 1 1.0033 0.0001 0.9803 0.0009 2
35 n.a – n.a – – – – 1.0034 0.0000 0.9812 0.0003 4
40 1.00169 – 1.00318 – 0.5314 – 1 1.0034 0.0002 0.9821 0.0009 5

Fig. 1. Isotope fractionation factor (A: a18Ogypsum-water and B:
aDgypsum-water) between GHW and its mother solution at different
temperatures obtained experimentally by hydration of anhydrite
and mixing of CaCl2 and Na2SO4 solutions. Note that mixing
experiment results are averaged values of gypsum precipitation at
different initial SIgyp of the solution (see Table 2 and Appendix 2).
Error bars denote 1r. Gray shades represent the 95% confidence
limits.
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0.9893 ± 0.0002 at 300 g/L (Table 3). The water content of
the solids was 20.7 ± 0.3% in experiments performed at
salinities between 30 and 150 g/L of NaCl, whereas the
water yield was slightly lower (19.7 ± 0.1%) in the experi-
ments at 200 g/L and 300 g/L. Mineralogical analyses by
XRD detected only gypsum in the experiments at NaCl
concentrations below 150 g/L and small amounts of bas-
sanite and unconverted anhydrite of up to 2.5% and 4.6%
respectively at 300 g/L (Appendix 4).
4. DISCUSSION

4.1. Effect of temperature and precipitation rate on the

isotope fractionation factors in gypsum hydration water

Most equilibrium fractionation factors between the solu-
tion and the solid phase approach unity (i.e. no fractiona-
tion between the solution and the mineral, a = 1) with
increasing temperature (Friedman and O’neil, 1977). In
our experiments, aDgypsum-water increases with temperature
in the gypsum formed using two methods (conversion of
anhydrite to gypsum and mixing of CaCl2 and Na2SO4

solutions). These methods produce similar results for
a18Ogypsum-water and aDgypsum-water in the range of tempera-
ture studied within analytical uncertainties (Fig. 1). In the
case of a18Ogypsum-water, no significantly statistical relation-
ship with temperature was observed when examining sepa-
rately the results from each method of gypsum precipitation
(p-value >0.05 in both cases). However, when combining
the results from both methods a slight dependence of
a18Ogypsum-water with temperature becomes significant
(R2 = 0.70; p-value <0.05; Fig. 1) because of the increased
number of observations. The equation for a18Ogypsum-water

(expressed as 1000 ln(a18Ogypsum-water)), as a function of
temperature (�C) is:

1000 lnða18Ogypsum-waterÞ¼�0:009 ð�0:004Þ T þ3:68 ð�0:13Þ:

whereas the temperature dependence of aDgypsum-water is
given by:

1000 lnðaDgypsum-waterÞ¼ 0:104 ð�0:053Þ T �22:05 ð�1:99Þ:

This very small dependence of a18Ogypsum-water on
temperature is not relevant for many geological and
paleoclimate applications; however, the greater sensitivity
of aDgypsum-water to temperature has implications for the
calculation of dD of the mother solution, especially when
gypsum forms in hydrothermal environments from hydra-
tion of anhydrite (e.g. Matsuyaba and Sakai, 1973; Bath
et al., 1987). For example, using the revised fractionation
factor value at 55 �C (1.0033 ± 0.0002), the inferred value
of d18O in the mother water increases by 0.7‰ compared
to using the fractionation factor of 1.004 (Gonfiantini and
Fontes, 1963; Sofer, 1978). dD value decreases by �4‰
using the revised fractionation factor (0.984) instead of



Fig. 2. Isotope fractionation factors (a18Ogypsum-water and aDgyp-

sum-water) between GHW and its mother solution obtained exper-
imentally by mixing of CaCl2 and Na2SO4 solutions at different
initial concentrations of Ca2+ and SO4

2� and temperatures. Error
bars denote 1r.
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the accepted value (0.980; Sofer, 1978). Hence, the temper-
ature of gypsum formation should be considered when
choosing which fractionation factors to apply.
Table 2
Isotope fractionation factors (a18Ogypsum-water and aDgypsum-water) between
of CaCl2 and Na2SO4 solutions at different initial concentrations of C
concentrations are given. SIgyp ranged from 0.66 to 1.50 (Appendix 2). A

Temperature
(�C)

0.25 Ca2+/0.25 SO4
2� (mol/L) 0.166 Ca2+/0.1

a18O 1SD aD 1SD a18O 1SD

5 1.0035 0.0001 0.978 0.001 1.0035 0.00
20 1.0038 0.0001 0.983 0.001 1.0036 –
25 1.0036 0.0001 0.982 0.000 1.0035 0.00
45 1.0032 0.0001 0.984 0.000 1.0029 0.00
55 1.0034 0.0001 0.984 0.001 1.0033 0.00
At lower temperatures (i.e. from 20 to 40 �C), the two
methods of gypsum precipitation produce slightly lower
values for a18Ogypsum-water, but similar aDgypsum-water values
(within analytical error) compared to previously proposed
values (Gonfiantini and Fontes, 1963; Fontes and
Gonfiantini, 1967; Sofer, 1978; Hodell et al., 2012). For
a18Ogypsum-water, we obtained a value of 1.0034 ± 0.0001
from 20 to 40 �C, which is within the error reported previ-
ously (i.e. 1.0037 ± 0.0005 in Gonfiantini and Fontes, 1963;
1.0039 ± 0.0004 in Hodell et al., 2012), but mostly closer to
the lower range of values and more precise. For aDgypsum-

water, our values from 20 to 40 �C (0.9812 ± 0.0007) are
within error of previous measurements (0.981 ± 0.002
between 12 and 37 �C; Hodell et al., 2012), but are also
more precise.

By using the proposed a18Ogypsum-water value of 1.0034
± 0.0001, any calculation of mother water in the range
from 20 to 40 �C produces a d18O of water that is �0.6‰
higher than if the fractionation factor of 1.004 is used
instead (Appendix 5). This results in significant differences
for quantitative isotopic studies using GHW, such as the
tandem carbonate-GHW paleothermometer (Hodell et al.,
2012). Values of d18O of mother water that are 0.6‰
greater will lead to water temperatures that are approxi-
mately 2 �C higher than those calculated using a fractiona-
tion factor of 1.004.

For example, previous studies concluded that the aver-
age Last Glacial temperature was colder in lowland Central
America by 5–10 �C compared to the Holocene, based on
the analysis of coeval GHW and biogenic carbonates from
Lake Petén Itzá (Guatemala) and using a18Ogypsum-water of
1.004 (Hodell et al., 2012; Grauel et al., 2016). By using
a18Ogypsum-water of 1.0034, the calculated difference between
the Late Glacial and the Holocene is reduced to 3–8 �C,
which is closer to expected values for the region (Correa-
Metrio et al., 2012). Importantly, the temperature error
derived from the analytical uncertainty of our a18Ogypsum-

water (±0.0001) is ±0.5 �C (1SD), which is considerably
smaller than that derived using previous fractionation fac-
tors (e.g. ±0.0004 is equivalent to an error of ±1.6 �C;
Hodell et al., 2012). The use of the revised fractionation fac-
tors for a18Ogypsum-water and aDgypsum-water also produces
significant differences for calculations of d-excess in paleo-
lake water from GHW of up to 5‰ (Appendix 5). Equally,
when the revised fractionation factors are used (1.0034 and
0.981), the evaporation line described by paleo-lake waters
GHW and its mother solution obtained experimentally by mixing
a2+ and SO4

2� and different temperatures. Initial Ca2+ and SO4
2�

nalyses were conducted with a Picarro L-1102i analyzer.

66 SO4
2� (mol/L) 0.065 Ca2+/0.065 SO4

2� (mol/L)

aD 1SD a18O a18O 1SD aD

02 0.977 0.003 1.0035 0.0003 0.976 0.000
0.980 – 1.0037 0.0000 0.979 0.000

01 0.981 0.000 1.0035 0.0000 0.980 0.001
00 0.983 0.000 1.0032 – 0.982 –
01 0.984 0.001 1.0031 0.0000 0.983 0.001



Table 3
Isotope fractionation factors (a18Ogypsum-water and aDgypsum-water) between GHW and its mother solution obtained experimentally by
hydration of anhydrite from solutions with different concentrations of NaCl at 20 �C. See Appendix 3 for complete data report. Measurements
were made using a Picarro L-1102i analyzer.

NaCl concentration (g/L) a18O 1SD aD 1SD n

0 1.0034 0.0001 0.9806 0.0010 4
30 1.0032 0.0001 0.9807 0.0003 2
80 1.0034 0.0003 0.9824 0.0004 2
150 1.0033 0.0001 0.9846 0.0001 3
200 1.0038 0.0002 0.9886 0.0004 2
300 1.0047 0.0003 0.9893 0.0002 2

Fig. 3. Isotope fractionation factor (A: a18Ogypsum-water and B:
aDgypsum-water) between GHW and its mother solution at different
salinities obtained experimentally by hydration of anhydrite in
solutions with different amounts of NaCl. Error bars denote 1r.
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of Lake Petén Itzá produces a more consistent fit to that of
the modern lake waters (Fig. 4).

CaCl2/Na2SO4 mixing experiments at different initial
SIgyp were performed to calculate the effect of precipitation
rate on the isotope fractionation factors. Results show that,
at different initial SIgyp, within the studied range of satura-
tions (SIgyp = 0.66–1.50) there are no measurable differ-
ences in a18Ogypsum-water (Table 2), independent of gypsum
formation temperature. Unlike a18Ogypsum-water, the hydro-
gen fractionation factor, however, increases at a constant
rate with SIgyp at all temperatures by 0.003 ± 0.001 per unit
of SIgyp.

The studied range of supersaturation is �5 to �20 times
greater than gypsum saturation under equilibrium
conditions (e.g. 0.014 M of dissolved CaSO4 at 25 �C).
Equilibrium or near-equilibrium conditions are expected
during the precipitation of most natural gypsum deposits.
However, the experiments at relatively elevated saturations
are useful to ascertain the role of kinetic effects on isotopes
fractionation during gypsum precipitation.

The fractionation factors between GHW and free water
obtained experimentally are the net result of equilibrium
and kinetic effects for oxygen and hydrogen isotopes. The
relative importance of the two is governed by the rate of
gypsum precipitation. Pure equilibrium-controlled fraction-
ation may occur during slow gypsum precipitation, whereas
kinetic isotopic fractionation is more likely at higher precip-
itation rates. This is demonstrated by the increase in aDgyp-

sum-water with increasing saturation (SIgyp). This suggests
that the equilibrium fractionation (i.e. SIgyp = 0) for hydro-
gen isotopes may be lower than the values obtained from
our CaCl2/Na2SO4 mixing experiments at different temper-
atures, in which aDgypsum-water is partially controlled by
kinetic effects.

The fact that a18Ogypsum-water does not show measurable
trends with SIgyp may indicate that kinetic effects are mini-
mal for oxygen isotopes. The a18Ogypsum-water is controlled
by isotopic fractionation between the free solution and
the hydration sphere of Ca2+ in solution (Taube, 1954;
Gonfiantini and Fontes, 1963; Oi et al., 2013). Our results
suggest that different calcium concentrations in the solution
and SIgyp do not affect the isotopic values of the hydration
sphere of Ca2+, within the range of experimental conditions
investigated.

No measurable differences in a18Ogypsum-water and
aDgypsum-water were observed between the free-drift
and the shaking experiments performed at the same SIgyp
and temperature. This is because the initial saturations used
in our experiments are relatively far from the gypsum pre-
cipitation equilibrium. At these saturations levels, there is
little difference in the rate of gypsum nucleation and precip-
itation between both types of experiments, as gypsum crys-
tallization occurs immediately after mixing the initial CaCl2
and Na2SO4 solutions.

The relative difference in aDgypsum-water between the
experiments conducted at lower initial SIgyp (0.66–0.70)
and those at higher SIgyp (1.39–1.44) is 0.0024 ± 0.0010.
This suggests that holding all other parameters constant
(isotopic composition of the solution, temperature, etc.),
faster precipitation of gypsum causes enrichment of
hydrogen isotopes in GHW by �2.4‰ with respect to the



Fig. 4. d18O and dD of hydration water and calculated mother water from gypsum from Lake Petén Itzá (Grauel et al., 2016)2. d18O and dD
of the paleo-lake water were obtained by applying the classic fractionations factors (a18Ogypsum-water = 1.004 and aDgypsum-water = 0.98;
Gonfiantini and Fontes, 1963; Sofer, 1978)3,4 and the revised fractionation factors (a18Ogypsum-water = 1.0034 and aDgypsum-water = 0.981) (see
Appendix 5). Isotopic values of rainwaters and Lakes in the Yucatan Peninsula, including Lake Petén Itzá are from Hodell et al. (2012)1. Note
that when the revised fractionation factors are used, the calculated paleo-lake waters produce a better fit at the upper end of the lake’s
evaporative line.
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experiments with the lowest initial SIgyp (and therefore the
slowest rates of precipitation), within the studied range of
SIgyp. Unlike the insignificant effect of different initial SIgyp
and calcium concentrations on the hydration sphere of
Ca2+, the isotopic values of the hydration sphere of SO4

2�

are affected by different ionic concentrations and gypsum
precipitation rates, within the range of experimental condi-
tions investigated. Although more experiments are needed
to explore aDgypsum-water closer to the saturation point of
gypsum, we assume that the relationship between aDgyp-

sum-water and SIgyp follows the same linear relationship at
lower saturations. We extrapolate the aDgypsum-water values
for SIgyp = 0 and use it as the expression of pure equilib-
rium fractionation, with application to cases when gypsum
precipitates under near-equilibrium conditions.

The results indicate that at SIgyp = 0, the value of aDgyp-

sum-water should be 0.0046 ± 0.0019 lower than in the exper-
iments with faster gypsum precipitation (i.e. SIgyp = 1.39–
1.50). Therefore, at the slowest gypsum growth rates, dD
in GHW is depleted by �4.6‰ when compared with the
gypsum formed at the faster precipitation rates in our
experiments at any given temperature.

This finding has potentially important implications for
accurate calculations of dD of the fluid from GHW (partic-
ularly for determining d-excess values), especially in gyp-
sum crystals formed at low saturation state. This is the
case for the megacrystals of the caves in the Naica mine
(Chihuahua, Mexico) (Garcı́a-Ruiz et al., 2007; Gázquez
et al., 2012, 2013, 2016), where gypsum speleothems grew
from a solution with SIgyp close to 0 and temperature
around 47–55 �C. Indeed, the formation period of these
crystals could extend over 1 Ma (Garcı́a-Ruiz et al., 2007;
Garofalo et al., 2010; Sanna et al., 2010; Krüger et al.,
2013). We analyzed selenite samples from Crystals Cave
(n = 6) and Ojo de la Reina Cave (n = 1) (Appendix 6),
both in the Naica mine, using the analytical method
described by Gázquez et al. (2015).

Using fractionation factors of 1.004 and 0.98, the d18O
and dD values of the Naica paleo-aquifer lie above the
modern groundwater in north Mexico, and from water
from the Naica mine itself (Fig. 5). Using the a18Ogypsum-

water of 1.0033 corresponding to the formation temperature
of these speleothems (�55 �C in Ojo de la Reina Cave and
Crystals Cave; Krüger et al., 2013) the inferred values of
paleo-groundwater are in better agreement with those of
the modern thermal waters in the Naica mine (Appendix
6 and Fig. 5). Note that when choosing aDgypsum-water, we
also consider precipitation rate, which was extremely slow
during the formation of these crystals (Sanna et al., 2010;
Van Driessche et al., 2011); thus, we selected a aDgypsum-

water value of 0.982 for gypsum formed at 55 �C and SIgyp
�0 (Fig. 2). The agreement between the reconstructed
paleo-water and the current thermal water in the Naica
aquifer support our linear extrapolation of the observed
relationship between aDgypsum-water and SIgyp to low satura-
tion states.

4.2. Effect of salinity on the isotope fractionation factors in

gypsum hydration water

The initial salinity (NaCl concentration) of the solution
also controls the fractionation factor between water and
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gypsum. Results suggest that a18Ogypsum-water is not affected
by NaCl concentrations below 150 g/L. Above 150 g/L, the
fractionation of oxygen isotopes increases gradually from
1.0034 below 150 g/L to 1.0047 ± 0.0003 at 300 g/L. For
hydrogen, the aDgypsum-water increases linearly with salinity
from 0.9806 to 0.9893 between 0 and 300 g/L (Table 3).
Therefore, gypsum that precipitates from a 300 g/L NaCl
solution has a dD that is �10‰ lower than gypsum precip-
itated from freshwater with the same isotopic composition
(when all other variables are held constant). Given that
gypsum formed from evaporated seawater starts to precip-
itate when the solution reaches a salinity of �130 g/L, the
effect of salinity on d18O hydration water is small for most
gypsum precipitates. However, the hydrogen isotopes frac-
tionate by 3‰ less at a salinity of 130 g/L compared to
fresh water. This implies that when the conventional frac-
tionation factors are applied to gypsum formed from evap-
orated seawater (i.e. �130 g/L), the values of d-excess are
10‰ more positive than when the revised fractionation fac-
tors are used instead (assuming no salinity effect on d18O).

To illustrate this point, we analyzed d18O and dD in
evaporated seawater (ranging 40–300 g/L of total dissolved
salts) from different brine pools collected in a natural salt
factory during various times throughout the year (n = 10;
Fig. 5. d18O and dD of hydration water and calculated mother
water from selenite crystals from the Naica mine (Chihuahua,
Mexico). 18O and dD of the paleo-aquifer water were obtained by
applying the classic fractionations factors (a18Ogypsum-water = 1.004
and aDgypsum-water = 0.98; Gonfiantini and Fontes, 1963; Sofer,
1978)3,4 and our revised fractionation factors. Note gypsum in
Crystals Cave and Ojo de la Reina Cave formed at temperature of
55 �C and SIgyp close to 0 (Krüger et al., 2013); thus, values of
a18Ogypsum-water = 1.0033 and aDgypsum-water = 0.982 have been
used (see Appendix 6). Using the revised fractionation factors
proposed here, the calculated d18O and dD match the values of the
modern Naica mine groundwater (Dames and More, 1977;
Garcı́a-Ruiz et al., 2007)1,2 and regional groundwater in the
Chihuahua region (Mahlknecht et al., 2008)3.
Appendix 7). The brines were analyzed for d18O and dD
using the distillation method described in Gázquez et al.
(2015). As observed in Fig. 6, d18O and dD of the mother
solution lie on the evaporation line of the brines using the
revised fractionations factors for gypsum precipitated at
150 g/L (1.0033 and 0.985, respectively). In contrast, calcu-
lated d18O and dD values of the mother waters fall above
the expected line for the brines when using the traditional
fractionations factors of 1.004 and 0.98, respectively
(Fig. 6). This demonstrates the importance of using the
appropriate fractionation factors when analyzing gypsum
formed from marine brines.

The effect of NaCl concentration on the fractionation
factor between water and gypsum can be attributed mainly
to decreases in the activity of water as salinity increases,
which is related to the effect of Cl� on the hydration spheres
of Ca2+ and SO4

2� (Di Tommaso et al., 2014). As a conse-
quence, the activity and isotopic ratios of water in brines
are not the same as for fresh water (Sofer and Gat, 1975).
Another explanation of the effect of NaCl on the fraction-
ation factor is that the precipitation of intermediate
hydrated calcium sulfate phases (e.g. bassanite) could affect
the fractionation factors between water and gypsum at high
salinities. Indeed, the stability of bassanite increases with
increasing NaCl concentration (Ostroff, 1964; Ossorio
et al., 2014). Considering these results, the salinity of the
solution from which gypsum precipitated should be consid-
ered for calculations of the original d18O, dD, and derived
d-excess from gypsum precipitated from brines (i.e. evapo-
rative marine gypsum).

4.3. Triple oxygen isotope fractionation in gypsum hydration

water

The parameter h, which describes the relationship between
a17O and a18O (a17Ogypsum-water = a18Ogypsum-water

h),
has been determined for water-GHW. We observed
h = 0.5297 ± 0.0012 (1SD) in the experiments of hydration
of anhydrite and h is independent of temperature.
Our observed h value is close to the greatest theoretical val-
ues of this parameter in any mass-dependent fractionation
process of triple oxygen isotope, which ranges from 0.52 to
0.5305 (Matsuhisa et al., 1978; Cao and Liu, 2011;
Bao et al., 2016). This h value agrees with that given by
Barkan and Luz (2005) in vapor–liquid water equilibrium
(h = 0.529 ± 0.001), as well as other equilibrium mass-
dependent reactions for the triple oxygen isotope system
(Miller, 2002; Cao and Liu, 2011; Bao et al., 2016). Although
no dependence of h with temperature has been detected in
our experiments, this parameter increases with temperature
in most water–mineral systems during oxygen isotope
fractionation. However, in the temperature range from
0 to 50 �C no measurable trends (within analytical
uncertainties of the current methods) are expected for most
geochemical systems, including CO2�water, quartz-water
and calcite-water (Cao and Liu, 2011). This agrees with
our observations in the GHW-water system.

The relationship between the d17O and d18O in the
hydrological cycle (known as 17O-excess) was defined by
Barkan and Luz (2007) as:



Fig. 6. d18O and dD of hydration water and calculated mother water from gypsum formed by seawater evaporation in pools of a natural salt
factory (Cabo de Gata, SE Spain). 18O and dD of the original brines were obtained by applying the classic fractionations factors (a18Ogypsum-

water = 1.004 and aDgypsum-water = 0.98; Gonfiantini and Fontes, 1963; Sofer, 1978)3,4 and the revised fractionation factors proposed here for
salinity of 150 g/L of NaCl (a18Ogypsum-water = 1.0033 and aDgypsum-water = 0.985). Using our revised fractionation factors, the calculated d18O
and dD match the values of the brines in these pools (Appendix 7).
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17O-excess ¼ lnðd17Oþ 1Þ � 0:528 lnðd18Oþ 1Þ:
As an example of application, we apply the fractionation

factors to infer the 17O-excess of the paleo-groundwater of
the Naica aquifer from GHW in selenite speleothems from
Crystals Cave and Ojo de la Reina Cave (Appendix 6). The
mean 17O-excess was 30 ± 10 per meg (1SD) (using frac-
tionations factors at 55 �C; a18Owat-gyp of 1.00334 and
a18Owat-gyp of 1.00177 for a17Owat-gyp; the last calculated
using the value of h = 0.5297). Importantly, the use of the
fourth and fifth digits of the fractionation factors is
required for precise determination of 17O-excess from
GHW. Although no 17O-excess measurements in the mod-
ern water of the Naica aquifer have been reported to date,
these results are similar to the 17O-excess values obtained by
Li et al. (2015) in fresh waters from the southern US (i.e. 24
± 31 in Las Cruces, New Mexico). This agreement suggests
that 17O-excess in GHW records the 17O-excess of the solu-
tion from which gypsum formed when corrected using the
appropriate fractionation factors.

A potential application of the triple oxygen isotope sys-
tem might be to determine the origin of hydrated minerals
in meteorites. For example, hydrogen isotopes in gypsum
and jarosite (KFe3+3 (OH)6(SO4)2) in a Martian meteorite
found in Antarctica (Roberts Massife 04262) show signs
of isotopic re-equilibration with different types of terrestrial
water (Greenwood et al., 2009). Considering the large dif-
ferences in 17Oexcess between Mars and Earth (Franchi
et al., 1999), triple oxygen would be useful to determine if
hydrated minerals preserved a Martian signal. Ultimately,
the triple oxygen isotopic composition of Martian gypsum
(Showstack, 2011; Massé et al., 2012) could be measured
either in situ using an isotopic analyzer onboard a rover,
or eventually on Earth from a sample return mission.
5. CONCLUSIONS

The isotopic composition of gypsum hydration water is
a useful palaeoclimatic proxy to trace geological and hydro-
geological processes. Precise and accurate calculations of
d17O, d18O and dD of the mother solution and their derived
values of d-excess and 17O-excess require accurate fraction-
ation factors, including their dependence on temperature,
salinity and gypsum precipitation rate. Modern analytical
methods utilizing CRDS permit the determination of iso-
topic fractionation factors for gypsum at a precision and
accuracy that is an order of magnitude better than conven-
tional methods.

We demonstrate that using the revised a18Ogypsum-water

and aDgypsum-water (instead of the traditional values) pro-
vides better agreement with expected values for a set of nat-
ural gypsum samples. Choosing appropriate fractionation
factors is particularly relevant for gypsum formed in
hydrothermal systems and in brines. In addition, we found
that using the revised fractionation factors result in temper-
atures that are about 2 �C cooler when applying the tandem
method of paleotemperature estimation using d18Ocarbonate

and d18OGHW (Hodell et al., 2012).
Our results of triple oxygen isotopes in natural gypsum

samples suggest that GHW preserve the 17O-excess value of
its mother water. Given that 17O-excess has been shown to
be less sensitive to temperature than the d-excess during
evaporation (Luz and Barkan, 2010), combining the 17O-
excess and d-excess recorded by GHW may provide infor-
mation about the relative effects of humidity and tempera-
ture change at the time of gypsum formation in evaporative
environments. 17O-excess is also relevant for meteorite
studies and planetary geology because the triple oxygen iso-
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tope composition on Earth differs substantially from that of
other planets (Franchi et al., 1999; Ali et al., 2016).
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Massé M., Bourgeois O., Le Mouélic S., Verpoorter C., Spiga A.
and Le Deit L. (2012) Wide distribution and glacial origin of
polar gypsum on Mars. Earth Planet. Sci. Lett. 317–318, 44–55.

Matsuhisa Y., Goldsmith J. R. and Clayton R. N. (1978)
Mechanisms of hydrothermal crystallization of quartz at
250 C and 15 kbar. Geochim. Cosmochim. Acta 42, 173–182.

Matsuyaba, O. (1971) Oxygen isotopic fractionation between the
water of crystallization of gypsum and the mother solution.
Abstract Paper of Annual Meeting of Geochem. Soc. Japan. p.
17A01 (in Japanese).

Matsuyaba O. and Sakai O. H. (1973) Oxygen and hydrogen
isotopic study on the water of crystallization of gypsum from
the Kuroko type mineralization. Geochem. J. 7, 153–165.

Mahlknecht J., Horst A., Hernandez-Limon G. and Aravena R.
(2008) Groundwater geochemistry of the Chihuahua City
region in the Rio Conchos Basin (northern Mexico) and
implications for water resources management. Hydrol. Process.

22, 4736–4751.
Miller M. F. (2002) Isotopic fractionation and the quantification of

17O anomalies in the oxygen three-isotope system: an appraisal
and geochemical significance. Geochim. Cosmochim. Acta 66,
1881–1889.

Mook W. G. (2000) Environmental Isotopes in the Hydrological

Cycle: Principles and Applications, Vol. I: Introduction – Theory,

Methods, Review. UNESCO, IAEA, Paris.
Oi T. and Morimoto H. (2013) Oxygen and hydrogen isotopic

preference in hydration spheres of chloride and sulfate Ions. Z.
Phys. Chem. 227, 807–819.

Oi T., Sato K. and Umemoto K. (2013) Oxygen and hydrogen
isotopic preference in hydration spheres of magnesium and
calcium ions. Z. Naturforsch. 68a, 362–370.
Ossorio M., Van Driessche A. E. S., Perez P. and Garcia-Ruiz J.
M. (2014) The gypsum–anhydrite paradox revisited. Chem.

Geol. 386, 16–21.
Ostroff A. G. (1964) Conversion of gypsum to anhydrite in aqueous

salt solutions. Geochim. Cosmochim. Acta 28(9), 1363–1372.
Parkhurst D. L. and Appelo C. A. J. (2013) Description of input

and examples for PHREEQC version 3—a computer program
for speciation, batch-reaction, one-dimensional transport, and
inverse geochemical calculations: U.S. Geological Survey
Techniques and Methods, Book 6, Chap. A43. 497 p., available
only at <http://pubs.usgs.gov/tm/06/a43/>.

Sanna L., Saez F., Simonsen S., Constantin S., Calaforra J. M.,
Forti P. and Lauritzen S. E. (2010) Uranium-series dating of
gypsum speleothems: methodology and examples. Int. J.

Speleol. 39(1), 35–46.
Schoenemann S. W., Schauer A. J. and Steig E. J. (2013)

Measurement of SLAP and GISP d17O and proposed
VSMOW-SLAP normalization for 17O-excess. Rapid Commun.

Mass Spectrom. 27, 582–590.
Showstack R. (2011) Mars Opportunity rover finds gypsum veins.

EOS Trans. Am. Geophys. Union 92(51), 479.
Sofer Z. (1975) Isotopic Compositions of Hydration Water in

Gypsum (Ph.D. thesis). The Feinberg Graduate School,
Rehovot, Israel (in Hebrew).

Sofer Z. (1978) Isotopic composition of hydration water in
gypsum. Geochim. Cosmochim. Acta 42, 1141–1149.

Sofer Z. and Gat J. R. (1975) The lsotopic composition of
evaporating brines: effect of the isotopic activity ratio in saline
solutions. Earth Planet. Sci. Lett. 26, 179–186.

Steig E. J., Gkinis V., Schauer A. J., Schoenemann S. W., Samek
K., Hoffnagle J., Dennis K. J. and Tan S. M. (2014) Calibrated
high-precision 17O-excess measurements using laser-current
tuned cavity ring-down spectroscopy. Atmos. Meas. Tech. 7,
2421–2435.

Tan H. B., Huang J. Z., Zhang W. J., Liu X. Q., Zhang Y.-F.,
Kong N. and Zhang Q. (2014) Fractionation of hydrogen and
oxygen isotopes of gypsum hydration water and assessment of
its geochemical indications. Aust. J. Earth Sci. 61(6), 793–801.

Taube H. (1954) Use of oxygen isotope effects in study of hydration
of ions. J. Phys. Chem. 58(7), 523–528.

Van Driessche A. E. S., Garcı́a-Ruiz J. M., Tsukamoto K., Patiño-
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