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Perchlorates, in mixture with sulfates, chlorides, and carbonates, have been found in relatively high con-
centrations in martian soils. To determine probable soil salt assemblages from aqueous chemical data,
equilibrium models have been developed to predict salt precipitation sequences during either freezing
or evaporation of brines. However, these models have not been validated for multicomponent systems
and some model predictions are clearly in error. In this study, we built a Pitzer model in the
Na-K-Ca-Mg-Cl-S04-Cl04-H,0 system at 298.15 K using compilations of solubility data in ternary

;{Aeilrv:ogﬁi:face and quaternary perchlorate systems. The model is a significant improvement over FREZCHEM,
Regoiiths particularly for Na-Mg-CI-ClO,4, Ca-Cl-ClO4, and Na-SO4-ClO4 mixtures. We applied our model to the

Mars evaporation of a nominal Phoenix Lander Wet Chemistry Laboratory (WCL) solution at 298.15 K and com-
pare our results to FREZCHEM. Both models predict the early precipitation of KClO4, hydromagnesite
(3MgC03-Mg(OH),-3H,0), gypsum (CaS04-2H,0), and epsomite (MgS04-7H,0), followed by dehydration
of epsomite and gypsum to kieserite (MgSO4-H,0) and anhydrite (CaSO,4) respectively. At low residual
water contents, our model predicts the precipitation of halite (NaCl), NaClO4-H,0, and Mg(ClO,4),-6H,0,
whereas halite and NaClO4-H,0 never precipitate in FREZCHEM. Our model predicts that calcite does
not precipitate from evaporating WCL solutions at 298.15 K, which conflicts with other evidence for
calcite in Phoenix soils. Previous studies that modeled freezing of WCL solutions found that calcite does
form. Furthermore, our model predicts that ~0.3 wt.% H,O0 is held in hydrated salts after the WCL solution
has completely evaporated at 298.15 K, whereas previous studies have found that ~1.3 wt.% H,0 is held
in hydrated salts if WCL solutions freeze. Given minimum water contents in Mars soils of 1.5-2 wt.% H,0
measured from orbital spectra and in situ measurements, our modeling results suggest that salts at the
Phoenix site were not formed during evaporation near 298.15 K, whereas formation during freezing
remains possible.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Perchlorate salts have been found on Mars by the Phoenix Wet
Chemistry Laboratory (WCL) experiment (Hecht et al., 2009;
Kounaves et al., 2010a; Toner et al., 2014b) and have been inferred
at other locations from pyrolysis experiments (Leshin et al., 2013;
Ming et al., 2013; Navarro-Gonzalez et al., 2010), suggesting that
perchlorate is globally distributed on Mars. Martian perchlorate
is thought to derive from atmospheric processes (Catling et al.,
2010), albeit probably involving heterogeneous chemistry (Smith
et al.,, 2014), and is much more abundant (~0.5 wt.%) than trace
concentrations found in Earth deserts (Calderén et al., 2014;
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Kounaves et al., 2010b). Perchlorates on Mars are of significant
interest because they are among the most hygroscopic salts known
(Gough et al., 2011), and can depress the freezing point of water
down to 198 K (Chevrier et al., 2009; Marion et al., 2010) or even
lower due to supercooling (Toner et al., 2014a). This suggests that
liquid water could be present on Mars in the form of perchlorate
brines, despite the present-day cold and dry conditions. Such
brines could support certain extremophile forms of life (Coates
and Achenbach, 2004; Davila et al., 2010), facilitate weathering
reactions in the martian regolith, influence water and CO, cycling
between the regolith and atmosphere (Clark, 1978; Niles et al.,
2013), and have even been proposed as lubricants for flowing ice
masses (Fisher et al. 2010; Lenferink et al., 2013).
Thermodynamic Pitzer models (Pitzer, 1991) have proven suc-
cessful in predicting water activities, ion activities, and salt precip-
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itation sequences in complex brine mixtures on Earth (e.g. Harvie
et al., 1984; Marion, 2001; Spencer et al., 1990). Applied to Mars,
water activity predictions are useful for evaluating the potential
habitability of brines (Davila et al., 2010). Furthermore, the identity
of salt phases on Mars has implications for the past aqueous his-
tory (Boynton et al., 2009; Marion et al.,, 2010; Toner et al.,
2014b) and the potential for salts to deliquesce to form brine
(Gough et al., 2011, 2014). Marion et al. (2010) presented the first
comprehensive Pitzer treatment of perchlorate brines by incorpo-
rating perchlorate into the FREZCHEM model (Marion and Kargel,
2008). Because FREZCHEM is already parameterized for many
other salt systems (Marion, 2001; Marion and Farren, 1999;
Marion and Kargel, 2008), FREZCHEM can theoretically be used
to model salt precipitation from multicomponent brines, such as
were measured in the Phoenix WCL experiments.

Pitzer models, such as FREZCHEM, predict solution properties
by accounting for ionic interactions that occur in binary salt
systems (comprised of a single salt in solution with water) and
ternary salt systems (two salts in solution with water). FREZCHEM
is primarily based on thermodynamic data in binary salt systems,
and many of the model parameters governing ternary systems
are either assumed to be similar to parameters in ‘analogous salt
systems’ or are set to zero. In discussing potential errors in
FREZCHEM ternary parameters, Marion et al. (2010) concludes that
shortcoming in the ternary parameters should only have a small
effect on model predictions. However, Toner et al. (2014b) found
that FREZCHEM predicts unusual freezing point depressions, salt
precipitation sequences, and ion activities when multicomponent
WCL solutions are modeled. Multicomponent mixtures with
Ca-Mg-ClO4 never reach their eutectic in FREZCHEM and ion
activity coefficients for Mg?* can be in excess of 10° leading to
significant ‘salting out’ effects for salts of Mg2?*. These effects do
not occur when pure, binary solutions are modeled, and so are
likely model artifacts caused by inaccurate ternary parameters.

In this study, we develop a Pitzer model for multicomponent
perchlorate brines using solubility data at 298.15 K compiled pri-
marily by Chan and Khoo (1988) and Chan et al. (1989, 1995).
Although present-day Mars is much colder than 298.15 K (the glo-
bal average is about 220 K), a model parameterized to 298.15 K can
be applied to understanding warmer conditions in the past and
provides a rigorous test of the current FREZCHEM parameteriza-
tion. Furthermore, a robust model at 298.15 K provides a founda-
tion for extrapolating perchlorate models to lower temperatures.

2. Methods

In FREZCHEM, the osmotic coefficient of water (¢) and the ion
activity coefficients for cations (7,,) and anions (7) in multicompo-
nent solutions are given by (Marion and Kargel, 2008; Pitzer, 1991)
(excluding neutral species for simplicity):
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where m (mol kg~1) is the molality of cations (c) and anions (a), z is
the ion charge, I is the ionic strength, A, is the Debye-Hiickel lim-
iting law slope (0.3917 kg'> mol~'/2 at 298.15K), b is a constant
(1.2 kg~ "? mol~'?), and F and Z are functions. g and g are func-
tions of $©, gV, and g2, C is a function of C?, and #* and ® are
functions of 0. The osmotic coefficient in Eq. (5) is related to the
water activity of a solution (a,,) by:

_ —¢ym
ay = exp (m> (4)

The g, gV, p® and C? Pitzer parameters are derived by fitting the
Pitzer equations to experimental data in binary salt systems. In bin-
ary systems, the Pitzer model has been shown to reproduce exper-
imental data to within experimental errors for ionic strengths less
than six (Pitzer, 1991), although good fits to experimental data
can often be obtained for many systems at much higher ionic
strengths (I=~20molkg™') (e.e. Harvie and Weare, 1980;
Pabalan and Pitzer, 1987). The binary perchlorate salt systems mod-
eled here have ionic strengths up to 24 mol kg™!, in the case of
Ca(Cl04),, and so are near the limits of what can be modeled by
the Pitzer equations. In this study, all binary Pitzer parameters
(8@, BV, @ and C?) are assumed to be the same as in FREZCHEM
version 13.3. All other references to the FREZCHEM program in this
paper refer to this version.

We derive 0 and y parameters by fitting the Pitzer equations to
experimental data in multicomponent salt solutions. In most cases,
the only experimental data available for multicomponent systems
are solubility data. To fit the Pitzer equations to solubility data, we
exploit the relationship between the measured solubility and the
Pitzer parameters as follows. The equilibrium solubility of a salt
in aqueous solution is described by the mass action equation:

nleMXVX . nszNYW .
+ n2VNNZN + nzvaZY + - +ny,H,0 (5)

... NyHy0 s nyvyM™ + ny v X

where M and N indicate cations, X and Y indicate anions, n and v
indicate stoichiometric numbers of ions, and z indicates ion charge.
For the case of a simple hydrated salt, like NaCl-2H,0, the solubility
product (K) corresponding to reaction (5) is given by:

K = (aw)™ (am)™ (@)™ = (aw)™ (muyp) ™ (mx )™ (6)

where my and my are experimentally derived solubilities
(mol kg~!) of the salt. Given that the solubility product in Eq. (6)
is invariant at constant temperature and pressure, Eq. (6) serves
as a basis for fitting experimental solubility data (my and my) to
modeled activity coefficients (aw, ,,, and 7,), which are functions
of the Pitzer parameters g, gV g% C? 6, and y.

More specifically, to fit 0 and  parameters we first calculate
solubility products at 298.15 K and 1 atm using Eq. (6) in binary
salt systems (Table 1). Solubilities for perchlorate salts are taken
from Chan and Khoo (1988) and Chan et al. (1989, 1995), and sol-
ubility products are calculated using FREZCHEM. Solubilities and
solubility products for non-perchlorate chemistries are taken
directly from FREZCHEM. Then, for multicomponent salt systems
in equilibrium with a given salt phase, we fit the 0 and v Pitzer
parameters using a sum-least-squares approach, in which we min-
imize the function:

F="(10gKpos — 10g Keaic)? (7)
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Table 1

The solubility (mol kg~!) and the log solubility product (logK) for different salt
phases used to fit solubility data in this study at 1 atm and 298.15 K. Unless otherwise
noted, all solubilities and solubility products are taken from FREZCHEM.

Salt Solubility (mol kg~ ') log K

Nacl (halite) 6.106 1.576
NaClO4-H,0 17.165° 2.181
Na,S04 (thenardite) 4423 —0.288
Na,S04-10H,0 (mirabilite) 1.960 -1.216
KCl (sylvite) 4789 0.898
KClO, 0.149°¢ —1.982
Ca(Cl0y4),-4H,0 7.923° 7.635
CaS04-2H,0 (gypsum) 0.015 —4.597
MgCl,-6H,0 (bischofite) 5.810 4,627
Mg(Cl04),-6H,0 4.460° 5.593
MgS04-7H,0 (epsomite) 3.054 —1.881

4 From Chan et al. (1995); NaClO4-H,0 (n=25, ¢ =0.01); n is the number of
samples and o is the standard deviation.

Y From Chan et al. (1989); Ca(ClO4),-4H,0 (n=11, ¢ =0.01), Mg(ClO,),-6H-0
(n=19, 6 =0.02).

¢ From Chan and Khoo (1988); KClO4 (n =12, ¢ = 0.001).

where Kq is the solubility product in Table 1 for the salt phase, and
Kmoq is the modeled solubility product (i.e. the ion activity product)
using the Pitzer equations. For ternary systems that share parame-
ters, most often the 6¢-cio; parameter, we simultaneously fit all
systems having the same parameter. All 0 and y parameters that
do not involve perchlorate are assumed to be the same as in FREZ-
CHEM (with one exception for y, g, o, as described in Section
3.4). The Pitzer parameters we derive and use in our later modeling
are given in Tables 2-4.

3. Results
3.1. (Na,Ca,Mg)-CI-ClO, systems

The Na-CI-ClO4 system is determined by the Yy, - co; and
Ocr- cio; parameters. Our model predicts experimental solubility
data well in this system (Fig. 1A and Table 5), whereas FREZCHEM
predicts an extremely large ‘salting in’ effect (when the ion activity
coefficient decreases) for both NaClO4-H,0 and Nacl, such that ion
concentrations rapidly diverge to unphysical values in Na-Cl-ClO4
mixtures. This is primarily due to the large negative value for the
Pitzer interaction parameter yy,: c- co; in FREZCHEM (-0.0523),
which is assumed to be the same as the yy: ¢- o, Pparameter
(Marion et al,, 2010); in contrast, the value of y,+ - qo; in our
model is ten times smaller (—0.0055). Our model predictions are
also consistent with experimental data on mean ion activity coef-
ficients of NaCl in the Na-Cl-ClO4 system (Lanier, 1965) (Fig. 1B),
whereas FREZCHEM underestimates ion activity coefficients, lead-
ing to the large ‘salting in’ effect seen in Fig. 1A.

Table 2
B, gV, g and C* parameters in the Na-K-Ca-Mg-Cl-Cl04-SO, system from
FREZCHEM used to fit solubility data in this study.

Salt /;(0) /j(l) /;(2) c?

NaCl 7.627E-02 2.804E-01 - 1.271E-03
NaClO4 5.540E—-02 2.755E-01 - —1.180E-03
Na,SO4 2.617E-02 1.054E+00 - 2.804E-03
KCl 4.834E-02 2.104E-01 - —8.392E-04
KClO4 —1.600E-01 1.500E-01 - -

K;S04 3.795E-03 1.052E+00 - 1.485E-02
CaCl, 3.041E-01 1.708E+00 - —1.986E-03
Ca(Cl0y) 4.511E-01 1.757E+00 - —5.001E-03
CaS04 1.154E-01 3.560E+00 —6.169E+01 3.975E-02
MgCl, 3.515E-01 1.821E+00 - 6.507E-03
Mg(ClO4), 4.961E-01 2.009E+00 - 9.581E-03
MgSO4 1.265E-01 3.492E+00 —6.244E+00 5.291E-02

Table 3
0 parameters in the Na-K-Ca-Mg-CI-Cl04-SO,4 system
used in this study.

i-j 0;j

Na-K —9.480E-03°
Na-Ca 4.854E—-02°
Na-Mg 7.000E—-02°
K-Ca 5.642E-02°
K-Mg 1.167E-01°
Ca-Mg 1.244E-01°
Cl-ClO4 3.099E-02
C1-S04 4.597E-02°
S04-ClO4 1.694E-01

¢ From FREZCHEM.

Table 4
Y parameters in the Na-K-Ca-Mg-Cl-Cl04-SO4
system used in this study.

i-j-k Vijk
Na-Cl-ClOo, —5.469E—03
K-Cl-Clo, —5.230E—02°
Ca-Cl-ClO, —3.913E-03
Mg-CI-ClO,4 —7.618E-04
Na-Cl-S0,4 —~1.451E-03"
K-Cl-S0, —3.829E-03"
Ca—Cl-S0, —5.444E—02°
Mg-Cl-SO4 —~1.833E-02°
Na-S04-ClO,4 —1.411E-02
K-S04-ClO4 —1.411E-02°
Ca-S04-ClO,4 —8.138E-01
Mg-S0,4-ClO, —7.493E—02
Na-K-Cl —2.539E-03"
Na-Ca-Cl —3.297E-03"
Na-Mg-Cl —2.482E-02
K-Ca-Cl —2.856E—02°
K-Mg-Cl —4.948E—02°
Ca-Mg-Cl —2.381E-02°
Na-K-S0,4 3.968E—03°
Na-Ca-SO4 —7.342E-02°
Na-Mg-S04 —9.911E-03"
K-Ca-SO4 -2

K-Mg-S04 —1.244E-01°
Ca-Mg-S0, 2.400E—02°
Na-K-ClO, 1.160E—02°
Na-Ca-ClO,4 —1.178E-02
Na-Mg-ClO,4 —2.831E-02
K-Ca—ClO,4 —1.070E—02°
K-Mg-ClO,4 —~1.070E—02°
Ca-Mg-Clo, —2.287E-02

? From FREZCHEM.

Assumed to be the same a - .
SS S S '//Na‘ 502~ IO,

Solubility data in the Ca-Cl-ClO4 system is restricted to two
data points for CaCl,-4H,0-Ca(ClO,4),-4H,0 and CaCl,-4H,0-CaCl,:
6H,0 equilibrium; however, osmotic coefficients have been deter-
mined in this system using the isopiestic method (Robinson and
Lim, 1971). Our model predictions are in much better agreement
with experimental osmotic coefficient data than FREZCHEM
(Fig. 1C). Similar to the Na-Cl-ClO4 system, FREZCHEM underesti-
mates measured osmotic coefficients due to a large negative value
for the 2+ (- o, Parameter (—0.0409), which is assumed to be
the same as the Y. - no, Pparameter in FREZCHEM (Marion
et al., 2010). In contrast, our value for .2+ - - iS ten times smal-
ler (—0.0039). The solubility data available for the Ca-CI-ClO4 sys-
tem indicates that CaCl,-4H,0 precipitates instead of CaCl,-6H,0 at
high perchlorate concentrations. FREZCHEM only includes CaCl,-
6H,0 as a solid CaCl, phase, but just above 298.15 K, CaCl,-6H,0
transitions to three different tetrahydrate polymorphs: o, B, and
v-CaCl,-4H,0 (Patek et al., 2008) (Table 6). If these polymorphs
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Table 5

Comparisons between model predictions and experimental values for selected salt equilibria. Concentrations are given in mol kg~". Note that this table does not include equilibria

involving K* or equilibria in quaternary systems.

Salt equilibria

Model prediction

Experimental values

NaClO4-H,0 = NacCl

CaCly-4H,0 = Ca(Cl04),-4H,0
CaCl,-4H,0 = CaCl,-6H,0
MgCl,-6H,0 = Mg(Cl0,4),-6H,0
Na,S04 = Na,S04-10H,0
Na,S04-10H,0 = NaClO4-H,0
MgS04-7H,0 = Mg(Cl04),-6H,0
NaClO4-H,0 = Ca(Cl04);-4H,0
Mg(Cl04),-6H,0 = NaClO4-H,0
Mg(Cl04),-6H,0 = Ca(Cl04),-4H,0

16.79 m NaClO4
3.83 m CaCl,
1.78 m CaCl,
4.42 m MgCl,
1.08 m Na,S04
0.06 m NaSO4
0.09 m MgSO,4
2.04 m NaClO4
3.89 m Mg(ClOy),
0.13 m Mg(ClOy4),

0.70 m Nacl

5.61 m Ca(ClOy4);
6.85 m Ca(ClO4),
1.42 m Mg(ClO4),
4.32 m NaClO4
17.17 m NaClO4
4.41 m Mg(ClO4),
7.83 m Ca(ClO4),
5.93 m NaClO4
7.78 m Ca(ClOy4),

16.56 m NaClO4
3.69 m CaCl,

1.21 m CaCl,
4.18 m MgCl,
1.07 m Na,SO4
0.06 m Na,SO4
0.17 m MgS04
3.11 m Mg(ClOy),
0.17 m Mg(ClO,),

0.72 m Nacl

5.72 m Ca(Cl04),
7.26 m Ca(Cl04),
1.57 m Mg(ClO4),
4.27 m NaClO4
17.23 m NaClO,4
4.36 m Mg(ClO4),
7.87 m NaClO,4
7.5 m Ca(Cl0Oy4),

are included in our model, then our model predicts that o-CaCl,-
4H,0 precipitates. Our model prediction for «-CaCl,-4H,0-
Ca(Cl0y4),-4H,0 equilibrium is close to the experimental measure-
ment, whereas our model prediction for o-CaCl,-4H,0-CaCl,-6H,0
equilibrium differs somewhat from the experimental value (Table 5

and Fig. 1D). We note that

concentrated CaCl, solutions are

difficult to model with the Pitzer equations due to the formation
of CaCl* ion pairs (Phutela and Pitzer, 1983; Rard and Clegg,

Table 6
Solubilities (m

) and log solubility products (logK) calculated using FREZCHEM for
different CaCl, salts at 298.15 K, taken from the critical analysis of Patek et al. (2008).

Salt Solubility (mol kg~1) logK

CaCl,-6H,0 7.425 3.8026
a-CaCl,-4H,0 8.478 5.3878
B-CaCl,-4H,0 9.415 5.7155
v-CaCl,-4H,0 9.773 5.8225
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1997), so we expect some misfit in our model for the Ca-CI-ClO4
system.

For the Mg-CI-ClO4 system, both our model predictions and the
original FREZCHEM parameterization are in reasonable agreement
with average experimental values (Table 5).

3.2. (Na,Ca,Mg)-S0,-ClO,4 systems

Equilibria in the ternary Na-SO4-ClO4 and Mg-S04-ClO,4 sys-
tems are determined by the ()505,_004, 1//Na+‘5037£104, and

Vg soz- co, Parameters. We fit the 05 oo, and vy, 502 o,

parameters using only solubility data from the Na-SO4-ClO,4 sys-
tem, excluding data from the Mg-SO,4-ClO4 system due to the
probable formation of MgSO?l ion pairs, as discussed below. In
the Na-SO4-ClO,4 system, our model predictions for Na,SO4-Na,_
SO4-10H,0 and Na,;S04-NaClO4-H,0 equilibrium are in excellent
agreement with experimental data (Fig. 2A and Table 5).

In the Mg-S04-ClO,4 system, our model predictions underesti-
mate salt concentrations and are little better than model predic-
tions in FREZCHEM (Fig. 2B and Table 5). The difficultly with
modeling the Mg-S0,4-ClO, system is likely due to the formation
of MgSOﬁ ion pairs in solution. The formation of MgSOZ ion pairs
is given by:

Mg*" 4+ S0; s MgSO0; (8)
with a solubility product of:
K _ Ovigso? VMgso? Myygs00 9
Mgsog T a 2+ Ug2- 7’}) 2+ Yoz Mype2+ Mgp2- ( )
Mg 'S0y Mg~" /503 Mg SOy

In pure MgS0O, solutions, the Pitzer equations implicitly account for
MgSO0} ion pairs in the binary g term (Pitzer and Mayorga, 1974).
However, in MgS04~Mg(Cl0,4), mixtures, the formation of MgS05
ion pairs should be much more extensive than in pure MgSO,4 solu-
tions due to higher Mg?* activity coefficients in Mg(ClO,4), solutions.

: N - ©  Chanetal. 1995
N FREZCHEM
1.5 -4& — This Study r
\’d)

Na,SO, (m)

NaClO, (m)

o
=]
K

+FREZCHEM

4 This Study +
0.03 1 i r

0.02 - + r

0.01 r

Gypsum Solubility

Modeled Gypsum Solubility (m)

(=)

0 0.01 0.02 0.03
Measured Gypsum Solubility (m)

0.04

@)

For example, the mean ion activity coefficient of saturated MgS0O4
(3.05 m) is 0.05, whereas a 3.05 m Mg(ClO4), solution has a mean
ion activity coefficient of 9.3. The large increase in Mg?" activity
coefficients with increasing perchlorate concentration will drive
the reaction in Eq. (8) forward, forming MgSO} ion pairs. Given that
the Pitzer model often performs poorly in systems with extensive
ion-pairing (Phutela and Pitzer, 1983; Rard and Clegg, 1997), a more
accurate representation of MgS04-7H,0 solubility in Mg(ClOy4),
solutions may only be possible if MgSOJ ion pairs are explicitly
accounted for.

Solubilities in the ternary Ca-S04-ClO4 system have not been
measured experimentally, but a number of studies have investi-
gated gypsum (CaS04-2H,0) solubility in quaternary and quinary
systems (Elgquist and Wedborg, 1975; Kalyanaraman et al,,
1973a,b; Nakayama, 1971; Nilsson et al., 1958). Using the ternary
parameters determined above for Na-SO4-ClO,4, Na-Cl-ClOg4, and
Ca-CI-ClO4 systems, we simultaneously fit all quaternary and qui-
nary data to our Pitzer model by varying the i« 502 10, Parame-
ter. The resulting fits (Fig. 2C and D) are close to experimental
values, whereas FREZCHEM overestimates gypsum solubility. Our
fitted value for the 1#63%_5057,005 parameter (—0.814) is unusually
large for a ternary Pitzer parameter, which are typically between
+0.001 and #0.1. The large negative value of 2 ¢p2- ¢ 1S likely
accounting for increased ion pairing between Ca?*'and’ SOf{. As
with the Mg-S0,4-ClO,4 system, the formation of CaSOﬂ ion pairs
in Ca-S0,4-Cl0O, systems would be favored by high Ca?" activities
in concentrated perchlorate solutions.

3.3. Ca-Na-ClO4 Mg-Na-ClO,4 Ca-Mg-ClO4 Na-K-ClO4, and Mg-K-
ClO4 systems

Ternary equilibria in Ca-Na-ClO4, Mg-Na-ClO,4, and Ca-Mg-
ClO4 systems are determined by the Oy, 20y Onge mg2er Ocaz mg2es
l//Na+7Ca2+7CIOZ, 1//N3+Mgz+4c10;, and n//CazﬁMgthlO; parameters. Because
Onat ca2tr Onas mg2e» @nd Oc. 2. parameters are shared with many
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other salt systems in FREZCHEM, we retain the values in FREZ-
CHEM. This allows the Pitzer parameters in this study to be inte-
grated with other salt systems in FREZCHEM. Even if these
parameters are allowed to vary, there is little improvement to
the model fits.

For the Ca-Na-ClO,4 system, our model fit is similar to FREZ-
CHEM, although both models show some misfit for equilibrium
with NaClO4-H,O0 (Fig. 3A).

In the Mg-Na-ClO,4 system, both our model and FREZCHEM fit the
experimental solubility data poorly, although our model is a signifi-
cant improvement over FREZCHEM (Fig. 3B). If Oy, yp- is also
allowed to vary, there is a slight improvement to the model fit;
Ona+ mg2+ Changes from its FREZCHEM value of 0.07 to —0.015, and
Wnat Mgt cio; changes to —0.0205. We recommend these values if
only the Mg-Na-ClO,4 system is being modeled; however, for more
complex salt mixtures the FREZCHEM 0y, 2+ Value should be used
because this parameter is used in several other ternary systems.

The difficulty with fitting the Mg-Na-ClO, system may be due
to either high ionic strengths in this system or the formation of
ion pairs. For Mg(ClO,4),-6H,0-NaClO4-H,0 equilibrium, the exper-
imental solubility data indicates that the ionic strength is
17.5 mol kg~!, which is higher than the ionic strength of a satu-
rated Mg(ClO,), solution (13.4 mol kg !). Because experimental
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data in the Mg(ClO,), system only extends up to I =13.3 mol kg ™!
(Stokes and Levien, 1946), Mg(ClO4), Pitzer parameters must be
extrapolated into the supersaturated region in Mg(ClO4),—NaClO4
mixtures. However, the Pitzer model typically performs poorly
when extrapolated beyond the limits of experimental data
(Pitzer, 1991). To determine if our model fit in Fig. 3B could be
improved by altering binary Mg(ClO,4), parameters in the supersat-
urated region, we simultaneously fit binary and ternary data in the

Na-Mg-ClO4 system by allowing g Y c’

Mg?*.clo,’ Mgt .clo,’ Mgt cloy’
Ona+ mgz+» AN e pg2v o, tO vary. However, this did not improve
our model fit to the experimental data, which indicates that high
ionic strengths in the Mg-Na-ClO,4 system are not causing the mis-
fit in our model. As an alternative explanation for the misfit in our
model, there is some evidence indicating that NaClO,4 solutions are
prone to extensive contact ion-pairing above 8 molal, whereas
Mg(ClO,4), solutions do not form contact ion pairs because the
Mg?* ion is strongly hydrated (Zhang and Chan, 2003). In saturated
Mg(ClO4),-NaClO, mixtures, Mg?* jons will be preferentially
hydrated over Na* ions, which would likely lead to even greater
ion pairing between Na* and ClO; than in pure NaClO, solu-
tions. This suggests that a more accurate representation of the
Na-Mg-ClO, system may need to account for ion pairing.
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Fig. 3. Measured and modeled solubilities in the (A) Na-Ca-ClOy4, (B) Na-Mg-ClO,, and (C) Ca-Mg-ClO4, (D) K-Na-ClO4, and (E) K-Mg-ClO,4 ternary systems at 298.15 K.
Model results are shown for FREZCHEM and for this study. Dotted vertical lines indicate experimental points of equilibrium between two salt phases.



J.D. Toner et al./Icarus 250 (2015) 451-461 457

In the Ca-Mg-ClO, system, our model is similar to FREZCHEM;
both models fits the experimental data well at low Mg(ClO,4), con-
centrations, but the fit becomes poorer as Mg(ClO4), concentra-
tions increase (Fig. 3C and Table 5).

Our model fits in the Na-K-ClO4 and Mg-K-ClO4 systems are
generally poor, particularly at high perchlorate concentrations
(Fig. 3D). Because FREZCHEM better reproduces experimental
KClO4 solubilities for NaClO, concentrations less than 15 m, we
retain the FREZCHEM parameterization of this system in our
model. In the Mg-K-ClO,4 system, our model is more consistent
with experimental KCIO4 solubilities at high Mg(Cl0O4), concentra-
tions; however, we find that our parameterization leads to a large
salting in effect for KCIO4, when we model Mg-Na-K-ClO, mix-
tures. For example, the solubility of KCIO4 in saturated NaClO4—
Mg(Cl0,4), mixtures is on the order of 1 m KClO,4 using our param-
eterization. This is clearly an artifact of the model given the low
experimental KClO,4 solubilities shown in Fig. 3D and E. Because
this salting in effect does not occur in FREZCHEM, we retain the
FREZCHEM parameterization for the Mg-K-ClO4 system. As with
other systems where the Pitzer model fits the experimental data
poorly, the difficultly with accurately modeling ternary perchlorate
systems involving K" is likely due to ion pairing between K" and
ClO, ions. As discussed by Pitzer and Mayorga (1973), the low sol-
ubility of KC1O,4 and the negative value for [il(ffﬂo, (—0.16) indicates
that K* and Cl0, have a tendency to form ion pairs in solution. Just
as we found for the Mg-S0,4-ClO4 and Ca-S0O4-ClO,4 systems, we
expect extensive ion pairing in concentrated Mg(ClO4), or
Ca(Cl0y4); solutions owing to the high ion activity coefficients that
occur in these solutions.

3.4. Quaternary Mg-Na-Cl-ClO,4 system

Experimental investigations into quaternary systems involving
perchlorate include the Mg-Na-Cl-ClO04 and K-Mg-CI-ClO,4 sys-
tems. We exclude experimental data from a single study on the
K-Mg-Cl-ClO,4 system because the data is inconsistent with other,
ternary datasets. For example, four different studies in Chan et al.
(1989) agree that equilibrium between MgCl,-6H,0 and
Mg(Cl04),-6H,0 in the Mg-Cl-ClO4 system occurs at 4.18 m MgCl,
and 1.57 m Mg(ClO4),; however, experimental data in the K-Mg-
Cl-ClO4 system indicates that equilibrium between KCl04, MgCl,.
-6H,0 and Mg(Cl0,4),-6H,0 occurs at 0.006 m KCIO4, 2.59 m MgCl,,
and 0.96 m Mg(ClO4),. Given that the solubility of KClO, is low, it
should have a negligible effect on the solubility of MgCl,-6H,0
and Mg(ClO4),-6H,0. Regardless of the inconsistencies in the qua-
ternary K-Mg-Cl-ClO, dataset, the experimental data indicate that
carnalite (KCl-MgCl,-6H,0) and KCl04-KCI solid solutions precipi-
tate from solution at high K* concentrations. Because K* concentra-
tions are low at the Phoenix site and K* strongly precipitates as
KClO4 during freezing or evaporation (Marion et al., 2010), we do
not consider systems with high K" concentrations here.

The Mg-Na-Cl-ClO4 system is particularly relevant to the Phoe-
nix WCL chemistry because the residual brine chemistry after
evaporation or freezing will likely be dominated by these ions.
Our model predictions for this system, using the ternary parame-
ters determined previously, are in reasonable agreement with
experimental solubility data; in contrast, FREZCHEM fails to fit
the experimental data in Mg-Na-Cl-ClO4 mixtures (Fig. 4). The
misfit in our model is likely due to the poor Pitzer parameteriza-
tion in the Mg-Na-ClO4 system, which is causing our model to pre-
dict NaCl-Mg(ClQO4),-6H,0-NaCl0,4-H,0 equilibrium at higher Na*
and ClO, concentrations than the experimental point. We find that
our model fit to experimental solubility data is greatly improved by
varying the yy, yg+ - Parameter from its FREZCHEM value (the
solid line in Fig. 4).
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Fig. 4. The phase diagram for the quaternary Na-Mg-Cl-ClO, system, showing
modeled results from this study (dotted line), modeled results from FREZCHEM
(dashed line), and modeled results from this study by varying the Yy, e o
parameter (solid line). Experimental points of equilibrium between NaCl-
Mg(Cl04),-6H,0-NaClO4-H,0, and NaCl-MgCl,-6H,0-Mg(Cl04),-6H,0 are indi-
cated by (M) and (a) respectively.

4. Application to the WCL solution

A major goal for developing equilibrium models for perchlorate-
rich salt solutions is the identification of the parent salts at the
Phoenix site i.e. the salts originally in the soil that dissolved in
the WCL experiments (Chevrier et al., 2009; Hanley et al., 2012;
Marion et al., 2010; Toner et al., 2014b). These models assume that
soluble salts are at some point completely dissolved in water or in
equilibrium with a salt solution, and that salts precipitate from
solution during freezing or evaporation. There are several lines of
evidence indicating that liquid water is or has been present at
the Phoenix site, including: the existence of 3-5 wt.% carbonates
in the soil, which are typically formed at this abundance though
aqueous processes (Boynton et al., 2009), perchlorate distributions
in the soil suggesting salt transport in brines (Cull et al., 2010), the
existence of segregated ice in soils (Mellon et al., 2009; Smith et al.,
2009), soil dielectric signatures suggesting eutectic melting and/or
salt crystallization (Stillman and Grimm, 2011), and tentative
observations of liquid brines on the Phoenix Lander struts (Renné
et al., 2009). Assuming that liquid water is present at the Phoenix
site for at least part of the year, probably as brine, the ~600 Ma
surface age of the soil (Heet et al., 2009) suggests that brines and
highly soluble salts will have equilibrated, although sparingly sol-
uble salts like calcite may remain in disequilibrium. In addition,
the north polar regions of Mars were likely seasonally warmer in
the past during orbital cycles (Laskar et al., 2002; Stoker et al.,
2010), which would be more favorable for the formation of liquid
water. The 298.15 K model presented in this paper is more relevant
for salt assemblages formed during such past, warmer conditions
than for present-day conditions.

We add the caveat that Kounaves et al. (2014) advanced the
alternative argument that the Phoenix site has been continuously
dry since the region was resurfaced by ejecta from the Heimdal
Crater ~600 Ma ago, based on their inference of Ca(ClO,4), as the
main perchlorate parent salt. The presence of Ca(ClO4), at the
Phoenix site is suggested by the absence of a transient spike in
Ca?* Ion Selective Electrode (ISE) potentials after sample addition
in the WCL experiment. Kounaves et al. (2014) found that mea-
sured Ca®" ISE potentials can only be replicated in flight spare
WCL units if a mixture of ~60%/40% Ca(Cl04),/Mg(Cl04), is added.
Glavin et al. (2013) have also suggested that Ca(ClO4), may be
present at Gale Crater based on O, release curves from the Sample
Analysis on Mars (SAM) instrument; however, Glavin et al. (2013)
notes that all of the perchlorate salts tested fit the SAM data poorly.
If Ca(ClOy), is present at the Phoenix site, then the soil must be
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extremely arid because Ca(ClO,4), salts are strongly deliquescent
and will readily combine with carbonates and sulfates in aqueous
solutions to precipitate insoluble CaCO3; and CaSQy, salts. Hence, the
presence of Ca(ClO,4), would indicate that the soil is in disequilib-
rium, and that equilibrium models mean little for the soil
mineralogy.

However, we are cautious about interpreting transient signals
in the WCL data because there are many aspects of the noisy
WCL data that are not well understood, as discussed in Toner
et al. (2014b). In particular, we find that the response of the Ca®*
ISE after sample addition is unclear (Fig. 5). Three samples were
analyzed in the Phoenix WCL experiment: Rosy Red, Sorceress 1,
and Sorceress 2. In Rosy Red, the Ca®" ISE potential after sample
addition decreases slowly over ~200 s to a constant value, whereas
the tests presented in Kounaves et al. (2014) indicate that the Ca®*
ISE responds rapidly within several seconds of sample addition.
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Fig. 5. The Ca®* and ClO, ISE response in the Rosy Red (A), Sorceress 1 (B), and
Sorceress 2 (C) WCL experiments. The addition of soil is indicated by the black-
dashed vertical lines. The exact timing of soil addition is determined from the rapid
decrease in the ClO, ISE potential after sample addition. In Fig. 5A, we also show the
Ca?" ISE response measured by Kounaves et al. (2014) for a 60%/40% mixture of
Ca(Cl04),/Mg(Cl04),. Note: concentration is directly proportional to ISE potential
for cations, and inversely proportional for anions.

The slow response of the Rosy Red Ca?* ISE would probably have
masked the transient signals found by Kounaves et al. (2014). Both
Sorceress 1 and 2 show a highly irregular Ca®* ISE response upon
sample addition. Note that the Sorceress 1 Ca%* ISE data presented
in Kounaves et al. (2014) (their Fig. 1b) shows sample addition
occurring about 500 s later than Fig. 5B. We base the exact timing
of sample addition on the sharp decrease in the ClO, ISE potential
upon sample addition, and this timing agrees well with the sample
addition time shown in Kounaves et al. (2010a). The cause of the
unusual responses in Ca?" ISE potentials is not known, but the
ISE sensors may have been adversely affected by diurnal thermal
cycling on Mars because the signal response appears to degrade
on later sols. Regardless, given the irregularities shown in Fig. 5,
particularly for Sorceress 1 and 2, we conclude that there is no evi-
dence for Ca(ClO4), in Phoenix soils in the WCL data.

To model the WCL solution, we use ion concentrations for a
‘nominal’ Rosy Red WCL solution from the revised WCL analysis
of Toner et al. (2014b) that includes corrections for ion-pairs and
alkalinity; Ca®*=0.186, Mg?"=3.459, Na'=1472, K'=0.329,
Cl” = 0407, SO3 =1.511, ClO, =2.743 mM, Alk.=2.919 meq,
and pH = 7.67. Toner et al. (2014b) also used this solution compo-
sition in their chemical divide modeling. Our new model was run
at a temperature of 298.15 K, and the pCO, was assumed to be that
in the WCL cell, 4 mbar (Kounaves et al., 2010a). In our modeling,
we prevent dolomite (CaMg(COs),) and magnesite (MgCOs) phases
from precipitating because the formation of these salts is kineti-
cally inhibited at low temperatures (Land, 1998; Langmuir,
1965). We model equilibrium evaporation by sequentially remov-
ing water from the solution until all salt phases have precipitated.
This is in contrast to the fractional crystallization modeling done
by Marion et al. (2010), which assumes that precipitated minerals
cannot redissolve into solution. (However, we note that the choice
of equilibrium or fractional crystallization makes little difference
in the modeling results.) To implement our model we use the geo-
chemical program PHREEQC (Appelo and Postma, 2005), which
uses the same Pitzer equations as FREZCHEM. We choose to use
PHREEQC because it has fewer convergence issues than FREZ-
CHEM, and it is easier to make changes to Pitzer parameters and
solubility products. Toner and Sletten (2013) previously incorpo-
rated Pitzer parameters from FREZCHEM into PHREEQC and found
excellent agreement between the two models. We have validated
our 298.15 K Pitzer model in PHREEQC by comparing our model
results to FREZCHEM.

At low concentrations, our model predictions are similar to
FREZCHEM, but the two models diverge at very high salt concen-
trations (compare Fig. 6A, B, and C). In both our model and FREZ-
CHEM, hydromagnesite (3MgCO5-Mg(OH),-3H,0), gypsum
(CaS04-2H,0), KClO4, and epsomite (MgSO4-7H,0) all precipitate
relatively early during evaporation. Subsequently, gypsum and
epsomite dehydrate to kieserite (MgSO4-H,0) and anhydrite
(CaS0,4) respectively. In our model halite (NaCl) then precipitates
from solution, followed shortly thereafter by NaClO4-H,O and
Mg(Cl0O4),-6H,0. At this point, the solution composition attains a
constant Mg-Na-ClO4-Cl-rich composition because all phases are
precipitating from solution. Note that our model does not accu-
rately predict equilibrium between NaCl-NaClO4-H,0-Mg(ClO,4),-
6H,0, as shown in Fig. 4 and discussed in Section 3.4. Experi-
mental solubility data indicate that equilibrium between
these three phases occurs at Mg?>*=Na*=45m, CI" =2.13m,
and ClO, = 11.3 m; our model predicts a water activity of 0.28 at
this point. In FREZCHEM, neither halite nor NaClO4-H,O precipitate
from solution because the FREZCHEM parameterization in the Na-
Cl-ClO4 system causes an extreme ‘salting in’ effect for these salts.
At the lowest residual water content shown in Fig. 6A, the ion
activity coefficient for Mg?" increases exponentially to >10* in
FREZCHEM, which causes convergence failures in the model.
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indicate precipitation events for various salts.

Hence, equilibrium brine chemistries in FREZCHEM could not be
evaluated beyond this point.

If all the water is allowed to evaporate in our model, then the
total soil water content held in hydrated salt phases is 0.29 wt.%
H,0. This is considerably less than minimum water contents
between 1.5 and 2 wt.% measured in Mars’ soils from global spec-
tral data (Boynton et al., 2007; Feldman et al., 2004) and from Gale
Crater as measured by the Sample Analysis on Mars (SAM) instru-
ment on the Mars Science Laboratory (MSL) (Leshin et al., 2013;
Ming et al., 2013). Starting from the same initial WCL solution
composition, Toner et al. (2014b) estimated that salts formed dur-
ing freezing hold about 1.3 wt.% water using a chemical divide
model. Freezing results in a greater degree of salt hydration
because water activities are higher during freezing than during
evaporation. This suggests that soil salts on Mars were formed dur-
ing freezing processes, and are not evaporite remnants formed dur-
ing warmer/wetter conditions in the past.

Ca(ClO4),-rich solutions did not form in our modeling, which is
consistent with results from other equilibrium models (Hanley

et al., 2012; Marion et al., 2009, 2010). This is because Ca®* precip-
itates as gypsum or calcite during evaporation or freezing. In per-
chlorate-rich brines this effect is even stronger than in similar
concentration chloride solutions owing to the high ion activity
coefficient of Ca®* in the presence of concentrated perchlorate,
which leads to a strong ‘salting out’ effect for gypsum and calcite.
If salts at the Phoenix site are in equilibrium through periodic con-
tact with aqueous solutions, then Ca(ClO4), salts will not form due
to the high concentrations of sulfate and alkalinity relative to Ca%*
measured in the Phoenix WCL experiment. On the other hand, if
Ca(ClOy4), salts are present at the Phoenix site, as suggested by
Kounaves et al. (2014), then this argues for a strong disequilibrium
and the virtual absence of aqueous activity at the Phoenix site.
However, this interpretation conflicts with numerous inferences
of past and present aqueous activity at the Phoenix site e.g.
Boynton et al. (2009), as well as our own analysis of the WCL data
(see Fig. 5).

Neither our evaporation model nor FREZCHEM'’s predicts calcite
(CaCO5) formation; instead, Ca®* precipitates as gypsum and



460 J.D. Toner et al./Icarus 250 (2015) 451-461

alkalinity precipitates with Mg?* as hydromagnesite. (Note that at
low residual water contents, carbonate chemistries could not be
evaluated because too many salt phases were precipitating, which
causes convergence failures. We addressed this by removing alka-
linity from the model, and preserving charge balance by assuming
that all remaining alkalinity precipitates as hydromagnesite.)
Using the same initial WCL solution composition, Toner et al.
(2014b) found that FREZCHEM does predict calcite precipitation
from solution during freezing. Given that there is strong evidence
for CaCOs at the Phoenix site based on a high temperature CO,
release in the Thermal and Evolved Gas Analyzer (TEGA)
(Boynton et al., 2009), one interpretation of the absence of calcite
in our 298.15 K model is that salts at the Phoenix site must have
formed at lower temperatures. Alternatively, later studies on the
TEGA instrument have found that the high temperature CO,
release can also occur with mixed (Fe,Mg,Ca)CO3 solid solutions
(Sutter et al., 2012), such as dolomite, ankerite (FeCa(COs),), and
huntite (CaMg3(C0Os3)4), among other possibilities. The presence of
(Fe,Mg,Ca)CO5 solid solutions at the Phoenix site is supported by
the mixed carbonate compositions commonly found in other loca-
tions on Mars and in martian meteorites (Niles et al., 2013). Given
that FREZCHEM only contains end member carbonate phases, and
does not include solid-solutions, it is possible that CaCO3; would
precipitate within a solid solution if such phases were included.

Our model also predicts that at low residual water contents,
kieserite and anhydrite precipitate instead of the more hydrated
phases epsomite and gypsum. Epsomite transitions first to hexahy-
drite (MgS04-6H,0) at a,, = 0.56 in our model, which then transi-
tions to kieserite at a,, = 0.52. Gypsum transitions to anhydrite
at a,, = 0.68 in our model. These dehydrated salt phases precipitate
due to the low water activities in concentrated perchlorate solu-
tions; for example, saturated NaClO4 and Mg(ClO,4), solutions at
298.15 K have water activities of 0.44 and 0.39 respectively. Kiese-
rite and bassanite have been reported on Mars from spectral data
(Murchie et al., 2009; Wray et al., 2010) and anhydrite has recently
been found by in Gale Crater by MSL (Bish et al., 2013). Kieserite is
typically considered to be a high temperature MgSO, phase, but
our equilibrium modeling suggests a low temperature pathway
for the formation of dehydrated sulfates by direct precipitation
from aqueous salt solutions, or concentrated salt solutions may
mediate the dehydration of hydrated sulfates. Possibly, dehydrated
minerals may also form at low temperatures through exposure to
low relative humidity; for example, kieserite could form by dehy-
dration of epsomite or hexahydrite. However, Vaniman et al.
(2004) and Chipera and Vaniman (2007) have observed that at
low temperatures (<320 K), kieserite does not form by dehydration
of more hydrated phases; instead, epsomite and hexahydrite dehy-
drate to an amorphous hydrated MgSO,4 phase.

5. Conclusions

The identity of soluble salt phases in martian soils is critical for
understanding the past aqueous history and the potential for liquid
water to form. In the absence of direct measurements of crystalline
salts, equilibrium models provide valuable insights into what salt
assemblages should form in soils under different temperature con-
ditions during freezing or evaporation. Here we use solubility data
at 298.15 K to better parameterize a Pitzer model for multicompo-
nent perchlorate-rich brines, and then apply this model to the soil
solution measured in the Phoenix WCL experiment. This model can
be integrated into the existing geochemical program FREZCHEM.
Our model is a significant improvement to the current FREZCHEM
model, particularly for the important Na-Mg-CI-ClO, and Na-
S04-ClO, salt systems. However, some salt systems could not be
modeled to the accuracy of the experimental solubility data, possi-

bly due to extensive ion pairing in concentrated perchlorate solu-
tions, such as in ternary systems involving potassium, the Mg-
S04-Cl0,4 system, and the Na-Mg-ClO, system. A model that
explicitly accounts for ion pairing in these systems may improve
the model fits, but this comes at the expense of considerably more
complexity in the model.

We applied our model to a nominal WCL solution by modeling
evaporation at 298.15 K. Results indicate that the WCL solution
evaporates to a residual Mg-Na-Cl-ClO4-rich brine and that kiese-
rite (0.46 wt.%), hydromagnesite (0.33 wt.%), Mg(ClO4),-6H,0
(0.26 wt.%), NaClO4-H,0 (0.2 wt.%), KCIO4 (0.11 wt.%), anhydrite
(0.06 wt.%), and halite (0.04 wt.%) form upon complete evapora-
tion. Ca(ClOy4); salts do not form in our model owing to the precip-
itation of Ca%* as gypsum or calcite. Our model predicts that about
0.29 wt.% water is held in hydrated salts, which is considerably
lower than minimum estimates between 1.5 and 2 wt.% H,0 from
both orbital and in situ measurement of soil water content. In addi-
tion, our model does not predict calcite precipitation, which con-
flicts with in situ measurements of calcite in Phoenix soils.
Instead, Ca?* precipitates entirely as gypsum. This is in contrast
to models of freezing WCL solutions by Toner et al. (2014b) and
Marion et al. (2010), which indicate that calcite does precipitate
from solution and that 1.3 wt.% H,0 is held in hydrated salts. This
suggests that salts at the Phoenix site probably formed at low tem-
peratures, and are not remnants of salts formed by evaporation
during past, warmer climates.

Acknowledgments

Funding from NASA Mars Data Analysis grant #NNX10AN66G
awarded to DCC, and from a NASA Astrobiology Institute Postdoc
awarded to JDT.

References

Appelo, C.A]., Postma, D., 2005. Geochemistry, Groundwater and Pollution, second
ed. CRC Press, Boca Raton, FL.

Bish, D.L. et al., 2013. X-ray diffraction results from Mars Science Laboratory:
Mineralogy of Rocknest at Gale Crater. Science 341, 1-5.

Boynton, W.V. et al., 2007. Concentration of H, Si, Cl, K, Fe, and Th in the low- and
mid-latitude regions of Mars. J. Geophys. Res. 112, 1-15.

Boynton, W.V. et al., 2009. Evidence for calcium carbonate at the Mars Phoenix
landing site. Science 325, 61-64.

Calderén, R., Palma, P., Parker, D., Molina, M., Godoy, F.A., Escudey, M., 2014.
Perchlorate levels in soil and waters from the Atacama Desert. Arch. Environ.
Contam. Toxicol. 66, 155-161.

Catling, D.C. et al., 2010. Atmospheric origins of perchlorate on Mars and in the
Atacama. ]. Geophys. Res. 115, 1-15.

Chan, C., Khoo, K.H., 1988. Calculation of activities and solubilities of alkali metal
perchlorates at high ionic strengths in multicomponent aqueous systems. J.
Solut. Chem. 17, 547-567.

Chan, C., Lepeshkov, I.N., HKhoo, K.H., 1989. Alkaline Earth Metal Perchlorates.
Permagon Press.

Chan, C., Khoo, K.H., Gryzlova, E.S., Adad, M., 1995. Alkali Metal and Ammonium
Perchlorates: Part 1: Lithium and Sodium Perchlorates. Oxford University Press.

Chevrier, V., Hanley, ]., Altheide, T.S., 2009. Stability of perchlorate hydrates and
their liquid solutions at the Phoenix landing site, Mars. Geophys. Res. Lett. 36,
1-6.

Chipera, SJ., Vaniman, D.T., 2007. Experimental stability of magnesium sulfate
hydrates that may be present on Mars. Geochim. Cosmochim. Acta 71, 241-250.

Clark, B.C., 1978. Implications of abundant hygroscopic minerals in the martian
regolith. Icarus 34, 645-665.

Coates, ].D., Achenbach, L.A., 2004. Microbial perchlorate reduction: Rocket-fuelled
metabolism. Nat. Rev. Microbiol. 2, 569-580.

Cull, S.C. et al., 2010. Concentrated perchlorate at the Mars Phoenix landing site:
Evidence for thin film liquid water on Mars. Geophys. Res. Lett. 37, 1-6.

Davila, AF. et al., 2010. Hygroscopic salts and the potential for life on Mars.
Astrobiology 10, 617-628.

Elgquist, B., Wedborg, M., 1975. Stability of ion pairs from gypsum solubility degree
of ion pair formation between the major constituents of seawater. Mar. Chem. 3,
215-225.

Feldman, W.C. et al., 2004. Global distribution of near-surface hydrogen on Mars. J.
Geophys. Res. 109, E09006.


http://refhub.elsevier.com/S0019-1035(14)00693-9/h0005
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0005
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0355
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0355
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0360
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0360
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0015
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0015
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0025
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0025
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0025
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0030
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0030
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0035
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0035
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0035
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0365
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0365
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0040
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0040
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0050
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0050
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0050
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0055
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0055
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0060
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0060
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0065
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0065
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0070
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0070
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0075
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0075
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0080
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0080
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0080
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0085
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0085

J.D. Toner et al./Icarus 250 (2015) 451-461 461

Fisher, D.A., Hecht, M.H., Kounaves, S.P., Catling, D.C., 2010. A perchlorate brine
lubricated deformable bed facilitating flow of the north polar cap of Mars:
Possible mechanism for water table recharging. ]. Geophys. Res. 115, EOOE12.

Glavin, D.P. et al.,, 2013. Evidence for perchlorates and the origin of chlorinated
hydrocarbons detected by SAM at the Rocknest aeolian deposit in Gale Crater. J.
Geophys. Res.: Planets 118, 1955-1973.

Gough, R.V,, Chevrier, V.F., Baustian, K.J., Wise, M.E., Tolbert, M.A., 2011. Laboratory
studies of perchlorate phase transitions: Support for metastable aqueous
perchlorate solutions on Mars. Earth Planet. Sci. Lett. 312, 371-377.

Gough, R.V,, Chevrier, V.F., Tolbert, M.A., 2014. Formation of aqueous solutions on
Mars via deliquescence of chloride-perchlorate binary mixtures. Earth Planet.
Sci. Lett. 393, 73-82.

Hanley, J., Chevrier, V.F., Berget, D.J., Adams, R.D., 2012. Chlorate salts and solutions
on Mars. Geophys. Res. Lett. 39, 1-5.

Harvie, C.E., Weare, ].H., 1980. The prediction of mineral solubilities in natural
waters: The Na-K-Mg-Ca-Cl-S04-H,0 system from zero to high concentration
at 25 °C. Geochim. Cosmochim. Acta 44, 981-997.

Harvie, C.E., Moller, N., Weare, J.H., 1984. The prediction of mineral solubilities in
natural waters: The Na-K-Mg-Ca-H-Cl-SO4-~OH-HCO5-C0O3-C0,-H,0 system
to high ionic strengths at 25 °C. Geochim. Cosmochim. Acta 48, 723-751.

Hecht, M.H. et al., 2009. Detection of perchlorate and the soluble chemistry of
martian soil at the Phoenix lander site. Science 325, 64-67.

Heet, T.L., Arvidson, R.E., Cull, S.C., Mellon, M.T., Seelos, K.D., 2009. Geomorphic and
geologic settings of the Phoenix lander mission landing site. J. Geophys. Res.:
Planets 114, 1-19.

Kalyanaraman, R., Yeatts, L.B.,, Marshall, W.L, 1973a. High-temperature Debye-
Huckel correlated solubilities of calcium sulfate in aqueous sodium perchlorate
solutions. J. Chem. Thermodynam. 5, 891-898.

Kalyanaraman, R., Yeatts, L.B., Marshall, W.L., 1973b. Solubility of calcium sulfate
and association equilibria in CaSO4 + Na,SO4 + NaClO4 + H,0 at 273 to 623 K. J.
Chem. Thermodynam. 5, 899-909.

Kounaves, S.P. et al., 2010a. Wet chemistry experiments on the 2007 Phoenix Mars
Scout Lander mission: Data analysis and results. J. Geophys. Res. 115, 1-16.
Kounaves, S.P. et al., 2010b. Discovery of natural perchlorate in the Antarctic Dry

Valleys and its global implications. Environ. Sci. Technol. 44, 2360-2364.

Kounaves, S.P., Chaniotakis, N.A., Chevrier, V.F., Carrier, B.L., Folds, K.E., Hansen,
V.M., McElhoney, K.M., O'Neil, G.D., Weber, A.W., 2014. Identification of the
perchlorate parent salts at the Phoenix Mars landing site and possible
implications. Icarus 232, 226-231.

Land, L.S., 1998. Failure to precipitate dolomite at 25 °C from dilute solution despite
1000-fold oversaturation after 32 years. Aquat. Geochem. 4, 361-368.

Langmuir, D., 1965. Stability of carbonates in the system MgO-CO,-H,0. ]. Geol. 73,
730-754.

Lanier, R.D., 1965. Activity coefficients of sodium chloride in aqueous three-
component solutions by cation-sensitive glass electrodes. ]. Phys. Chem. 69,
3992-3998.

Laskar, J., Levrard, B., Mustard, J.F., 2002. Orbital forcing of the martian polar layered
deposits. Nature 419, 375-377.

Lenferink, H.J., Durham, W.B., Stern, L.A., Pathare, A.V., 2013. Weakening of ice by
magnesium perchlorate hydrate. Mars Polar Sci. V 225, 940-948.

Leshin, L.A. et al., 2013. Volatile, isotope, and organic analysis of martian fines with
the Mars Curiosity Rover. Science 341, 1-9.

Marion, G.M., 2001. Carbonate mineral solubility at low temperatures in the Na-K-
Mg-Ca-H-Cl-S04~OH-HCO3-C03-C0O,-H,0 system. Geochim. Cosmochim.
Acta 65, 1883-1896.

Marion, G.M., Farren, R.E., 1999. Mineral solubilities in the Na-K-Mg-Ca-Cl-SO4—
H,O system: A re-evaluation of the sulfate chemistry in the Spencer-Mgller-
Weare model. Geochim. Cosmochim. Acta 63, 1305-1318.

Marion, G.M., Kargel, J.S., 2008. Cold Aqueous Planetary Geochemistry with
FREZCHEM: From Modeling to the Search for Life at the Limits. Springer,
Berlin/Heidelberg.

Marion, G.M,, Catling, D.C., Kargel, ].S., 2009. Br/Cl portioning in chloride minerals in
the Burns formation on Mars. Icarus 200, 436-445.

Marion, G.M., Catling, D.C., Zahnle, KJ., Claire, M.W., 2010. Modeling aqueous
perchlorate chemistries with applications to Mars. Icarus 207, 675-685.

Mellon, M.T. et al., 2009. Ground ice at the Phoenix landing site: Stability state and
origin. J. Geophys. Res. 114, 1-15.

Ming, D.W. et al., 2013. Volatile and organic compositions of sedimentary rocks in
Yellowknife Bay, Gale Crater, Mars. Science 343, 1-9.

Murchie, S.L. et al., 2009. A synthesis of martian aqueous mineralogy after 1 Mars
year of observations from the Mars Reconnaissance Orbiter. ]. Geophys. Res.
114, EO0DO6. http://dx.doi.org/10.1029/2009JE003342.

Nakayama, F.S., 1971. Calcium complexing and the enhanced solubility of gypsum
in concentrated sodium-salt solutions. Soil Sci. Soc. Am. J. 35, 881-883.

Navarro-Gonzdlez, R., Vargas, E., de la Rosa, J., Raga, A., McKay, C., 2010. Reanalysis
of the Viking results suggests perchlorate and organics at midlatitudes on Mars.
J. Geophys. Res.: Planets 115, 1-11.

Niles, P.B. et al., 2013. Geochemistry of carbonates on Mars: Implications for climate
history and nature of aqueous environments. Space Sci. Rev. 174, 301-328.
Nilsson, G., Rengemo, T., Sillén, L.G., 1958. Some solution equilibria involving
calcium sulfite and carbonate. 1. Simple solubility equilibria of CO,, SO,, CaCOs,

and CaSO4. Acta Chem. Scand. 12, 868-872.

Pabalan, R.T., Pitzer, K.S., 1987. Thermodynamics of concentrated electrolyte
mixtures and the prediction of mineral solubilities to high temperatures for
mixtures in the system Na-K-Mg-Cl-SO4~OH-H,0. Geochim. Cosmochim. Acta
51, 2429-2443.

Pétek, J., Klomfar, ]., Souc¢kova, M., 2008. Solid-liquid equilibrium in the system of
CaCl,-H,0 with special regard to the transition points. J. Chem. Eng. Data 53,
2260-2271.

Phutela, R.C., Pitzer, K.S., 1983. Thermodynamics of aqueous calcium chloride. J.
Solut. Chem. 12, 201-207.

Pitzer, K.S., 1991. lon Interaction Approach: Theory and Data Correlation, Activity
Coefficients in Electrolyte Solutions, second ed. CRC Press, Boca Raton, pp. 75—
153.

Pitzer, K.S., Mayorga, G., 1973. Thermodynamics of electrolytes. II. Activity and
osmotic coefficients for strong electrolytes with one or both ions univalent. J.
Phys. Chem. 77, 2300-2308.

Pitzer, K.S., Mayorga, G., 1974. Thermodynamics of electrolytes. IIl. Activity and
osmotic coefficients for 2-2 electrolytes. J. Solut. Chem. 3, 539-546.

Rard, J.A., Clegg, S.L., 1997. Critical evaluation of the thermodynamic properties of
aqueous calcium chloride. 1. Osmotic and activity coefficients of 0-10.77
mol-kg~! aqueous calcium chloride solutions at 298.15 K and correlation with
extended Pitzer ion-interaction models. J. Chem. Eng. Data 42, 819-849.

Renné, N.O. et al., 2009. Possible physical and thermodynamical evidence for liquid
water at the Phoenix landing site. J. Geophys. Res. 114, 1-11.

Robinson, R.A,, Lim, C.K., 1971. Osmotic coefficients of aqueous solutions of calcium
chloride and calcium perchlorate at 25 °C. ]J. Chem. Eng. Data 16, 203-204.

Smith, P.H. et al.,, 2009. H,0 at the Phoenix landing site. Science 325, 58-61.

Smith, M.L,, Claire, M.W., Catling, D.C., Zahnle, K.J., 2014. The formation of sulfate,
nitrate and perchlorate salts in the martian atmosphere. Icarus 231, 51-64.

Spencer, RJ., Mgller, N., Weare, ].H., 1990. The prediction of mineral solubilities in
natural waters: A chemical equilibrium model for the Na-K-Ca-Mg-Cl-SO4—
H,0 system at temperatures below 25 °C. Geochim. Cosmochim. Acta 54, 575-
590.

Stillman, D.E., Grimm, R.E., 2011. Dielectric signatures of adsorbed and salty liquid
water at the Phoenix landing site, Mars. J. Geophys. Res. 116, 1-11.

Stoker, C.R. et al., 2010. Habitability of the Phoenix landing site. ]. Geophys. Res. 115,
1-24.

Stokes, R.H., Levien, B.J., 1946. The osmotic and activity coefficients of zinc nitrate,
zinc perchlorate and magnesium perchlorate. Transference numbers in zinc
perchlorate solutions. J. Am. Chem. Soc. 68, 333-337.

Sutter, B., Boynton, W.V., Ming, D.W., Niles, P.B., Morris, R.V., Golden, D.C., Lauer,
H.V,, Fellow, C., Hamara, D.K., Mertzman, S.A., 2012. The detection of carbonate
in the martian soil at the Phoenix landing site: A laboratory investigation and
comparison with the Thermal and Evolved Gas Analyzer (TEGA) data. Icarus
218, 290-296.

Toner, ].D., Sletten, R.S., 2013. The formation of Ca-Cl enriched groundwaters in the
Dry Valleys of Antarctica by cation exchange reactions: Field measurements
and modeling of reactive transport. Geochim. Cosmochim. Acta 110, 84-105.

Toner, J.D., Catling, D.C., Light, B., 2014a. The formation of supercooled brines,
viscous liquids, and low temperature perchlorate glasses in aqueous solutions
relevant to Mars. Icarus 233, 36-47.

Toner, ].D., Catling, D.C., Light, B., 2014b. Soluble salts at the Phoenix lander site,
Mars: A reanalysis of the Wet Chemistry Laboratory data. Geochim. Cosmochim.
Acta 136, 142-168.

Vaniman, D.T., Bish, D.L., Chipera, S.J., Fialips, C.I., Carey, ].W., Feldman, W.C., 2004.
Magnesium sulphate salts and the history of water on Mars. Nature 431, 663-
665.

Wray, ].J., Squyres, SSW., Roach, L.H., Bishop, J.L., Mustard, J.F., Dobrea, E.Z.N., 2010.
Identification of the Ca-sulfate bassanite in Mawrth Vallis, Mars. Icarus 209,
416-421.

Zhang, Y., Chan, C.K.,, 2003. Observations of water monomers in supersaturated
NaClOy4, LiClO4, and Mg(ClO4), droplets using Raman spectroscopy. J. Phys.
Chem. A 107, 5956-5962.


http://refhub.elsevier.com/S0019-1035(14)00693-9/h9000
http://refhub.elsevier.com/S0019-1035(14)00693-9/h9000
http://refhub.elsevier.com/S0019-1035(14)00693-9/h9000
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0090
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0090
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0090
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0095
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0095
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0095
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0100
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0100
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0100
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0105
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0105
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0115
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0115
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0115
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0115
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0115
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0110
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0110
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0110
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0110
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0110
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0110
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0110
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0110
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0120
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0120
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0370
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0370
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0370
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0130
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0130
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0130
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0135
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0135
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0135
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0135
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0135
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0135
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0135
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0135
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0145
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0145
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0375
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0375
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0140
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0140
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0140
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0140
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0155
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0155
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0160
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0160
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0160
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0160
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0165
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0165
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0165
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0170
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0170
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0175
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0175
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0380
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0380
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0185
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0185
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0185
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0185
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0185
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0185
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0185
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0185
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0200
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0200
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0200
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0200
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0200
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0205
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0205
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0205
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0190
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0190
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0195
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0195
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0210
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0210
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0385
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0385
http://dx.doi.org/10.1029/2009JE003342
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0225
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0225
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0395
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0395
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0395
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0235
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0235
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0240
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0240
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0240
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0240
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0240
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0240
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0240
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0245
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0245
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0245
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0245
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0245
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0245
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0250
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0250
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0250
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0250
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0250
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0255
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0255
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0260
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0260
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0260
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0265
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0265
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0265
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0270
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0270
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0275
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0275
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0275
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0275
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0275
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0275
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0275
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0280
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0280
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0285
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0285
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0295
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0295
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0290
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0290
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0300
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0300
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0300
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0300
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0300
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0300
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0305
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0305
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0310
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0310
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0315
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0315
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0315
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0320
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0320
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0320
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0320
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0320
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0335
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0335
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0335
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0325
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0325
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0325
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0330
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0330
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0330
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0340
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0340
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0340
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0345
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0345
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0345
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0350
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0350
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0350
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0350
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0350
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0350
http://refhub.elsevier.com/S0019-1035(14)00693-9/h0350

	Modeling salt precipitation from brines on Mars: Evaporation versus freezing origin for soil salts
	1 Introduction
	2 Methods
	3 Results
	3.1 (Na,Ca,Mg)–Cl–ClO4 systems
	3.2 (Na,Ca,Mg)–SO4–ClO4 systems
	3.3 Ca–Na–ClO4, Mg–Na–ClO4, Ca–Mg–ClO4, Na–K–ClO4, and Mg–K–ClO4 systems
	3.4 Quaternary Mg–Na–Cl–ClO4 system

	4 Application to the WCL solution
	5 Conclusions
	Acknowledgments
	References


