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Abstract

The Wet Chemistry Laboratory (WCL) on the Mars Phoenix Lander measured ions in a soil–water extraction and found
Na+, K+, H+ (pH), Ca2+, Mg2+, SO2�

4 ;ClO�4 , and Cl�. Equilibrium models offer insights into salt phases that were originally
present in the Phoenix soil, which dissolved to form the measured WCL solution; however, there are few experimental datasets
for single cation perchlorates (ClO�4 ), and none for mixed perchlorates, at low temperatures, which are needed to build mod-
els. In this study, we measure ice and salt solubilities in binary and ternary solutions in the Na-Ca-Mg-ClO4 system, and then
use this data, along with existing data, to construct a low-temperature Pitzer model for perchlorate brines. We then apply our
model to a nominal WCL solution. Previous studies have modeled either freezing of a WCL solution or evaporation at a sin-
gle temperature. For the first time, we model evaporation at subzero temperatures, which is relevant for dehydration condi-
tions that might occur at the Phoenix site. Our model indicates that a freezing WCL solution will form ice, KClO4,
hydromagnesite (3MgCO3�Mg(OH)2�3H2O), calcite (CaCO3), meridianiite (MgSO4�11H2O), MgCl2�12H2O, NaClO4�2H2O,
and Mg(ClO4)2�6H2O at the eutectic (209 K). The total water held in hydrated salt phases at the eutectic is �1.2 wt.%, which
is much greater than hydrated water contents when evaporation is modeled at 298.15 K (�0.3 wt.%). Evaporation of WCL
solutions at lower temperatures (down to 210 K) results in lower water activities and the formation of more dehydrated min-
erals, e.g. kieserite (MgSO4�H2O) instead of meridianiite. Potentially habitable brines, with water activity aw > 0.6, can occur
when soil temperatures are above 220 K and when the soil liquid water content is greater than 0.4 wt.% (100� gH2O g�1

soil). In
general, modeling indicates that mineral assemblages derived from WCL-type solutions are characteristic of the soil temper-
ature, water content, and water activity conditions under which they formed, and are useful indicators of past environmental
conditions.
� 2015 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Salts found in Martian soils have broad implications for
the aqueous history and habitability of Mars because salts
often form via aqueous processes and their composition
indicates critical habitability parameters such as pH
and water activity (aw). Orbital spectra and in situ
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measurements by rovers have identified a variety of salts
on Mars, including chlorides (Osterloo et al., 2008;
Ruesch et al., 2012), sulfates (Gendrin et al., 2005;
Langevin et al., 2005; Murchie et al., 2009; Bish et al.,
2013), and carbonates (Bandfield et al., 2003; Ehlmann
et al., 2008; Morris et al., 2010; Niles et al., 2013).
Perchlorates have also been measured in soils by the Wet
Chemistry Laboratory (WCL) experiment on the Phoenix

Lander (Hecht et al., 2009), and elsewhere by pyrolysis
experiments on the Curiosity Rover (Leshin et al.,
2013; Ming et al., 2013) and the Viking Landers
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(Navarro-González et al., 2010). Other salt species that may
be present, but have not yet been detected, include chlorates
and nitrates, which commonly occur in combination with
perchlorate on Earth (Kounaves et al., 2010c, 2014a;
Hanley et al., 2012). Salts in the upper soil surface on
Mars are likely globally distributed by wind and dust
storms (Yen et al., 2005). Hence, salts measured in fines
in one locality likely have global implications for the soil
chemistry.

The WCL experiment on the Phoenix Lander conducted
the most comprehensive and direct analysis of the soil sol-
uble salt content on Mars by measuring dissolved ions in a
1:25 soil–water extraction using an array of Ion Selective
Electrodes (ISEs) (Hecht et al., 2009). The WCL experi-
ment found that salts in the soil contain Na+, K+, Ca2+,

Mg2+, SO2�
4 ;ClO�4 , and Cl–, and that the soil pH is alkaline

(Kounaves et al., 2010a,b; Toner et al., 2014b). Ions mea-
sured in the WCL experiment dissolved from parent salts
originally present in the soil and indicate broad classes of
salts present, such as sulfates and perchlorates; however,
the precise identity of these parent salts remains uncertain
because anions and cations measured in the WCL
experiment can be combined in a number of non-unique
combinations. For example, perchlorate could be
present as KClO4, NaClO4�nH2O, Mg(ClO4)2�nH2O, or
Ca(ClO4)2�nH2O, each of which has different implications
for the past aqueous history and the potential for stable bri-
nes to form in soils (Marion et al., 2010; Kounaves et al.,
2014b).

If we assume that salts in the soil were once dissolved in
liquid water, then they would have precipitated from solu-
tion through either freezing or evaporation. Evidence for
past liquid water includes a relatively high abundance of
carbonate (Boynton et al., 2009) and spectrally-inferred
patches of perchlorate that were likely distributed by aque-
ous processes (Cull et al., 2010, 2014). Starting from an ini-
tial WCL type solution, equilibrium models have been used
to predict salt assemblages that form during either freezing
or evaporation (Hanley et al., 2012; Marion et al., 2010;
Toner et al., 2014b, 2015). Probably the most rigorous
method for modeling concentrated salt equilibria is the
Pitzer model, which has proven successful in a variety of
settings on Earth (Harvie and Weare, 1980; Spencer et al.,
1990). Pitzer models are constructed using experimental
data in binary and ternary solutions (a binary solution is
comprised of a single salt dissolved in water), and can then
be used to model more complex brine mixtures (Pitzer,
1991).

Marion et al. (2010) developed the first comprehensive
Pitzer model for perchlorates by incorporating perchlorates
into FREZCHEM (Marion and Kargel, 2008). Perchlorate
chemical parameters in FREZCHEM are based primarily
on binary solutions, and many parameters governing more
complex mixtures are assumed to be equivalent to ‘analo-
gous salt systems’ or are set to zero. Recently, Toner
et al. (2015) revised the model of Marion et al. (2010) using
experimental solubility data in multicomponent perchlorate
systems at 298.15 K, and found that model predictions in
FREZCHEM can be greatly in error, particularly for satu-
rated Na-Cl-ClO4, Na-Mg-ClO4, Ca-Cl-ClO4, and
Na-SO4-ClO4 mixtures. With respect to lower tempera-
tures, Toner et al. (2014b) used FREZCHEM to model
WCL solutions during freezing and found several anoma-
lous model predictions. For example, Mg2+ ion activity
coefficients in Ca-Mg-ClO4 mixtures can be in excess of
105 at low-temperatures leading to anomalous ‘salting in’
and ‘salting out’ effects (‘salting in’ is an increase in solubil-
ity due to a decrease in ion activity, whereas ‘salting out’ is
a decrease in solubility due to an increase in ion activity).
This suggests that low-temperature perchlorate chemistries
in FREZCHEM are also in need of revision.

Experimental data needed to build low-temperature
Pitzer models for perchlorate brines are often either lacking
or have been measured using relatively inaccurate methods.
For binary perchlorate solutions, the freezing-point depres-
sion (FPD) of ice has been measured with great care and
accuracy up to 1 molal concentration (this corresponds to
FPDs up to �8 K) by Scatchard et al. (1934) (KClO4 and
NaClO4) and Nicholson and Felsing (1950) (Mg(ClO4)2

and Ca(ClO4)2). FPDs at lower temperatures have been pri-
marily determined using dynamic methods, in which the
temperature is raised or lowered at a constant rate until
ice either precipitates or melts completely (e.g. Dobrynina
et al., 1980; Pestova et al., 2005). However, dynamic meth-
ods may give inaccurate FPDs at low temperatures due to
slow reaction kinetics (Toner et al., 2014a). This is problem-
atic because even small systematic errors in FPDs can result
in exponential changes in modeled ion activity coefficients
(Toner et al., 2014b). Furthermore, there are disagreements
between different low-temperature datasets. Dobrynina
et al. (1980) and Pestova et al. (2005) have measured the
Mg(ClO4)2 eutectic at 205 K, whereas Stillman and
Grimm (2011) and Toner et al. (2014a) have measured
the eutectic at 216 K. Similarly, Dobrynina et al. (1984)
and Pestova et al. (2005) disagree on both the eutectic
and salt solubilities in Ca(ClO4)2 solutions. With respect
to mixtures of perchlorate salts, no experimental data is
available below 298.15 K.

The goal of this study is to address the general lack of
experimental data for low-temperature perchlorates, as well
as potential inaccuracies in experimental methods and dis-
agreements between different datasets. We do this by accu-
rately measuring FPDs of ice and salt solubilities in the
Na-Ca-Mg-ClO4 system, and then use this data to extend
the 298.15 K Pitzer model of Toner et al. (2015) to lower
temperatures. We then apply our model to a nominal
WCL solution to predict equilibrium salt assemblages in
Martian soils during both freezing and evaporation.
Finally, we use the model to consider the stability regions
of sulfates, chlorides, and perchlorates in terms of temper-
ature and residual soil water content.

2. METHODS: FPD AND SOLUBILITY

MEASUREMENTS

To measure FPDs and salt solubilities, we equilibrated
mixtures of either ice and solution, or salt and solution,
within a copper reaction vessel at constant temperature,
removing subsamples of solution periodically for later gravi-
metric analysis of the salt content (Fig. 1). Our equilibrium



J.D. Toner et al. / Geochimica et Cosmochimica Acta 166 (2015) 327–343 329
method of measuring FPD and solubility is in contrast to
dynamic methods (e.g. Pestova et al., 2005), in which the tem-
perature is raised or lowered until the solid phase dissolves or
precipitates. To prevent the salt solutions from corroding the
copper, the interior of the reaction vessel (75 cm3 volume)
was lined with polyethylene. The temperature of the reaction
vessel was measured using a Lakeshore PT–111 Platinum
Resistance Thermometer (PRT) tightly embedded within
the vessel walls, and the temperature of the solution-ice mix-
ture was measured using a Lakeshore 304 stainless steel PRT
probe calibrated to an accuracy of ±0.02 K, which was
NIST-traceable. We periodically checked the calibration of
the PRT probe with a stirred ice bath. To control the temper-
ature of the copper reaction vessel, we used a Lakeshore
model 340 Cryogenic Temperature Controller. The tempera-
ture controller monitors the temperature in the vessel wall
and adjusts the power output to two 25 W cartridge heaters
embedded within the vessel using a Proportional-Integral-
Derivative (PID) control loop. To cool the vessel, we partly
immersed the vessel in a liquid nitrogen bath. Using this
setup, we were able to control temperatures in the reaction
vessel to a precision of ±0.001 K. To ensure equilibrium con-
ditions within the solution mixture, we stirred the mixture
using an overhead Teflon stirrer powered by an electric
motor. Subsamples of the stirred solution were periodically
collected in a syringe using plastic tubing, which had 40 lm
mesh at the end so that the solid phase was excluded. The
sampling tube was located within 1 cm of the PRT probe
to ensure that the sample temperature was accurately
recorded.

During a typical experimental run, we first placed a salt
solution of approximately eutectic concentration in the
reaction vessel and cooled the vessel to the eutectic temper-
ature of the salt. We then initiated crystallization of ice or
salt by injecting deionized water into the solution or adding
crystalline salts. After visually inspecting the solution-ice or
Fig. 1. The experimental setup used to measure solubilities. (A) The c
components of the experimental setup, showing: (1) the electric motor, (2
steel encased PRT, (6) cartridge heaters, and (7) vessel body/cap.
solution-salt mixture to ensure that a solid phase was pre-
sent (ice or salt) and that the solution was being
well-mixed by the stirrer, we allowed the temperature to
stabilize. Once the temperature stabilized to within
±0.001 K, we removed �1.5 ml of solution from the vessel
using a syringe. The temperature of the solution mixture
was then raised in increments of �5 K by adjusting the tem-
perature using the temperature controller.

Salt contents in the sampled solutions were measured
gravimetrically in a vacuum oven. Approximately 0.2 ml
of solution was weighed out into glass vials with
loose-fitting glass caps, which prevented the salt solutions
from splattering out of the vials during drying and pre-
vented absorption of water vapor during weighing. The pre-
cision of our scale is 0.01 mg. The glass vials were then
placed within a vacuum oven for one day at a temperature
of �500 K and a pressure of 0.02 mbar. After allowing the
vials to cool under vacuum, the vials were reweighed to
determine the water loss. Repeated cycles of drying and
weighing indicated that one day of drying in the vacuum
oven was sufficient to fully dehydrate the solutions.
Furthermore, replicate measurements of salt concentration
using the above methods gave results consistent within
±0.01 mol kg�1.

Chemicals used in this study were Mg(ClO4)2�6H2O
(99%), Ca(ClO4)2�4H2O (99%), and ACS reagent grade
NaClO4�H2O (98%) from Sigma–Aldrich�. For
solubilities in the binary Mg(ClO4)2, Ca(ClO4)2, and
NaClO4 systems, these salts were further purified by filter-
ing at 0.45 lm and recrystallization. No further purification
was done for the ternary salt systems. The perchlorate
mixtures were made from binary stock solutions of known
concentration, mixed so that each binary component in the
mixture contributed a roughly equal molar amount of
perchlorate. Given that the formation of ice will not change
the ratio of component salts in a ternary mixture, we were
onfiguration of the experiment during sample runs. (B) Different
) sampling tubing, (3) sample syringe, (4) Teflon stirrer, (5) stainless
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able to measure salt concentrations in ternary samples
gravimetrically by assuming a constant ratio for the compo-
nent salts.

To calculate water activities from our FPD measure-
ments, we use the FREZCHEM equation relating water
activity to temperature up to 272.15 K (Marion and
Kargel, 2008):

aw ¼ 1:906354� ð1:880285� 10�2ÞT
þ ð6:603001� 10�5ÞT 2 � ð3:419967� 10�8ÞT 3 ð1Þ

Eq. (11) performs poorly near 273.15 K, leading to erro-
neous values for the osmotic coefficient, so above 272.15 K
we calculate aw as (Robinson and Stokes, 1959):

log aw ¼ 0:004207ð273:15� T Þ þ 2:1� 10�6ð273:15� T Þ2

ð2Þ
3. ICE AND SALT SOLUBILITY RESULTS

FPDs measured in other studies are generally consistent
with our measurements within a few degrees (Table 1,
Fig. 2). In NaClO4 solutions, FPDs measured by
Hennings et al. (2013) and Freeth (1924) sometimes differ
from our measurements by up to six degrees at the same
molality. In Ca(ClO4)2 solutions, the data of Pestova
et al. (2005) is scattered above and below our dataset by
an average of about one degree. The data of Dobrynina
et al. (1984) is also consistent with our dataset at low molal-
ity, but differs significantly from both our study and
Pestova et al. (2005) above �6 mol kg�1. In Mg(ClO4)2

solutions, FPDs determined in our study, Pestova et al.
(2005), and Dobrynina et al. (1980) are all consistent to
within a few degrees. The new results of FPDs in ternary
perchlorate mixtures are approximately midway between
Table 1
Experimental FPD measurements determined in this study, with temper
measurement was done at each temperature.

NaClO4 Mg(ClO4)2 Ca(ClO4)2 Mg-Na2(ClO

Temp. Na Temp. Mg Temp. Ca Temp. M

267.10 1.915 260.91 1.414 263.28 1.326 268.89 0.
264.04 2.872 255.74 1.750 257.80 1.771 266.86 0.
261.12 3.747 251.25 1.993 253.23 2.066 262.78 0.
257.99 4.633 246.40 2.229 248.06 2.366 258.94 0.
255.11 5.413 242.15 2.403 243.25 2.609 254.66 1.
252.15 6.189 238.20 2.562 238.33 2.852 250.36 1.
249.12 6.956 236.09 2.629 232.87 3.072 242.56 1.
246.04 7.716 233.96 2.715 231.00 3.136 238.95 1.
243.30 8.376 232.24 2.759 228.53 3.242
240.54 9.009 230.10 2.842 226.19 3.316

228.34 2.882 223.21 3.443
226.01 2.963 221.23 3.515
223.18 3.042 218.55 3.604
222.01 3.082 214.53 3.731
216.72 3.219 209.61 3.883
213.47 3.290 204.93 4.024
208.51 3.396 202.25 4.095

199.13 4.158
FPDs determined in the component binary salts
(Fig. 2D). Stillman and Grimm (2011) and Toner et al.
(2014a,b) suggested that the ‘visual polythermal method’
of measuring FPDs, during which salt solutions are slowly
cooled until visual inspection identifies ice precipitation
(Dobrynina et al., 1980; Dobrynina et al., 1984; Pestova
et al., 2005), may systematically underestimate FPDs due
to supercooling. However, FPDs measured with the ‘visual
polythermal method’ do not lie systematically below our
equilibrium measurements, as would be expected from
supercooling.

Our solubility results are also generally similar to previ-
ous measurements (Table 2, Fig. 2A–C). NaClO4 solubili-
ties in our study agree well with the compilation of Chan
et al. (1995), which is based on multiple solubility measure-
ments at each temperature, and Chretien and Kohlmuller
(1966). Data from the study of Hennings et al. (2013),
which measured FPDs using a dynamic method, are scat-
tered relative to our measurements by up to ±10 K.
Mg(ClO4)2 solubilities in our study are consistent with both
Dobrynina et al. (1980) and Pestova et al. (2005), although
we find that Mg(ClO4)2 is less soluble near the eutectic. We
assume that Mg(ClO4)2�6H2O forms at all temperatures
because Mg(ClO4)2�6H2O is the stable phase at 298.15 K
and there are no obvious phase transitions in our solubility
data. Pestova et al. (2005) indicates that the hydration state
is 8H2O at all temperatures, but this is inconsistent with the
6H2O hydration state at 298.15 K determined by many sep-
arate investigators (Chan et al., 1989).

Ca(ClO4)2 solubilities in our study are consistent with
Pestova et al. (2005), but are much lower than solubilities
in Dobrynina et al. (1984) above 250 K. Possibly,
Dobrynina et al. (1984) measured metastable phases above
250 K. There has been some disagreement on the low tem-
perature hydration state of Ca(ClO4)2 salts (6H2O or
ature in Kelvin and molal (mol kg�1) ion concentrations. A single

4)2 Ca-Na2(ClO4)2 Mg-Ca(ClO4)2

g Na Temp. Ca Na Temp. Mg Ca

354 0.636 267.13 0.497 0.888 267.81 0.409 0.411
494 0.889 263.04 0.761 1.363 267.07 0.453 0.454
740 1.331 259.16 0.977 1.747 265.27 0.545 0.548
935 1.682 255.19 1.169 2.092 262.98 0.650 0.653
134 2.040 251.15 1.349 2.414 257.86 0.838 0.842
298 2.334 247.29 1.504 2.691 253.58 0.973 0.977
571 2.826 243.04 1.667 2.982 248.24 1.122 1.126
678 3.019 239.09 1.805 3.230 242.71 1.254 1.259

237.75 1.357 1.363
232.33 1.463 1.469
227.30 1.543 1.549
222.72 1.621 1.627
216.57 1.710 1.717
210.25 1.796 1.804



Fig. 2. Ice and salt solubilities determined in this study and from previous studies for NaClO4 (A), Ca(ClO4)2 (B), Mg(ClO4)2 (C), and ternary
mixtures (open symbols) compared to binary solutions (closed symbols) (D). The dotted lines indicate ice solubilities, salt solubilities, and
eutectic temperatures modeled in this study.

Table 2
Experimental solubility measurements determined in this study, with temperature in Kelvin and molal (mol kg�1) ion concentrations. A single
measurement was done at each temperature.

Temp. NaClO4 Temp. Ca(ClO4)2 Temp. Mg(ClO4)2

239.67 9.274 213.41 4.629 209.15 3.395
240.47 9.397 222.91 4.914 213.20 3.420
246.11 10.193 227.88 5.104 216.71 3.451
252.84 11.259 232.87 5.260 220.43 3.495
258.90 12.347 242.89 5.609 225.47 3.540
263.45 12.916 252.87 6.098 232.95 3.617
273.02 13.865 262.97 6.371 242.95 3.720
282.07 14.861 272.97 6.895 252.94 3.840
288.18 15.648 282.98 7.199 262.92 3.973
293.47 16.383 292.94 7.548 273.00 4.093
298.01 17.083 297.93 7.800 283.45 4.221

292.85 4.339
298.90 4.441
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4H2O) (Dobrynina et al., 1984; Pestova et al., 2005), but a
recent analysis by Hennings et al. (2014) indicates that
Ca(ClO4)2�6H2O is the stable phase at 238 K and that
Ca(ClO4)2�4H2O is the stable phase between 273.15 and
>298.15 K. Our solubility data suggests that there are sev-
eral kinks in the solubility curve between 250 and 273 K,
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which correlate well with phase transitions inferred by
Toner et al. (2014a) at 253.6 K and 270.8 K. We assume
here that the phase transition at 253.6 K is due to the dehy-
dration of Ca(ClO4)2�6H2O to a-Ca(ClO4)2�4H2O. Then, by
analogy to the aqueous CaCl2 system, which has multiple
polymorphs of CaCl2�4H2O (Pátek et al., 2008), we assume
that the phase transition at 270.8 K is due to the formation
of b-Ca(ClO4)2�4H2O. We note that the hydration state of
Ca(ClO4)2 has no effect on our Pitzer model parameteriza-
tion, which is based on FPD measurements, but does influ-
ence the calculated solubility product. If the hydration state
of Ca(ClO4)2 is found to differ in subsequent studies, it is a
simple matter to add an additional salt phase to the Pitzer
model by calculating its solubility product.

4. THERMODYNAMIC MODELING

4.1. Pitzer model

Fundamentally, the Pitzer equations are described by

binary Pitzer parameters bð0Þ; bð1Þ; bð2Þ, and C/ (describing
single-salt aqueous solutions), and the ternary parameters
h and w (describing mixtures of two salts), which are func-
tions of temperature and pressure. The temperature depen-
dence of these parameters for perchlorates is determined
from experimental data, as explained below. In this study,
we use the Pitzer approach of FREZCHEM v.13.3
(Marion and Kargel, 2008), which gives the osmotic coeffi-
cient (/) and ion activity coefficients (c) for cations (M) and
anions (X) in a mixed salt solution (excluding neutral spe-
cies for simplicity) as:

/ ¼ 1þ 2P
mi

�A/I3=2

1þ b
ffiffi
I
p þ

XX
mcmaðb/

ca þ ZCcaÞ
�

þ
XX

mcmc0 U/
cc0 þ

X
mawcc0a

� �

þ
XX

mama0 U/
aa0 þ

X
mcwaa0c

� �o
ð3Þ
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X
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X
mcð2UMc

þ
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þ jzM j
XX
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þ
X

mcwXacÞ þ
XX
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XX

mcmaCca ð5Þ

where m (mol kg�1) is the molality of cations (c and c0) and
anions (a and a’), z is the ion charge, I is the ionic strength,
A/ is the Debye–Hückel limiting law slope (0.3917 kg1/2 -
mol�1/2 at 298.15 K), b is a constant (1.2 kg�1/2 mol�1/2),

and Z ¼
P

mijzij. The functions b/; b;C;U/, and U are
given by:

b/
MX ¼ bð0ÞMX þ bð1ÞMX expð�a1

ffiffi
I
p
Þ þ bð2ÞMX expð�a2

ffiffi
I
p
Þ ð6Þ

bMX ¼ bð0ÞMX þ bð1ÞMX gð�a1

ffiffi
I
p
Þ þ bð2ÞMX gð�a2

ffiffi
I
p
Þ ð7Þ

CMX ¼
C/

MX

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
jzM zX j

p ð8Þ
U/
ij ¼ hij þ Ehij þ I

dEhij

dI
ð9Þ

Uij ¼ hij þ Ehij ð10Þ

where i and j indicate different cation–cation or anion–an-
ion pairs. For 1–1 (e.g. NaCl) or 1–2 salts (e.g. CaCl2),
a1 = 2 and a2 = 0 kg�1/2 mol�1/2; for 2–2 salts (e.g.
MgSO4), a1 = 1.4 and a2 = 12 kg�1/2 mol�1/2. Ehij is a ionic
strength dependent higher-order electrostatic term account-
ing for interactions between pairs of anions or cations hav-
ing different charges (if zi ¼ zj,

Ehij equals zero). gðxÞ is a
function given by:

gðxÞ ¼ 2

x2
1� ð1þ xÞ expð�xÞ½ � ð11Þ

F is a function given by:

F ¼ �A/

ffiffi
I
p

1þ b
ffiffi
I
p þ 2
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lnð1þ b

ffiffi
I
p
Þ

� �

þ
XX

mcmab
0
ca þ
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mcmc0U

0
cc0

þ
XX

mama0U
0
aa0 ð12Þ

where the prime symbols on b and U indicate differentiation
with respect to ionic strength. Finally, the osmotic coeffi-
cient in Eq. (3) is related to the water activity of a solution
(aw) by:

aw ¼ exp
�/

P
mi

55:50844

� 	
ð13Þ

For a more detailed explanation of the FREZCHEM
Pitzer implementation, particularly if neutral species are
included, see Marion and Kargel (2008).

The change in Pitzer parameters bð0Þ; bð1Þ, and C/ with
temperature at temperature T (Kelvin) can be determined

from the apparent relative molar enthalpy (/L) in binary
solutions by the equation (Silvester and Pitzer, 1978):

/L ¼ mjzczajAH
lnð1þ b

ffiffi
I
p
Þ

2b
� 2mcmaRT 2½mbL

ca þ mcmam2CL
ca�

ð14Þ

where AH is the Debye–Hückel slope for enthalpy
(AH=RT = 0.7956 kg1/2 mol�1/2 at 298.15 K), vc and va are
stoichiometric numbers of cations or anions (v ¼ vc þ va),

R is the universal molar gas constant, bL is a function of

bLð0Þ; bLð1Þ, and bLð2Þ (analogous to Eq. (7)), and CL is a func-

tion of CL/ (analogous to Eq. (8)). The empirical fitting

parameters bLð0Þ; bLð1Þ; bLð2Þ, and CL/ are related to Pitzer–

ion interaction parameters bð0Þ; bð1Þ; bð2Þ, and C/ at constant
temperature and pressure by:

bLðiÞ ¼ @b
ðiÞ

@T
and CL/ ¼ @C/

@T
ð15Þ

To describe the temperature dependence of Pitzer
parameters (P) and log solubility products (ln K) governing
Na-Mg-Ca-ClO4 solutions, we use the equation:

P ¼ ln K ¼ Aþ BðT � 298:15Þ þ CðT � 298:15Þ2 ð16Þ
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where A is the parameter value at 298.15 K, B is the change
with temperature at 298.15 K, and C is an empirical fitting

parameter. Parameter P can be either bð0Þ; bð1Þ;C/; h, or w.
The Na-Mg-Ca-ClO4 system is described by the binary

Pitzer parameters bð0Þ; bð1Þ, and C/ for NaClO4,
Mg(ClO4)2, and Ca(ClO4)2 solutions (six parameters total),
the cation–cation parameters hMg2þ ;Naþ ; hCa2þ ;Naþ , and

hMg2þ;Ca2þ , and the ternary parameters wMg2þ ;Naþ;ClO�4
,

wCa2þ ;Naþ;ClO�4
, and wMg2þ ;Na2þ ;ClO�4

. Eq. (16) is used to fit only

bð0Þ; bð1Þ;C/, and w parameters in the Na-Mg-Ca-ClO4

system.
We assume that the all cation–cation h parameters have

the same temperature dependence in FREZCHEM because
these parameters are used in many other mixtures in
FREZCHEM; hence, reevaluating these parameters would
require the simultaneous reevaluation of nearly all chemis-
tries in the FREZCHEM model, which is beyond the scope
of the present work. Furthermore, we note that there is lit-
tle improvement to our model fits if h parameters are
allowed to vary from their values in FREZCHEM. All
other parameters and solubility products not included in
the Na-Mg-Ca-ClO4 system are assumed to be the same
as in FREZCHEM v.13.3, including revisions at 298.15 K
made by Toner et al. (2015) (with the exception of
hCl� ;ClO�4

and wNaþ ;Cl�;ClO�4
parameters, as described in

Section 4.3).
We determine the coefficients A, B, and C in Eq. (16) in

the following steps:

1. We take parameter values and solubility products at
298.15 K (coefficient A in Eq. (16)) from the revised per-
chlorate model in Toner et al. (2015).

2. We determine the change in binary Pitzer parameters

bð0Þ; bð1Þ, and C/ with temperature at 298.15 K (coeffi-
cient B in Eq. (16)) by fitting Eq. (14) to enthalpy of
solution data at 298.15 K from Vanderzee and
Swanson (1963) (NaClO4, 0–17 molal), Jongenburger
and Wood (1965) (Mg(ClO4)2, 0–3.2 molal), and Gier
and Vanderzee (1974) (Ca(ClO4)2, 0–7.7 molal).
Enthalpy of solution data is not available for perchlorate
mixtures, so for ternary w parameters, coefficient B in
Eq. (16) is treated as an additional empirical coefficient
in the following step.

3. We determine the value of coefficient C in Eq. (16) for
binary Pitzer parameters, and both B and C for w
parameters, by fitting Eq. (3) to experimental FPD data.
We use only the high accuracy data of Scatchard et al.
(1934), Nicholson and Felsing (1950), and FPD data in
this study.

4. Using the temperature-dependent Pitzer parameters
determined in the steps above, we determine temperature-
dependent solubility products (ln K) for NaClO4,
Mg(ClO4)2, and Ca(ClO4)2 salts. First, we calculate ion
activity products (IAP) at each of the experimental
salt solubility points determined in this study using
Eqs. (1)–(3). Then, we fit these IAPs to Eq. (16) by varying
coefficients B and C.
4.2. Developing a model for perchlorate brines

The temperature coefficients of the Pitzer parameters

determined from /L (given as B coefficient for binary

parameters Table 3) indicate that bð0Þ; bð1Þ, and C/ generally
undergo small changes with temperature (Fig. 3). This is
consistent with the small temperature coefficients for
Pitzer parameters found in other electrolyte systems
(Silvester and Pitzer, 1978). For Ca(ClO4)2 and

Mg(ClO4)2, bð0Þ and bð1Þ change by <1 % K�1, whereas
these parameters change by �1.5 % K–1 for NaClO4. The

C/ parameter undergoes the most rapid change with tem-
perature, between 3 and 5 % K�1. The generally slow
change in parameters with temperature suggests that a rea-
sonable approximation for chemistries lacking
low-temperature data is to assume constant Pitzer parame-
ters with temperature.

For Ca(ClO4)2 and Mg(ClO4)2 solutions, osmotic coeffi-
cients calculated from other authors’ FPDs are character-
ized by scattered osmotic coefficients below about 2 m,
but are consistent with our study at higher concentrations,
with the exception of the Ca(ClO4)2 data from Dobrynina
et al. (1984) (Fig. 4A and C). In contrast, osmotic coeffi-
cients in NaClO4 solutions are scattered over the entire
range of molality to the eutectic (Fig. 4E). The generally
larger scatter found at lower molality is due to the greater
sensitivity of the osmotic coefficient to errors in concentra-
tion and temperature at low concentrations. Because
FREZCHEM is parameterized to this scattered data,
FREZCHEM systematically overestimates osmotic coeffi-
cients at low molality.

Despite the seemingly small differences in osmotic coef-
ficients between our model and FREZCHEM, mean ion
activity coefficients predicted by FREZCHEM are much
greater than in our model, particularly at low temperatures
(Fig. 4B, D, and F). Our model predicts that ion activity
coefficients in Ca(ClO4)2 and Mg(ClO4)2 solutions remain
near their values at 298.15 K at all temperatures modeled
(Fig. 4B and D), whereas ion activity coefficients in
NaClO4 decrease with temperature (Fig. 4F). Toner et al.
(2014b) found that the large increase in Mg(ClO4)2 ion
activity coefficients in FREZCHEM causes a number of
anomalous ‘salting out’ effects for salts of Mg2+. The cause
of the larger ion activity coefficients predicted by
FREZCHEM can be seen from the relationship between
mean ion activity coefficients (c�) and osmotic coefficients
at constant temperature and pressure (Robinson and
Stokes, 1959):

ln c� ¼ ð/� 1Þ þ
Z m

0

/� 1

m
dm ð17Þ

Eq. (17) indicates that ion activity coefficients at a given
molality are an exponential function of osmotic coefficients
at lower concentrations; hence, errors in the osmotic coeffi-
cient at low molality have a cumulative effect on calculated
ion activity coefficients at higher molality. Generally, higher
osmotic coefficients lead to exponentially higher ion activity
coefficients. This indicates the importance of accurately



Fig. 3. Experimentally derived values for /L from Vanderzee and
Swanson (1963) (NaClO4, h), Gier and Vanderzee (1974)
(Ca(ClO4)2, +), and Jongenburger and Wood (1965) (Mg(ClO4)2,
x). Modeled values using Eq. (5) are given as dotted lines.

Table 3
Pitzer parameters determined in this study as a function of temperature. Constants A, B, and C are used in Eq. (7).

Parameter A B C

bð0Þ
Naþ ;ClO�4

5.5400E�02 7.8712E�04 �3.8727E�06

bð1Þ
Naþ ;ClO�4

2.7550E�01 4.4318E�03 �1.2331E�04

C/
Naþ ;ClO�4

�1.1800E�03 �5.3394E�05 3.9507E�07

bð0Þ
Ca2þ ;ClO�4

4.5113E�01 3.9760E�04 5.0103E�07

bð1Þ
Ca2þ ;ClO�4

1.7565E + 00 7.3598E�03 �1.2439E�04

C/
Ca2þ ;ClO�4

�5.0010E�03 �1.6682E�04 �5.9959E�07

bð0Þ
Mg2þ;ClO�4

4.9613E�01 4.9397E�04 �2.7085E�06

bð2Þ
Mg2þ;ClO�4

2.0085E + 00 5.0772E�03 �4.2302E�04

C/
Mg2þ ;ClO�4

9.5810E�03 �3.4602E�04 �2.1062E�07

hCl� ;ClO�4 3.0990E�02 �1.9343E�03 –

wMg2þ;Naþ ;ClO�4
�2.8310E�02 1.0937E�03 1.5821E�05

wCa2þ ;Naþ ;ClO�4
�1.1780E�02 9.4502E�04 1.5312E�05

wCa2þ ;Na2þ ;ClO�4
�2.2870E�02 �1.1050E�03 1.9090E�06

wNaþ ;Cl� ;ClO�4
�5.4690E�03 3.2352E�04 –

Table 4
Solubility products (ln K) of salt dissolution as a function of temperature. Constants A, B, and C are used in Eq. (7).

Salt A B C

Ca(ClO4)2�6H2O 1.5111E + 01 4.2120E�02 �2.1785E�04
a-Ca(ClO4)2�4H2O 2.2682E + 01 2.9930E�01 3.0986E�03
b-Ca(ClO4)2�4H2O 1.7581E + 01 4.7534E�02 7.0030E�04
Mg(ClO4)2�6H2O 1.2878E + 01 8.6545E�03 �4.6569E�04
NaClO4�H2O 5.0222E + 00 2.9826E�02 �2.4587E�04
NaClO4�2H2O 5.4008E + 00 6.3081E�02 –
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fitting osmotic coefficient data at low molality (as seen in
comparison to FREZCHEM in Fig. 4). Fortunately, the
experimental studies that measured FPDs at low molality
(Scatchard et al., 1934; Nicholson and Felsing, 1950) were
rigorous and put much effort into achieving high accuracy
temperature and concentration measurements (see the
lengthy description of experimental methods in Scatchard
et al. (1932)), so we are confident in the accuracy of
FPDs measured below 1 molal concentration.

Our model provides a good fit to osmotic coefficients
calculated from experimental FPDs in perchlorate mix-
tures; in contrast, FREZCHEM predicts significantly dif-
ferent osmotic coefficients in Mg-Ca(ClO4)2 and
Mg-Na2(ClO4)2 mixtures (Fig. 5A). The differences
between our model and FREZCHEM become even more
apparent by comparing model predictions for ion activity
coefficients (Fig. 5B). In Mg-Ca(ClO4)2 and
Mg-Na2(ClO4)2 mixtures, FREZCHEM predicts cMg=cCa

and cMg=cNa ratios that are up to several orders of magni-

tude greater than in our model. This is primarily caused
by the extremely high ion activity coefficients in
Mg(ClO4)2 solutions predicted by FREZCHEM
(Fig. 4B). Ion activity coefficient ratios are important
because they control mineral stability through ‘salting
in’ and ‘salting out’ effects for salts having a common
ion. For example, Toner et al. (2014b) found that
FREZCHEM predicts that MgSO4 salts will precipitate
instead of CaSO4 salts in low-temperature Mg(ClO4)2



Fig. 4. Model fits (this study and FREZCHEM) to osmotic coefficients (/) calculated from FPDs using Eqs. (1) or (2) for Ca(ClO4)2,
Mg(ClO4)2, and NaClO4 solutions (A, C, and E). Mean ion activity coefficients (c�) calculated from this study and from FREZCHEM for 4 m
Ca(ClO4)2, 3.5 m Mg(ClO4)2, and 9 m NaClO4 solutions (B, D, and F).
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brines due to cMg=cCa ratios on the order of �5000, lead-

ing to the formation of Ca-Mg-ClO4-rich brines. In our
model, cMg=cCa ratios remain roughly constant, so such

unusual ‘salting in/out’ effects do not occur. On the other
hand, our model does predict a ‘salting out’ effect for Na
salts relative to salts of Mg and Ca due to increasing
cMg=cNa and cCa=cNa ratios with increasing concentration.

Our model predictions for salt solubility are in good
agreement with experimental data (Fig. 2A–C; Table 4;
Table 5). In NaClO4 solutions, Hennings et al. (2013) found



Fig. 5. Comparisons between experimental and modeled values (this study and FREZCEHM) for solutions in equilibrium with ice at various
temperatures/concentrations (A and B). (A) measured osmotic coefficients for Mg-Ca(ClO4)2 (o), Mg-Na2(ClO4)2 (h), and Ca-Na2(ClO4)2 (D)
mixtures from FPD measurements compared to modeled values from this study (–––) and FREZCHEM (-- - - -). (B) A comparison between
modeled ion activity coefficient ratios in this study (–––) and FREZCHEM (-- - - -) for Mg-Ca(ClO4)2 (o cMg=cCa), Mg-Na2(ClO4)2 (h
cMg=cNa), and Ca-Na2(ClO4)2 (4 cCa=cNa) mixtures in Fig. 5A. Note: for all salt mixtures, the individual salt components contribute an equal
amount of ClO4.

Fig. 6. Experimental data (symbols) from Chan et al. (1995) and
modeled (solid lines) solubilities in the Na-Cl-ClO4 system at
298.15, 293.15, and 273.15 K. The two outlying points at 293.15 K
between 3 and 5 m NaCl are not used to fit our model.
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that there is a stable eutectic at 239.05 K and a metastable
eutectic at 237.35 K; our model is consistent with the stable
eutectic. In Ca(ClO4)2 solutions, our modeled eutectic
(198.2 K) is similar to the experimental eutectic found by
Pestova et al. (2005) (198.55 K); in contrast, Dobrynina
et al. (1984) found that the Ca(ClO4)2 eutectic is
212.65 K. FPDs measured near the eutectic by Dobrynina
et al. (1984) are also much higher than in this study or
Pestova et al. (2005), and we find that if this data is used
to fit a Pitzer model, the resulting model predicts implausi-
bly high ion activity coefficients (>105). This suggests that
there may be experimental or typographic errors in the
study of Dobrynina et al. (1984). In Mg(ClO4)2 solutions,
our eutectic is several degrees higher in temperature than
determined by Dobrynina et al. (1980) or Pestova et al.
(2005). Our Mg(ClO4)2 solubility data is not consistent with
the 216 K eutectic found by Stillman and Grimm (2011)
and Toner et al. (2014a). The higher eutectic temperature
measured in these studies suggests that a previously unchar-
acterized, more hydrated Mg(ClO4)2 phase can precipitate
from solution during freezing; however, our solubility mea-
surements indicate that Mg(ClO4)2�6H2O does not readily
alter to this phase, despite extensive stirring of the solution
mixture and long equilibration times (up to several hours)
in our measurements.

4.3. Model parameterization to low temperature solubility

data

Toner et al. (2015) estimated mixing parameters in the
Pitzer model using solubility data; however, there are very
few solubility data sets involving perchlorate salts below
298.15 K. If there are no experimental data available for
a mixed salt system below 298.15 K, then we assume that
the Pitzer parameters determined at 298.15 K by Toner
et al. (2015) are constant with temperature. Assuming
temperature-independent parameters is a reasonable
approach when experimental data is unavailable because
Pitzer parameters change slowly with temperature
(Silvester and Pitzer, 1978). Solubilities have been measured
in the Na-Cl-ClO4 system at 293.15 K and 273.15 K
(Fig. 6). Following the procedure in Toner et al. (2015),
we determined the temperature dependence of the
hCl�;ClO�4

and wNaþ;Cl� ;ClO�4
parameters by fitting NaCl and

NaClO4�H2O solubility products to ion activity products
modeled in the Na-Cl-ClO4 system (Table 4). Fig. 6 shows
that the solubility of NaCl in the Na-Cl-ClO4 system is
weakly dependent on temperature, whereas the solubility
of NaClO4�H2O decreases by several molal.
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5. APPLICATION TO THE ROSY RED SOIL

SOLUTIONS MEASURED BY THE PHOENIX
LANDER

Equilibrium models can be used to estimate what salts
may form in soils under various conditions of dehydration
and temperature. Marion et al. (2010) studied salts that
form from WCL solutions in the presence of ice at low tem-
peratures using FREZCHEM, whereas Toner et al. (2014b)
used a chemical divide model. Marion et al. (2010) and
Hanley et al. (2012) have also investigated salts that form
during evaporation at 280 K, and Toner et al. (2015) has
revised FREZCHEM to model evaporation at 298.15 K.
The results of these studies indicate that a variety of
Ca-Mg carbonate, Mg-Na sulfate, Mg-Na chloride, and
Mg-Na-K perchlorate salts precipitate from solution, and
that salt assemblages formed during freezing are typically
different from salt assemblages formed during evaporation.
The accuracy of model predictions in these studies relies
upon two key assumptions: (1) liquid water is present to
mediate precipitation/dissolution reactions and (2) equilib-
rium salt assemblages form, as opposed to metastable
assemblages. These assumptions are reasonable for the
Phoenix site given that there are multiple lines of evidence
suggesting liquid water has been active at the Phoenix site
(Boynton et al., 2009; Rennó et al., 2009; Smith et al.,
2009; Cull et al., 2010; Stillman and Grimm, 2011; Fisher
et al., 2014). Furthermore, the �600 Ma age of the soil
(Heet et al., 2009) suggests that there has been sufficient
time for brines and salts to equilibrate. Even if liquid water
has never formed at the Phoenix site, equilibrium model
predictions provide a reference point for interpreting the
presence of metastable mineral assemblages (Kounaves
et al., 2014b).

5.1. Model implementation

We apply our model to ion concentrations in a ‘nom-
inal’ Rosy Red WCL solution from the revised WCL
analysis of Toner et al. (2014b): Ca2+ = 0.186,
Mg2+ = 3.459, Na+ = 1.472, K+ = 0.329, Cl� = 0.407,

SO2�
4 = 1.511, ClO�4 = 2.743 mM, Alk. = 2.919 meq, and

pH = 7.67. We model equilibrium evaporation and/or
freezing in contrast to the fractional crystallization model-
ing done by Marion et al. (2010), which assumes that pre-
cipitated minerals cannot redissolve into solution. Below
253 K we exclude carbonate chemistries from our model
because carbonate equilibria are poorly known below this
temperature (Marion, 2001) and because the inclusion of
carbonates below 253 K causes convergence failures. The
removal of carbonate phases should have a negligible
impact on modeled chemistries at lower temperatures
given that very little alkalinity remains in solution at
253 K. When carbonates are included in our model
(above 253 K), we assume a nominal pCO2 of 4 mbar in
the WCL cell (Kounaves et al., 2010a). We also exclude
dolomite (CaMg(CO3)2) and magnesite (MgCO3) phases
from our model because the formation of these salts is
kinetically inhibited at low temperatures (Langmuir,
1965; Land, 1998).
To implement our model we use a version of the geo-
chemical program PHREEQC (Appelo and Postma, 2005)
developed by Toner and Sletten (2013b) that incorporates
Pitzer parameters and solubility products from
FREZCHEM in the Na-K-Mg-Ca-H-Cl-SO4-OH-HCO3

-CO3-CO2-H2O system. This version of PHREEQC was
tested for freezing seawater and found to be in excellent
agreement with FREZCHEM (Fig. 2.2 in Toner and
Sletten, 2013a). Our decision to use PHREEQC for our
modeling, instead of FREZCHEM, is for a number of rea-
sons: (1) PHREEQC has fewer convergence problems than
FREZCHEM, (2) it is much easier to add new phases or
parameters to PHREEQC, and (3) many different solutions
can be modeled sequentially in PHREEQC. Using the
PHREEQC database developed in Toner and Sletten
(2013b), we add in additional perchlorate Pitzer parameters
and solubility products from this study and from (Toner
et al., 2015). We have validated our PHREEQC model by
comparing model results to FREZCHEM.

5.2. Model results

As a first step, we model freezing of the WCL solution
down to its eutectic (Fig. 7). No salts precipitate from solu-
tion until below 273.15 K, at which point ice precipitates
and concentrates the remaining liquid water. Near
273.15 K, calcite (CaCO3), hydromagnesite (3MgCO3�Mg
(OH)2�3H2O), KClO4, and meridianiite (MgSO4�11H2O)
precipitate from solution. At 268.1 K, calcite dissolves into
solution and Ca2+ precipitates as gypsum (CaSO4�2H2O);
however, below 261.5 K gypsum dissolves and all Ca2+ pre-
cipitates as calcite. Similarly, mirabilite (Na2SO4�10H2O)
precipitates at 265.1 K, but redissolves into solution at
253.7 K. The behavior of mirabilite in our model is similar
to what occurs in freezing seawater; mirabilite precipitates
near 267 K, but redissolves into solution at 251 K
(Marion et al., 1999). In seawater, the redissolution of mir-
abilite has been attributed to the reduction of Na+ concen-
trations due to hydrohalite (NaCl�2H2O) precipitation. In
many experimental studies on freezing seawater, mirabilite
persists at lower temperatures due to slow reaction kinetics
(e.g. Nelson and Thompson, 1954; Herut et al., 1990); how-
ever, more careful experiments with longer equilibration
times indicate that mirabilite does dissolve at 251 K
(Gitterman, 1937). In our model, mirabilite dissolution at
253.7 K is caused by increasing Mg2+ ion activity coeffi-
cients with increasing perchlorate concentration, leading

to greater meridianiite precipitation and lower SO2�
4

concentrations.
At 234.1 K, NaClO4�2H2O precipitates from solution,

followed shortly thereafter by MgCl2�12H2O at 233.2 K
(Fig. 7). Even if NaClO4 phases are removed from the
model, MgCl2�12H2O still precipitates instead of hydro-
halite. The precipitation of MgCl2�12H2O instead of hydro-
halite is surprising because the eutectic temperature of
hydrohalite (251.9 K) is significantly higher than
MgCl2�12H2O (240.2 K) and the solution composition is
rich in Na+ and Cl- ions at low temperatures. Toner et al.
(2014b) also found that MgCl2�12H2O precipitates instead
of hydrohalite using FREZCHEM, but attributed this



Fig. 7. Modeled freezing of a nominal WCL solution: (A) ion concentrations and salt precipitation events as a function of temperature
modeled in this study, (B) ion concentrations and salt precipitation events as a function of temperature modeled with FREZCHEM v.13.3
Toner et al. (2014b). (C) the wt.% of precipitated phases assuming a soil density of 1 g cm�3 and a total soil addition of 1 g.

Table 5
Modeled and measured temperatures (Kelvin) and concentrations (mol kg�1) at different phase transitions for NaClO4, Mg(ClO4)2, and
Ca(ClO4)2 salts.

Phase Transition Modeled Measured

NaClO4�H2O-NaClO4�2H2O 259.9 K , 12.46 m 259.20 K, 12.44 m Chretien and Kohlmuller (1966)
ice-NaClO4�2H2O 239.2 K , 9.23 m 238.95 K, 9.21 m Chretien and Kohlmuller (1966)

239.05 K, 9.06 m Hennings et al. (2013)
ice-Ca(ClO4)2�6H2O 198.2 K, 4.17 m 212.65 K, 4.62 m Dobrynina et al. (1984)

198.55 K, 4.20 m Pestova et al. (2005)
ice-Mg(ClO4)2�6H2O 209.3 K , 3.38 m 206.15 K, 3.45 m Dobrynina et al. (1980)

204.55 K, 3.45 m Pestova et al. (2005)
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apparent reversal in salt solubility to the extremely high
Mg2+ ion activity coefficients that FREZCHEM predicts
in perchlorate-rich solutions. As a result, Toner et al.
(2014b) assumed that hydrohalite precipitates before
MgCl2�12H2O in their chemical divide model. Although
our model predicts much lower Mg2+ ion activity



Fig. 8. Modeled stability regions for different solid phases as a function of temperature and residual water content (100� gH2O g�1
soil) for

KClO4 (A), sulfates (B), chlorides (C), NaClO4�2H2O/NaClO4�H2O (D), and Mg(ClO4)2�6H2O (E). Modeled water activities are shown in (F),
where the asterisk (*) indicates the lowest possible temperature where the water activity is 0.6. The dashed lines are the same in all panels and
indicate ice precipitation. Soil solutions above the dashed lines cannot occur due to ice precipitation and the resulting decrease in solution
water content. The gray lines delineate stability regions for different salts. Note that wt.% water refers to water in solution (i.e. water that
would be available to life) and does not include water held in solid phases. To aid in the interpretation of these graphs, panel A has been
modified to show the direction of freezing and evaporation, the eutectic, and regions where solutions are possible. As an example, panel A
indicates that a solution evaporating at 280 K will precipitate KClO4 when the liquid water content reaches 27.5 wt.%. Similarly, a freezing
WCL solution containing 27.5 wt.% liquid water will precipitate KClO4 once the temperature decreases to 280 K.
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coefficients in perchlorate-rich solutions than
FREZCHEM, Mg2+ ion activity coefficients are still much
greater than Na+ ion activity coefficients, leading to an
overall ‘salting out’ effect for salts of Mg2+ relative to salts
of Na+.

The WCL solution finally freezes completely at 209 K
when Mg(ClO4)2�6H2O precipitates from a
Mg(ClO4)2-rich solution. The total water held in the final

salt assemblage is 1.2 wt.% (100� gH2O g�1
soil), assuming a

solution:soil ratio of 25:1 gsoil g�1
soil in the WCL experiment.

As noted by Toner et al. (2014b, 2015), this quantity of
water is consistent with measurements of water from orbital
spectra (Feldman et al., 2004; Boynton et al., 2007) and
in situ measurements by the Mars Science Laboratory
(MSL) (Leshin et al., 2013; Ming et al., 2013).
Furthermore, Toner et al. (2015) found that evaporation
at 298.15 K yields hydrated salts with much lower water
contents (�0.3 wt.%), suggesting that salts at the Phoenix
site, and perhaps elsewhere, formed at low temperatures
by freezing. However, the presence of kieserite
(MgSO4�H2O) (which is inferred to be present on Mars
from orbital near-IR spectroscopy) may indicate an evapo-
rative origin in some regions (see below).

Previous studies have modeled either equilibrium freez-
ing starting from a dilute WCL solution, or equilibrium
evaporation at a constant temperature; however, these
‘one dimensional’ studies neglect the wide range of dehy-
dration and temperature conditions that are possible in
Martian soils. For example, no studies have modeled evap-
oration at subzero temperatures. Given that Mars’ surface
temperature averages �220 K, evaporation at subzero tem-
peratures may be more relevant to present-day salt assem-
blages. Whether salts form during evaporation or freezing
is dependent on the relative humidity (RH) and tempera-
ture. At the soil surface, very low RH conditions occur dur-
ing the daytime, but RH quickly increases during the
nighttime due to lower temperatures (Savijärvi, 1995;
Harri et al., 2014). Martı́n-Torres et al. (2015) found that
nighttime relative humidity and soil temperature in Gale
Crater, as measured by the Curiosity rover, are high enough
to form transient liquid water in the upper 5 cm of soil.
Potentially, brines formed during the nighttime could the
form salts by evaporation during the daytime; however,
Fisher et al. (2014) indicate that hydration/dehydration of
brines may be hindered at Mars’ surface temperatures due
to slow kinetics. Deeper in the soil, vapor transport is buf-
fered by overlying soil layers and the RH in the soil pore
space will be controlled by subsurface ice (Mellon et al.,
2009; Smith et al., 2009). Hence, subsurface salts at the
Phoenix site likely formed during freezing in equilibrium
with ice, which is modeled in Fig. 7.

Starting from an initial dilute WCL solution, we mod-
eled evaporation at different temperatures from 298.15 K
down to the WCL solution eutectic at 209 K, and in
Fig. 8 we construct the stability regions of different salt pre-
cipitates as a function of temperature and wt.% liquid water

as grams of water per gram of dry soil (100� gH2O g�1
soil) (see

the Fig. 8 caption for a detailed explanation of how to read
these graphs). Due to convergence issues below 253.15 K,
we removed alkalinity from the nominal WCL solution
by assuming that alkalinity precipitates entirely as Ca and
Mg carbonates. The earliest salt to precipitate from the
WCL solution is KClO4 (Fig 8A). KClO4 is only completely
dissolved above 15–30 wt.% water, which would corre-
spond to a water saturated soil; hence, KClO4 is likely
always present as a precipitated phase. Sulfate salts precip-
itate in a variety of hydrated phases depending on the tem-
perature and water activity (Fig 8B). In the presence of ice,
meridianiite is always the stable MgSO4 mineral present.
Mirabilite also precipitates in the presence of ice, but has
a limited stability region between 253 and 269 K. As the
WCL solution is further evaporated, meridianiite dehy-
drates to epsomite (MgSO4�7H2O), hexahydrite
(MgSO4�6H2O), and kieserite (MgSO4�H2O). Although
epsomite and kieserite typically form at higher tempera-
tures, and have been suggested to form on Mars under
warm or hot conditions (Noel et al., 2015), our model indi-
cates that epsomite can form down to 228 K and kieserite
down to 276 K due to decreasing water activities during
evaporation. At low residual water contents, the stability
regions of meridianiite, epsomite, and kieserite become con-
stant because all possible salt phases are precipitating from
solution, leading to a constant solution composition upon
further evaporation. Chloride precipitates entirely as halite
(NaCl) above 253 K, and then transitions to MgCl2�12H2O
at lower temperatures (Fig 8C). Although halite transitions
to hydrohalite at 273 K in NaCl solutions, our model indi-
cates that this does not occur in mixture with perchlorate
due to lower water activities in concentrated perchlorate
solutions and the precipitation of MgCl2�12H2O.
Similarly, in NaClO4 solutions, NaClO4�H2O transitions
to NaClO4�2H2O at 260 K (Chretien and Kohlmuller,
1966), but the lower water activities in NaClO4-
Mg(ClO4)2 mixtures depresses this transition temperature
down to 237 K (Fig 8D). Mg(ClO4)2�6H2O is present in
the soil at very advanced states of freezing or evaporation,
and only precipitates from solution below 0.5 wt.% water
(Fig 8E).

The activity of water in concentrated WCL solutions is
critical for the potential habitability of brines and also con-
trols the hydration state of salt precipitates. On Earth,
aw = 0.6 is the lowest known in which life can exist
(Grant, 2004; Stevenson et al., 2015). Overall, water activi-
ties in our model decrease with water content, and increase
with decreasing temperature. At the eutectic temperature of
the WCL solution, aw = 0.5–0.6. The lowest possible tem-
perature and brine content at which the water activity
equals 0.6 is 219 K and 0.4 wt.% water (indicated by the
asterisk in Fig 8F). Even higher water activities are possible
during daytime temperatures in the summer, which can
reach as high as 260 K near the soil surface at the
Phoenix site.
6. CONCLUSIONS

Salt assemblages on Mars are characteristic of the tem-
perature and relative humidity conditions under which they
formed, and reflect the salinity, water activity, and pH of
surrounding brines. To predict equilibrium salt assemblages
that might occur on Mars, we extended the 298.15 K Pitzer
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model of Toner et al. (2015) to lower temperatures using
new experimental solubility measurements in perchlorate
solutions, including perchlorate mixtures. The resulting
model is a significant improvement over FREZCHEM, par-
ticularly for mixtures including Mg(ClO4)2. Applied to a
freezing WCL solution, our model indicates that the
WCL solution eutectic is 209 K, and that calcite, hydro-
magnesite, KClO4, meridianiite, NaClO4�2H2O,
MgCl2�12H2O, and Mg(ClO4)2�6H2O form in order of
decreasing temperature. The total water held in hydrated

salts at the eutectic is 1.2 wt.% (100� gH2O g�1
soil), which is

consistent with minimum water contents of 1.5–2 wt.%
water in Mars’ surface soils from in situ and orbital mea-
surements, and suggests that salts at the Phoenix site and
perhaps elsewhere have formed during freezing.

To determine the full range of salts that might precipi-
tate as a function of temperature and soil water content,
we modeled evaporation and freezing of a WCL solution
over all possible temperature and soil water content condi-
tions. These comprehensive model results indicate that
potentially habitable brines, defined as having a water
activity greater than 0.6, only occur above 220 K and
0.4 wt.% water. Overall, the modeling results in this study
outline a roadmap of soluble mineral assemblages that
are possible under different temperature and soil water con-
tent regimes, and can be used to interpret both past and
future identifications of soluble minerals on Mars.
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