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Abstract

Perchlorate salts found on Mars are extremely hygroscopic and form low eutectic temperature aqueous solutions, which
could allow liquid water to exist on Mars despite cold and dry conditions. The formation, dynamics, and potential habitability
of perchlorate salt solutions can be broadly understood in terms of water activity. Water activity controls condensation and
evaporation of water vapor in brines, deliquescence and efflorescence of crystalline salts, and ice formation during freezing.
Furthermore, water activity is a basic parameter defining the habitability of aqueous solutions. Despite the importance of
water activity, its value in perchlorate solutions has only been measured at 298.15 K and at the freezing point of water.
To address this lack of data, we have determined water activities in NaClO4, Ca(ClO4)2, and Mg(ClO4)2 solutions using exper-
imental heat capacities measured by Differential Scanning Calorimetry. Our results include concentrations up to near-
saturation and temperatures ranging from 298.15 to 178 K. We find that water activities in NaClO4 solutions increase with
decreasing temperature, by as much as 0.25 aw from 298.15 to 178 K. Consequently, aw reaches �0.6–0.7 even for concentra-
tions up to 15 molal NaClO4 below 200 K. In contrast, water activities in Ca(ClO4)2 and Mg(ClO4)2 solutions generally
decrease with decreasing temperature. The temperature dependence of water activity indicates that low-temperature NaClO4

solutions will evaporate and deliquesce at higher relative humidity, crystallize ice at higher temperature, and potentially be
more habitable for life (at least in terms of water activity) compared to solutions at 298.15 K. The opposite effects occur
in Ca(ClO4)2 and Mg(ClO4)2 solutions.
� 2016 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The discovery of perchlorate (ClO�
4 ) by the Phoenix Wet

Chemistry Laboratory (WCL) (Hecht et al., 2009) has
profoundly influenced our view of liquid water on Mars.
Perchlorate salts can absorb water from the atmosphere
to form brines (Gough et al., 2011), and once formed, such
brines can remain liquid down to 195 K (Chevrier et al.,
2009; Marion et al., 2010) or even lower (down to 150 K)
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due to supercooling (Toner et al., 2014a). These properties
suggest that liquid water could form on present-day Mars
despite extremely cold and dry conditions. Liquid water
in the form of perchlorate brine has been invoked to explain
Recurring Slope Lineae (RSL) (Chevrier and Rivera-
Valentin, 2012; Ojha et al., 2015; Stillman et al., 2016)
and the flow of Martian polar ice (Fisher et al., 2010;
Lenferink et al., 2013). Perchlorate brines may even support
extremophile forms of life (Coates and Achenbach, 2004;
Davila et al., 2010).

The activity of water (aw) is fundamental for under-
standing the formation and habitability of brines on Mars.
Water activity is defined as the equilibrium fugacity of
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water vapor over a solution (f) relative to the fugacity of
water vapor over pure water (f0) (aw = f/f0). At low pres-
sures, fugacities are well approximated by partial vapor
pressures (p and p0), leading to the more common expres-
sion aw � p/p0, which is equivalent to the equilibrium rela-
tive humidity (RH) over a salt solution (RHeq = aw). The
exchange of water between a salt solution and the atmo-
sphere is controlled by the relative values of RH and aw:
a solution will condense water from the atmosphere when
aw < RH, and it will evaporate when aw > RH. Further-
more, crystalline salts will deliquesce when RH increases
above aw in the saturated salt solution (aw,sat), and will efflo-
resce (precipitate salt) when RH < aw,sat, although kinetic
effects often occur (Gough et al., 2011; Toner et al.,
2014a). With respect to freezing, aw at the freezing-point
of ice is a well-known function of temperature, and can
be used to predict the temperature at which ice crystallizes
or melts in solution (Murphy and Koop, 2005). Finally, aw
measures how available water is for life to use, and is a
basic criteria used to evaluate the habitability of aqueous
solutions (Grant, 2004; Stevenson et al., 2015).

Despite the importance of aw for understanding liquid
water dynamics on Mars, there are few aw datasets available
for low-temperature aqueous solutions. The most detailed
and accurate aw data available for perchlorates are at
298.15 K, where aw has been measured at concentrations
ranging from dilute solutions to near saturation (e.g.
Stokes and Levien, 1946; Robinson et al., 1953). At lower
temperatures, aw data is only available from freezing-
point depression (FPD) measurements (e.g. Toner et al.,
2015b), which extend from dilute solutions near 273.15 K
to the eutectic. At temperatures and concentrations
between the FPD line and 298.15 K, we are aware of no
aw measurements.

To extrapolate water activities in perchlorate solutions
beyond the range of experimental data, Marion et al.
(2010) and Toner et al. (2015b) fit experimental aw data
on perchlorates to the Pitzer model (Pitzer, 1991). Such
models have been used to predict aw in solutions far beyond
existing experimental data points (Gough et al., 2011, 2014;
Toner et al., 2015b). However, extrapolations based on
Pitzer models are problematic because Pitzer models are
notorious for being inaccurate beyond the range of experi-
mental data (Rowland et al., 2015). In making revisions to
the FREZCHEM Pitzer model (Marion et al., 2010), which
includes perchlorate, (Toner et al., 2014b, 2015a,b) have
found that inaccurate model predictions are common when
models are extrapolated beyond their experimental founda-
tions. This deficiency points to a need for more complete aw
data for perchlorates.

In this study, we determine heat capacities as a continu-
ous function of temperature at various concentrations in
aqueous NaClO4, Ca(ClO4)2, and Mg(ClO4)2 solutions
using Differential Scanning Calorimetry (DSC). We then
use the heat capacity data, in combination with aw and
enthalpy data from literature sources at 298.15 K, to
numerically calculate aw as a function of concentration
and temperature (178.15–298.15 K). As opposed to previ-
ous studies that use the Pitzer equations to calculate water
activities as a function of temperature, we use smooth
polynomial and spline fits to represent the available exper-
imental data as closely as possible.

2. METHODS

2.1. DSC analysis

2.1.1. Instrument, materials, and sample preparation

We measured heat capacities using a Q2000 DSC man-
ufactured by TA Instruments. Our DSC is cooled by liquid
nitrogen and uses helium as a purge gas at a flow rate of
25 ml min�1. A DSC measures the heat flux, U (J s�1 g�1),
in a sample relative to a reference material as the sample
is heated or cooled at a constant rate, r (K s�1). The specific
heat capacity, Csp (J K�1 g�1), is the measured heat flux
divided by the rate of temperature change (Csp = U/r).
For both calibration and analysis of heat capacities, we
used the same temperature protocol over all runs: (1) a
5 min isothermal period at 323 K, (2) a 10 K min�1 cooling
scan to 173 K, and (3) a 5 min isothermal period at 173 K.
We performed three separate analyses of heat capacity for
each sample, and report the average heat capacity values
over all three runs.

We prepared near-saturated stock solutions of NaClO4,
Mg(ClO4)2, and Ca(ClO4)2 using NaClO4�H2O,
Ca(ClO4)2�4H2O, and Mg(ClO4)2�6H2O from Sigma–
Aldrich�, which we further purified by recrystallizing the
salts twice. These stock solutions were analyzed for concen-
tration gravimetrically by dehydrating the salt solutions in
a vacuum oven (0.02 mbar pressure) overnight at �500 K.
Replicate measurements of the stock solution concentra-
tions gave values within ±0.01 mol kg�1 of each other.
Solutions of known concentration were prepared by dilut-
ing the stock solutions with deionized water.

Aqueous samples were analyzed for heat capacity in
TzeroTM alodined aluminum sample pans (alodine is a cor-
rosion resistant chromate conversion coating). We pipetted
20 lL (20–30 mg) of solution into the sample pans, and
then sealed the pans hermetically with an aluminum lid to
prevent vapor transfer. The weight of sample pan, lid,
and aqueous sample was determined before and after the
DSC analysis to an accuracy of ±0.001 mg to ensure that
the hermitic seal held over the course of the experiment.

2.1.2. Temperature calibration

Calibration of a DSC for heat capacity measurements
requires both a temperature and heat flux calibration
(Price, 1995; Höhne et al., 1996; Giuseppe et al., 2006).
For the temperature calibration, we performed temperature
scans through phase transition temperatures in various sub-
stances (described below) at heating rates ranging from
5 K min�1 to 20 K min�1. We then extrapolated the onset
temperature of the measured transition to a scanning rate
of 0 K min�1 by assuming a linear dependence for the onset
temperature with scanning rate. Additionally, we per-
formed a step-scan temperature calibration, in which we
increased the temperature near a transition of interest in
steps of 0.05 K with 2 min isothermal intervals. Both meth-
ods of temperature calibration gave concordant results. The
difference between measured (Tmeas) and instrumental
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(T instr) temperatures (DT ¼ T meas � T instr) was interpolated
over all temperatures by a cubic spline fit to T instr vs. DT .

We used five different substances for temperature cali-
bration of the DSC: 18 MX deionized water, 99.97%
indium from TA Instruments, 99.9% cyclohexane and
99.5% cyclopentane from Crescent Chemical Co., and
99.9999% mercury from Sigma–Aldrich�. The transition
temperatures we included in our calibration are the melting
points of indium (429.75 K), ice (273.15 K), and mercury
(234.32 K), and crystal-crystal transitions in cyclohexane
(186.1 K) and cyclopentane (122.38 K). Cyclopentane has
a second crystal-crystal transition temperature at
138.06 K that is recommended for DSC calibration
(Höhne et al., 1996); however, we found that the tempera-
ture of this transition is subject to significant metastability
during both heating and cooling, so we did not use this
point in our calibration.

2.1.3. Heat flux calibration

In a heat flux calibration, the measured heat flux in a ref-
erence sample (Uref) relative to a baseline heat flux (Ubase) is
compared to the actual heat flux in the reference (Ureal):

EðT Þ ¼ Uref � Ubase

Ureal
ð1Þ

where E(T) is a temperature-dependent calibration factor to
be applied to subsequent measurements of the heat flux on
unknown samples. For heat flux standards we used deion-
ized water and a �23 mg synthetic sapphire standard sup-
plied by TA Instruments. Heat flux calibrations were
performed at the beginning of an experimental run, and
then periodically, in the following way: (1) we analyzed
empty hermetically sealed pans on the reference and sample
sensors to establish a baseline heat flux, (2) we analyzed the
sapphire disc sample, with the sample pan from the previ-
ous step on the reference sensor, and (3) we analyzed a
20 lL water sample, again using the sample pan from the
previous step on the reference sensor.

The use of water as a heat flux calibration material is
ideal because its heat capacity and sample geometry are
similar to the aqueous salt solutions we are analyzing; how-
ever, bulk water crystallizes near 250 K, and so it cannot be
used at lower temperatures. We find that the calibration
factor EðT Þ for pure water is slightly lower than the calibra-
tion factor determined for sapphire by a constant amount
(�2.5%) from 273 to 300 K. This is probably because the
water sample is in direct contact with the sides of the sam-
ple pan, whereas the sapphire disk we use is only in contact
with the bottom of the sample pan. As a result, the water
sample should experience a greater rate of heat loss to the
helium purge gas than the sapphire sample. To extend the
calibration factor EðT Þ measured in pure water to subzero
temperatures, we assume that the sapphire and water cali-
bration factors differ by a constant amount at all tempera-
tures. Hence, EðT Þ is given by:

EðT Þ ¼ EsapphireðT Þ � ½Esapphireð273 KÞ � Ewaterð273 KÞ� ð2Þ
To improve the accuracy of our experimental results, we

experimented with a number of different combinations of
purge gas (He or N2), purge gas flow rates, sample mass,
and DSC configurations before arriving at our current
methodology. In particular, we have found that a lengthy
warm up period for the DSC (2–4 h), in which the DSC is
repeatedly cycled through the same temperature program
to be used in later analyses, greatly improves the baseline
stability. We also found that baseline shifts due to changes
in room temperature and exposure to drafts could be elim-
inated by covering the DSC with a close-fitting box.

2.2. Thermodynamic calculations of water activity from heat

capacity measurements

To calculate the temperature dependence of water activ-
ities from heat capacity data, we use the following funda-
mental thermodynamic relations. The change in water
activity with respect to temperature (T) at constant molality
and pressure is given by (Lewis et al., 1961):

@ ln aw
@T

¼ �
�L1

RT 2
ð3Þ

where �L1 (J mol�1) is the relative partial molar enthalpy of
water and R is the universal gas constant (8.31446 J K�1

mol�1). �L1 can be determined from apparent relative molar

enthalpies of solution (/L) by the equation (Lewis et al.,
1961):

�L1 ¼ �m2

nw

@/L
@m

ð4Þ

where nw is the moles of water in 1 kg of water
(55.5084 mol kg�1) and m is molality (mol kg�1). The

change in �L1 with temperature is given by the relative par-

tial molar heat capacity of water, �J 1 (J K�1 mol�1):

�J 1 ¼ �Cp;1 � C0
p;1 ¼

@�L1

@T
ð5Þ

Here �Cp;1 is the partial molar heat capacity of water in

solution and C0
p;1 is the molar heat capacity of pure water.

�Cp;1 in Eq. (5) is related to the specific heat capacity of solu-
tion, Cp (J K�1), and the partial molar heat capacity with

respect to solute, �Cp;2 (J K�1 mol�1):

Cp ¼ nw �Cp;1 þ m�Cp;2 ð6Þ
where Cp is calculated from measured specific heat capaci-
ties, Csp (J K

�1 g�1), and the molecular weight of the solute,
Ms (g mol�1), by the relation:

Cp ¼ Cspð1000þMsmÞ ð7Þ
Combining Eqs. (3) and (5), and integrating with respect

to a reference temperature (Tref) at 298.15 K gives water
activity (aw) as a function of temperature at constant molal-
ity and pressure:

R ln aw ¼ R ln aw;T ref þ �L1;T ref

1

T
� 1

T ref

� �

�
Z T

T ref

1

T 2

Z T

T ref

ð�Cp;1 � C0
p;1ÞdT

 !
dT ð8Þ

To evaluate �Cp;1 in this equation, we (1) fit measured Cp

values determined in this study using a smooth function

(described below in Section 2.2.3), (2) calculate �Cp;2 as



J.D. Toner, D.C. Catling /Geochimica et Cosmochimica Acta 181 (2016) 164–174 167
@Cp=@m, and (3) calculate �Cp;1 using Eq. (6). We then eval-

uate Eq. (8) by numerically integrating �Cp;1 with tempera-

ture, using literature data for the values of C0
p;1, aw;T ref ,

and �L1;T ref .

2.2.1. Heat capacity of pure water (C0
p;1)

For C0
p;1, we use values given in Clegg and

Brimblecombe (1995) and Murphy and Koop (2005)

(Fig. 1). Clegg and Brimblecombe (1995) extrapolated C0
p;1

into the supercooled region by assuming a constant value

for @2C0
p;1=@T

2 below 273.15 K and integrating to determine

C0
p;1 at lower temperatures using 273.15 K as a reference

temperature. This heat capacity extrapolation forms the
basis for low-temperature water activities in the widely-
used aqueous planetary model FREZCHEM (Marion and
Kargel, 2008). Murphy and Koop (2005) review a number

of different extrapolations of C0
p;1 in supercooled water.

Their nominal C0
p;1 curve is based on the C0

p;1 measurements

of Archer and Carter (2000) above 236 K, and is extrapo-
lated to lower temperatures by considering several thermo-
dynamic constraints (see discussion in Murphy and Koop,

2005). The C0
p;1 curve in Murphy and Koop (2005) is in

much better agreement with heat capacity measurements
on supercooled water from Archer and Carter (2000). Fur-
thermore, the shape of the curve at even lower temperatures
is consistent with current theoretical and experimental stud-

ies suggesting that C0
p;1 reaches a maximum value at a liq-

uid–liquid critical point near 225 K (Holten et al., 2012).

2.2.2. Water activity and relative partial molar enthalpy of

water at 298.15 K

To calculate the activity of water at 298.15 K, we
smooth experimentally determined water activities from lit-
erature sources (Table 1) with cubic splines and interpolate
aw at different concentrations. Similarly, to calculate the
partial molar enthalpy of water at 298.15 K, we fit experi-
mentally determined apparent molar enthalpies of solution
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Fig. 1. Extrapolations of the heat capacity of water (C0
p;1) into the

supercooled region from Clegg and Brimblecombe (1995) and
Murphy and Koop (2005). Experimental heat capacity measure-
ments on supercooled water from Archer and Carter (2000) are
given by the circles.
(/L) from literature sources at 298.15 K using cubic splines.

We then interpolate @/L=@m using the fitted spline, and cal-

culate �L1 using Eq. (4). Our rationale for using spline fits, as
opposed to existing Pitzer model parameters for water
activity and enthalpy (e.g. Toner et al., 2015b), is because
the Pitzer model often deviates significantly from experi-
mental data at high concentrations. By using cubic splines,
we avoid such misfits, and our interpolated values represent
the experimental data as closely as possible.

With the exception of /L in Mg(ClO4)2 solutions and aw
in Ca(ClO4)2 solutions,

/L and aw have been determined in
NaClO4, Ca(ClO4)2, and Mg(ClO4)2 solutions within the
range of concentrations measured in this study. In Mg

(ClO4)2 solutions, /L has been measured up to 3.2 molal.

To extrapolate our calculated �L1 values in Mg(ClO4)2 solu-
tions to the maximum molality of 4.25 investigated in this

study, we fit our �L1 values from 2.5 to 3.2 molal to a quad-
ratic equation and extrapolate this equation to 4.25 molal.
Our rationale for this methodology is based on the quadra-

tic shape of interpolated �L1 values as a function of molality
in concentrated Ca(ClO4)2 solutions, and the similar con-

centration dependence of �L1 in Ca(ClO4) and Mg(ClO4)2
solutions (see Section 3.2). In Ca(ClO4)2 solutions, aw has
been measured up to 6.9 molal. To extrapolate these mea-
surements to the maximum molality of 7.57 investigated
in this study, we assume a linear concentration dependence
in ln aw above 6.9 molal, noting that ln aw becomes nearly
linear at high concentrations.

2.2.3. Partial molar heat capacities

To smooth experimentally determined specific heats of
solution for calculation of the partial molar heat capacities
of solution, we fit our experimental heat capacity measure-
ments to the following empirical equation:

Cpðm; T Þ ¼
Xj¼4

j¼0

Xi¼3

i¼0

P ijmjT i ð9Þ

where P ij are empirical coefficients (Table 2). Using Eq. (9),
we calculate the partial molar heat capacity with respect to

water (�Cp;1) via Eq. (6).

3. RESULTS

3.1. Heat capacity as a function of temperature and

composition

Specific heat capacities measured in NaClO4, Ca(ClO4)2,
and Mg(ClO4)2 solutions decrease with temperature at all
concentrations (Figs. 2; S1; Tables A1–A3). None of the
solutions we measured showed increases in specific heat
capacity at low concentrations, as has been found by
Archer and Carter (2000) in NaCl and Carter and Archer
(2000) in NaNO3 solutions. This is because these studies
measured heat capacities in aqueous emulsions, allowing
for deep supercooling in relatively dilute solutions. In con-
trast, our measurements were done on bulk solutions, so that
ice and/or salt crystallized before the temperature could
decrease to the point where the heat capacity might increase.
At concentrations below the eutectic concentration



Table 1
Sources of literature water activity (aw) and solution enthalpy (/L) data at 298.15 K used in this study. The maximum concentration of
experimental measurements is given in mol kg�1 to the right of the references.

Water activity Solution enthalpy

Salt Source Molality (mol kg�1) Source Molality (mol kg�1)

NaClO4 Jones (1947) 6.4 Vanderzee and Swanson (1963) 17.1
Miller and Sheridan (1956) 16.2
Rush and Johnson (1968) 17.9
Rush and Johnson (1971) 16.0
Rush (1988) 14.9

Ca(ClO4)2 Robinson et al. (1953) 6.9 Gier and Vanderzee (1974) 7.7
Mg(ClO4)2 Stokes and Levien (1946) 4.4 Jongenburger and Wood (1965) 3.2

Table 2
Empirical parameters Pij derived by fitting our experimental heat
capacity data to Eq. (9).

ij NaClO4 Ca(ClO4)2 Mg(ClO4)2

00 3.4771E�01 1.3777E+00 2.5571E+00
01 2.6491E�02 5.8219E�03 3.5174E�03
02 �4.1015E�05 5.8731E�05 4.4696E�05
03 �4.5871E�09 �1.5273E�07 �1.3583E�07
10 �2.9450E�01 5.9276E�01 �1.1101E+00
11 �1.7092E�03 �1.8327E�03 1.6726E�03
12 3.1590E�06 �6.5756E�06 1.2114E�05
13 �1.3510E�08 6.9490E�09 �5.0080E�09
20 �3.6119E�01 �1.6762E�01 3.6474E�01
21 4.1701E�03 9.6063E�04 �3.2900E�03
22 �8.8064E�07 5.0638E�06 5.6849E�06
23 1.1722E�09 �8.5719E�09 �3.8006E�09
30 1.0897E�01 �2.5809E�02 2.8468E�01
31 �1.2083E�03 9.0345E�05 7.2784E�04
32 �4.4554E�07 9.1830E�08 �5.7020E�06
33 1.2143E�09 �1.8717E�09 4.0534E�09
40 8.4745E�02 5.4041E�03 �3.5080E�02
41 �3.2037E�04 2.2588E�05 �1.4751E�04
42 2.2572E�07 �3.4117E�07 6.7041E�07
43 9.4339E�10 8.1064E�10 7.6620E�10

1.02 m

3.05 m

5.05 m

7.11 m

9.12 m

11.11 m

12.98 m
14.57 m
16.23 m

1.8

2.3

2.8

3.3

3.8

170 200 230 260 290 320

H
ea

t c
ap

ac
ity

 (
J 

K
-1

g-1
)

Temperature (K)

NaClO4

1.8

2.3

2.8

3.3

3.8

170 200 230

H
ea

t c
ap

ac
ity

 (
J 

K
-1

g-1
)

Tempe

Ca(ClO4)2

Fig. 2. Specific heat capacities (Csp) in NaClO4, Ca(ClO4)2, and Mg(ClO
temperature during cooling scans (10 K min�1). The DSC measures heat c
are shown as curves.

168 J.D. Toner, D.C. Catling /Geochimica et Cosmochimica Acta 181 (2016) 164–174
of the solutions (9.23 m NaClO4, 4.17 m Ca(ClO4)2, and
3.38 m Mg(ClO4)2), we were able to supercool our solutions
with respect to ice by 20–30 K. Near the eutectic concentra-
tion, the solutions were easily supercooled to 173 K. Above
the eutectic concentration, supercooling was limited by pre-
cipitation of salt phases.

We evaluate the error in our heat capacity measure-
ments by comparing between the three replicate heat capac-
ity measurements, and to literature data when available.
The standard deviation of the mean between the three repli-
cate measurements of heat capacity is always less than
±0.3% at all temperatures. This consistency between repli-
cate measurements indicates that our calibration and anal-
ysis procedure reduces the instrumental error to about as
low as can be expected for DSC analyses (Archer and
Carter, 2000).

Apart from this study, there are few experimental stud-
ies on the heat capacity of concentrated perchlorate solu-
tions that we can compare our results to. The heat
capacity of aqueous NaClO4 has been measured up to
16.7 molal at 298.15 K using a flow calorimeter by Roux
et al. (1978). Our heat capacities are within ±0.7% of
Roux et al. (1978) on average, although the difference is
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1.96 m

3.06 m

4.07 m

5.1 m

6.09 m
7.08 m
7.57 m

260 290 320

rature (K)

0.50 m

1.02 m

1.52 m

2.02 m

2.52 m

3.01 m

3.49 m

3.94 m

4.25 m

1.8

2.3

2.8

3.3

3.8

170 200 230 260 290 320

H
ea

t c
ap

ac
ity

 (
J 

K
-1

g-1
)

Temperature (K)

Mg(ClO4)2

4)2 solutions measured at various concentrations as a function of
apacity as a continuous function of temperature, so heat capacities



J.D. Toner, D.C. Catling /Geochimica et Cosmochimica Acta 181 (2016) 164–174 169
as high as 2% for the 5.52 molal NaClO4 sample (Fig. 3).
Heat capacities in Ca(ClO4)2 and Mg(ClO4)2 solutions have
been measured at 298.15 K by Latysheva and Andreeva
(1975) up to 4 molal concentration. Comparisons between
our results and Latysheva and Andreeva (1975) at similar
concentrations indicate close agreement in heat capacities,
with the exception of 2 molal Mg(ClO4)2 solutions, where
the difference in heat capacity is 2% (Fig. 3). These larger
errors indicate that there are additional systematic errors
in our DSC analysis, probably due to slight differences in
sample pan geometry, sample heat conductivity, and con-
tact geometry with the DSC sensors. Taking into account
both instrumental and systematic errors, we estimate that
our heat capacity measurements are accurate to 1–2%,
which can be compared with typical accuracies attainable
with DSC instruments of 5–15% (Höhne et al., 1996). Eq.
(9) is able to fit our experimental heat capacities to within
our estimated experimental errors of 1–2% (Table 2).

3.2. Interpolated water activities and enthalpies

Experimental water activities and apparent relative
molar enthalpies at 298.15 K are well represented by both
spline fits (this study) and the Pitzer model of Toner et al.
(2015b), although at high concentrations the Pitzer model
predictions for NaClO4 and Ca(ClO4)2 show slight devia-
tions from experimental measurements (Fig. 4A and B).

With respect to /L, relatively small errors in Pitzer model
predictions become much more significant when the partial

molar enthalpy of water (�L1) is calculated via Eq. (4), as
shown in Fig. 4C. In the case of NaClO4, the Pitzer equa-

tions even predict the opposite sign for �L1 at high concen-
trations, which has a large effect on calculated water
activities at low temperatures, as discussed in the following
section (Section 3.3). The Pitzer model used in Toner et al.
(2015b) assumes that electrolytes in solution are fully disso-
ciated i.e. ion pairing is not explicitly included in the model.
As discussed below in Section 4, there is significant evidence
that ion pairing is stronger at low temperatures, which sug-
gests that better model fits could be obtained by explicitly
including ion pairs in the Pitzer model. Regardless, the
differences between spline fits to experimental data and
Pitzer model fits of Toner et al. (2015b) suggests that one
should be cautious about Pitzer model predictions at high
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(mol kg�1) from this study and from literature sources.
concentrations, particularly when calculating partial molar
properties from the Pitzer equations.
3.3. Water activity as a function of temperature and

composition

Water activities in NaClO4 solutions calculated using
Eq. (8) increase with decreasing temperature at all concen-
trations, by as much as 0.25 aw from 298.15 K to 175 K in
concentrated solutions (Fig. 5). In contrast, water activities
in Ca(ClO4)2 and Mg(ClO4)2 solutions decrease with
decreasing temperature above �200 K, and then increase
below about 210 K. Above �230 K, water activities calcu-

lated using the C0
p;1 curves in Clegg and Brimblecombe

(1995) and Murphy and Koop (2005) are similar; whereas,
below �230 K, water activities calculated using the curve in
Murphy and Koop (2005) are higher by about 0.05 aw on
average.

Compared to the low-temperature Pitzer model in Toner
et al. (2015b), the water activities we calculate in concen-
trated, low-temperature NaClO4 solutions are much higher
than Pitzer model predictions, by as much as 0.3 aw at

175 K. This can be attributed to the different sign in �L1 at
298.15 K at high concentrations predicted by the Pitzer
model (see Fig. 4C). The differences between our aw calcu-
lations and the Pitzer model of Toner et al. (2015b) are
much less striking in Ca(ClO4)2 and Mg(ClO4)2 solutions,
although significant differences occur between 175 and
220 K. In concentrated NaClO4 and Ca(ClO4)2 solutions
at 298.15 K, the Pitzer model of Toner et al. (2015b) also
underestimates aw. Pitzer model parameters at 298.15 K in
Toner et al. (2015b) are taken from Pitzer (1991). In
determining Pitzer parameters, Pitzer (1991) gave less
weight to all data above an ionic strength of 4 molal by
assigning a reduced weight to this data of (4/I)2, where
I is the ionic strength. Furthermore, experimental data
above I = 6 mol kg�1 were not used in model fits. This bias
towards low concentrations explains the poorer fit to exper-
imental aw data in near-saturated solutions. Overall, water
activities in the model of Toner et al. (2015b) are similar
to our calculated water activities in equilibrium solutions,
particularly at sub-eutectic concentrations, but can differ
markedly in supercooled/supersaturated solutions.
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To evaluate the accuracy of our water activity calcula-
tions, we compare our results to water activities determined
from freezing-point depression measurements in Toner
et al. (2015b) (Fig. 6). For NaClO4 and Ca(ClO4)2, the
agreement between the two water activity measurements
is excellent, down to 200 K in the case of Ca(ClO4)2. For
Mg(ClO4)2, water activities calculated in this study are in
close agreement with freezing-point depression values at
higher temperatures, but at the lowest freezing-point
depression of 3 molal and 225 K, the two methods differ
by 0.01 aw. Possibly, this error is due to uncertainty in the

value of �L1, which is based on only a few enthalpy measure-
ments near 3 molal concentration and is extrapolated to
higher concentrations (see Fig. 4B).
4. DISCUSSION

The temperature dependence of water activity in salt
solutions is a function of both the relative partial molar

enthalpy (�L1) and heat capacity (�J 1) of water; however, in
the following discussion, we show that it is primarily the

sign of �L1 at 298.15 K that determines the overall shape
of the water activity curve with temperature in perchlorate

solutions. Eq. (5) indicates that the change in �L1 with tem-

perature is given by �J 1: if �J 1 < 0 then �L1 increases when tem-

perature decreases. We find that �J 1 is negative (meaning

that �Cp;1 is less than C0
p;1) at all concentrations and temper-

atures investigated in this study (see Figs. S2 and S3 in the
supplementary material for graphs of partial molar heat
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capacities). A negative value for �J 1 is consistent with the
physical interpretation that aqueous electrolytes lower the
heat capacity of pure water by (1) breaking the hydrogen
bonded network of water and (2) lowering the degrees of
freedom of water by binding water into hydration spheres
around charged ions (Randall and Rossini, 1929). Further-

more, negative value for �J 1 indicates that �L1 always
increases with decreasing temperature.

Eq. (3) indicates that �L1 is inversely proportional to the

change in ln aw with temperature. In NaClO4 solutions, �L1

is already positive at 298.15 K, and as a result, water activ-
ities only increase with decreasing temperature. In contrast,
�L1 is negative at 298.15 K in Mg(ClO4)2 and Ca(ClO4)2
solutions, but becomes positive near 200–230 K. This leads
to a ‘‘U” shaped water activity curve; water activity initially
decreases with decreasing temperature, and then increases

once �L1 becomes positive. Hence, the value of �L1 at
298.15 K can be used to qualitatively evaluate whether
water activities will monotonically increase with decreasing
temperature, as in NaClO4 solutions, or exhibit a ‘‘U”

shaped temperature dependence, as in Mg(ClO4)2 and Ca
(ClO4)2 solutions.

Water activity trends in this study can be compared to
the decrease in ion activity coefficients with decreasing tem-
perature modeled in NaCl and NaNO3 solutions below
273.15 K (Archer and Carter, 2000; Carter and Archer,
2000). Decreasing ion activity coefficients in these solutions
have been attributed to increased ion pair formation at low
temperatures (see discussion in Carter and Archer (2000) on
ion pairing). An increase in ion pair formation implies a
corresponding increase in water activity because the addi-
tional ion-ion interactions would disrupt ion–solvent inter-
actions, freeing up water in the solution. The increase in
water activity in NaClO4 solutions with decreasing temper-
ature is consistent with this interpretation; however, the
increase in water activity in Mg(ClO4)2 and Ca(ClO4)2 solu-
tions only occurs at low temperatures, around 200–220 K.
We suggest that the onset of ion-association effects in Mg
(ClO4)2 and Ca(ClO4)2 solutions may be delayed because
water molecules are more tightly bound in hydration
spheres due to the higher cation charge, making it more dif-
ficult for ion association to occur compared to NaClO4

solutions.
The ion association effects discussed above are consis-

tent with values for �L1 in perchlorate solutions. Experimen-

tally, �L1 is given by the enthalpy due to the addition of a
small quantity of pure water to a large quantity of salt solu-
tion (Lewis et al., 1961), and its value is determined by
endothermic breaking of the hydrogen bonding network
of pure water vs. exothermic formation of ion-water inter-

actions. A positive value for �L1 in NaClO4 solutions sug-
gests that endothermic breaking of hydrogen bonds
predominates, which implies relatively weak ion-water

interactions. In contrast, a negative value for �L1 at
298.15 K in Mg(ClO4)2 and Ca(ClO4)2 solutions suggests
strong exothermic ion-water interactions due to the higher
cation charge.

What do our results imply about the formation and hab-
itability of perchlorate brines on Mars? The increase in
NaClO4 water activities suggests that, at least in terms of
water activity, NaClO4 brines are more habitable at lower
temperatures; in contrast, Mg(ClO4)2 and Ca(ClO4)2 brines
generally become less habitable at lower temperatures. In
deeply supercooled brines, water activity increases with
decreasing temperature, remarkably so in NaClO4 solu-
tions. Toner et al. (2014a) found that perchlorate salts
can easily supercool down to their glass transition at
�150 K, even at slow cooling rates of 0.2 K min�1 (relevant
to diurnal rates of temperature change on Mars in the sum-
mer) and in the presence of soil particles. Such glasses could
preserve organics from the damaging effects of ice or salt
crystallization, and are a potential mechanism for life to
survive the extreme drops in temperature that occur during
Martian nights and winters. The water activity data in this
study indicate that water activity in such supercooled solu-
tions is either similar to, or greatly increases above, water
activities at 298.15 K.

Water activity changes also affect the formation of liquid
water. The increase in NaClO4 water activity indicates that
these solutions will become less hygroscopic at lower tem-
peratures i.e. more prone to evaporation; in contrast, Mg
(ClO4)2 and Ca(ClO4)2 solutions will become slightly more
hygroscopic. Furthermore, an increase in water activity
with decreasing temperature indicates that the freezing
point of ice will occur at higher temperatures than if water
activities remained constant with temperature. For exam-
ple, if the water activity in a 9 molal solution of NaClO4

did not change from its value at 298.15 K, then ice would
freeze from solution at 235.2 K instead of at the experimen-
tal temperature of 240.6 K.

5. CONCLUSIONS

Water activity is fundamental towards understanding
the potential habitability of aqueous solutions and the for-
mation of liquid water on Mars; however, there is a critical
lack of water activity data in perchlorate solutions below
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298.15 K and at concentrations above the ice equilibrium
line. In this study, we derive water activities in variable con-
centration NaClO4, Mg(ClO4)2, and Ca(ClO4)2 solutions
from 298.15 to 178.15 K using experimental heat capacity
measurements. Our results indicate that water activities in
Table A1
Average specific heat capacities (Csp, J K

�1 mol�1) of three replicate meas
a function of temperature (K). Values are given at 10 K intervals.

Temp. (K) 1.02 m 3.05 m 5.05 m 7.11 m

298.15 3.746 3.297 3.000 2.746
288.15 3.742 3.297 3.003 2.748
278.15 3.737 3.293 3.002 2.748
268.15 3.729 3.283 2.994 2.740
258.15 3.722 3.264 2.976 2.723
248.15 – 3.232 2.945 2.693
238.15 – – 2.906 2.656
228.15 – – – 2.607
218.15 – – – –
208.15 – – – –
198.15 – – – –
188.15 – – – –
178.15 – – – –

Table A2
Average specific heat capacities (Csp, J K

�1 mol�1) of three replicate meas
as a function of temperature (K). Values are given at 10 K intervals.

Temp. (K) 1.02 m 1.96 m 3.06 m 4.07

298.15 3.401 2.950 2.588 2.35
288.15 3.392 2.949 2.581 2.34
278.15 3.379 2.941 2.572 2.33
268.15 3.360 2.926 2.559 2.32
258.15 3.331 2.900 2.540 2.31
248.15 3.291 2.853 2.513 2.29
238.15 – 2.807 2.484 2.27
228.15 – – 2.450 2.25
218.15 – – 2.415 2.22
208.15 – – 2.368 2.20
198.15 – – – 2.17
188.15 – – – 2.14
178.15 – – – 2.11

Table A3
Average specific heat capacities (Csp, J K

�1 mol�1) of three replicate meas
as a function of temperature (K). Values are given at 10 K intervals.

Temp. (K) 0.50 m 1.02 m 1.52 m 2.02 m

298.15 3.751 3.412 3.159 2.903
288.15 3.744 3.402 3.148 2.892
278.15 3.739 3.388 3.134 2.878
268.15 3.731 3.368 3.111 2.856
258.15 3.722 3.339 3.080 2.826
248.15 – 3.298 3.033 2.783
238.15 – – 2.980 2.734
228.15 – – – –
218.15 – – – –
208.15 – – – –
198.15 – – – –
188.15 – – – –
178.15 – – – –
NaClO4 solutions strongly increase with decreasing temper-
ature, by as much as 0.25 aw from 298.15 to 178 K. In con-
trast, Mg(ClO4)2 and Ca(ClO4)2 solutions have a ‘‘U”

shaped aw curve, first decreasing with decreasing tempera-
ture, and then increasing below 220 K. These effects can
urements in different concentration (mol kg�1) NaClO4 solutions as

9.12 m 11.11 m 12.98 m 14.57 m 16.23 m

2.555 2.461 2.350 2.289 2.230
2.557 2.462 2.349 2.286 2.227
2.555 2.459 2.344 2.280 2.219
2.547 2.449 2.333 2.267 2.205
2.529 2.431 2.314 2.248 2.185
2.499 2.402 2.284 2.218 2.155
2.463 2.366 2.249 2.184 2.121
2.416 2.321 2.206 2.142 2.080
2.362 2.269 2.156 2.094 2.035
– 2.210 2.100 2.041 1.984
– 2.145 2.041 1.984 –
– 2.073 1.974 1.923 –
– 1.998 1.905 1.858 –

urements in different concentration (mol kg�1) Ca(ClO4)2 solutions

m 5.1 m 6.09 m 7.08 m 7.57 m

2 2.163 2.096 2.006 1.953
6 2.157 2.091 2.003 1.952
8 2.152 2.086 2.001 1.951
9 2.146 2.082 1.999 1.951
5 2.136 2.075 1.996 –
6 2.123 2.066 – –
5 2.110 2.056 – –
2 2.095 – – –
6 2.078 – – –
0 2.061 – – –
3 2.043 – – –
2 2.022 – – –
0 1.999 – – –

urements in different concentration (mol kg�1) Mg(ClO4)2 solutions

2.52 m 3.01 m 3.49 m 3.94 m 4.25 m

2.735 2.639 2.509 2.368 2.299
2.724 2.629 2.497 2.357 2.289
2.710 2.617 2.484 2.344 2.277
2.689 2.598 2.464 2.326 2.260
2.660 2.572 2.439 2.303 2.239
2.621 2.536 2.404 2.273 2.210
2.576 2.496 2.367 2.239 2.179
2.523 2.449 2.323 2.200 –
2.463 2.397 2.275 2.159 –
– 2.340 2.223 2.113 –
– 2.280 2.169 2.067 –
– 2.217 2.113 2.017 –
– 2.152 2.054 1.966 –
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be qualitatively predicted, without resorting to extensive
heat capacity measurements, from the value of the partial

molar enthalpy of water (�L1) at 298.15 K; a positive value

for �L1 indicates that aw will increase with decreasing temper-

ature and a negative value for �L1 indicates a ‘‘U” shaped aw
curve. These results imply that NaClO4 solutions will
become more habitable, at least in terms of water activity,
at lower temperatures, whereas Mg(ClO4)2 and Ca(ClO4)2
solutions generally become less habitable at lower
temperatures.
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