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Many recent studies have implicated hydrothermal systems as the origin of martian minerals across a
wide range of martian sites. Particular support for hydrothermal systems include silica (SiO,) deposits,
in some cases >90% silica, in the Gusev Crater region, especially in the Columbia Hills and at Home Plate.
We have developed a model called CHEMCHAU that can be used up to 100 °C to simulate hot springs
associated with hydrothermal systems. The model was partially derived from FREZCHEM, which is a
colder temperature model parameterized for broad ranges of temperature (<—70 to 25 °C), pressure
(1-1000 bars), and chemical composition. We demonstrate the validity of Pitzer parameters, volumetric
parameters, and equilibrium constants in the CHEMCHAU model for the Na-K-Mg-Ca-H-CIl-Cl04-S04-
OH-HCO3-C03-C0,-0,-CH4-Si-H,0 system up to 100 °C and apply the model to hot springs and silica
deposits.

A theoretical simulation of silica and calcite equilibrium shows how calcite is least soluble with high
pH and high temperatures, while silica behaves oppositely. Such influences imply that differences in tem-
perature and pH on Mars could lead to very distinct mineral assemblages. Using measured solution
chemistries of Yellowstone hot springs and Icelandic hot springs, we simulate salts formed during the
evaporation of two low pH cases (high and low temperatures) and a high temperature, alkaline (high
pH) sodic water. Simulation of an acid-sulfate case leads to precipitation of Fe and Al minerals along with
silica. Consistency with martian mineral assemblages suggests that hot, acidic sulfate solutions are plau-
sibility progenitors of minerals in the past on Mars. In the alkaline pH (8.45) simulation, formation of sil-
ica at high temperatures (355 K) led to precipitation of anhydrous minerals (CaSOy4, Na,S0,) that was also
the case for the high temperature (353 K) low pH case where anhydrous minerals (NaCl, CaSO,) also pre-
cipitated. Thus we predict that secondary minerals associated with massive silica deposits are plausible
indicators on Mars of precipitation environments and aqueous chemistry. Theoretical model calculations
are in reasonable agreement with independent experimental silica concentrations, which strengthens the
validity of the new CHEMCHAU model.
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1. Introduction

There are many studies recently that have implicated hydrother-
mal systems as drivers for martian geochemistries across a wide
range of martian sites including hot spring deposits in Arabia Terra
(Oehler and Allen, 2008); hydrated silica and ferric sulfates in
Juventae Chasma (Bishop et al., 2009); sulfates in martian meteor-
ites (McCubbin et al., 2008); hematite in Meridiani Planum (Golden
et al., 2008); silica in Valles Marineris (Milliken et al., 2008); and sil-
ica-rich deposits in Gusev Crater (Squyres et al., 2007; Crumpler
et al., 2008; Ming et al., 2008; Morris et al., 2008; Rice et al.,
2008; Ruffetal., 2008; Yen et al., 2008). While most of these studies
attribute these hydrothermal processes to magmatic fluids inter-
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acting with ground water or ice, there is also support for impact
generated hydrothermal systems that can persist for 10* to >10°
years (Schwenzer and Kring, 2008). Also of interest are possible
geo/hydrothermal systems that are operative even for hundreds
of millions or billions of years, without magmatic or other anoma-
lous heat flow conditions, if high crustal temperatures are sustained
by thick insulating deposits, such as hydrate materials (Kargel et al.,
2007).

One of the leading empirical supports for hydrothermal systems
are the massive silica (SiO,) deposits, in some cases >90% silica, in
the Gusev Crater region, especially in the Columbia Hills and at
Home Plate (Crumpler et al., 2008; Ming et al., 2008; Morris
et al., 2008; Rice et al., 2008; Ruff et al., 2008; Yen et al., 2008).
On Earth, opaline silica is a common feature of hydrothermal
springs (Rodgers et al., 2002), which is why the presence of such
deposits on Mars suggests hydrothermal springs (Ruff et al.,
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2008). While the preponderance of support is for hydrothermal
formation of these high silica deposits, there is also an alternative
hypothesis for weathering and diagenesis of olivine-bearing rocks
(Tosca et al., 2004; Clark et al., 2005; McLennan et al., 2005; Glotch
et al., 2006; McAdam et al., 2008). But in this paper dealing primar-
ily with high temperatures, we will focus on hydrothermal forma-
tion of high silica deposits. And while some have argued for both
past and present hydrothermal areas on Mars (Schulze-Makuch
et al., 2007), the Mars Odyssey THEMIS analysis have found no evi-
dence for endogenic heat sources on Mars (Christensen et al.,
2003). However, given the widespread occurrence of volcanic fea-
tures and impact craters, both magmatic and impact generated
heat have been important at many intervals pretty much across
the surface of Mars.

Previously we have explored the geochemical evolution of, and
possible habitats for life on, Mars by developing a unique aqueous
geochemical model (FREZCHEM) parameterized for broad ranges of
temperatures (<—70 to 25 °C), pressure (1-1000 bars), and chemi-
cal composition. However, FREZCHEM cannot simulate hot springs
because the upper temperature limit is 25 °C.

In this paper we (1) extend the validity of a FREZCHEM-like
model to 100 °C for hot spring simulations (called CHEMCHAU),
and (2) apply the model to hot spring environments, especially
where there are massive silica deposits.

2. Methods and materials
2.1. FREZCHEM model

FREZCHEM is an equilibrium chemical thermodynamic model
parameterized for concentrated electrolyte solutions (to ionic
strengths <20 m) using the Pitzer approach (Pitzer, 1991, 1995)
for the temperature range from <-70 to 25 °C and the pressure
range from 1 to 1000 bars (Marion and Farren, 1999; Marion,
2001, 2002; Marion et al., 20034, 2005, 2006, 2008; Marion et al.,
2009a,b, 2010a-c; Marion and Kargel, 2008). The current version
of the model is parameterized for the Na-K-Mg-Ca-Fe(Il)-
Fe(IlI)-Al-H-CI-ClO4-Br-S04—NO3-OH-HCO3-C03-C0O,-0,-CHy4-
Si-H,0 system and includes 101 solid phases including ice, 15
chloride minerals, 35 sulfate minerals, 15 carbonate minerals, five
solid-phase acids, three nitrate minerals, six perchlorates, six acid-
salts, five iron oxide/hydroxides, four aluminum hydroxides, two
silica minerals, two gas hydrates, and two bromide sinks (see
above references for these model parameters).

2.2. Pitzer approach

In the Pitzer approach, the activity coefficients (y) as a function
of temperature at 1.01 bar pressure for cations (M), anions (X), and
neutral aqueous species (N), such as CO,(aq) or CHy(aq), are given
by
In(yy) = ZF + > Ma(2Bua + ZCha) + > Mc(2Puc + Y MaPiea)

+ Z Z mgMmy lPMaa’ +Zum Z Z mcmucca +2 Z My /iy
+sznmaénMa (])

In(yy) = ZZF + > me(2Bx + ZCox) + Y Ma(2Pxa
+> M WPoxa) + Y meme Weox
+lzx] > > memCeg + 2> Mpdnx
0 MaMalae 2)

In(yy) = Me(2ne) + Y Ma(2ina) + > Y MeMalnea 3)

where B, C, @, ¥, /. and ( are Pitzer-equation interaction parameters,
m; is the molal concentration, and F and Z are equation functions. In
these equations, the Pitzer interaction parameters and the F func-
tion are temperature dependent. The subscripts c, a, and n refer to
cations, anions, and neutral species, respectively. C' and a' refer to
cations and anions, respectively, that differ from c and a. The activ-
ity of water (a,,) at 1.01 bar pressure is given by

N

where ¢ is the osmotic coefficient, which is given by
2 [ AP
(¢-1) —ﬁ{—] +211/2 +Zchma<Bfa +zcca)
+ Z Z mcme ((I)Zbc, + Z mq llrlcc’a)
0D Mame (Fa + Y Mo ) + DD Macdne
"rzzmnma)»na "!‘Zzzmnmcmagn,c.a} (5)

The binary B parameters in Eqgs. (1), (2), and (5), are functions of
BY, B{) and B?; similarly, the C parameters in these equations
are a function of C%,.

FREZCHEM specifies the density and pressure dependence of
equilibrium constants (K), activity coefficients (y), and the activity
of water (a,). An example is how density is calculated with the

equation

_ 1000 + Z m;M;
1000 + Z le? + Vﬁ’:lx

p°

(6)

where m; is the molal concentration, M; is the molar mass, p° is the
density of pure water at a given temperature and pressure, V? is the
partial molar volume at infinite dilution of solution species, and V7,
is the excess volume of mixing given by

VE = A, (é) In(1 4 bI°®) + 2RT

x 305" mema[BY, + (S meze) €t Yl

where A, is the volumetric Pitzer-Debye-Hiickel parameter, I is the
ionic strength, b is a constant (1.2 kg mol~®?), and B, and C{,, are
functions of BYY, BV, B2V and CY,. See Marion et al. (2005),
Marion and Kargel (2008), or Marion et al. (2008) for a complete
description of these temperature-pressure equations.

The temperature and pressure dependencies of Pitzer parame-
ters (discussed above) and solubility products (discussed below)
are defined by the equation

P=a; +aT + asT? + a,T° + as/T + ag In(T) (8)

where P is the Pitzer parameter or In(K;,) and T is absolute temper-
ature (K); exceptions to this equation are footnoted in tables.

2.3. CHEMCHAU model

We call the new hot spring model, which is built on the FREZ-
CHEM foundation, CHEMCHAU (CHEMistry CHAUd, where chaud
means “hot” in French). This model is for the Na-K-Mg-Ca-H-
Cl-Cl04-S04-OH-HCO3-C03-C0O,-0,-CH,4-Si-H,0 chemical sys-
tem. We extended the FREZCHEM model from an upper tempera-
ture range of 25°C to 100 °C for CHEMCHAU. The chloride and
carbonate chemistries within FREZCHEM were based in part on
temperatures to 90 °C (Spencer et al., 1990; He and Morse, 1993).
So these chemistries were easy to develop for CHEMCHAU. Extend-
ing perchlorate, sulfate, and silicon chemistries largely relied on
existing models that included these chemistries in many cases to
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temperatures >100 °C (Moller, 1988; Greenberg and Moller, 1989;
Millero and Pierrot, 1998). But to maintain an accurate model, it
was necessary in many cases to re-estimate the equilibrium con-
stants and some Pitzer parameters. Several examples will be dis-
cussed in the Results. The CHEMCHAU model (Fortran code) will
be released to interested scientists in the near future at http://
frezchem.dri.edu.

3. Results
3.1. Pitzer parameterization and solubility products

In this section, we will present tables and figures that contain
new equations that are components of CHEMCHAU. Excluded from
these tables and figures are old equations from FREZCHEM that
carried over into CHEMCHAU (e.g., binary equations for NaCl).
See Marion and Kargel (2008) for a listing of these older equations.
The structure of this revised model has parameters from FREZ-
CHEM to cope with lower temperatures (<25 °C); but as tempera-
ture ranges exceed FREZCHEM, the program selects new
temperature parameters from CHEMCHAU. Examples are dis-
cussed below.

The original version of FREZCHEM contained many Pitzer
parameters from Spencer et al. (1990), which, in turn, were based
on earlier references (e.g., Moller, 1988; Greenberg and Moller,
1989) that were programmed for higher temperatures (100 °C)
than the FREZCHEM model (25 °C). As a consequence, many of
the original Pitzer parameters in FREZCHEM easily extended to
90-100 °C. For example, NaCl, KCl, and MgCl, Pitzer parameters
in CHEMCHAU are the same as in FREZCHEM. The only differences
in model parameterizations for these three chloride chemistries
were the equilibrium constants that had to include higher temper-
atures (Fig. 1, Table 1). A chloride exception to this general rule
deals with CaCl,, where we used Pitzer parameters from Millero
and Pierrot (1998) that covered the temperature range from 0 to
100 °C (Table 2). While we included CaCl, Pitzer parameters in
CHEMCHAU, we excluded CaCl, minerals because these minerals
have a solubility of 14.33 m (I=43.0 m) at 100 °C (Linke, 1958),
which is beyond the ionic strength range of FREZCHEM/CHEM-
CHAU (I ~ 20 m). Moreover, CaCl, minerals are rare on Earth (Mar-
ion, 1997) and likely even more rare on Mars (Marion et al., 2009a).

12
10 -{ MgCly*6H,0
= f(x) = 5.057774E-7*x3 + -6.174111E-4*x"2
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3 |
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Fig. 1. The natural logarithms of the equilibrium constants for halite (NaCl), sylvite

(KCI), and bischofite (MgCl,-6H,0) over the 273-373 K temperature range (data
from Linke (1965)).

The original incorporation of bicarbonate and carbonate chem-
istries (Na, K, Mg, and Ca) into FREZCHEM (Marion, 2001) was
based on the He and Morse (1993) study where their temperature
range was 0-90 °C. So for the most part, these chemistries did not
need to be re-examined for CHEMCHAU. But it was necessary to re-
evaluate the bicarbonate-carbonate equilibrium constants to ex-
tend the temperature range to 100 °C. Fig. 2 is an example for
Na,CO3 minerals; Table 1 includes all the new Na-K-Mg bicarbon-
ate—carbonate equilibrium constants.

While chloride, bicarbonate, and carbonate Pitzer parameters
from FREZCHEM worked well for CHEMCHAU, this was not the
case for sulfate and perchlorate chemistries. Sulfate Pitzer param-
eters for K,SO4 and MgSO, were taken from Millero and Pierrot
(1998) that covered the temperature range from 0 to 100 °C (Table
2). It was necessary to add new equilibrium constants for these
chemistries at higher temperatures (Fig. 3, Table 1). The Na,SO4
Pitzer parameters were taken from Moller (1988) that covered
the temperature range from 25 to 250 °C; given these parameters,
the model developed excellent fits to equilibrium data (Linke,
1965) that covered the 0-100 °C temperature range (Fig. 4, Table
1). Neither of these two sulfate references (Moller, 1988; Millero
and Pierrot, 1998) fit the existing FREZCHEM CaSO,4 data well. In
CHEMCHAU, we used FREZCHEM values for CaSO,4 Pitzer parame-
ters and the equilibrium constant for CaSO4-2H,0 (gypsum). In
addition, we added CaSO, (anhydrite) to the model based on the
experimental data used by Moller (1988). The subsequent peritec-
tic for CaSO,4-CaS0,4-2H,0 was estimated at 52 °C, which is in the
range for this poorly defined peritectic (40-60°C) (Raju and
Atkinson, 1990).

New Pitzer parameters for Na-Mg-Ca perchlorates were taken
from Millero and Pierrot (1998) (Table 2). We used the FREZCHEM
Pitzer parameters for the insoluble KClO4 (Marion et al., 2010a).
Equilibrium constants for perchlorate salts are summarized in
Table 1. Fig. 5 is a perchlorate example depicting NaClO4 equilib-
rium constants. As was the case for CaCl,, we also eliminated Ca(-
Cl0O4), from our mineral database because this mineral approaches
an ionic strength of 64 m at 93 °C, which is beyond the validity of
this model (I ~ 20 m). As we pointed out for CaCl,, Ca(ClO4), is also
likely rare on Earth and Mars (Marion et al., 2010a).

One of the major reasons for developing the hot spring model
was to deal with SiO, chemistries on Mars where massive SiO,
deposits are believed due to hydrothermal activity in the Home
Plate region of Gusev Crater (Morris et al., 2008; Ruff et al., 2008;
Squyres et al., 2008). CHEMCHAU includes an equilibrium constant
for SiO,(amorphous) that covers the temperature range from 273
to 373 K (Table 1). We also included equations that cover binaries
between cation(or anion) and the neutral SiO, (Table 3). These
equations cover the temperature range from 25 to 300 °C. We
placed these binaries in a separate table from Table 2 because
the temperature equations are very different, and the binary sym-
bols (353) VS. zi,5i02 ) are also different between cation-anion and cat-
ion(or anion)-neutral species associations.

In Table 4 are ternary Pitzer parameters from Millero and
Pierrot (1998) that extend the temperature scale to ranges beyond
25 °C. Scattered in Tables 1 and 2 are a few other equilibrium con-
stants and Pitzer parameters that were necessary to extend to
higher temperatures, especially K,, = (H")(OH™)/(H,0) in Table 1.
Also hypercritical is the Debye-Hiickel model parameter (A,) that
is a component in both Egs. (1) and (2) (within the “F” term) and
Eq. (5). This equation used in CHEMCHAU is

A, =3.36901532e — 1 — 6.32100430¢ — 4+ T
+9.14252359/T — 1.35143986€ — 2 * In(T)
+2.26089488e — 3/(T — 263) + 1.92118597¢ — 6 * T
+4.52586464e1/(680 — T) (9)
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Table 1
Ln(Equilibrium constants) added to the CHEMCHAU model.

a, a, as ay Temperature References
range (K)

Solution-solid phase equilibria

NaCl(cr) <= Na*(aq) + Cl" (aq) —2.168818e1 2.126566e—1  —5.880317e—4 5.362797e-7 273-373 Linke (1965) and this
work

KCl(cr) <= K*(aq) + CI" (aq) —3.366608e1 2.590163e—1  —6.120535e—4 4.874228e-7  273-373 Linke (1965) and this
work

Mg(Cl), - 6H,0(cr) <= Mg?" (aq) + 2Cl~(aq) + 6H,0(l) —1.193685e1 2.148246e—-1 —6.174111e-4 5.057774e-7  273-373 Linke (1965) and this
work

NaClOy(cr) <= Na*(aq) + ClO, (aq) 4.222898e1  —2.259533e—-1 3.581663e—4 324-373 Linke (1965) and this
work

NaClOy - HoO(cr) <= Na*(aq) + ClO, (aq) + H,0(1) 3.423186e-2 1.669594e-2 273-324 Linke (1965) and this
work

KClO4(cr) <= K" (aq) + ClO, (aq) —1.090074e1 -1.175019e—1 7.686483e—-4 —-1.017366e—6 273-373 Linke (1965) and this
work

Mg(ClO4), - 6H,0(cr) —1.264842e1 1.440957e—1  —1.944892e—4 273-366 Linke (1965), Dobrynina

< Mg?*(aq) + 2C10; (aq) + 6H,0(1) et al. (1980), Pestova et al.

(2005) and this work

Na,S0y4(cr) <= 2Na*(aq) + SOf{(aq) 1.396088e0 —2.075476e—3 —1.603548e—5 306-373 Linke (1965) and this
work

Na,S0y - 10H,0(cr) <= 2Na* (aq) + SO3~(aq) + 10H,0(l) —8.169880e1 4.215485e—1  —5.263219e—4 273-306 Linke (1965) and this
work

K,S04(cr) < 2K*(aq) + 5042{ (aq) —5.220127e1 3.547613e—1 —8.501496e—4 6.746759e-7  273-373 Linke (1965) and this
work

MgS0, - H,0(cr) <= Mg?* (aq) + SO‘Z{(aq) +H,0(I) 1.944901e1  —6.487989e—-2 342-373 Linke (1965) and this
work

MgS0, - 6H,0(cr) <= Mg**(aq) + SOﬁ’(aq) + 6H,0(1) —2.507900e1 1.342215e—1 —2.113096e—4 321-342 Linke (1965) and this
work

MgS0, - 7H,0(cr) <= Mg?" (aq) + Soﬁ’(aq) + 7H,0(1) —2.581461e1 1.266418e—1 —1.821663e—4 273-321 Linke (1965) and this
work

CaSO4(cr) <= Ca**(aq) + SO3~(aq) —1.193844e1 3.728778e—2  —1.025801e—4 325-373 Moller (1988) and this
work

NaHCO; (cr) <= Na*(aq) + HCO5 (aq) 1.479309e1 —2.427724e—1 1.002818e-3 —1.224329e-6 273-373 Linke (1965) and this
work

Na,COj3 - H,0(cr) <= 2Na* (aq) + CO%’(aq) +H,0(1) —6.625585e1 4.250286e—1  —6.681267e—4 309-373 Linke (1965) and this
work

Na,COs - 7H,0(cr) <= 2Na* (aq) + CO%’(aq) + 7H,0(1) —2.358403e1 7.563798e—2 305-309 Linke (1965) and this
work

Na,CO0s - 10H,0(cr) <= 2Na*(aq) + CO?,’(aq) +10H,0(l) —1.374373e1 -1.720902e-2 1.917331e-4 273-305 Linke (1965) and this
work

NaHCOs; - Na,COs - 3H,0(cr) <= 3Na*(aq) —8.780646e1 5.044060e—1  —7.302884e—4 298-373 Linke (1965) and this

+HCO; (aq) + €03~ (aq) + 3H,0(1) work

KHCO3(cr) <= K*(aq) + HCO%’(aq) 7.470347e0  —8.353955e—-2 2.010238e—4 273-343 Linke (1965) and this
work

MgCO; - 3H,0 < Mg?* (aq) + CO% (aq) + 3H,0(1) —6.521206e0 —1.912580e—2 278-333 Linke (1965) and this
work

MgCO;5 - 5H,0 < Mg?* (aq) + CO%’(aq) +5H,0(1) 6.196049e1  —5.297716e—1 9.492946e—4 271-293 Linke (1965) and this
work

Si0, (amorphous) + 2H,0(l) <= Si(OH)$(aq) —4.397647e1 2.125224e—1  —2.896194e—4 273-373 Linke (1965) and this
work

Solution-gas phase equilibria

HCl(g) <= HCl(aq) 6.334279e1  —2.261957e—1 2.094907e-4 273-330 Carslaw et al. (1995)

H,0(l) < H*(aq) + OH (aq) —1.261242e2 6.724689%e—-1  -1.596758e—3 1.333644e—6 273-373 Greenberg and Moller

H,0(g) <= Hx0() 5.783246¢1

—3.601496e—1 7.810536e—4

(1989)

—6.199883e—7 270-370 Lide (1994) and this work

which has been used by several Pitzer modeling groups (e.g., Moller,
1988; Greenberg and Moller, 1989; Millero and Pierrot, 1998) and
covers the temperature range from 25 to 250 °C.

3.2. Density and pressure parameterizations

The FREZCHEM model is structured to predict density and the
effects of pressure on chemical equilibria (Marion et al., 2005,
2008, 2009b, 2010a; Marion and Kargel, 2008). CHEMCHAU, on
the other hand, is somewhat more limited with respect to density
and pressure effects. Implementation of the density/pressure equa-

tions requires a specification of the partial molar volume (V?) and
compressibility (K?) of individual species (e.g., Na*, Mg?*, SO2,
Cl0,), binary Pitzer equation volumetric parameters (B?,, Table

ca’

2), and the density and molar volumes of water. Examples are
Egs. (6) and (7).

The equation that is used to estimate the density of pure water
(p°) (kg/m?3) or the molar volume of pure water (1/p°=V?) as a
function of temperature (K) and pressure (MPa) is given by

p° = —856.361 + 20.4479 « T + 6.29682 % P — 4.7590e — 2
#*P+«T —82958¢ — 2% T? — 4.71347¢ — 3 % P
+2.73547e — 5% T« P*> +1.26422¢ — 4 « P « T*
+1.48965e — 4« T> — 1.6184286P° — 1.03372e — 7
«T*—1.09178e — 7 P« T> — 4.41289¢ — 8 « P* + T*
+6.94842¢ — 9« T« P? (10)
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Table 2
Binary Pitzer-equation parameters for cations and anions derived for use in the CHEMCHAU model. Pitzer parameters not included in this table [Cl (Na, K, Mg), HCO3 + COs (Na, K,
Mg, Ca), SO4 (Ca), and ClO4 (K)] are available from the FREZCHEM model (Marion and Kargel, 2008) and Marion et al. (2010a).

Pitzer a, a, as ay as ag Temperature References
parameters range (K)
B(co)a —9.794950e0 9.093629e—-2 —2.71643%-4 2.692768e—7 273-373 Millero and Pierrot
. (1998)
B(cl)a 3.478560e0 —1.541609e-2  3.178955e-5 273-373 Millero and Pierrot
a
’ (1998)
C?a a 1.025271e0 —8.889487e—3  2.586435e-5 —2.535034e-8 273-373 Millero and Pierrot
’ (1998)
B,(\(,)) o —-1.811927e-1 1.584621e-3 —2.655185e—-6 273-348 Millero and Pierrot
.60 (1998) and this study
Bﬁ)cro —2.183392e0 1.646897e-2 —2.759549e -5 273-348 Millero and Pierrot
0 (1998) and this study
C;/\)Ia @ 2.058354e-2 —1.457641e-4  2.442399e-7 273-348 Millero and Pierrot
o (1998) and this study
BI(\S) o 3.4027e-1 5.2275e-4 273-366 Millero and Pierrot
&t (1998) and this study
BI(\/ll) o 6.668e—1 4.50e—-4 273-366 Millero and Pierrot
&0 (1998) and this study
CK)/I o 1.14727e-1 —3.5267e—4 273-366 Millero and Pierrot
et (1998) and this study
BY o 2.03810e-1 8.295e—4 273-323 Millero and Pierrot
R (1998)
B(CUCIO 2.426e-1 5.0775e-3 273-323 Millero and Pierrot
a.Cloy (1998)
c?a o 8.7181e-2 —3.0918e—4 273-323 Millero and Pierrot
ClO, (1998)
B;(O)OH —2.365594e—-1  2.453709e-3 —4.111345e-6 273-323 Millero and Pierrot
' (1998)
B;(IE)H —6.830057e—~1  6.717714e-3 —1.125603e—-5 273-323 Millero and Pierrot
' (1998)
C,‘? on 2.880402e-2 —1.654597e-4  2.772439e-7 273-323 Millero and Pierrot
’ (1998)
BI(\?G)HSO 5.890e0 —3.40104e-2 5.3937e-5 273-373 Millero and Pierrot
e (1998)
B;\}G)HSO 5.87784e0 —1.8431e-2 273-373 Millero and Pierrot
T (1998)
C;/\)Ja 150 3.905e-3 273-373 Millero and Pierrot
HSO4 (1998)
B;\?G)SO —2.705778e0 1.543350e-2 -2.121118e-5 298-373 Moller (1988)
,OUsg
B;\Jla)so —4.438919e0 3.086813e—2 -4.132221e-5 298-373 Moller (1988)
,oUsg
C?fm o 4.777799% -1 —2.644687e-3  3.573726e-6 298-373 Moller (1988)
PUs
B;f;o 4.07908797e1 8.26906675e—3 —1.41842998e3 —6.74728848e0 273-373 Millero and Pierrot
~Us
(1998)
B;g)so —1.31669651e1  2.35793239e-2 2.06712594e3 273-373 Millero and Pierrot
o (1998)
Cloo —1.88e-2 273-373 Millero and Pierrot
o (1998)
ng) © —3.656954e—-1  3.114461e-3 —3.948514e-6 298-373 Millero and Pierrot
&0 (1998)
B[(\/l’; © —1.545900e0 2.167785e-2 —1.764903e-5 298-373 Millero and Pierrot
504
(1998)
ﬁ) % —3.419500e2 2.292600e0 —4.205515e-3 298-373 Millero and Pierrot
850 (1998)
C;\p/igSO 1.940163e-1 —7.328694e-4  5.965184e—7 298-373 Millero and Pierrot, 1998
PUs
Volumetric parameters®
B;',(Ué, 1.2335e-5 —2.7445e-7 2.4624e-9 —1.08e-12 278-368 Krumgalz et al. (2000)
a.|
B(ZU& 4.354e—-6 —9.259e-7 2.980e-8 —3.27e-10 278-368 Krumgalz et al. (2000)
a.
CRact —6.578e—7 1.5101e-8 —5.5e-12 —1.6e-13 278-368 Krumgalz et al. (2000)
Bﬁ,ﬂo 5.3250e-5 —1.0930e—-6 5.5828e-8 —4.6248e—10 288-368 Krumgalz et al. (2000)
504
B,ﬁf,l;o 1.2932e—-4 —5.1406e—6 —1.3311e-7 1.552Ee—-9 288-368 Krumgalz et al. (2000)
IUq
CRaso, —2.9140e—6 1.0798e—7 —9.5282e-9 7.375e—11 288-368 Krumgalz et al. (2000)
BZ,SOLCO —1.1620e-5 —2.8646e—6 —5.1284e-7 278-318 Krumgalz et al., 2000
s 3
Bﬁ?;’m 1.7800e—4 4.4518e—-6 1.3897e-6 278-318 Krumgalz et al. (2000)
3
CRaco, 1.3741e-5 7.3175e-7 1.4971e-7 278-318 Krumgalz et al. (2000)
3;"(00%0 5.9800e-5 —6.9018e—7 2.1120e-9 288-333 Krumgalz et al. (2000)
.03
Bﬁfféo 8.1600e—5 —7.4232e-6 1.5774e-7 288-333 Krumgalz et al. (2000)
.03
Claco, —3.2500e—6 1.6502e—8 6.157e-10 288-333 Krumgalz et al. (2000)
B,’é(gf 1.2793e-5 —1.8784e-7 —1.2365e-9 —2.720e—-11 288-368 Krumgalz et al. (2000)

(continued on next page)
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Table 2 (continued)
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Pitzer a; as as as as as Temperature References
parameters range (K)
B,’é_(}f 8.948e—-6 —1.0948e—6 5.473e—8 —3.00e-10 288-368 Krumgalz et al. (2000)
Cka —7.131e-7 6.042e-9 6.737e—10 —9.52e-12 288-368 Krumgalz et al. (2000)
B’lgg()h 1.1054e-5 8.2980e—6 —2.6393e-7 1.8459e-9 288-368 Krumgalz et al. (2000)
B,’é_(;ng 2.6016e—4 —2.8743e-5 7.6066e—7 —4.988e—9 288-368 Krumgalz et al., 2000
C:?so‘. 1.6192e-5 —4.3294e-6 1.3595e—7 —1.0219e-9 288-368 Krumgalz et al. (2000)
BZFE:)cog —7.241e-5 298 Krumgalz et al. (2000)
B;%OK 2.4275e-4 298 Krumgalz et al. (2000)
CK Heo, 3.9791e-5 298 Krumgalz et al. (2000)
B,’j%} 3.4930e-5 —6.7348e-7 4.4902e-8 -9.3417e-10 293-333 Krumgalz et al. (2000)
B,ﬁ%} 1.6511e—4 —2.0346e-6 —8.2554e-7 2.0615e—-8 293-333 Krumgalz et al., 2000
Ck co, —8.468e—7 2.4085e-8 -1.9939e-9 4.258e-11 293-333 Krumgalz et al. (2000)
Bﬁgo,)a 1.6933e-5 —4.605e—-8 5.7990e-9 —7.328e-11 288-368 Krumgalz et al. (2000)
BA'//’(;)CI —5.2068e—5 —6.3193e-6 —4.094e-8 1.001e-9 288-368 Krumgalz et al., 2000
Chgai —5.698e—7 —5.530e-9 —3.070e-10 4.74e-12 288-368 Krumgalz et al. (2000)
Bﬁ;)g@ 4.9809e—-5 —4.2924e-7 3.413e-10 288-368 Krumgalz et al. (2000)
BA’}(glgoA 1.4491e—4 —8.3021e-6 5.385e-8 288-368 Krumgalz et al. (2000)
Cﬁ/tg,so,, 3.969e—7 —2.3555e-8 2.738e—10 288-368 Krumgalz et al. (2000)
BZ‘(JOC)‘ 1.3107e-5 —2.2290e-7 1.6253e-8 —4.3892e-10 288-328 Krumgalz et al., 2000
Bgélg‘ —2.4575e-5 —8.388e-7 —1.7754e-7 5.152e-9 288-328 Krumgalz et al. (2000)
Clia —1.265e-7 1.1014e-8 —8.674e—10 2.471e-11 288-328 Krumgalz et al. (2000)
Bﬁgl)b 2.627667e—3 —8.216550e—-6 333-373 ICT (1928) and this work
B,’ﬂ;b —7.384914e-3  2.290882e-5 333-373 ICT (1928) and this work
Cfmb —7.174925e—-4  2.255337e-6 333-373 ICT (1928) and this work
Bf,(g(),f 1.299059e-2 —4.307449e-5 303-373 ICT (1928) and this work
Bf,?é},f —2.869194e—-2  4.321832e-5 1.836706e—7 303-373 ICT (1928) and this work
Cliso,€ —2.411227e-3  8.008289e—6 303-373 ICT (1928) and this work
BII-}IFEILO‘.C 0.00 303-373 ICT (1928) and this work
BZFL)so,,C 0.00 303-373 ICT (1928) and this work
Clinso,© 0.00 303-373 ICT (1928) and this work
V}_?) 0.00 273-373 Millero (1983)
V(ép —1.02412e2 7.8012e-1 —1.264e-3 273-323 Millero (1983) and
(373)¢ Marion and Kargel (2008)
V;\?a) 5.322068e1 —3.759538e-1  6.553571e—4 323-373 Linke (1965) and this
work
V}?) —1.868106e2 1.132069e0 —1.622423e-3 323-373 Linke (1965) and this
work
V;ng —4.964763e1 9.133945e-2 313-383 Linke (1965) and this
work
V(&) 8.759619e2 —8.218658e0 2.510729e-2 —2.546297e-5 323-373 ICT (1928) and this work
V(c%é 7.101897e1 —3.923986e—-1  1.785629e—3 —2.567976e—6 273-373 \LAl,Elr(E (1965) and this
\/(s%)4 —2.113165e2 1.278430e0 —1.758064e—3 303-375 \];\l,zl:]f (1965) and this
Vﬁc)og 6.166538e3 —6.526572e1 2.323835e-1 —2.774642e—4 273-343 \];;Elr(]f (1965) and this
vy —4.048896e2 2.615278e0 —4.257950e-3 273-343 ICT (1928) and this work

CO;

2 The equations for these volumetric binary parameters are: f{T) = a; + a(T — 298.15) + as(T — 298.15)? + a4(T — 298.15)? except for the acid (HCI and H,SO,4) parameters

that are defined by Eq. (8).

b These equations are temperature supplements to similar equations in FREZCHEM (Marion and Kargel, 2008) and are to be used only for temperatures above 333.15 K.
¢ These equations are temperature supplements to similar equations in FREZCHEM (Marion and Kargel, 2008) and are to be used only for temperatures above 303.15 K.
94 This equation was originally parameterized for the temperature range from 273 to 323 K (Millero, 1983). We assumed that this equation would work to 373 K, which was

used to define volumetric parameters for Na, K, Mg, and Ca.

which covers the temperature range from 264 to 375K, and the

pressure range from 0.05 to 100 MPa (0.5-1000 bars). The data
for this calculation were taken from Wagner and Pruss (2002).
The standard error for this set of 551 data is 0.0226 kg/m>
(22.6 ppm). Another volumetric parameter that is a major
parameter for density/pressure calculations (Eq. (7)) is the
volumetric Pitzer-Debye-Hiickel parameter (A,) (cm? kg!/? mol—>/2)
as a function of temperature (K) and pressure (bars) that is
given by

A, =-7.02111 + 0.091808 « T — 6.35498¢ — 3 « P
+4.71221e =5+ T P — 3.72098¢ — 4 x T*> + 1.97050e
—6%P*—9.08153e — 8« T> x P — 1.41488¢ — 8 « P*

* T +5.50669¢ — 7 « T* + 2.58628e — 11 % T? « P* (11)

which covers the temperature range from 273 to 373, and the pres-
sure range from 1 to 1000 bars. The data for this calculation were
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Fig. 2. The natural logarithms of the equilibrium constants for natron (Na,CO3-10H,0), (Na,CO5-7H,0), and thermonatrite (Na,CO3-H,0) over the 273-373 K temperature

range (data from Linke (1965)).
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Fig. 3. The natural logarithms of the equilibrium constants for epsomite
(MgS04-7H,0), hexahydrite (MgS04-6H,0), and kieserite (MgS0O4-H,0) over the
273-373 K temperature range (data from Linke (1965)).
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Fig. 4. The natural logarithms of the equilibrium constants for mirabilite
(NapS04-10H,0) and thenardite (Na,SO4) over the 273-373 K temperature range
(data from Linke (1965)).
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Fig. 5. The natural logarithms of the equilibrium constants for (NaClO4-H,0) and
(NaClO4) over the 273-373 K temperature range (data from Linke (1965)).

taken from Ananthaswamy and Atkinson (1984). The standard error
for this set of 147 data is 0.0046 cm® kg'/? mol 3/ (~0.20%).

The p° and A, parameters cover the full range for the hot spring
model (0-100 °C, 1-1000 bars). Unfortunately, this is not the case
for the other density/pressure parameters.

Most of the volumetric parameters (B;, and C;,) were taken
from Krumgalz et al. (2000) (Table 2). Most of these parameter sets
cover highly variable temperature ranges, which will be further
discussed below under Limitations. Exceptions to this generality
were that we developed new volumetric parameters for H-Cl, H-
S04, and H-HSO,4 for higher temperature ranges of 303-373 K
(Table 2). This was done by using Eqs. (6) and (7) with p data from
ICT (1928); given known parameters and solution properties from
Eq. (6), it is possible to calculate V£, which in turn, allows calcu-
lation of volumetric parameters with Eq. (7). Fig. 6 shows that our
model calculations (solid lines) are reasonably good for both HCl
and H,SO4 over the temperature range from 273-373 K in the con-
centration limits of 0-2 m.

Another volumetric parameter that is important is the partial

molar volume at infinite dilution (V?) (Eq. (6)). These calculated
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Table 3
Binary Pitzer-equation parameters for cations, anions, and SiO,. Values are from Azaroual et al. (1997) for the temperature range from 25 to 300 °C".
Pitzer parameters @, a as ay as as ay asg
/Nasio, —4.00465e-2 —1.042719e-4 2.889422e1 1.18862e-2 —2.2210442e-1 5.994588e—8 6.396116e—1 2.192445e-1
K 50, —1.08594e—2 1.091756e—-5 1.682361e0 3.9294e-3 8.2144e-3 —6.269780e—8  4.596629e-1 1.134805e0
/Mg 5i0, 6.237599e0 —7.228279%e-3 —7.130509e2 —3.72640e—1 —3.881288e0 4.920798e—6 —8.841767e0 2.994562e1
Aca,sio, 6.237599e0 —7.228279%e-3 —7.130509e2 —3.72640e—1 —3.881288e0 4.920798e—6 —8.841767e0 2.994562e1
Jasio, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
JHCO, Si0, 8.5131080e0 4.553030e-3 —1.363471e2 -1.613573e0 6.822994e-1 —1.913340e-6 1.901827e0 —4.134204e0
/NOs Si0, 2.94769e-2 —1.394401e-4 —2.9720621el 1.5600e—2 —1.995569e—1 —3.284336e-8 1.19537e-1 1.54574e0
750, 5i0, 4.073755e—1 3.946412e-4 —1.054513e2 —4.8974e-2 —1.248398e0 —1.047845e—6 —7.10958e—1 7.013907e0
3 The equation for these relationships is: f{T) = a; + a,T + as/T + asLn(T) + as/(T — 263) + agT? + a;/(680 — T) + ag/(T — 227).
Table 4
Ternary parameters taken from Millero and Pierrot (1998).%
Pitzer parameters a a, as ay as Temperature range (K)
Oysr 5.91e-2 4.5e—4 273-323
Ona 3.416e-2 —2.09e—4 273-323
Oyk 5.0e-3 —2.275e—-4
Ounmg 6.2e-2 3.275e—-4 273-323
Olca 6.12e-2 3.275e-4 273-323
OnNax —5.02312111e-2 1.40213141el 273-523
Ona,mg 7.0e-2 298-523
Oxmg 0.00 273-523
Okca 1.156e—1 273-523
OHs0,,50,4 0.00 273-473
OconH —5.0e-2 3.125e—-4 —8.362e—-6
Y Nax.cl 1.34211308e-2 —5.10212917e0 273-523
Y Na k.50, 3.48115174e-2 —8.21656777 273-523
¥'namg.cl 1.99e-2 -9.51e0 298-523
¥'Na,ca 504 —1.20e-2 273-523
Yimgal 2.586e—-2 —1.427el 273-523
P cacl 4.76278977e-2 —2.70770507e1 273-523
Wk cas0, 0.00 273-523
¥ (150, Na —9.00e-3 273-523
Yaiso,k —2.12481475e—1 3.75619614e1 2.84698333e—4 273-523
¥ ci150,.a —1.80e-2 273-523
Yhsea 5.40e—3 ~2.10e—4 273-323
Vs 1.0e-3 ~7.325e-4 273-323
YHcaa 8.0e—4 —7.25e-4 273-323
¥ H50,,504.Na 0.00 273-473
2 The equation for these relationships is: f{T) = a; + a,/T + asT + a4(T — 298.15) + as(T — 298.15)%.
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Fig. 6. The experimental (X) and model (solid line) estimates of HCl and H,SO,4

density values between 273 and 373 K.

parameters are included in Table 2. V% =0.0 is an assumption
made for these partial molar volumes (Millero, 1983); we also
made an assumption that the V9 that was developed from 273 to

T
270 280 290 300 310 320 330 340 350 360 370 380

T T T T
270 280 290 300 310 3

Temperature (K)

T T T
20 330 340 350 360 370 380 390

Fig. 7. The experimental (X) and model (O) estimates of density for six mineral

saturated chloride, perchorate, sulfate, and bicarbonate salts.

323 K (Millero, 1983) would be valid from 273 to 373. So, it was
easy to calculate the HCl values in Fig. 6 and estimate the V? (cat-
ion) values in Table 2 through NaCl, KCl, MgCl,, and CaCl, data (ICT,
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1928; Linke, 1965). These cation (V?) terms were then used for cal-
culating volumetric anions (e.g., Na;SO,4, NaClO4, Na,CO3, KHCO3).
Mineral solubilities and densities generally increase with temper-
ature except where solid phases change (Fig. 7). A good example
is mirabilite (Na;SO4-10H,0) that increases rapidly in concentra-
tion at lower temperatures until it transitions to thenardite
(NayS0,4) around 305K, beyond which concentrations decrease
with increasing temperature (Fig. 7). Overall, the model calcula-
tions are in reasonably good agreement with experimental data
(Fig. 7).

In applications to Mars, we will primarily focus on hypothetical
temperatures and pressures on the early surface of Mars or current
Earth analogues; so little focus will deal with density and pressure
parameterizations. However, subsurface processes on Mars (e.g.,
Clifford, 1993; Clifford and Parker, 2001; Clifford et al., 2010;
Gaidos and Marion, 2003) would clearly require this density/pres-
sure parameterization, which will be a feature of our new CHEM-
CHAU model.

4. Validation and limitations

Figs. 1-7 indicate the accuracy of model fits to experimental
data up to some temperatures >373 K. The figures that were used
as examples how we estimated equilibrium constants (Figs. 1-5)
have R? values >0.994, which is an excellent fit for establishing
equilibrium constants. The % errors between the densities of exper-
imental and model calculations in Fig. 6 range from 0.006% to
0.039%. Similarly, the % errors between densities of solutions satu-
rated with various minerals ranged from 0.10% to 0.27%. (Fig. 7)
The much higher concentrations of salts in these mineral cases
(Fig. 7) is probably why the % values were much higher than the
more dilute acids (Fig. 6). As a generality, the higher the solution
concentrations, the larger the inaccuracies. While model fits to
experimental data are encouraging and point out the self-consis-
tency of the model and data inputs (Figs. 1-7), they are not a sub-
stitute for true validation that requires comparison to independent
data for aqueous solutions. On the other hand, much of the data ci-
ted from Linke (1965) are from multiple experiments that are be-
lieved to be good estimates. Also later in Section 5, we will
demonstrate a true validation between the CHEMCHAU model
and independent silica data.

One of the real limitations for this CHEMCHAU code is that Pit-
zer parameters and equilibrium constants do not all cover the tem-
perature range from 273 to 373 (Tables 1-4). For example, the
solubility product for KHCOs; only covers the temperature range
from 273 to 343 (Table 1, Fig. 7). Extrapolations beyond 343 K must
be done with caution. Extrapolations to temperatures <298 K (e.g.,
Table 3) must also be done with caution; but in this particular case
from Azaroual et al. (1997), the SiO, parameters are changing
slowly with temperature (their Fig. 2), so extrapolations to 273 K
should not be a major problem. The temperature ranges given in
these tables must not be confused. For example, the Na,S04-10H,0
equilibrium constant given in Table 1 covers the temperature
range from 273 to 306 K, and the Na,SO4 equilibrium constant cov-
ers the temperature range from 306 to 373 K. But this transition
temperature (306 K) is not fixed within CHEMCHAU. In the pres-
ence of salts other than Na,SO,4 (e.g., NaCl and/or MgCl,), CHEM-
CHAU will select the solid phase that minimizes solution
concentrations, which for Na,SO,4 equilibrium could be lower or
higher in temperature from the pure Na,SO,4 phases (306 K).

5. Applications to Mars

In this section we will primarily discuss massive silica occur-
rences that are thought to be of hydrothermal origin, both on Mars

and with Earth analogues. In the first section, we will use the the-
oretical foundations of the new CHEMCHAU model to characterize
how amorphous silica should react to temperature and pH. In addi-
tion, we will theoretically compare silica and calcite chemistries as
indicators of why martian surface chemistries are highly variable.
In the second section, we will compare Earth silica analogues for
Mars, both with experimental data and theoretical CHEMCHAU
and FREZCHEM calculations.

5.1. Silica and carbonate chemistries

In Fig. 8 simulation, we included small amounts of Si(OH), and
CaCos, sufficiently high to lead to precipitation of silica and calcite,
and 0.1 m NaCl as background composition. The solubility of silica
is strongly dependent on temperature and pH. Below a pH of 7.0,
silica solubility is relatively independent of pH, but still highly
temperature dependent (Fig. 8). Above pH = 8.0, especially at high-
er temperatures, silica rises rapidly in equilibrium composition.
This case is largely dependent on the reaction

Si(OH) <= SiO(OH); + H* (12)

where Si(OH), activity equals SiO(OH)s activity at pH = 10.22, 9.46,
and 8.91, for temperatures of 0, 50, and 100 °C, respectively. In the
following section, we will discuss experimental data from natural
environments and how well they correlate with theoretical models
(Figs. 8-11).

We included calcite chemistry in Fig. 8 to demonstrate how
highly variable T-pH chemistries could be on Mars, and why
known chemistries on Mars might be vastly different from site to
site. For example, Gusev Crater is where massive silica deposits
are common (Crumpler et al., 2008; Ming et al., 2008; Morris
et al., 2008; Rice et al., 2008; Ruff et al., 2008; Yen et al., 2008);
Meridiani Planum is where acid minerals are common (Bishop
et al., 2004; Klingelhofer et al., 2004; Kargel, 2004; Kargel and Mar-
ion, 2004; Clark et al., 2005; Golden et al., 2005; Navrotsky et al.,
2005; Tosca et al.,, 2005; Fernandez-Remolar et al., 2008; Marion
et al., 2008, 2009a,b), and the Phoenix site is where perchlorates
and carbonates are common (Catling et al., 2009; Fisher et al.,
2008, 2009; Hecht et al., 2008, 2009a,b; Kounaves et al., 2009a,b;
Boynton et al., 2009a,b; Smith et al., 2009; Marion et al., 2010a).
Calcite is least soluble at high pH (low Pcoz) and high tempera-
tures, which is the opposite of silica solubility that is at a maxi-
mum concentration at high pH and high temperature (Fig. 8). In
this simulation calcite solubility used variable Pco, concentrations
(1.0e—4 to 1.0 bars) that led to pH>6 (Fig. 8); but these
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Fig. 8. The total soluble Ca (CAT) and Si (SIT) concentrations for systems in
equilibrium with calcite and amorphous silica as a function of temperature and pH.
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Fig. 9. Evaporation of a low pH (3.67-3.77) and high temperature (353.45 K) solution from Crystal Creek (Table 5).
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Fig. 10. Evaporation of a low pH (2.81) and low temperature (279.65 K) solution from Alluvium Creek (Table 5).
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Fig. 11. Evaporation of a high pH (8.45) and high temperature (355.15 K) solution from Sodi Springs (Table 5).

assumptions are clearly not the case for silica to precipitate. In the We used calcite simply as an example for carbonate mineraliza-
following section, we will discuss likely environments where silica tion on Mars based on the Phoenix mission (Boynton et al.,
formed on Mars, which are unlikely environments for calcite 2009a,b). But there is even more evidence for Mg carbonate forma-

formation. tion on Mars (Bandfield et al., 2003; Ehlmann et al., 2008; Brown
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et al., 2010; Morris et al., 2010) due to the prevalence of Mg salts
on Mars (Clark et al, 2005; Wang et al., 2006; Zolotov and
Mironenko, 2007). Magnesite, for example, is similar in solubility
to calcite, being slightly more soluble at 0 °C, and slightly less
soluble at 50 and 100 °C (Fig. 8). Hydromagnesite (4MgCO3-M-
g(OH),-4H,0), on the other hand, is much more soluble (~6-50-
fold) than either calcite or magnesite. Also, the same case holds
for silica depending on whether the precipitate is amorphous Si
(Fig. 8) versus kaolinite or other clay minerals that are more insol-
uble than amorphous Si (Marion et al., 2009b).

5.2. Earth analogues

We choose three Earth analogues for martian silica formation
that represent aqueous environments in the Yellowstone hot
springs (Crystal Springs and Alluvium Creek) and Iceland (Sodi
Springs) (Table 5). A potential problem with these datasets is that
the concentrations were in molar units (moles/liter), while the
FREZCHEM and CHEMCHAU models require molal units [moles/
kg(H,0)]. Fortunately, model-calculated molality based on the
Marion (2007) approach differed from experimental molarity mea-
surements by less than 0.3%. So, we ignored this minor factor and
imported the molar data directly into the FREZCHEM and CHEM-
CHAU models. The values that are listed as “H” in Table 5 for Crystal
Springs and Alluvium Creek were calculated based on charge bal-
ance. Model calculated pH values for Crystal Springs and Alluvium
Creek using the datasets of Table 5 were 3.06 and 2.92, which are
close to experimental values of 3.67-3.77 and 2.81 (Table 5). So cal-
culating H using charge balance was a reasonable approximation.

There is evidence that suggests silica formation on Mars was
significantly hydrothermal (Crumpler et al., 2008; Ming et al.,
2008; Morris et al., 2008; Rice et al., 2008; Ruff et al., 2008; Yen
et al., 2008). Also there are arguments that these formations were
related to acid sulfate chemistry (Morris et al.,, 2008; McAdam
et al., 2008; Ruff et al., 2008; Milliken et al., 2008; Squyres et al.,
2008). The likely presence of ferric minerals with these silica
deposits is also evidence of acid sulfate chemistry (Michalski
et al., 2005; Squyres et al., 2008). At present, there is a limitation
of CHEMCHAU because this model does not include aluminum
and iron chemistries that are generally prevalent in acid sulfate
systems. We ran three simulations (Table 5) that include: (1) Crys-
tal Spring (high T, low pH), (2) Alluvium Creek (low T, low pH), and
(3) Sodi Springs (high T, high pH). The Crystal Spring and Sodi

Table 5
Experimental data that were used for simulating silica chemistries with the
FREZCHEM/CHEMCHAU models.

Element Crystal spring Alluvium Sodi spring (m)®
(m)? creek (m)?

Na (+NH,4 + Li) 1.9420e-2 7.83e—4 1.0526e-2 (7.283e-3)

K 7.80e—4 2.30e—4 3.32e—4 (2.30e-4)

Mg - 1.394e-3 -

Ca 1.52e-4 1.035e-3 3.34e-5 (2.8e-5)

Al - 1.831e-3 -

Fe(T) - 43e-5 -

H€ (+HSO4) 9.76e—4 1.688e—3 5.2e-9

Cl (+F + Br) 2.0384e-2 4.2e-5 4.089e-3

SO4(+HSO4) 5.48e—4 6.558e—3 1.114e-3

Si0, 6.41e-3 1.628e-3 6.192e-3

pH 3.67-3.77 2.81 8.45

T (K) 353.45 279.65 355.15

2 Nordstrom et al. (2008).

" Tobler et al. (2008). Concentrations in parentheses are adjusted values leading
to a perfect charge balance.

€ H concentrations for Crystal Spring and Alluvium Creek were estimated based
on charge balance.

Spring cases were high temperatures with minimal aluminum
and iron chemistries that we ran with CHEMCHAU. The Alluvium
Creek case was low temperature with significant aluminum and
iron chemistries that we ran with FREZCHEM; this may be the most
significant example of a Mars acid-sulfate analogue. At present,
systems with high T, low pH, and significant aluminum and iron
chemistries cannot be run with either FREZCHEM or CHEMCHAU.

We chose evaporation of the Crystal Creek case to represent for-
mation of solid phases at high temperatures and low pH using
CHEMCHAU. Crystal Creek is a predominantly NaCl system
(Fig. 9). Silica began precipitating immediately at the initial
1000 g of water indicating that the solution was slightly supersat-
urated. Other salts that precipitated included matteuccite (NaH-
S04-H,0), halite (NaCl), and anhydrite (CaSO4). Matteuccite
typically forms in volcanic craters (http://webmineral.com), which
is where Crystal Creek exists in Yellowstone hot springs.

We chose evaporation of the Alluvium Creek aqueous solution
to represent the formation of solid phases likely to precipitate from
acid-sulfate environments as these presumably hot aqueous solu-
tions cooled and water evaporated. Sulfate is the dominant anion
in this system (Fig. 10). This simulation was done using FREZCHEM
because it deals with Fe and Al chemistries at low temperatures.
According to model calculations, hematite (Fe,O3) and silica
(Si0,) were supersaturated at the initial concentrations (Table 5)
and precipitated. Gypsum (CaSO042H,0) and jarosite [KFes-
(504),(0OH)g] were the next solid phases to precipitate. As the solu-
tions evaporated, the “H” concentrations increased which caused
model pH to decrease from 2.92 at water=1000g to 0.08 at
water = 0.7 g. As a consequence, at pH=2.11, just below where
jarosite began to precipitate (Fig. 10), hematite had completely
redissolved. This hematite process is reflected in the Fe concentra-
tions in Fig. 10 that began at very low concentrations because of
hematite insolubility, but rose rapidly as water was evaporated
and pH dropped. The ferric minerals that precipitated at lower
pH were jarosite and ferricopiapite [Fes(SO4)sO(OH)-20H,0)], min-
erals that are common in acid-sulfate solutions (Bishop et al., 2004;
Tosca et al., 2005; Marion et al., 2008). The Al minerals that precip-
itated were potassium alum [KAI(SO4),-12H,0], sodium alum
[NaAl(SO4),-12H,0], and pickeringite [MgS0,4-Aly(S04)3-22H,0].
The presence of Fe minerals in these solutions are consistent with
experimental data from Mars (Bishop et al., 2004; Tosca et al.,
2005; Marion et al., 2008), which suggests that this Yellowstone
hot spring case may be an appropriate analogue for Mars. On the
other hand, in Meridiani Planum, Al is found to correlate with K
but not with sulfate (Clark et al., 2005) allowing a minor but not
major Al contribution to sulfate.

Silica can also precipitate at high pH values where Al and Fe are
not significant and at high temperatures (355 K), which is why we
chose the Sodi Springs case (Table 5) from Iceland for a simulation
(Fig. 11) that was done with the CHEMCHAU model. In this case,
there was a significant charge imbalance. We considered the pos-
sibility that unmeasured bicarbonate/carbonate concentrations
may have existed in this system, which is similar to our assump-
tion that H was the cause of charge imbalance for the Crystal
Springs and Alluvium Creek cases in Table 5. But the necessary
bicarbonate/carbonate concentrations were not consistent with a
pH of 8.45 (Table 5). So we brought the system into perfect charge
balance by adjusting the cation concentrations that are listed in
parentheses in Table 5. Because we could not control pH through
bicarbonate/carbonate chemistry at these high pH values, this sim-
ulation was run at a fixed pH = 8.45 (Table 5).

This case is a predominantly NaCl system (Fig. 11), similar to
the Crystal Spring case (Fig. 9). Silica began precipitating shortly
after evaporation began (Fig. 11). The only other solid phases that
precipitated were anhydrite (CaSO4) and thenardite (Na,SO,4). Had
this simulation been done at lower temperatures (e.g., 25 °C), then
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hydrated forms of these salts would have precipitated [gypsum,
mirabilite (Na,SO4-10H,0)]. Anhydrous salts were also prevalent
at the high temperature in the Crystal Creek case (Fig. 9, halite
and anhydrite).

An illuminating observation regarding silica chemistry is the
comparison between the experimental measurements (Table 5)
and the theoretical calculations in Figs. 8-11. The measured silica
concentrations are, at least, in qualitative agreement with respect
to T data. For the Crystal Springs case with a temperature of
353 K, we would expect a higher silica concentration than for
the Alluvium Creek case with a much lower temperature of
280 K, which agrees with the experimental data (Table 5). Simi-
larly, raising the T to 355 K at Sodi Springs also leads to high silica
concentrations (Table 5). These relative silica concentration varia-
tions are also reflected in modeling Fig. 9 (Crystal Creek, high T),
Fig. 10 (Alluvium Creek, low T) and Fig. 11 (Sodi Springs, high
T). Fig. 8 places equilibrium silica solubility at 354K at
5.7e—3 m, and silica solubility at 280 K at 1.0e—3 m, which places
the experimental data (Table 5) slightly supersaturated. Clearly,
these silica concentrations in natural environments are near-satu-
ration as a function of temperature. These results argue in favor of
equilibrium concentrations being in close agreement with exper-
imental silica concentrations.

6. Discussion

FREZCHEM and CHEMCHAU models were developed to cope
with chemical equilibria that are a function of temperature, pres-
sure, high concentrations, and multiple chemistries. The FREZ-
CHEM model has a temperature range of —70 to 25°C; the
CHEMCHAU model has a temperature range of 0-100 °C. A feature
of these two models is that CHEMCHAU could be used to calculate
a temperature depression to 0 °C; then the resulting database at
0 °C could be used with FREZCHEM to explore these chemistries
at subzero temperatures. Both models have a pressure dependence
of 1-1000 bars, which has been used to explore deep ice layers
(20 km) over the ocean on Europa (Marion et al., 2003b, 2005)
and deep regoliths (5 km) on Mars (Gaidos and Marion, 2003).
The ionic strength (I) range of these two models is 20 m using
the Pitzer equations (Eqs. (1)-(3)), which is beyond other models,
which use the Debye-Hiickel or Davies equations that are valid
to 0.1-0.5 m (PHREEQC, MINTEQ), or the Pitzer equation that is
only valid to 6 m (PHRQPITZ), or models that are only valid to solu-
tion densities of 0.05-1.10 g/cm?® (SUPCRT). The new chemistries of
FREZCHEM-CHEMCHAU development in recent years have largely
been selected by needs for planetary cases (e.g., Gaidos and
Marion, 2003; Marion et al, 2003a,b, 2005, 2008, 2009a,b,
2010a). Other models such as PHREEQC (Parkhurst and Appelo,
1999), MINTEQ (Allison et al., 1991), PHRQPITZ (Plummer et al.,
1988), and SUPCRT (Johnson et al., 1992) have broader ranges of
some properties such as temperature and pressure (e.g., SUPCRT:
T=0-1000 °C, P =1-5000 bars), but none of the latter four models
can cope with I > 6 m or subzero temperatures. On the other hand,
PHREEQC, PHRQPITZ, and SUPCRT have kinetic reactions that are
not a component of the equilibrium FREZCHEM/CHEMCHAU mod-
els. But our two “planetary” models were ideally designed to cope
with chemical equilibria across a broad range of temperatures
(=70 to 100 °C), pressures (1-1000 bars), chemical compositions,
and ionic strengths (I < 20 m) that are especially relevant to plan-
etary applications where environments may be very different than
on Earth.

7. Conclusions

The main conclusions of this study were:

(1) For the new CHEMCHAU model, Pitzer parameters, volumet-
ric parameters, and equilibrium constants for the Na-K-Mg-
Ca-H-Cl-Cl04-S04—~0H-HCO3-C05-C0,-0,-CH4-Si-H,0
system were developed that mostly covered the tempera-
ture range of 273-373 K and the pressure range of 1-1000
bars.

(2) A theoretical simulation of silica and calcite equilibrium
demonstrates why surface chemistries can be vastly differ-
ent on Mars due to differences in temperature and pH. Pres-
sure, while not simulated in this paper, is an important
process for subsurface chemistries on Mars.

(3) Simulation of a high temperature (353 K), low pH (3.67-
3.77) (without Fe and Al chemistries) system from Yellow-
stone hot springs led to formation of silica along with anhy-
drous minerals (NaCl, CaSO,4) and matteuccite that typically
forms in volcanic craters.

(4) Simulation of a low temperature (280 K), acid-sulfate case
(low pH =2.81) from Yellowstone hot springs led to precip-
itation of Fe and Al minerals along with silica, which is con-
sistent with martian mineral assemblages.

(5) Formation of silica at high temperatures (355 K) and high pH
(8.45) from an Icelandic hot springs led to precipitation of
silica and anhydrous salts (CaSO4, Na,SO,4) that are clear
indicators of high temperature environments.

(6) Secondary minerals associated with massive silica deposits
are likely indicators of precipitation environments.

(7) Theoretical model calculations are in reasonable agreement
with experimental silica concentrations, which strengthens
the validity of geochemical models such as FREZCHEM and
CHEMCHAU that are based on thermodynamic equilibrium.
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