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a b s t r a c t

The properties of ammonia and ammonium compounds in cold, subsurface brines are important for
understanding the behavior of outer planet icy moons. The FREZCHEM model of aqueous chemistry
was primarily designed for cold temperatures and high pressures, but does not contain ammonia and
ammonium compounds. We added ammonia and ammonium compounds to FREZCHEM, and explored
the role of these chemistries on Enceladus and Titan, mindful of their astrobiological implications. For
the new FREZCHEM version, Pitzer parameters, volumetric parameters, and equilibrium constants for
the Na–K–NH4–Mg–Ca–Fe(II)–Fe(III)–Al–H–Cl–ClO4–Br–SO4–NO3–OH–HCO3–CO3–CO2–O2–CH4–NH3–
Si–H2O system were developed for ammonia and ammonium compounds that cover the temperature
range of 173–298 K and the pressure range of 1–1000 bars. Ammonia solubility was extended to
173 K, where NH3�2H2O and NH3�H2O precipitate, which is the lowest temperature in existing FREZCHEM
versions. A subsurface ‘‘ocean’’ on Enceladus was simulated at 253 K with gas pressures, 1–10 bars, and
with Naþ; Cl�; HCO�3 ; CO2ðgÞ; CH4ðgÞ, and NH3(aq) that led to precipitation of ice, NaHCO3, and gas
hydrates (CO2�6H2O and CH4�6H2O). The pH on Enceladus (Fig. 10) ranged from 5.74 to 6.76, and water
activity, aw, ranged from 0.80 to 0.82, which are relatively favorable for life. A subsurface ‘‘ocean’’ on Titan
was simulated with NHþ4 ; Cl�; SO2�

4 ; CH4ðgÞ, and NH3(aq) over the temperature range of 173–273 K that
led to precipitation of (NH4)2SO4, ice, CH4�6H2O, and NH4Cl. The CH4 clathrate should float above the
brine and is buoyant with respect to H2O ice, so has the potential to be a source of CH4 to replenish what
has been photochemically destroyed in Titan’s atmosphere over time. The pH in the Titan simulation
(Fig. 11) ranged from 11.24 to 18.03 (latter may not be accurate), and aw ranged from 0.28 to 0.72, which
are relatively unfavorable for life as we know it. The Titan simulations, with total pressures of 10, 250,
and 1000 bars, led to similar depositions, except for ice that failed to form under 1000 bars of pressure.
In the past, there have been arguments for why Titan, given an early environment similar to Earth, could
be a highly favorable body in our Solar System for life. But if Titan oceans are strongly alkaline with high
pH whereas Enceladus’ oceans have moderate pH, as simulated, the latter would seem a better environ-
ment for life as we know it. But bear in mind, caution must be exercised in quantifying the ammonia/
ammonium cases because of the complexities and limitations of these chemistries in the FREZCHEM
model.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

The completed Galileo mission to the Jupiter system and the
continuing Cassini–Huygens mission to Saturn and its satellites,
and the anticipation of the New Horizons flyby of the Pluto system
and the Dawn mission that will orbit Ceres have stimulated consid-
erable new thinking about the geochemical evolution of Europa,
Enceladus, Titan, Pluto, outer main belt asteroids, and other icy
bodies (Kargel et al., 2000; Baker et al., 2005; Cruikshank et al.,

2005; Brown et al., 2006; Hussmann et al., 2006; Kieffer et al.,
2006; Spencer et al., 2006; Waite et al., 2006, 2009, 2011; Yokano
et al., 2006; Fortes, 2007, 2012; Fortes et al., 2007; Manga and
Wang, 2007; Matson et al., 2007; Nimmo et al., 2007; Parkinson
et al., 2007; Spencer and Grinspoon, 2007; Zolotov, 2007; Grindrod
et al., 2008; Kieffer and Jakosky, 2008; Lorenz, 2008; Lorenz et al.,
2008; McKinnon et al., 2008; Sotin and Tobie, 2008; Cooper et al.,
2009; Postberg et al., 2009, 2011; Zolotov and Kargel, 2009; Sohl
et al., 2010; Zolotov et al., 2011). Among the questions concerning
the icy moons of the outer planets is the relevance of ammonia and
ammonium compounds. These questions date back for decades
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and remain incompletely answered by observation (Lewis, 1972;
Croft et al., 1988; Kargel et al., 1991; Kargel, 1992, 1998; Hogen-
boom et al., 1997; Brown and Calvin, 2000; Young, 2000; Leliwa-
Kopystynski et al., 2002; Mousis et al., 2002). Whereas ammonia
is widely considered, theoretically, to be broadly distributed and
abundant in the outer Solar System, nondetections are the rule;
definitive or probable observations of extraterrestrial ammonia
and/or ammonium ion in our Solar System are rarer; these sub-
stances occur in the atmospheres of the gas giant planets, the
plumes of Enceladus (Waite et al., 2009, 2011; Pizzarello et al.,
2011; Zolotov et al., 2011), on large Kuiper Belt Objects such as
Quaoar (Jewitt and Luu, 2004) and Orcus, and on Pluto’s largest
moon, Charon (Cook et al., 2007). Intense theoretical interest re-
mains in possible ammonia–water volcanism on Titan and other
icy satellites. Interest in possible sequestration of ammonia in
ammonium solids and reactive destruction of ammonia (Kargel,
1992) has renewed timeliness to help explain why ammonia is
rarely observed despite decades of searching for it. Recent investi-
gations on the nature of internal fluids on icy moons has been
stimulated by the Cassini–Huygens Mission (Baker et al., 2005;
Tobie et al., 2005; Hussmann et al., 2006; Waite et al., 2006; Fortes
et al., 2007; Spencer and Grinspoon, 2007; Smythe et al., 2009;
Waite et al., 2009, 2011; Zolotov et al., 2011) and is pertinent to
the upcoming Pluto/Charon/Kuiper Belt mission of New Horizons.
On Earth, aqueous ammonia and ammonium salts are important
in biology; the chemistries dealt with in this work may also have
astrobiological consequences, which we briefly explore.

Ammonia and ammonium have not been found in the Solar Sys-
tem with the high abundances predicted theoretically, but after
decades of fruitless searching, in the past decade especially, both
ammonia and ammonium have been turning up in meteorite anal-
yses and reflectance spectroscopic studies. Many comets emit 0.1–
0.3% NH3 and 3–10% CO2 relative to H2O. Carbonaceous chondrites
generally contain ammonium at levels a few ppm to several tens of
ppm. Direct detection of ammonia released by chemical treatment
of the CM2 Murchison carbonaceous chondrite meteorite was
thought to be due largely to release from ammonium salts as well
as amines, amino acids and other compounds (Pizzarello et al.,
1994); total NHþ4 is �20 ppm by mass. These compounds in carbo-
naceous chondrites all probably trace their origins to ammonia-
based chemistry, including Strecker-type organic synthesis of
ammonium cyanide from ammonia and hydrogen cyanide (Calla-
han et al., 2011), both comet-type volatiles. CR chondrites also
are known to contain a similar suite of ammonia-related com-
pounds, and additionally free ammonia was extracted (Pizzarello
et al., 2011), though we suspect this may have been a break-down
equilibrium product of decomposition of ammonium salts, some of
which have a high ammonia vapor pressure. However, as men-
tioned, these all probably trace an origin back to ammonia
chemistry.

Ammonia and derivatives such as amino acids are usually con-
sidered in the context of extant life, but biogenesis and prebiotic
chemistry also emphasizes the key roles of these materials (e.g.,
Santana et al., 2010). Ammonium ion can be produced abiotically
from other nitrogen compounds using a meteoritic nickel-rich me-
tal catalyst (Smirnov et al., 2008). Ammonium thiocyanate, other
ammonium compounds, and amino acids can be produced by elec-
tric discharges in CO2–NH3-bearing gas mixtures representing a
popular model of Earth’s primordial atmosphere.

The FREZCHEM model was primarily designed for cold temper-
atures and high pressures (Marion and Kargel, 2008), but until now
did not contain ammonia and ammonium compounds. The specific
objectives of this study were to (1) add ammonia–ammonium
compounds to FREZCHEM, and (2) explore the role of these chem-
istries on outer planet satellites, especially with respect to low
temperatures, high pressures, and the possibility of astrobiology.

We note that there is also potential relevance of ammonia chemis-
try, not explored here, to (1) aqueous chemistry on Mars and large
icy Main Belt asteroids, and to the origins of (2) the nitrogen-rich
atmospheres of Earth and Titan, and of the solid nitrogen cryo-
spheres and tenuous atmospheres of Triton, Pluto and some large
Kuiper Belt Objects, such as Eris. And finally, the purpose of this
paper is not to construct structural or thermal models of outer
Solar System bodies, but to quantify the phase equilibria that
should occur under relevant conditions and for a range of plausible
constituents.

2. Methods and materials

2.1. FREZCHEM model

FREZCHEM is an equilibrium chemical thermodynamic model
parameterized for concentrated electrolyte solutions (to ionic
strengths = 20 molal) using the Pitzer approach (Pitzer, 1991,
1995) for the temperature range from 173 to 298 K (CHEMCHAU
version has temperature range from 273 to 373 K) and the pressure
range from 1 to 1000 bars (Marion and Farren, 1999; Marion, 2001,
2002; Marion et al., 2003, 2005, 2006, 2008, 2009a, 2009b, 2010a,
2010b, 2011; Marion and Kargel, 2008). Pressure beyond 1 bar was
first added in Marion et al. (2005). The new version of the model,
which includes ammonia and ammonium compounds, is parame-
terized for the Na–K–NH4–Mg–Ca–Fe(II)–Fe(III)–Al–H–Cl–ClO4–
Br–SO4–NO3–OH–HCO3–CO3–CO2–O2–CH4–NH3–Si–H2O system
and includes 108 solid phases including ice, 16 chloride minerals,
36 sulfate minerals, 16 carbonate minerals, five solid-phase acids,
four nitrate minerals, seven perchlorates, six acid-salts, five iron
oxide/hydroxides, four aluminum hydroxides, two silica minerals,
two ammonia minerals, two gas hydrates, and two bromide sinks
(see above references for these model parameters, especially Mar-
ion and Kargel, 2008).

2.2. Pitzer approach

In the Pitzer approach, the activity coefficients (c) as a function
of temperature at 1.01 bar pressure for cations (M), anions (X), and
neutral aqueous species (N), such as CO2(aq) or CH4(aq), are given
by

lnðcMÞ ¼ z2
MF þ

X
mað2BMa þ ZCMaÞ þ

X
mcð2UMC þ

X
maWMcaÞ

þ
XX

mama0Wmaa0 þ zM

XX
mcmaCca þ 2

X
mnknM

þ
XX

mnmafnMa ð1Þ

lnðcXÞ ¼ z2
XF þ

X
mcð2BcX þ ZCcXÞ þ

X
mað2UXa

þ
X

mcWcXaÞ þ
XX

mcmc0Wmaa0X

þ jzX j
XX

mcmaCca þ 2
X

mnknX

þ
XX

mnmcfncX ð2Þ

lnðcNÞ ¼ 2
X

makNa þ
XX

mcmafNca þ 2
X

mnkNn ð3Þ

where B, C, U, W, k and f are Pitzer-equation interaction parameters,
mi 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. The coefficients
c0 and a0 refer to cations and anions, respectively, that differ from
c and a. The activity of water (aw) at 1.01 bar pressure is given by

aw ¼ exp
�/

P
mi

55:50844

� �
ð4Þ
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where / is the osmotic coefficient, which is given by

ð/� 1Þ ¼ 2P
mi

�A/I3=2

1þ bI1=2 þ
XX

mcma B/
ca þ ZCca

� �(

þ
XX

mcmc0 U/
cc0 þ

X
maWcc0a

� �
þ
XX

mama0 U/
cca0 þ

X
mcWcaa0

� �
þ
XX

mnmcknc þ
XX

mnmakna

þ
XXX

mnmcmafnca þ ð1=2Þ
X

m2
nknn

o
ð5Þ

The binary B parameters in Eqs. (1), (2), and (5), are functions of
C0

ca; B1
ca, and B2

ca; similarly, the C parameters in these equations
are a function of B/

ca.
FREZCHEM specifies the density of solutions and pressure

dependence of equilibrium constants (K), activity coefficients (c),
and the activity of water (aw). An example is how density is calcu-
lated with the equation

q ¼ 1000þ
P

miMi

1000
q0 þ

P
miV0

i þ Vex
mix

ð6Þ

where mi is the molal concentration, Mi is the molar mass, q0 is the
density of pure water at a given temperature and pressure, V0

i is the
partial molar volume at infinite dilution of solution species, and Vex

mix

is the excess volume of mixing given by

Vex
mix ¼ Av

I
b

� �
lnð1þ bI0:5Þ þ 2RT

�
XX

mcma BV
c;a þ

X
mczc

� �
Cv

c;a

h i
ð7Þ

where Av is the volumetric Pitzer–Debye–Hückel parameter, I is the
ionic strength, b is a constant (1.2 kg0.5 mol�0.5), and Bv

c;a and Cv
c;a are

functions of Bð0ÞVc;a ; Bð1ÞVc;a ; Bð2ÞVc;a , and CV
c;a. See Marion et al. (2005),

Marion and Kargel (2008), or Marion et al. (2008) for a complete
description of pressure equations that also rely on the volumetric
parameters in Eq. (7).

The temperature dependencies of Pitzer parameters (discussed
above) and solubility products (discussed below) are defined by
the equation

P ¼ a1 þ a2T þ a3T2 þ a4T3 þ a5=T þ a6 lnðTÞ ð8Þ

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

3. Results

3.1. Pitzer parameterization and solubility products

In this section, we present tables and figures that contain new
equations relevant to ammonia and ammonium compounds. See
earlier papers cited in Section 2.1 that document the range of pre-
viously published chemistries. A substantial fraction of the data
references for FREZCHEM will rely on Linke (1965), largely because
these data sets include chemistries at subzero temperatures that
are critical for FREZCHEM.

The Pitzer parameters for the NH4–Cl interactions at 298.15 K
were taken from Pitzer (1991). These parameters were extended
to lower temperatures by fitting to NH4Cl–ice data from Linke
(1965) (Fig. 1) using the equation

PT ¼ P298:15 þ Að298:15� TÞ ð9Þ

where P is the Pitzer parameter, T is temperature, and A is a derived
constant. Knowing the freezing point depression of a solution in
equilibrium with pure ice allows one to directly determine the
activity of water (aw) and the solution osmotic coefficient (/, Eq.

(4)), which then can serve as the thermodynamic foundation for
estimating the value of Pitzer parameters (Eq. (5)). While Eq. (9)
was used to estimate the temperature dependence, this equation
was converted to our standard format (Eq. (8)) in Table 1. Parame-
terization of NH4–Cl interaction parameters to 258 K (Fig. 1) al-
lowed us to estimate the solubility product for NH4Cl (Sal
ammoniac) (Table 2) based on solubility data (Linke, 1965). The
model-calculated eutectic for this system occurred at 257.65 K with
NH4Cl = 4.54 m, which is in good agreement with the literature val-
ues of 257.79 K with NH4Cl = 4.58 m (Linke, 1965).

The Pitzer parameters for NH4–ClO4 interactions at 298.15 K
were taken from Pitzer (1991), and extended to lower tempera-
tures with NH4ClO4–ice data from Linke (1965) (Fig. 2 and Table 1).
In this particular case, there were only two ice data points (Fig. 2).
Parameterization of the ice line to 270 K allowed us to estimate
equilibrium constants for NH4ClO4 (Table 2). The solubility
product of NH4ClO4 at the eutectic was model calculated at
270.41 K with NH4ClO4 = 0.93 m, which agrees with the literature
values of 270.35 K at 0.93 m (Linke, 1965). NH4ClO4 is relatively
insoluble compared to most perchlorate salts (e.g., Na, Mg, and
Ca), except for KClO4 that is also relatively insoluble (Marion
et al., 2010a).

The Pitzer parameters for NH4–NO3 interactions at 298.15 K
were taken from Pitzer (1991), and extended to lower tempera-
tures by fitting NH4NO3–ice data from Linke (1965) (Fig. 3 and
Table 1). The molality of NH4NO3 at 298 K is 26.8 m, which is be-
yond the upper limit for FREZCHEM (20 m). So we limited NH4NO3

to an upper concentration of 20 m, which is about 285 K (Fig. 3).
Parameterization of the ice line to 256 K allowed us to estimate
equilibrium constants for NH4NO3 (Table 2). The solubility product
of NH4NO3 at the eutectic was model calculated as 256.35 K with
NH4NO3 = 9.15 m, which are in excellent agreement with the liter-
ature values of 256.35 K with NH4NO3 = 9.20 m (Linke, 1965).

The Pitzer parameters for NH4–HCO3 interactions at 298.15 K
were taken from Pitzer (1991), and extended to lower tempera-
tures by fitting NH4HCO3–ice data from Linke (1965) (Fig. 4 and
Table 1). In this particular case, there were only two ice data points
(Fig. 4). Parameterization of the ice line to 269 K allowed us to esti-
mate equilibrium constants for NH4HCO3 (teschemacherite)
(Table 2). The solubility product of NH4HCO3 at the eutectic was
model calculated at 269.05 K with NH4HCO3 = 1.32 m, which are
in good agreement with the literature values of 269.25 K with
NH4HCO3 = 1.33 m (Linke, 1965).

Fig. 1. Equilibrium of ammonium chloride in the 258–298 K temperature range.
Symbols are experimental data; solid lines are model estimates.
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Table 1
Binary and volumetric Pitzer-equation parameters at 1.01325 bars derived in and this work or taken from the literature (numbers are in computer scientific notation where e ± xx
stands for 10±xx).

a1 a2 a3 Temperature range (K) Data sources

Pitzer-equation parameters

Bð0ÞNH4 ;Cl
6.255e�2 �3.47e�5 258–303 Linke (1965), Pitzer (1991), and this work

Bð1ÞNH4 ;Cl
�1.992e0 7.323e�3 258–303 Linke (1965), Pitzer (1991), and this work

C/
NH4 ;Cl

�1.584e�2 4.302e�5 258–303 Linke (1965), Pitzer (1991), and this work

Bð0ÞNH4 ;ClO4

�1.03e�2 270–307 Linke (1965), Pitzer (1991), and this work

Bð1ÞNH4 ;ClO4

�2.610e0 8.69e�3 270–307 Linke (1965), Pitzer (1991), and this work

C/
NH4 ;ClO4

0.0 270–307 Linke (1965), Pitzer (1991), and this work

Bð0ÞNH4 ;NO3
�1.918e�1 5.916e�4 256–303 Linke (1965), Pitzer (1991), and this work

Bð1ÞNH4 ;NO3
�1.132e0 4.171e�3 256–303 Linke (1965), Pitzer (1991), and this work

C/
NH4 ;NO3

9.162e�3 �3.083e�5 256–303 Linke (1965), Pitzer (1991), and this work

Bð0ÞNH4 ;HCO3
�3.80e�2 269–313 Linke (1965), Pitzer (1991), and this work

Bð1ÞNH4 ;HCO3
9.257e�1 �2.87e�3 269–313 Linke (1965), Pitzer (1991), and this work

C/
NH4 ;HCO3

0.0 269–313 Linke (1965), Pitzer (1991), and this work

Bð0ÞNH4 ;SO4
�2.107e�1 8.378e�4 254–303 Linke (1965), Pitzer (1991), and this work

Bð1ÞNH4 ;SO4
�6.089e0 2.265e�2 254–303 Linke (1965), Pitzer (1991), and this work

C/
NH4 ;SO4

2.768e�2 �9.424e�5 254–303 Linke (1965), Pitzer (1991), and this work

Volumetric parameters

Bvð0Þ
NH4 ;Cl

4.687e�5 �1.307e�7 263–303 Linke (1965), Krumgalz et al. (1996), and this work

Bvð1Þ
NH4 ;Cl

1.306e�3 �4.44e�6 263–303 Linke (1965), Krumgalz et al. (1996), and this work

Cv
NH4 ;Cl �8.623e�6 2.73e�8 263–303 Linke (1965), Krumgalz et al. (1996), and this work

Bvð0Þ
NH4 ;ClO4

�1.269e�3 4.137e�6 273–313 Linke (1965), Krumgalz et al. (1996), and this work

Bvð1Þ
NH4 ;ClO4

�3.329e�3 1.157e�5 273–313 Linke (1965), Krumgalz et al. (1996), and this work

Cv
NH4 ;ClO4

5.785e�4 �1.909e�6 273–313 Linke (1965), Krumgalz et al. (1996), and this work

Bvð0Þ
NH4 ;NO3

�9.102e�5 3.12e�7 273–288 Linke (1965), Krumgalz et al. (1996), and this work

Bvð1Þ
NH4 ;NO3

3.630e�3 �1.221e�5 273–288 Linke (1965), Krumgalz et al. (1996), and this work

Cv
NH4 ;NO3

�3.44e�8 273–288 Linke (1965), Krumgalz et al. (1996), and this work

Bvð0Þ
NH4 ;HCO3

8.20e�6 273–288 Linke (1965) and this work

Bvð1Þ
NH4 ;HCO3

2.25e�4 273–288 Linke (1965) and this work

Cv
NH4 ;HCO3

1.99e�6 273–288 Linke (1965) and this work

Bvð0Þ
NH4 ;SO4

�5.078e�5 2.76e�7 268–308 Linke (1965), Krumgalz et al. (1996), and this work

Bvð1Þ
NH4 ;SO4

2.334e�2 �7.81e�5 268–308 Linke (1965), Krumgalz et al. (1996), and this work

Cv
NH4 ;SO4

�3.931e�5 1.2853e�7 268–308 Linke (1965), Krumgalz et al. (1996), and this work

V ð0ÞNH4
1.002813e2 �5.920729e�1 1.058741e�3 273–323 Millero (2001) and this work

Kð0ÞNH4
9.069507e�3 �1.181049e�5 �4.895105e�8 273–323 Millero (2001) and this work

V ð0ÞNH3

a 176–303 Croft et al. (1988) and this work

Kð0ÞNH3
0.0 176–303 Croft et al. (1988) and this work

a V ð0ÞNH3
¼ 1:24519e� 1T þ 7:47828e� 3P � 2:73705e� 5TP � 1:45173e� 4T2, where P = (PT � 1.01325).

Table 2
Equilibrium constants at 1.01325 bars (as Ln(K) = a1 + a2 � T + a3 � T2) derived in the study (numbers are in computer scientific notation where e ± xx stands for 10±xx).

Solution–solid phase
equilibrium

a1 a2 a3 Temperature
range (K)

Solid phase molar
volume (cm3/mole)

Data source

NH4Cl() NHþ4 þ Cl� �7.089666e0 3.568940e�2 �7.946733e�6 258–303 34.96 Linke (1965), Webmina and this
work

NH4ClO4 () NHþ4 þ ClO�4 �3.781318e1 2.103026e�1 �2.839037e�4 270–307 60.25 Linke (1965), Lide (1994), and this
work

NH4NO3 () NHþ4 þ NO�3 �2.072302e1 1.310891e�1 �1.834524e�4 256–283 48.20 Linke (1965), Webmina, and this
work

NH4HCO3 () NHþ4 þ HCO�3 �3.654137e1 2.234553e�1 �3.389387e�4 269–313 50.04 Linke (1965), Lide (1994), and this
work

ðNH4Þ2SO4 () 2NHþ4 þ SO2�
4

�1.664660e1 8.986410e�2 �1.126054e�4 254–303 74.74 Linke (1965), Webmina, and this
work

NH3 �H2O() NH3 þH2O 6.170228e1 �6.730850e�1 1.952563e�3 173–188 37.50 Linke (1965), Leliwa-Kopystynski
et al. (2002), and this work

NH3 � 2H2O() NH3 þ 2H2O �3.430372e0 3.551375e�2 175–176 55.11 Kargel et al. (1991) and Leliwa-
Kopystynski et al. (2002)

NH3ðgÞ () NH3ðaqÞb �8.09694e0 �3.14e�3 3.917507e3 273–313 Clegg and Brimblecombe (1989)

NH3 þH2O() NHþ4 þ OH�b 1.69732e1 �4.40e�2 �4.411025e3 273–313 Clegg and Brimblecombe (1989)

a http://webmineral.com.
b These two equations are defined as: Ln(K) = a1 + a2 * T + a3/T.

G.M. Marion et al. / Icarus 220 (2012) 932–946 935



Author's personal copy

The Pitzer parameters for NH4–SO4 interactions at 298.15 K
were taken from Pitzer (1991), and extended to lower tempera-
tures by fitting (NH4)2SO4–ice data from Linke (1965) (Fig. 5 and
Table 1). Parameterization of the ice line to 254 K allowed us to
estimate equilibrium constants for (NH4)2SO4 (mascagnite) (Ta-
ble 2). Our model estimate for the eutectic temperature and con-
centration of (NH4)2SO4 were 254.15 K and 5.00 m, which are in
excellent agreement with the literature values of 254.15 K and
5.00 m (Linke, 1965).

The lowest aqueous temperature that dealt with FREZCHEM in
the past was 188 K (Marion, 2002). Ammonia solubility for FREZ-
CHEM necessitates lowering the ice–H2O(aq) level to at least
173 K. Fig. 6 shows the activity of water in equilibrium with ice
and aqueous solutions (with salts) for the existing FREZCHEM
model, which was largely developed from Clegg and Brimblecombe
(1995). Also included in this figure is a similar equation developed
by Swanson (2009). The lowest experimental temperature in the
Clegg and Brimblecombe (1995) model was at 202 K, where the

experimental aw was 0.518; the FREZCHEM model (Fig. 6) calcu-
lates an aw = 0.521 in close agreement with this experimental va-
lue. The Swanson (2009) equation, on the other hand, calculates
aw = 0.540 at 202 K. Because FREZCHEM seems in better agreement
with the low experimental data, we retained using the FREZCHEM
equation (Fig. 6) down to 173 K. But in cases where the tempera-
ture drops below 173 K (ammonia plus salts), the FREZCHEM mod-
el is programmed to use the Swanson equation (Fig. 6).

Binary parameters for the neutral NH3(aq) component are sum-
marized in Table 3, which are elements of Eqs. (1)–(3) and (5).
Ammonia (Fig. 7) is generally much more soluble than ammonium
salts (Figs. 1–5). For temperatures between 273 and 313 K, we re-
lied upon equations developed by Clegg and Brimblecombe (1989)
to assess the solubility of ammonia in pure aqueous and multi-
component solutions. For solutions in which ion concentrations
are negligible (Eq. (3) without cations (c) and anions (a)), the activ-
ity coefficient for ammonia is given by

cNH3
¼ expð2mNH3 kNH3 ;NH3 Þ ð10Þ

where kNH3 ; NH3 ð273—313 KÞ is given by

Fig. 2. Equilibrium of ammonium perchlorate in the 270–298 K temperature range.
Symbols are experimental data; solid lines are model estimates.

Fig. 3. Equilibrium of ammonium nitrate in the 256–285 K temperature range.
Symbols are experimental data; solid lines are model estimates.

Fig. 4. Equilibrium of ammonium bicarbonate in the 269–298 K temperature range.
Symbols are experimental data; solid lines are model estimates.

Fig. 5. Equilibrium of ammonium sulfate in the 254–298 K temperature range.
Symbols are experimental data; solid lines are model estimates.
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kNH3 ;NH3 ¼ 0:033161� 21:12816
T

þ 4665:1461
T2 ð11Þ

(Clegg and Brimblecombe, 1989).
At subzero temperatures, we used the NH3–ice line data (Fig. 7)

from Linke (1965) to estimate the NH3 activity coefficients ðkNH3 Þ.
Pure ice formation as a function of T fixes the activity of water
(aw) and the osmotic coefficient (/) in Eq. (4). In Eq. (5)(without
cations (c) and anions (a)), the last term allows the calculations
of kNH3 ;NH3 (given /), which enables Eq. (10) to calculate kNH3 . The
derived k equation for subzero temperatures (173–273 K) is given
by

kNH3 ;NH3 ¼ 7:866587e� 1� 1:270466e� 2T þ 6:870081e

� 5T2 � 1:211693e� 7T3 ð12Þ

Eq. (12) leads to an excellent fit to the experimental ‘‘ice’’ data in
Fig. 7. Eq. (11) from Clegg and Brimblecombe (1989) presumably
also leads to accurate values at higher temperatures. But at
273.15 K with NH3(aq) = 1.0 m, Eq. (11) leads to kNH3ðaqÞ ¼ 1:037,
while Eq. (12) leads to kNH3ðaqÞ ¼ 0:947. There is no way to reconcile
this discrepancy. So as currently structured, Eq. (11) will be used for
temperatures P273 K, and Eq. (12) will be used for temperatures
<273 K. For our icy body applications, temperatures <273 K are
most critical, and Eq. (12) works best at these temperatures (Fig. 7).

Given estimates of kNH3 at subzero temperatures, two equilib-
rium constants were developed for the lower temperature range
of NH3�XH2O (Fig. 7 and Table 2). The NH3�H2O solid phase was de-
rived from Linke data (1965), and the NH3�2H2O was derived from
Kargel et al. (1991). If we estimate the peritectic where ice and
NH3�2H2O meet, our model predicts T = 176.2 K with NH3(aq) =
28.7 m, which compares to the Kargel et al. (1991) values of
T = 176.2 K with NH3(aq) = 28.4 m.

The model was limited to NH3(aq) = 35 m (Fig. 7). NH3 is highly
soluble eventually becoming 100% NH3(aq). FREZCHEM is limited
in its capacity to deal with high concentrations. Other examples,
similar to NH3, were HCl, HNO3, and H2SO4 that were limited to
12 m, 9 m, and 8 m, respectively (Marion, 2002).

Two equilibrium constants not mentioned above were the
Henry’s law constant (NH3(g)—NH3(aq)) and the NH3(aq)—NH4(aq)
constants that are listed in Table 2, and in all cases taken from
Clegg and Brimblecombe (1989). The latter equation is listed in
FREZCHEM as

K234 ¼
ðNHþ4 ÞðOH�Þ
ðNH3ðaqÞÞðH2OÞ ð13Þ

where parentheses refer to activities. If we combine and rearrange
this equation with the water dissociation equation

K18 ¼
ðHþÞðOH�Þ
ðH2OÞ ð14Þ

it leads to

Hþ ¼ ðNHþ4 ÞK18

ðNH3ðaqÞÞK234
ð15Þ

an equation that allows an estimate of pH (=�log10(H+)). For exam-
ple, with NH4Cl = 1.0 m and NH3(aq) = 1.0 m, the pH values range
from 9.48 at 298 K to 10.34 at 273 K. Extrapolating Eq. (15) to the
eutectic for this case (175.45 K) (way beyond the range of Eq.
(13), 273–313 K, Table 2) leads to a pH = 17.40, which may not be
valid given the 98 K extrapolation of a non-linear equation from
273 to 175 K, but, nevertheless, will be used to approximate low
temperature pH.

Fig. 6. A comparison of the model calculated activity of water (aw) in equilibrium
with ice and salts from the FREZCHEM model (Marion and Kargel, 2008) and from
Swanson (2009). Symbols are experimental data; lines are model estimates.

Table 3
Aqueous NH3 Pitzer-equation parameters
used in this work (T = 298.15 K). (Clegg and
Brimblecombe, 1989).

Pitzer-equation
parameters

a1

kNH3;Na 0.031
kNH3;K 0.0454
kNH3;NH4 0.00
kNH3;Mg �0.21
kNH3;Ca �0.081
kNH3;Sr �0.041
kNH3;Cl 0.00
kNH3;F 0.091
kNH3;Br �0.022
kNH3;ClO4

�0.056
kNH3;NO3 �0.01
kNH3;OH 0.103
kNH3;CO3 0.180
kNH3;SO4 0.140

Fig. 7. Equilibrium of water–NH3 system in the 173–273 K temperature range.
Symbols are experimental data; solid lines are model estimates.
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3.2. Density and pressure parameterization

The FREZCHEM model is structured to predict density and the
effects of pressure on chemical equilibrium (Marion et al., 2005,
2008, 2009b; Marion and Kargel, 2008). Implementation of these
equations requires a specification of the partial molar volume
ðV0

i Þ and compressibility ðK0
i Þ of individual aqueous species (e.g.,

NH3 and NHþ4 ) and binary Pitzer-equation volumetric parameters
(e.g., Bv

ca, Table 1).
Most of the volumetric Pitzer parameters at 298 K for NH3 and

NHþ4 were taken from Krumgalz et al. (1996) and extended to lower
and higher temperatures from Linke (1965) data. The molar vol-
ume and compressibility terms for NHþ4 were taken from Millero
(2001). The molar volume terms for NH3 were developed from
955 data from Croft et al. (1988), and covers the temperature range
of 176–303 K and the pressure range of 0–1000 bars.

Equation (6) is how density (q) is calculated in FREZCHEM. The
V0

i term is given in Table 1 and the Vex
mix term is a function of the

volumetric binaries in Table 1 (Eq. (7)). With these volumetric data
and Eq. (6), it is possible to estimate the density of various solu-
tions. Fig. 8 is an example for NH4Cl and (NH4)2SO4 saturated solu-
tion densities based on mineral data from Linke (1965). The
experimental data is highly variable, especially for NH4Cl that is
based on different studies, but the model gives reasonable approx-
imations of density (Fig. 8).

4. Validation and limitations

While model fits to experimental data are encouraging and
point out the self-consistency of the model and data inputs (Figs. 1–
5, 7 and 8), they are not validation, which requires comparison to
independent data for multi-component solutions. Fig. 6 can be con-
sidered a validation check as the two equations that it compares
for aw–ice equilibrium were developed independently. Another
independent check deals with activity coefficients at 298 K for
NH4Cl, NH4NO3, and (NH4)2SO4 that were developed using the
Pitzer equations (Eqs. (1)–(3)) that we compare to independent
activity coefficients from Robinson and Stokes (1970) (Fig. 9).
The concentrations in these cases range from 0.1 to 6.0 m for NH4Cl
and NH4NO3 and from 0.1 to 4.0 m for (NH4)2SO4. There were min-
or differences between the two sets of activity coefficients at 1.0 m
including �0.5% for NH4Cl, 1.0% for NH4NO3, and 1.6% for

(NH4)2SO4. But in general, these two sets are in reasonable agree-
ment (Fig. 9), which is important for application of ammonium
salts.

A potentially significant limitation of our ammonia–ammonium
salt systems has to do with the solubility of NH3(aq) versus NHþ4 .
Figs. 1–5 show that eutectic temperatures ranged from 254 to
270 K for NH4 with Cl�;ClO4� ;NO3� ;HCO3� , and SO2�

4 . These tem-
peratures are well above the peritectic of NH3(aq), which is at
176 K (Fig. 7). In the following section, we will simulate down to
NH3(aq) eutectics, which will carry NH4 and multiple other ions
that have eutectics much higher in temperature than 176 K. How
accurate these extensions to low temperatures are difficult to as-
sess, but the model presented here provides the best estimates
for multiple salts available at present.

In the simulations for Enceladus and Titan solution phases, we
will calculate pH that has five options in FREZCHEM. Option 1
ignores pH (e.g., a NaCl + (NH4)2SO4 case). Option 2 adds a fixed
pH (e.g., pH = 8) to model calculations. Option 3 is based on the
‘‘acidity’’ (H+) added to input. Option 4 is based on fixed ‘‘alkalin-
ity’’ ðHCO3� þ 2CO2�

3 Þ added to input (Enceladus case). Option 5 is
based on fixed ammonia and ammonium added to input (Eq.
(15)); this option typically leads to especially high alkalinity (pH)
values (Titan case). In the following Enceladus and Titan cases,
we will largely focus on fractional crystallization that does not al-
low precipitates to re-dissolve, which allows more realistic exam-
ples for cold environments where ice and salts form and persist.
But we will also compare an equilibrium crystallization example
to fractional crystallization in Section 5.1 Enceladus.

5. Applications to outer planet moons

5.1. Enceladus

The Cassini mission discovered and explored a plume of gas and
solid material originating from multiple jets emanating from near
the south polar region of Enceladus (Porco et al., 2006; Waite et al.,
2006, 2009, 2011; Fortes, 2007; Nimmo et al., 2007; Cooper et al.,
2009; Postberg et al., 2009, 2011; Zolotov et al., 2011). Among the
observations are the plume compositions (flyby E7) that Waite
et al. (2011) expressed as weight ratios (e.g., grams of CO2 per gram
of plume, i.e., dimensionless). Their weight mixing ratios of H2O,
CO2, NH3, and CH4 are 0.92 ± 0.03, 0.008 ± 0.003, 0.008 ± 0.003,

Fig. 8. Experimental data (Linke, 1965) (symbols) and model calculations (solid
lines) of mineral-saturated NH4Cl and (NH4)2SO4 solution densities.

Fig. 9. A comparison of Pitzer model activity coefficients for NH4Cl (0.1–6 m),
NH4NO3 (0.1–6 m), and (NH4)2SO4 (0.1–4.0 m) to experimental data from Robinson
and Stokes (1970) at 298 K.
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and 0.0021 ± 0.0009, respectively (Waite et al., 2011). We divided
the above weight fractions of each species by molecular weights
(g mol�1) and multiplied by 1000 g l�1 to convert to approximate
molarity, i.e., mol l�1 (e.g., H2O = 51.07 mol l�1, CO2 = 0.1818
mol l�1, CH4 = 0.1309 mol l�1, and NH3 = 0.4697 mol l�1), as though
the plume was condensed as a liquid. These are easier units for
comparison with FREZCHEM calculations that are based on aque-
ous phases. These are approximate molarities, as we have not used
the densities of the solution but rather approximated the solution
as being equal in density to pure water; we note that some soluble
gases, such as CH4, decrease the density of aqueous solutions,
whereas others, such as CO2, increase the density, and the total is
probably not much different than 1 kg/l. The presence of salts, such
as NaCl (0.05–0.20 mol kg�1), and NaHCO3 (or Na2CO3) (0.02–0.1
mol kg�1) has been seen in both E-ring ice grains and in material
emanating from the plume (Postberg et al., 2009, 2011).

In Table 4 are model approximations of these salts that will be
used in our simulations. Clearly, the relative concentrations of CO2

and CH4 in the Enceladus plume are much higher than is possible
based solely on aqueous phases (Waite et al., 2009); so we as-
sumed that gas hydrates based on a mixture of CO2 and CH4 were
also present. See Marion et al. (2006) for how gas mixtures were
assigned in FREZCHEM. There may also be dry gas hydrates on Enc-
eladus (Zolotov et al., 2011), but FREZCHEM requires that gas hy-
drates be in equilibrium with water, which is common on Earth.
Included in Table 4 are gases that can approximate plume gas mix-
tures via gas hydrates. The gas data (initial values at 1 bar were

CO2(g) = 0.349 bars, CH4 = 0.651 bars, and at 10 bars were
CO2(g) = 3.49 bars and CH4(g) = 6.51 bars) were selected to simu-
late the plume gas ratios for CO2 and CH4. While CO2 and CH4 re-
quired something beyond the liquid phase to account for the
plume composition, this is not the case for NH3, which is much
more soluble in liquid water (Fig. 7). So for NH3, we assigned an
initial value of 6.375e�5 m NH3(aq), which was based on the
plume gas ratios for CO2 and NH3. Below we will compare the mod-
el simulations to plume compositions.

If the data in Table 4 are inputted into FREZCHEM at 298 K, the
calculated pH = 6.76, but nothing precipitates. But when we ran
the simulation at 253 K under fractional crystallization, the case
at 1.0 bar pressure led to the precipitation of NaHCO3 and ice
(Fig. 10). The CO2 and CH4 gas pressures did not rise to gas hydrate
formation until the system reached 8.4 bars, where gas hydrates
replaced ice as a sink for water. The amounts of CO2 and CH4 gas
hydrates that precipitated at 8.4 bars were 5.98e�4 mol and
4.31e�4 mol, respectively. The relative contents of CO2�6H2O/
CH4�6H2O were 1.388 (5.98e�4/4.31e�4), which were in excellent
agreement with the plume ratios of 0.1818/0.1309 = 1.389 (see ini-
tial paragraph in Section 5.1). The CO2�6H2O/NH3(aq) ratio for our
simulation at 8.4 bars of pressure was 5.98e�4/1.54e�3 = 0.387,
which was in excellent agreement with the plume ratios of
0.1818/0.4697 = 0.387 (see previous discussion).

At the point where gas hydrates formed at 8.4 bars of pressure
under fractional crystallization (Fig. 10), the amount of residual
water remaining in solution was 41.3 g. Running this same case
under equilibrium crystallization, we ended up with exactly the
same residual water (41.3 g) at 8.4 bars where the same gas hy-
drates formed. However, the amount of water associated with
gas hydrates that formed under fractional crystallization was
0.1 g compared to the equilibrium crystallization where 958.7 g
of water was associated with the gas hydrates. Ice formed under
fractional crystallization (958.6 g) was not allowed to melt. But
in a real environment under a pressure of 8+ bars, significantly
more gas hydrates would form than was in this fractional 1–
10 bar case. The reason we favor fractional crystallization is be-
cause in natural environments ice would float to the surface and
salts would sink to the bottom making it difficult to bring all the
input components together as is the case for equilibrium crystalli-
zation. For this reason, we generally use fractional crystallization in
our natural simulations.

Table 4
Initial compositions (Na, Cl, alkalinity) from Postberg
et al. (2009) and model calculated gas components that
will lead to Enceladus plume compositions (CO2, CH4,
NH3) (Waite et al., 2011) (Fig. 10).

Elements Compositions

Na (mol/kg) 0.25
Cl (mol/kg) 0.20
Alkalinity (equil./kg) 0.05
CO2(g) (bars) 0.349
CH4(g) (bars) 0.651
NH3(aq) (mol/kg) 6.375e�5
Temperature (K) 298.15
Pressure (bars) 1.0
pH (calculated) 6.76

Fig. 10. The chemical compositions under fractional crystallization as gas pressures (CO2 + CH4) increase from 1 to 10 bars beneath Enceladus at 253 K. In this case, gas
hydrates are a mixture of CO2 and CH4. Arrows on the X-axis indicate when solid phases start to precipitate. See Table 4 for the original compositions at 298 K.
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These CO2–CH4–NH3 values (Table 4 and Fig. 10) were only de-
signed to approximate the relative concentrations of these constit-
uents. Had we used a NH3(aq) phase of 1.0 m, then the CO2�6H2O/
NH3(aq) ratio at 8.6 bars, where CO2�6H2O first precipitates, would
have been 0.00412/6.941 = 0.00059, which is considerably lower
than the plume value of 0.387. NH3 appears to be a minor constit-
uent relative to CO2 based on plume values (Waite et al., 2009,
2011). Also, not considered in our simulation was the role of
CO2(aq). The concentration of CO2(aq) is about one order of magni-
tude higher than CH4(aq) (Fig. 10), but still relatively low with re-
spect to either gas concentrations or gas hydrate contents.

There are a few more points that are relevant to model simula-
tions of Enceladus. In the gas pressure simulation (Fig. 10), the pH
values ranged from 6.76 at 1 bar to 5.74 at 10 bars of pressure.
These pH values are much lower than pH values suggested by ear-
lier Enceladus simulations that were pH = 8–11 (Zolotov, 2007).
Our simulations are lower in pH largely due to an aqueous alkaline
phase under relatively high CO2(g) concentrations (0.349–
3.49 bars) that drives the solution to more acidic values. Another
issue related to alkalinity is that the alkalinity temperature range
is somewhat model limited by extrapolations below 273 K of
Henry’s law constant [CO2(aq)/CO2(g)], and the first bicarbonate
[(H)(HCO3)/(CO2(aq))(H2O)] and second carbonate [(H)(CO3)/
(HCO3)] dissociation constants (Marion, 2001). There is a scattering
of some bicarbonate (e.g., NaHCO3) and carbonate (e.g., Na2-

CO3�10H2O) chemistries to 251 K in FREZCHEM; but extrapolations
below about 250 K would be limited. At 8.4 bars of pressure in this
specific case, 89.6% of the original bicarbonate (0.05 m, Table 4)
precipitated at 253 K. So if extrapolation to lower temperatures
than 253 K were necessary, we would probably remove the alkalin-
ity as has been done in the past (Marion et al., 2010a). The last solid
phase to precipitate in this simulation was hydrohalite
(NaCl�2H2O) at 9.5 bars (Fig. 10). By the time the system reached
10 bars, all elements in this simulation (Table 4) were precipitating
as solid phases, except for NH3(aq), which is what caused the sharp
spike in ammonia components between 9.4 and 10 bars (Fig. 10).
By the time the system reached 10 bars, the bulk of the water
(1000 g) precipitated as ice (958.6 g), gas hydrates (34.1 g), and
NaCl�2H2O (7.2 g) with �0.15 g H2O remaining in solution.

5.2. Titan

There have been numerous studies in recent years dealing with
the chemistries of subsurface fluids on Titan, especially with re-
spect to (NH4)2SO4, NH3, and CH4�6H2O (Osegovic and Max,
2005; Atreya et al., 2006; Fortes et al., 2007; Spencer and
Grinspoon, 2007; Grindrod et al., 2008; Sohl et al., 2010; Norman
and Fortes, 2011; Fortes, 2012). Theory suggests that there may
be subsurface water oceans on Titan (Fortes, 2000; Baker et al.,
2005; Tobie et al., 2005; Fortes et al., 2007; Lorenz et al., 2008;
Sotin and Tobie, 2008; Sohl et al., 2010) that are today as close to
50 km of the surface and for much of the past may have been with-
in 10–20 km (Tobie et al., 2005).

The starting chemistries used in our Titan simulations are listed
in Table 5 and reflect the above specified Titan chemistries
((NH4)2SO4, NH3, CH4�6H2O), albeit the initial concentrations are
arbitrary, which is different from the Enceladus case where initial
compositions (Table 4) were constrained to predict plume gas
compositions. The total pressure (10 bars) was used to include
gases such as CH4 and NH3, and was designed to represent early Ti-
tan when a water ocean may have existed on the surface. After we
discuss this initial simulation, we will present two cases where the
total pressure was either 250 bars (�20 km of ice depth) or
1000 bars (�80 km of ice depth), and another case where NH3(aq)
was assigned 0.1 m compared to the 10.0 m (Table 5).

Our simulation ran from 273 K to 173 K (Fig. 11) at fractional
crystallization (Table 5). The first solid phase to precipitate was
(NH4)2SO4 that started at 273 K. Later ice began to form at 241 K;
the high concentration of NH3(aq) (10.0 m) kept ice from forming
early. At 226 K, the methane gas hydrate (CH4�6H2O) began form-
ing; at which point, ice stopped precipitating. The last solid to form
was NH4Cl at 206 K. At 173 K, CH4�6H2O was still forming, but the
system was approaching equilibrium with NH3�2H2O.

The anions, Cl and SO4, started at 1.0 m, but (NH4)2SO4 precipi-
tated early and SO4 dropped to low concentrations, while Cl (and
NH4) kept to relatively high solution-phase concentrations from
273 to 173 K (Fig. 11). We used CH4(g) as a constant input (Table 5
and Fig. 11), which led to a rapidly increasing CH4(aq) as temper-
ature dropped, which eventually led to CH4�6H2O formation. The
precipitation of methane hydrates (CH4�6H2O) and the presence
of soluble methane (CH4(aq)) could serve as the source of atmo-
spheric CH4(g) or liquid CH4(aq) that are common on the surface
of Titan today (Mahaffy, 2005; Atreya et al., 2006; Tokano et al.,
2006; Mitri et al., 2007; Stofan et al., 2007; Sotin, 2007; Lorenz,
2008). In particular, methane is known to be destroyed by photol-
ysis on a geological short timescale of some tens of millions of
years. So there must be a subsurface source of methane to replen-
ish the atmosphere, which could be a gradual leak from crustal or
oceanic methane clathrate. The methane clathrate is buoyant with
respect to all the other solid phases (see below). NH3 input was as
NH3(aq) and not NH3(g) for a good reason in this case. Assigning an
initial NH3(aq) = 10.0 m led to a significant drop of NH3(g) with
temperature decrease (Fig. 11) that was calculated from NH3(aq)
and the Henry’s law constant (Table 2). Had we specified NH3(g)
as our input, instead of NH3(aq), then NH3(aq) would have ‘‘ex-
ploded’’ in concentration. For NH3(g) = 0.1 bars at 273 K, the
NH3(aq) would be 9.6 m; for NH3(g) = 0.1 bar at 263 K, the NH3(aq)
would be 50.6 m, which is beyond the model limit of
NH3(aq) = 35 m (Fig. 7).

This case was developed to simulate an early Titan when tem-
peratures would have been higher than today. Such an aqueous
solution would first have precipitated (NH4)2SO4 that would have
fallen to the bottom of the ocean. Then as temperature declined,
eventually ice would have formed that would have floated to the
surface forming an ice layer with density = 0.9168 g cm�3. The for-
mation of CH4�6H2O would also float up to the ice layer because it
has a lower density (0.9144 g cm�3) than the brine layer
(0.9849 g cm�3 at 241 K). This relatively low brine-layer density
(<1.0 g cm�3) is because the major solution constituents in this
case were NH3(aq) and NHþ4 (Fig. 11). Next NH4Cl would have
formed and sank to the bottom of the ocean. As the above light-
weight constituents moved upward, eventually NH3�2H2O (or
NH3�H2O) would likely have precipitated assuming the tempera-
ture reached �176 K or lower. However, if the ocean persists on Ti-
tan today, formation of NH3�2H2O may not be a prevalent solid
phase on Titan.

As pointed out earlier, we also ran a similar simulation at
250 bars of pressure (Table 5), which represents �20 km of ice,
analogous to Europa (Marion et al., 2005; Marion and Kargel,

Table 5
Initital compositions for an early Titan subsur-
face chemistry (Fig. 11).

Elements Compositions

NH4 (mol/kg) 3.00
Cl (mol/kg) 1.00
SO4 (mol/kg) 1.00
CH4(g) (bars) 5.00
NH3(aq) (mol/kg) 10.00
Temperature (K) 273.15
Pressure (bars) 10.0
pH (calculated) 11.24
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2008). Such shallow oceans may have been present on Titan in the
recent past, or even at present (Tobie et al., 2005; Norman and For-
tes, 2011). This simulation caused (NH4)2SO4 to start precipitating
at 273 K, ice to start precipitating at 241 K, CH4�6H2O to start pre-
cipitating at 209 K, and NH4Cl to start precipitating at 203 K. The
largest difference between these two simulations was in the for-
mation of CH4�6H2O, which started respectively at 226 K at 10 bars
of pressure (Fig. 11) and 209 K at 250 bars of pressure. At 173 K,
NH3�2H2O is closer to formation at 250 bars of pressure than was
the case at 10 bars of pressure. At a simulation of 1000 bars of pres-
sure (�80 km of ice), (NH4)2SO4 forms at 273 K, ice, in this case,
never forms, but CH4�6H2O starts forming at 239 K, and NH4Cl
forms at 214 K. The reason that NH3�2H2O never precipitates in
the three Titan simulations is that CH4�6H2O formation keeps the
activity of water (aw) at a too low level for NH3�2H2O or NH3�H2O
to precipitate. If CH4(g) is removed in Table 5 and Fig. 11 simula-
tion, NH3�2H2O precipitates at 175.45 K.

We also ran a simulation at a lower NH3(aq) = 0.1 m. In this case
at 173 K, the amount of liquid water was 2.76 g (from the initial va-
lue of 1000 g) compared to NH3(aq) = 10 m, where the amount of
liquid water was 276 g. A 100-fold difference in NH3(aq) led to a
100-fold difference in liquid water. Otherwise, the patterns of
0.1 m NH3(aq) were similar to Fig. 11 with respect to the solid
phases that precipitated, albeit not exactly at the same tempera-
tures. The pH values at 273 for 0.1 and 10.0 m NH3(aq) cases were
9.08 and 11.24, respectively. The pH values at 173 K for 0.1 and
10.0 m NH3(aq) cases were both 18.03; also both NH3(aq) molal-
ities had identical values at 173 K of 36.3 m. pH values of 18.03
at 173 K for both NH3(aq) cases may not be accurate as pointed
out in Section 3.1 with respect to Eq. (15). The reason we chose
NH3(aq) = 10.0 m as our main Titan case (Table 5 and Fig. 11)
was because the low water levels for NH3(aq) = 0.1 m (e.g., 2.76 g
at 173 K, see above), due to high ice formations, led to convergence
problems at lower temperatures. This, for example, was a problem
for running NH3(aq) = 0.1 m at 250 and 1000 bars.

6. Discussion

In the simulations, we compared Enceladus and Titan based lar-
gely on chemistries that are considered most likely prevalent on
these moons today (Tables 4 and 5). But clearly the plumes of Enc-
eladus are a more accurate source of subsurface, maybe ocean,

chemical data than the atmospheres and surfaces of Titan. On the
other hand, both Enceladus and Titan are projected to include
gas hydrates of CO2�6H2O and/or CH4�6H2O, or a mixed gas hy-
drates. Because of the low aqueous solubility of both CO2(aq) and
CH4(aq) at moderate temperatures (253 K) (Figs. 10 and 11), the
plumes of Enceladus and the atmosphere of Titan are difficult to
understand unless there are gas hydrates or massive gas concen-
trations beneath their surfaces. On the other hand, if the liquid
phases drop to low temperatures (<200 K), these aqueous solutions
such as CH4(aq) in Fig. 11 can rise to high levels and eventually li-
quid methane will form on the surface of Titan. Quantifying the
subsurface temperature regimes would be very useful for simula-
tion modeling.

Could the Enceladus simulated environment support life as we
know it on Earth. The pH range for life on Earth is from �0.06 to
maybe as high as 12.5–13 (Marion and Kargel, 2008). The model-
calculated pH values between 1 bar and 10 bars of gas pressure
in Fig. 10 ranged from 6.76 to 5.74, which is a perfectly good range
for life on Earth. The high PCO2 values from 0.35 bars to 3.5 bars are
the reason these examples have relatively low pHs for an alkaline
case. The lower temperature level for active life, not dormant life, is
approximately 253 K (Marion and Kargel, 2008), which was the
temperature that we ran our simulation (Fig. 10). Given the in-
ferred surface temperatures at the Enceladus plume source of
190 K (Spencer and Grinspoon, 2007; Kieffer and Jakosky, 2008),
such a high temperature (253 K) may exist not far below the Enc-
eladus surface perhaps within 20 km, which is quite feasible based
on a Europa case (Marion et al., 2005; Marion and Kargel, 2008).
The activities of water (aw) in these 1–10 bar pressure simulations
ranged from 0.82 to 0.80, which are well below Earth oceans that
have an aw = 0.98. The most extreme aw value that supports life
on Earth is �0.60 (Grant, 2004; Marion and Kargel, 2008). A salt-
tolerant species could survive at these aw values on Enceladus; that
is, life could tolerate the chemical cases in this Enceladus simula-
tion, even if not an optimal environment for life on Earth.

Could the Titan simulation based on Table 5 input support life
as we know it on Earth? The pH range in the NH3(aq) = 10 m sim-
ulation starts at 273 K with pH = 11.24 and ends at 173 K with
pH = 18.03. Alkalinity, due to bicarbonate in the Enceladus case,
was not a component of the Titan simulation. Instead pH was cal-
culated with Eq. (15) that is a function of NHþ4 ðaqÞ and NH3(aq)
activities; Eqs. (13) and (14) explain how Eq. (15) was developed.
A potentially severe limitation of this calculation is that Eq. (13)

Fig. 11. The chemical compositions under fractional crystallization as temperature decreases from 273 to 173 K beneath an early Titan at 10 bars. Arrows on the X-axis
indicate when solid phases start to precipitate. See Table 5 for the original compositions at 273 K.
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is only defined for temperatures: 273–313 K (Table 2). As pointed
our earlier, life may tolerate pH values that rise to 12.5–13. The
model-calculated pH = 13.0 is reached at 238 K. These high alkaline
systems would require adaptable species that are rare on Earth.
Temperatures in this case ran from 273 to 173 K, with an Earth ac-
tive life limit of 253 K (Marion and Kargel, 2008). Assuming Titan
behaves similarly to a Europa example (Marion et al., 2005; Marion
and Kargel, 2008), with a surface temperature on Titan of 94 K
(Coustenis, 2007), this could place a subsurface ocean temperature
at 250 K with 240 bars of pressure, approximately 20 km beneath
the surface. So assumptions that oceans on Titan might exist with-
in a few tens of kilometers of the surface (Tobie et al., 2005; Beghin
et al., 2010; Norman and Fortes, 2011) is possible and with respect
to temperature could support life as we know it on Earth. The
activity of water (aw) (Fig. 11) starts at 0.72 at 273 K, drops to
0.605 at 223 K, and finally to 0.280 at 173 K. As pointed out earlier,
aw � 0.60 is the lower limit for life on Earth. The low limits for aw in
this Titan case are primarily due to CH4 species. Eliminating CH4

from this simulation leads to aw = 0.603 at 220 K and aw = 0.455
at 175.45 K. As was the case for the Enceladus simulation, the Titan
simulation could also tolerate life as we know it on Earth, although
at present might be confined to a depth around 45 km based on a
model of the thermal evolution of the interior (Beghin et al., 2010).

In the simulations, we compared pH and aw as limiting factors
for life. The model calculations for pH on Enceladus (Fig. 10) ranged
from 5.74 to 6.76, and similar calculations for Titan (Fig. 11) ranged
from 11.24 to 18.03. The carbonate alkalinity ðHCO3� þ 2CO2�

3 Þ of
Enceladus at high CO2(g) levels kept the pH in a more favorable le-
vel than on Titan. But if we decrease the NH3(aq) level on Titan
from 10.0 to 0.1 m, then the pH ranged from 11.24 at 273 to
15.51 at 200 K versus 9.08 at 273 K and 15.79 at 0.1 m NH3(aq).
So at least at higher temperatures, lower NH3(aq) values should
be more favorable for life on a highly alkaline Titan, but still not
as favorable as a less alkaline Enceladus. But this pH comparison
assumed a higher alkalinity on Titan due to the presence of NH3(aq)
and NHþ4 ðaqÞ (Table 5, Eq. (15)) compared to the lower alkalinity
due to carbonate phases on Enceladus (Table 4). The aw on the Enc-
eladus simulation (Fig. 10) ranged from 0.80 to 0.82, and the aw on
Titan (Fig. 11) ranged from 0.28 to 0.72. Given that the lower limit
for life on Earth is aw � 0.60, Enceladus could be more favorable for
life than Titan. In the past there have been arguments for why
Titan, given an early environment similar to Earth, could be a
highly favorable body in our Solar System for life (Margulis et al.,
1977; Schulze-Makuch and Grinspoon, 2005). But if Titan oceans
are highly alkaline with high pH and low aw values, Enceladus
would seem a better environment for life as we know it on Earth.

7. Cautions and future directions

Here we consider some cautions, one being an issue of rele-
vance, and the others being issues of omission in the present
parameterization of FREZCHEM.

7.1. Issue of relevance

Kargel (1991, 1992) and Kargel et al. (2000) proposed the rele-
vance of sulfates, including ammonium sulfates, in icy satellites
and chondrite-derived brines. This suggestion faces challenges
from the presence of abundant sulfides in carbonaceous chondrites,
from closed-system chemistry under reducing conditions, and from
a suggested terrestrial contamination origin of chondrite sulfates
(Zolensky et al., 1989, 1993, 1997; McKinnon and Zolensky, 2003).

A pre-terrestrial origin of CM chondrite sulfates has been sup-
ported both by the early investigators who documented sulfate
veins and nodules in carbonaceous chondrites (e.g., Bostrom and

Fredriksson, 1964; Fredriksson and Kerridge, 1988; Burgess et al.,
1991), and by more recent oxygen isotopic analysis of sulfates in
CM chondrites (Airieau et al., 2005). Airieau et al. (2005) were
equivocal on the pre-terrestrial versus terrestrial origin of sulfates
in CI chondrites. Gounelle and Zolensky (2001) considered the sul-
fate veins in CI chondrite Orgueil to have likely terrestrial origins,
but they considered it possible that these veins either are terrestri-
ally remobilized pre-terrestrial sulfates, or terrestrially oxidized
and remobilized preterrestrial sulfides. In fact, aqueous phase
equilibria show that any preterrestrial meridianiite
(MgSO4�11H2O) would have undergone deliquescence and recrys-
tallization as lower hydrates, probably of epsomite (MgSO4�7H2O)
and/or hexahydrite (MgSO4�6H2O) or even kieserite (MgSO4�H2O),
under prevailing terrestrial conditions.

If starting with a possible sulfide-bearing chondritic precursor
lacking initial sulfates, there are pathways to a sulfate-rich aque-
ous system (as the carbonaceous chondrites show). Zolotov and
Shock (2001) first considered thermodynamically the oxidation
of sulfide-bearing chondrite-like material in Europa to form a sul-
fate-rich ocean; the process is possible if conditions involved
hydrothermal conditions warmer than 323 K. Hydrogen produc-
tion and loss is a key process. This proposed process extends a
recurrent theme of planetary science where hydrogen production
and loss from chondritic precursors drives oxidation (e.g., Dreibus
and Wanke, 1987; Rosenberg et al., 2001).

Zolotov (2009) and Zolotov and Kargel (2009) consider sulfates
to be likely major components of an aqueously altered Ceres and of
a sulfate ocean of Europa, but hydrogen blow-off is a key require-
ment. McKinnon and Zolensky (2003) also favor a sulfate-rich
ocean of Europa but have a very different evolutionary history than
considered by Kargel (1991); they modeled an oxidizing, sulfate-
rich ocean arising long after its origin, which could be consistent
with the model of Zolotov and Shock (2001).

We must consider the cause, time, and place of origin of sulfates
in carbonaceous chondrites to be an important unresolved set of is-
sues. By extension, our assumed relevance of abundant sulfates
(including ammonium sulfates and related chemistry) in carbona-
ceous chondrite-derived brines, such as may occur in Europa’s
ocean (Kargel et al., 2000) and other outer Solar System planetary
bodies, should be considered a hypothesis and premise rather than
established knowledge.

7.2. Ammonium carbonate species

Here we describe some key omissions in the current FREZCHEM
and conditions under which the omitted components may be
important. In the treatment above, and as encountered often in
the planetary science literature, CO2, NH3, and H2O coexist to-
gether. There are narrow conditions under which each is abundant
together, but for the most part this system involves high reactivity
(Kargel, 1992). The ternary system (Fig. 12) includes the pure end-
members, ammonia hydrates, CO2 clathrate hydrate (CO2�53/4H2O),
ammonium carbonate ((NH4)2CO3), ammonium carbamate (H2N–
COONH4), ammonium carbonate monohydrate ((NH4)2CO3�H2O),
ammonium bicarbonate (NH4HCO3), a binary phase of ammonium
bicarbonate and ammonium carbonate, and the pseudo-ternary
urea (CO(NH2)2); FREZCHEM currently does not contain the latter
five solids.

In the H2O–CO2–NH3 ternary system, a given mixture will
determine its own pH, depending on stoichiometry. When silicates
or metal oxides or sulfates are added and abundant in the system,
external buffers can impose a pH that drives the equilibrium. Un-
der certain circumstances, with special stoichiometric ratios of
materials (with or without added rocks) and specific narrow tem-
perature intervals, free aqueous CO2 and NH3 can coexist together,
each abundant. However, these conditions are narrow and might
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not be buffered such that both free ammonia and free carbon diox-
ide are simultaneously abundant. A wider range of situations has
one as a major species; the other is commonly negligible. We note
that although some comets and the plumes of Enceladus emit both
carbon dioxide and ammonia, ammonia is a minor (verging on
trace) component, whereas carbon dioxide is one to two orders
of magnitude more abundant.

In terms of Fig. 12, Enceladus’ plumes, and also most comet vol-
atiles, project near the water apex and far toward the CO2–H2O

join; thus, when solidified, these volatile assemblages would ap-
pear to project in the solid ternary phase space of ice + CO2 clath-
rate + ammonium bicarbonate. To get into the region where free
ammonia–water liquids would be produced by melting, it would
be necessary to greatly increase the NH3:CO2 ratio. However, the
full system phase equilibria are not known, to our knowledge.
Herein, we suggest a worthy investigation.

As Kargel (1992) pointed out, the reaction kinetics favor forma-
tion of the ternary compounds even at temperatures as low as

Fig. 12. Ternary system H2O–NH3–CO2, (expressed by mass). (a) Solid compositions in the ternary system. Urea exists outside this ternary due to the subtraction of one water
molecule from stoichiometric ammonium carbamate. (b) Liquidus of the water-rich end of the system, after Kargel (1992) from published data and his own experimental data
at 1 atm total pressure. Liquidus temperatures are contoured in �C from�20� to +20 �C; the isotherms crowd together irresolvable below �20 �C. The two dashed lines in both
panels isolate stoichiometric ratios of the ternary system separating physicochemical totally different types of liquids and solid assemblages. For example, free ammonia–
water liquids (containing some ammonium carbonate component) can exist only to the ammonia-rich side of the right-hand dashed line; only these liquids can evolve by
freezing to where ammonia dihydrate can exist in the solid assemblage with water ice and ammonium carbonate monohydrate. This ternary system, with planetary
interpretations and deficiencies in knowledge, is discussed in more detail by Kargel (1992).
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195 K, though the reaction may take many hours to proceed at that
temperature. Reaction kinetics at very low temperatures near most
icy satellite surfaces are unknown, but may be vanishingly slow.

Kargel (1992) emphasized the incompatibility of free ammo-
nia–water liquid with cometary volatiles. Comets have so little
ammonia that free ammonia–water liquids are not apt to exist
for long when comets are heated at perihelion. On the other hand,
in some classical nebula models, NH3:CO2 ratios are so high that
ammonia–water liquids are predicted (Lewis, 1972). Kargel
(1992) suggested that a powerful exothermic reaction between
the cometary volatiles formaldehyde and ammonia (forming hexa-
methylenetetramine) might power some comet outbursts and
splitting. Maybe such reactions are why ammonia is so minor or
absent in most observed Solar System icy bodies.

The reactivity of aqueous CO2 and NH3 is evident in the vapor
partial pressures as these volatiles are mixed at ordinary tempera-
tures (e.g., Fig. 13 of Que and Chen (2011)). With possibilities for
important exceptions, as a general rule when ammonia–water liq-
uids are encountered in our Solar System, or when CO2-saturated
aqueous liquids occur, CO2 and NH3 will not be simultaneously
abundant.

7.3. Ammonium silicates

Ammonium ion NHþ4 (ionic radius r = 1.43 Å) readily replaces K+

(r = 1.33 Å) and Rb+ (r = 1.47 Å) in crystalline silicate lattices and, to
a minor extent, may also replace Na+ (r = 0.97 Å). A typical reaction
involving the K-feldspar component of plagioclase may be

KAlSi3O8 þ NHþ4 ðaqÞ () NH4AlSi3O8 ðbuddingtoniteÞ
þ KþðaqÞ ð16Þ

High-grade metamorphic conditions experimentally have formed
and decomposed buddingtonite (Voncken et al., 1993), an ammo-
nium feldspar, at temperatures far out of range of FREZCHEM but
demonstrating the high stability of this mineral:

2NH4AlSi3O8 () 2NH3 þH2Oþ Al2O3 þ 6SiO2 ð17Þ

Ammonium silicates are not very common on Earth. Barker (1964)
thought this to be because ammonium-rich Earth environments are
rare, but they might be common extraterrestrial. Ammonium sili-
cates on Earth are primarily associated with siliceous hydrothermal
and meta-sedimentary rocks. Ammonium silicates in the mantle are
thought to have supplied N2 and NH3 to the primordial atmosphere
(Eugster and Munoz, 1966; Andersen et al., 1995; Watenphul et al.,
2010). Direct evidence for ammonium silicates in the modern man-
tle includes ammonium in lamprophyres (Wu et al., 2004).

Ammoniacal hydrothermal brines < 500 ppm NHþ4
� �

some-
times completely replace plagioclase with buddingtonite (Barker,
1964; Erd et al., 1964). Most natural occurrences of buddingtonite
and other ammonium silicates are in hydrothermally altered rocks,
and primarily in gold- and/or mercury-hosting rocks and shales
(Bottrell and Miller, 1990; Krohn et al., 1993; Voncken et al.,
1993). In the Carlin gold ore deposits (Nevada), buddingtonite is
locally abundant and even dominates one massif 8 km across. The
common association with mercury has motivated general specula-
tions that ammonium silicate forming environments usually in-
volve late-stage vapor efflux from magmatic/hydrothermal bodies.

Terrestrial ammonium phyllosilicate minerals include varieties
of muscovite, biotite, illite, montmorillonite, and many others
(Vedder, 1965; Duit et al., 1986; Juster et al., 1987). Experimental
synthesis of ammonium minerals mainly requires 600–800 K
(Levinson and Day, 1968; Bos et al., 1988); they decrepitate at
slightly higher temperatures. However, natural ammonium miner-
als indicate that NHþ4 ion exchange occurs at very-low-grade meta-
morphic or diagenetic conditions (Juster et al., 1987), and together

with the persistence of ammonium silicates in ancient high-grade
metamorphic rocks, natural occurrences indicate a wide physico-
chemical stability. Ammonia–water cryovolcanic liquids could
contain 3–5 orders of magnitude more ammonia than modern ter-
restrial groundwaters and hydrothermal brines. Spectroscopic evi-
dence of ammonium minerals on extraterrestrial objects is limited
and controversial at best, but this could be due to low abundances
rather than absence of ammonium, or it could be due to the reac-
tions taking place internally, such that the products are not visible
on the surface. King et al. (1991) identified spectroscopically what
they thought was an ammonium mineral on the carbonaceous
asteroid I Ceres (King et al., 1991). Rivkin (1997) further suggested
an ammoniated smectite on Ceres. However, Rivkin et al. (2006),
while not dismissing the possibility of ammonium minerals on
Ceres, suggested that iron phyllosilicates are a better explanation
for the spectral features thought previously to be due to
ammonium.

8. Conclusions

The main conclusions of this study were:

(1) For the new FREZCHEM version, Pitzer parameters, volumet-
ric parameters, and equilibrium constants for the Na–K–
NH4–Mg–Ca–Fe(II)–Fe(III)–Al–H–Cl–ClO4–Br–SO4–NO3–
OH–HCO3–CO3–CO2–O2–CH4–NH3–Si–H2O system were
developed for ammonia and ammonium compounds that
cover the temperature range of 173–298 K and the pressure
range of 1–1000 bars.

(2) Ammonia solubility extends to 173 K, where NH3�2H2O and
NH3�H2O precipitate, which is the lowest temperature in
existing FREZCHEM versions.

(3) A subsurface ‘‘ocean’’ on Enceladus was simulated at 253 K
with gas pressures, 1–10 bars, and with Naþ;Cl�;HCO3� ;

CO2ðgÞ;CH4ðgÞ, and NH3(aq) that led to precipitation of ice,
NaHCO3, and gas hydrates (CO2�6H2O and CH4�6H2O). pH
on Enceladus simulation (Fig. 10) ranged from 5.74 to 6.76,
and aw ranged from 0.80 to 0.82, which are relatively favor-
able for life as we know it.

(4) A subsurface ‘‘ocean’’ on Titan was simulated with
NHþ4 ; Cl�; SO2�

4 ; CH4ðgÞ, and NH3(aq) over the temperature
range of 173–273 K that led to precipitation of (NH4)2SO4,
ice, CH4�6H2O, and NH4Cl. pH on Titan simulation (Fig. 11)
ranged from 11.24 to 18.03 (latter may not be accurate),
and aw ranged from 0.28 to 0.72, which are relatively unfa-
vorable for life as we know it.

(5) On the Titan simulations, total pressures of 10, 250, and
1000 bars led to similar depositions, except for ice that failed
to form under 1000 bars of pressure.

(6) In the past, there have been arguments for why Titan, given
an early environment similar to Earth, could be a highly
favorable body in our Solar System for life. But if Titan
oceans are highly alkaline (high pH), then Enceladus that
was lower alkaline (moderate pH) would seem a better envi-
ronment for life as we know it on Earth.

(7) A popular model for the origin of life on Earth, involving
lightning-induced chemistry acting on a CO2–NH3-rich
atmosphere (Raulin and Toupance, 1977), might be invali-
dated by the high aqueous reactivity of these molecules
expected in the Earth’s interior. A modification of that model
for biogenesis might simply move the prebiotic chemistry
underground, where reactivity is promoted by hydrothermal
conditions and production of free radicals; then ammonium
thiocyanate, other ammonium salts, and other prebiotic and
biologically important molecules could then be removed
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from the crust by erosion and transported to the sea, where
biogenesis might have taken place.

(8) Caution must be exercised in quantifying the ammonia/
ammonium salt cases because of the complexities and limi-
tations of these chemistries in the FREZCHEM model.

Finally, to address the issues of relevance raised in the preced-
ing section, if ammonium silicates and ammonium salts are com-
paratively rare on Earth, they seem to be even rarer in
meteorites. Gradually, evidence has accumulated that ammonium
and ammonia do exist in some meteorites and on some outer pla-
net satellite and Kuiper Belt Objects, as well as in vapor emissions
from comets and Enceladus. However, the case for ammonium sil-
icates in particular seems as close to a null set as possible; and the
question then is why, if other ammonium compounds and ammo-
nia exist, even if sparsely. Conversely, if pH is widely buffering
compositions mainly in the ammonia (rather than ammonium)
stability field, why do not we see more ammonia? Of course with
ammonia in meteorites on Earth, volatility is an issue; and with
ammonia and ammonium minerals on planetary surfaces, difficul-
ties of detection and issues of stability against photolysis have
been long-standing concerns. Perhaps the best evidence for ammo-
nia is from the vapor detection in gases venting from comets and
from Enceladus. In these cases, carbon dioxide greatly exceeds
the amount of ammonia. Considering the high cosmic abundance
of nitrogen, then the low abundance of ammonia being vented is
explicable either by the nitrogen being mainly in the form of
molecular nitrogen or by ammonia being sequestered as ammo-
nium compounds in places where we mainly do not see them:
not on the surfaces, but in the relatively warm interiors of icy
moons and Kuiper Belt Objects.
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