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Abstract

Microscopic liquid layers of water can evolve via adsorption on grain and mineral surfaces at and in the soil of the surface of Mars. The upper
parts of these layers will start to freeze at temperatures clearly below the freezing point of bulk water (freezing point depression). A sandwich
structure with layers of ice (top), liquid water (in between) and mineral surface (bottom) can evolve. The properties of the interfacial water (of
adsorption water and premelted ice) on grain surfaces are described by a sandwich-model of a layer of liquid-like adsorption water between
the adsorbing mineral surface layer and an upper ice layer. It is shown that the thickness or number of mono-layers of the interfacial water (of
adsorption water and premelted ice) depends on temperature and atmospheric relative humidity. The derived equations for the sandwich model fit
well to a known phenomenological relation between thickness of the liquid layer and relative humidity, and can be a tool to estimate or to determine
for appropriate materials Hamaker’s constant for van der Waals interactions on grains and in porous media. The curvature of grain surfaces is
shown to have no remarkable effects for particles in the um-range and larger. The application of these equations to thermo-physical conditions on
Mars shows that the thickness of frost-layers, which can evolve over several hours on cooling surface parts of Mars, is typically of the order or a
few tenths of one millimeter or less. This is in agreement with observations. Furthermore, an equation is derived, which relates the freezing point
depression for van der Waals force governed interfacial water to the value of the Hamaker constant, to the latent heat of solidification, to the mass
density of water ice, and to the thickness of the liquid-like layer. Again, this equation fits well to a known phenomenological relation between
freezing point depression and thickness of the liquid-like layer. The derived equation shows that the lower limiting temperature of the liquid phase
can reach about 180 K under martian conditions having an atmospheric water content of around 10 pr pm. An “Equilibrium Moisture Content”
(EMC)/“Equilibrium Relative Humidity”” (ERH) relation for the water content of martian soil has been derived, which relates, for equilibrium
conditions, soil water content and atmospheric relative humidity. This relation indicates that the content of liquid interfacial water in the upper
surface of Mars can reach up to 10% by weight and more in course of saturation during night hours, and it can be of about 2% by weight during
the dry daytime hours.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction point temperature level for this phase change of water vapor in
the Viking temperature measurements. Landis et al. (in prepa-
The presence of water vapor in the atmosphere and the pre- ration) have by imaging directly shown the temporary existence

vailing thermal conditions on Mars indicate an at least tem-  of frost on the MER-Opportunity (cf. Fig. 1). These frost phe-
porary existence of adsorption water (M6hlmann, 2004) and ~ nomena may be due to freezing (of at least the upper layers) of
interfacial water (of adsorption water and premelted ice). Ryan  film-like adsorption water. This “white frost” seems to be dif-
and Sharman (1981) have found indications for condensation  ferent from frost deposition phenomena, as observed by Viking
and/or adsorption phenomena on Mars by detecting the frost (cf. Jones et al., 1979), which show fine frost-like condensates,
which seem to have been blown over the surface.
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Image courtesy NASA/IPL-Caltech

Fig. 1. Frost (left image part) on the surface from the MER-B “Opportunity”, at October 13, 2004 (morning of MER-B sol 257, short after aphelion, southern winter,
Lg =100.5). Local time: left image at 6:15—just after sunrise—right image at 9:22. The height of the frost layer seems to be less than 1 mm. Note that the surface
of Mars (in the background) is not covered by frost. Source: Landis et al. (in preparation).
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Fig. 2. Adsorption water and ice or capillary water in frozen wetted soil.
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tence of water and water ice at and in the upper surface of
Mars at both mid- and low-latitudes (Boynton et al., 2002;
Feldman et al., 2002; Mitrofanov et al., 2002; Bandfield, 2007;
Jouglet et al., 2007). It has to be mentioned, that the soil may
harbor water also in the form of hydrated minerals and salts
(Bish et al., 2003; Vaniman et al., 2004). The chemically bound
water is more strongly attached, compared to interfacial water
(of adsorption water and premelted ice—for a definition of pre-
melted ice at the surfaces of solid ice see Dash et al., 2006), and
it is not so freely available for physical (including rheological),
chemical and eventual biological processes.

The existence of unfrozen water below standard freezing
point temperatures of bulk water is a known fact in terres-
trial soils (Anderson and Tice, 1972), specifically in permafrost
soils (Ershov, 1998; Williams and Smith, 1989). Fig. 2 is a
schematic drawing, which describes the coexisting water com-
ponents, namely adsorbed water and ice in frozen, wetted soil.
The interfacial water is in this case identical to the unfrozen
water. At temperatures near to the melting point of bulk water,

capillary water may become an additional water component, but
this will not be studied in detail here.

The unfrozen water will be described in the following in
terms of interfacial water. This water is in its dynamics gov-
erned by the action of van der Waals forces from the ad-
sorbent (or adsorbing substrate). These allow the lower lay-
ers of interfacial water to remain liquid-like at temperatures
far below the freezing point (cf. Farmer and Doms, 1979;
Zent and Quinn, 1997; Jakosky et al., 2003). This can be of im-
portance for potential physical and (photo-driven) chemical and
potentially even for biological processes (Mohlmann, 2005).

The upper mono-layers of adsorbed water as one compo-
nent of interfacial water are not so directly influenced by the
van der Waals forces from the adsorbent, they increasingly ac-
crue properties of capillary and bulk water with the onset of
freezing at 0 °C. The mobility of adsorbed water molecules over
the adsorbing grain surface arises due to diffusion over the ad-
sorbing surface. Like a sandwich-structure, a liquid-like layer
with molecular transport properties can remain in case of the
presence of ice between the solid surfaces of ice and grain min-
erals. It has to be mentioned here, that an analogous model has
been developed in terms of the premelting of ice (Wettlaufer
and Worster, 2006; Dash et al., 2006). Premelted ice is due to
the presence of water ice the other important component of in-
terfacial water on Mars. A related sandwich-model of partially
frozen interfacial water will in the following be the basis for a
quantitative description of physical properties of the unfrozen
or interfacial water in the surface soil of Mars (cf. Fig. 3).

2. The sandwich model of water on mineral surfaces
2.1. Plane parallel surfaces

The phenomenon of a liquid layer between water ice and a
solid surface (of a mineral grain, e.g.) at temperatures below the

freezing point is described in the literature (cf. Anderson and
Tice, 1972; Williams and Smith, 1989, specifically also in terms
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Fig. 3. Sandwich model of an adsorption water layer of thickness d between
attracting surfaces of ice and adsorbent at temperatures below the freezing
point. Note that there are two interfaces (or surfaces), i.e., ice/water, and wa-
ter/mineral.

of liquid films of so-called premelted ice (Dash et al., 2000).
Therefore, the model, as it is described here, is not restricted to
water layers with an adsorption history only.

The van der Waals force per area S of two planar surfaces at
a separation distance “d” is given by

Fuw A

S 6rd3’
where A3, is the Hamaker constant for the interaction of sub-
stances “1” and “2” in presence of medium “3” (Hamaker,
1937). This pressure is equivalent to the energy density eyqw

of the van der Waals force within the layer of height d:

ey

A3
Evdw = W’ ()

and the bond energy per molecule is, with the molecule number
density of the liquid N described by eyqw /Ny .

The saturation pressure of water vapor at a planar ice sur-
face can be described by py = ae~EW/kT | with the constants
a=3.47 x 102 Pa and Ew = 8.4662 x 10720 J (Mohlmann,
2004). Ew is the bond energy per water molecule. Then, ey =
Ew Ny is the bond energy density of the water molecules on the
ice-surface. The attraction on the water molecules by the van
der Waals forces of the adsorbent weakens their bond on the ice
surface. Correspondingly, in the sandwich model, the equilib-
rium water vapor partial pressure, p at the ice surface increases
due to the counteracting presence of the planar mineral surface
with the attracting van der Waals force:

p= ae—Ew—evaw)/NLKT 3)

The water molecules at the ice/water interface can leave the ice
more easily due to that attraction, and the liquid water layer will
grow by capturing these water molecules after release from the
ice.

The bond energy of water molecules on mineral surfaces can
be much stronger in the case of hydrophilic minerals, compared
to their bond to ice, as described above by Eyw. Therefore,
mineral surfaces can capture water more effectively than ice.
In case of differences in the bond energies of 0.2 eV only (as
between ice and montmorillonite), the bond is stronger by a
large factor of exp(—(0.2 eV)/(kT)) = 37,800 for T =220 K

(cf. Mohlmann, 2004). This is the reason that interfacial wa-
ter may have survived the continued sublimation processes of
ices in the upper martian surface even over geological time
scales (Mohlmann, 2004). It will be shown in Section 4.1, that,
depending on the specific surface of the soil, the amount of in-
terfacial water can reach up to a few percent by weight.
Equation (3) can be rewritten
£y
ay = £ = o Wikt )
pPo

where aw = p/po is the so-called water activity. Equation (4)
indicates for the sandwich-model that p > pg. This approxima-
tion of plane boundary surfaces neglects surface energy due the
curvature of grain surfaces, which can cause a further increase
of the saturation pressure. This will be discussed in Section 2.3.

2.2. Thickness of mono-layers and the Hamaker constant
Equations (2) and (4) can be combined to give

N kT

)4 A
In—|=——.
ol 6md3

Here, for brevity, A is taken for the Hamaker constant, if no
specific systems are under consideration. Then the thickness of
the water film is, for equilibrium conditions, given by

i < A/6r )1/3
B (szO/mﬂzo)kT| ln(p/P0)|

and the number n = d/§ of mono-layers (of thickness § = 3.5 x
10719 m) is

. ( (A/67)573 )‘/3
~ \(om0/mu,0)kT|In(p/po)l )

Here, pH,0 is the mass density of the liquid-like water layer,

and my,0 =3 x 10726 kg is the mass of the water molecule.
It is interesting to note that Wheeler (1955) has proposed the

determination of the number n of mono-layers via:

A B
= —] . 8
" (Iln(p/po)l) ®)

Sneck and Oinonen (1970) have experimentally found that A =
1.63 and B = 1/3 (see also Fagerlund, 1973). Then, a Hamaker
constant A = 1.78 x 1071 Jor 178 zJ (1 zZJ = 10721 J, z—
for “zepto”) will numerically reproduce Eq. (7) in the case that
the parameter A = 1.63 has been determined for a temperature
of 293 K. This is a comparatively high value of the Hamaker
constant for systems interacting across water.

Characteristic thicknesses of the layers under consideration,
as they follow with Eq. (8), are about one monolayer or less un-
til the relative humidity approaches saturation (aw > 1). About
10 monolayers (and more) are typical for ay > 0.99. Conden-
sation starts at ay = 1.

Typical values of Hamaker’s constant range for symmetri-
cal systems (“1” = “2”) between about 100 zJ and a few zJ
(Fernandez-Varea and Garcia-Moliona, 2000; Ackler et al.,
1996). Diamond is as strong as 130 zJ, while silica (SiO») is

®)

(6)

(7
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of 4.3 zJ. Wilen et al. (1995) have calculated the Hamaker con-
stants for different systems of substrate—water—substrate and
ice—water—substrate with the result: “The typical Hamaker con-
stant for two planar surfaces separated by a water layer is an
order of magnitude larger than the corresponding value for an
interface between ice and substrate.” The derived values for ice—
water—substrate systems are in the range of a few zJ to several
tenths of a zJ. This large range of values characterizes the dif-
ferent wetting properties of different materials. Thus, a different
content of adsorption water on and in the surface of Mars can
be expected for sites of different mineralogy.

The above relations between layer-thickness, temperature,
and water activity have been derived in a plausible way by using
energetic relations. Alternatively, these relations can be derived
by using the chemical potential as it is used in thermodynamics.
This, for the van der Waals attraction is given by

Apvaw = Ap/N = (ps — p1)/N = —A/(6md> Np). 9)

The subscripts s and / correspond to the solid and liquid phases.
For condensation of water vapor to the liquid phase, the chem-
ical potential is

Apcond =kT In(p/ po). (10)
The equilibrium condition Apygw = Apicond leads to Eq. (5).

2.3. Curved surfaces of soil grains

In soil, grain particles with their large specific surfaces can
act as effective adsorbents. The model of plane surfaces de-
scribed above will no longer be applicable in the case of suffi-
ciently small grain radii, when the surface tension of the water
film around the grain can become important. The corresponding
energy density ec depends in this case on the surface tension o
[Nm~' = Wsm™2], or the interfacial excess energy per unit
area of the ice—water interface, and on the curvature « of the
grains. It is given by

EC = OK. (11)

Here, the curvature corresponds to a surface point, which is to
be characterized by two curvature radii Ry and R;. It is given
then by k = 1/R| + 1/R5. In the case of a sphere of radius R,
the curvature is k = 2/R.

The related chemical potential is given by

Ap= %C =kT'In p/po, (12)

which, together with the critical radius Reit.
o

Ruit = —— 13
crit. NkT ( )
is equivalent to the Gibbs—Thomson equation
p — pReritk (14)

pe,p

This illustrates that curved liquid surfaces exhibit a higher in-
duced water vapor equilibrium pressure than plane surfaces.
Therefore, the curvature-caused increase in the water vapor
equilibrium pressure counteracts the release of water molecules

1.00

0 ay

5
R[my] 0.96

10"

Fig. 4. Number n of “mono-layers” of the water film between ice and min-
eral surfaces plotted against water activity ay and grain radius R [um] for a
Hamaker constant A = 100 zJ) and at T = 220 K.

from the ice. The sandwich-model for curved surfaces can anal-
ogously be described by
—(ew—evaw+ec)/NLKT (15)

p=ae

The water activity and the number of mono-layers increase cor-
respondingly for a granular soil of grains:

aw = % — o(vaw—ec)/NLKT 16)
A -3 1/3
n:( (A/6m)3 ) | -
(pH0/mu,0)kT | In(p/po)| + ok

This dependence of the number n of monolayers on ware ac-
tivity and curcature is described by Fig. 4. A comparison of the
wetting-related energies due to the action of the van der Waals
force and of the curvature of the liquid-surface leads to the re-
sult that these will become comparable for grain radii about 0.4
um, when d ~ 1 nm, and A ~ 100 zJ. Thus, the wetting proper-
ties of micrometer sized (and smaller) particles are effectively
reduced and limited by the Kelvin effect. This is due to the in-
creasing equilibrium water vapor pressure for decreasing radii.

2.4. Adsorption under martian conditions

The number of mono-layers of adsorbed water depends on
water activity, as described by Eqgs. (7) and (17). The water
activity, ay on Mars depends on temperature and relative hu-
midity of the atmosphere, and the temperature depends on lo-
cation and time of day. The diurnal profile of the water activity
can be determined for known atmospheric water content and
temperature. In the case of an average and diurnally constant
10 prum, as is typical for equatorial and mid-latitudinal re-
gions (Smith, 2004), the number density of water molecules is
3 x 10'” m™3 at the surface. Fig. 5 shows the diurnal profile of
the surface temperature, as used in the model-computations. It
was taken for dust-free conditions from the Mars Climate Data-
base (Jussieu-model, www-mars.lmd.jussieu.fr; Lewis et al.,
1999), and it corresponds to the location of MER-Opportunity
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Fig. 5. Diurnal surface temperature profile, corresponding to the landing site of
MER. Opportunity at Ly = 60-90 (southern winter, aphelion) (Mars Climate
Database, Jussieu-model, www-mars.Imd.jussieu.fr; Lewis et al., 1999).
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Fig. 6. Diurnal profile of the number of mono-layers n(¢) for a temperature
profile, as described by Fig. 5, an atmospheric water content of 10 pr pum, for the
Hamaker constants A = 1 zJ (lower curve) and A = 100 zJ, respectively, and for
1 um sized grains. The constant n-value at late night hours indicates saturation
(and related condensation) of water vapor, it is not a computed maximum value
of n.

at aphelion conditions. Fig. 5 shows a typical diurnal tempera-
ture profile, which will be used for the following model calcu-
lations.

A graphical representation of the resulting diurnal n(f)-
profiles over one martian day is described by Fig. 6, which de-
scribes the resulting diurnal variation of the number of “mono-
layers” in the film of liquid water, as follows from Eq. (7). Ob-
viously, effective adsorption can take place at late night hours
only.

Obviously, there are (seasonally changing) conditions on
Mars including near equatorial latitudes, which favor adsorp-
tion and condensation processes at the martian surface (cf.
Mohlmann, 2004). Of course, the related low temperatures will
cause a partial freezing of that water. The resulting structure of
this liquid water of the surfaces of mineral grains is described
by the “sandwich-model” (cf. Section 1). During day-time, the
content of adsorption water in the uppermost surface is reduced
via desorption due to the comparatively warmer conditions,
while deeper and cooler layers below the thermally active sur-
face (with a diurnal temperature profile) may act as cold-traps
and, in equilibrium with the atmospheric water content, accu-
mulate and exchange water more steadily.

It can be seen from Fig. 6 that frost, shown in Fig. 1, could
have evolved during late night by adsorption, followed by freez-
ing of the upper water layers. The maximum thickness of the

frozen frost layer depends on the duration of freezing, which is
about 2 h (cf. Fig. 6). The increase in “height” h of the frost
due to freezing can be described by dm/dt = pg F dh/dt for
the mass change over a surface F:

dh __ MH0 Nuowg _ N |mp,0kT

— = (18)
dr pr 4 PF 2

Here, a vertical mass flow rate (per surface area and time)
mN vy, /4 is taken, vy, is the thermal velocity of the water vapor
molecules, and pr is the mass density of the frost. The tempera-
tures at the Opportunity landing site during the cold night hours
at L = 60-90 are around 160 K. For an atmospheric water col-
umn content of 10 pr um (corresponding to N =3 x 10" m=3),
sublimation is at these temperatures much weaker than freezing.
The about 10 prum are typical for the region at Lg = 60-90
(Smith, 2004). It follows with pr = 900 kgm™3 that di/dr ~
8 x 1078 ms~!. Thus, about 0.5 mm of frost, or at least a few
tenths of a millimeter can form within 2 h. This is compatible
with Fig. 1, and with Viking observations of a very thin frost
layer on the ground (Landis, 2007).

3. Freezing point depression
3.1. Gibbs—Thomson effect

As described in Section 2.3, the surface curvature of a liquid
surface is related to vapor pressure and chemical potential (cf.
Eq. (12)). Accordingly, the related Gibbs—Thomson equation
(Eq. (14)) can, in the case of a characteristic curvature radius r
be described by

P _ ,@o/NkD)(1/r) (19)
DPe,p
Obviously, the water vapor pressure increases with decreasing
curvature radii. The Gibbs—Duhem relationship (cf. Wood and
Battino, 1990) is in this case given by
20 Tw—T AT
ps —p1=Ap=¢éc=— = Piced —— = Piceqd 7—- (20)
r T T
Here, T (=T;) is the limiting temperature of the liquid phase
of the water layer below the bulk melting temperature 7,,, and
q is the latent heat of solidification per unit mass, pjce is the ice
mass density, and the subscripts s and / correspond to the solid
and liquid phases.
The freezing point depression can be expressed as

2 .
AT =T, M' (1)
Numerically, it follows that
0.05
AT [K] = (22)
7 [um]

(having substituted: picc = 916.8kgm =3, ¢ =3.33x 103 Jkg~!,
0 =3 x 1072 Nm~!). The value of 0.05/r [um] agrees with
measurements of the freezing point depression of water (Liu et
al., 2003). Obviously, the Gibbs—Thomson effect is only small
for water films on micrometer-sized grain particles, but this can
change for nanometer-sized structures.
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3.2. Freezing point depression in the sandwich-model

Assuming that the sandwich-model (described above) of a
plane and ice-covered liquid-like layer of height, d above the
substrate surface with van der Waals forces is in local ther-
modynamic equilibrium, a consequence of the Gibbs—Duhem
relationship (cf. Wood and Battino, 1990) is

A Tp—T AT

= i ——— — ) . 23
ond> Piceq T, Piceq T, (23)

Obviously, the temperature of real melting/freezing decreases
(or AT increases) with decreasing depth d of the liquid layer:

Ps — pi=Ap=

AT, 1/3
d=—"—— (24a)
67 piceq AT
or
AT, 873 \'/3
P L (24b)
67 Piceq AT
and
AT,
rT=—™"_ (24¢)
67Tpiceqd3

Thus, the real limiting temperature for the liquid phase of the
“liquid-layer” layer is for A = 100 zJ, and in case of 1 “mono-
layer” given by T)(n = 1) ~ 163 K.

It is interesting to note that Fagerlund (1973) has suggested
the relation

n=>5.628(1/AT)'/3 (25)

for the dependence of the number of mono-layers on the freez-
ing point depression AT. The numerical factor has been de-
rived by assuming that the diameter d of a water molecule is
d = 0.35 nm. The related Hamaker constant follows by us-
ing Egs. (24b) and (25) with A = 161.5 zJ. Here, ¢ = 3.33 x
103 Jkg_l, and pjce =916.8 kg m~3 have been used.

The value 161.5 zJ fits the values derived from Eqgs. (7)
and (8) surprisingly well. Thus, values of the order of 100 zJ
seem to be realistic for wetted soils, at least under terrestrial
conditions. There are no reasons to assume differences on Mars.
Nevertheless, it is a current challenge to get more reliable data
of Hamaker’s constant for Mars-relevant minerals.

Equation (24a) gives, with Eq. (6):

AT _ (pH0/mH,0)
T Piceq

The limiting temperature 7 = 7; (where freezing starts) of the
liquid phase of the water layer can implicitly be described by

kT |In(p(T)/po(T))|- (26)

PH,0/MH,0

Piceq

In a real atmosphere and under equilibrium conditions,
T; depends accordingly on the density of the atmospheric wa-
ter vapor. Fig. 7 describes this dependence for the values 7, =
273 K, pu,0 = 1000 kgm™3, pice = 916.8 kgm ™3, my,0 =
3x 10720 kg, g =3.33 x 107 Jkg~ .

This demonstrates that the liquid phase of thin water layers,
as described by the sandwich-model, can exist at temperatures

T; =Tm(1 - kT1|ln(P(Tz)/po(Tz))|>- 27

Ty
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Fig. 7. Dependence of the limiting temperature 7} of the liquid phase of the wa-
ter layer in the sandwich-model on the equilibrium water vapor number density
(pressure).

far below the bulk melting temperature of water. The liquid
water below the freezing point temperature corresponds to the
unfrozen water, mentioned above, as it is characteristic for soil-
and permafrost, and as it can be of importance for physical and
chemical processes in the upper surface of Mars.

It is interesting to note that the limiting temperature of the
liquid phase is around or below 200 K under martian conditions
assuming mid- and low-latitudinal number densities of the at-
mospheric water molecules in the range around 3 x 10!9 m—3
(or 10 prum). The presence of an average column water con-
tent of about 10 prum or more in the martian surface (Smith,
2004) indicates that the liquid interfacial water can exist in the
upper surface in equilibrium with the atmospheric water con-
tent. There, it may have physical, rheological, chemical, and
possibly also biological consequences.

4. Equilibrium moisture content of martian soil
4.1. EMC/ERH relations

The relation between equilibrium moisture content (EMC)
and equilibrium relative humidity (ERH) can be described by
EMC/ERH-relationships (Sun, 1998). The derived relations
give the mass of the adsorbed water layer as a function of the
layer height, d, and of specific surface, Sy, in a porous material
of a dry mass mgry:

Mwy,0 = Symdry PH,0d. (28)

The EMC/ERH relation, i.e., the dependence of the equilibrium
moisture content a,, on atmospheric temperature and water ac-
tivity aw is then given by

My,0
ay, =
Mdry

A 13
67 (oH,0/mu,0)kT | 1H(P/P0)I> .

(29)

This relation can be applied to estimate the equilibrium wa-
ter content of the upper martian surface, and vice versa. It
also can give a basis to experimentally determine Hamaker’s
constant for ice—water—mineral systems of interest. First ex-
perimental investigations indicate, on the basis of Eq. (29) for
porous materials such as chabazite, montmorillonite, clinoptilo-
lite, and nontronite surprisingly high values of Hamaker con-
stants in the range between 10710 and 10718 J (Janchen, 2007,
private communication). These relatively high values may be a

= SM,0H20<
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Fig. 8. Liquid water content a;, of soil in dependence on the water activity ay
(relative humidity) for temperatures of 200 (upper curve), 220, 240, and 260 K
(lower curve).

consequence of the porous structure of the minerals. This chal-
lenging result requires further investigation.

The most uncertain parameters in Eq. (29) are for Mars the
specific surface, Sy and the Hamaker constant, A for relevant
minerals. The a,, (aw)-curve in Fig. 8 has been derived with
the values S,, = 10° m2kg~!, and A = 100 zJ. Obviously, the
value of the specific surface may be different in various regions
of the martian surface. If the value of Ballou et al. (1978) is
taken, the moisture, i.e., the soil water content, is smaller by a
factor 1/6 compared to the values in Fig. 8.

These results indicate that the content of liquid water of the
martian surface can for martian temperatures under equilibrium
conditions reach 10% by weight and more at and around satura-
tion (during night hours) and it is of about 2% by weight during
the dry daytime hours.

4.2. The equilibrium ice content of porous soil

The low temperatures expected in the martian sub-surface
soil indicate that water in the form of “bulk” ice in the soil is
also to occur, i.e., ice, in its bulk not influenced or bound by
the surfaces of the soil grains, as in the sandwich model. This
ice content depends on the void space due to the porosity of
the surface soil and can reach large values. It also depends, as
long as there is sufficiently open (i.e., internally connected or
percolative) pore space, on temperature and atmospheric water
content. The equilibrium between pressure driven freezing and
sublimation can be described by the equilibrium temperature,
which is determined via

NkT, =aexp(—¢e/kT,). 30)

Fig. 9 describes the dependence of 7, on the atmospheric
water content (measured in prum). Porous and percolative
sub-surface soils at equatorial- and mid-latitudes (with an at-
mospheric water content of around 10 prpm) will, in diffusive
equilibrium with the atmosphere, be able to temporarily con-
dense with freezing of ice in any vacant pore spaces if the
temperatures are at or below 195 K.

In the case of a porosity, p = 0.25 and a soil mineral mass
density of 3000 km™3, the ice content of the soils will be of
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Fig. 9. Dependence of the equilibrium temperature 7, of freezing and sublima-
tion on the atmospheric water content.

about 10% by weight. That value may increase in the case of
higher porosity. Analogously, ice can also be expected to exist
on surfaces which are in shadow, over sufficiently long times,
as in, e.g., deep craters or cavities, which have temperatures of
or below 195 K. Slightly higher equilibrium temperatures are
possible for higher atmospheric water contents (e.g., at higher
martian latitudes).

Furthermore, chemically and structurally bound (Vaniman
et al., 2004; Jianchen et al., 2006) water in the mineral crystals
may represent as much as 10% by weight in the soil water con-
tent of the near-surface observed by the GRS instrument at low-
to mid-latitudes (Feldman et al., 2002; Boynton et al., 2002;
Mitrofanov et al., 2002). This local and regional content of
around 10% by weight indicates in the case of porosities
p > 0.25, the necessary existence of chemically and struc-
turally bound water in the upper few decimeters of the martian
soil. On the other hand, the thermodynamic discussion pre-
sented above shows that there must be also components of un-
frozen or adsorbed water, at least temporarily. The presence of
these different water components can, at present, not be deter-
mined in the observed data.

5. Conclusions

The properties of interfacial water, which is bound by
van der Waals forces on grain surfaces, are described by a
sandwich-model of a layer of liquid-like adsorption water be-
tween the adsorbing mineral surface layer and a premelted ice
layer.

By using basic thermodynamic principles it is shown that the
resulting thickness or number of mono-layers of the interfacial
water depends on the Hamaker constant, on temperature, and
on water activity (a measure of relative humidity). The derived
equations fit well a phenomenological relation between thick-
ness of the liquid-like layer and relative humidity, which was
known earlier. Hamaker’s constant for van der Waals interac-
tions on grains and in porous media has been determined by
this equation. The curvature of grain surfaces is shown to have
no remarkable effects for particles in the um-range and larger.

The application of these equations to thermo-physical con-
ditions on Mars shows that layers of adsorbed water, which can
be frozen on top, are to be expected on and in the upper sur-
face of Mars, also at mid- and low-latitudes. These frost-layers
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are shown to be equal to or smaller than a few tenths of one
millimeter. This is in agreement with observations.

Another property of interfacial water layers is the freez-
ing point depression. An equation is derived, which relates the
freezing point depression to the value of Hamaker’s constant,
and to the latent heat of solidification, the mass density of water
ice and the thickness of the liquid-like layer. Again, this equa-
tion fits well a phenomenological relation between freezing
point depression and thickness of the liquid-like layer, which
was known earlier. The freezing point depression can become
effective down to temperatures of around 160 K. The derived
equation for the lower limiting temperature of the liquid phase
also depends on the water activity. This limiting temperature
reaches about 180 K under conditions of an atmospheric wa-
ter content of around 10 pr pm. Thus, liquid interfacial water in
equilibrium with the atmospheric water content can be expected
to exist in the shallow upper surface of Mars.

The water content of soil depends under equilibrium condi-
tions on the atmospheric water content. A corresponding “Equi-
librium Moisture Content” (EMC)/“Equilibrium Relative Hu-
midity” (ERH) relation has been derived, which under equilib-
rium conditions allows for equilibrium conditions the derivation
of the soil water content by using measurements of the at-
mospheric relative humidity. This indicates that the content of
liquid-like water in the upper surface of Mars can temporarily
reach values up to about 10% (b.w.) and more during satu-
ration conditions while there are about 2% (b.w.) during dry
daytime conditions. Furthermore, equilibrium considerations
indicate for temperatures at or below the frost point a possi-
ble ice content in the range of 10% (b.w.) and more, depending
on the porosity of the soil.
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