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Abstract

Encouraged by recent results of the Mars Odyssey spacecraft mission and the OMEGA team (Mars Express) concerning water in equat
latitudes betweer-45° on Mars and the possible existence of hydrated minerals, we have investigated the water sorption properties of natu
zeolites and clay minerals close to martian atmospheric surface conditions as well as the properties of Mg-sulfates and gypsum. To quar
the stability of hydrous minerals on the martian surface and their interaction with the martian atmosphere, the water adsorption and desorp
properties of nontronite, montmorillonite, chabazite and clinoptilolite have been investigated using adsorption isotherms at low equitésrium wa
vapor pressures and temperatures, modeling of the adsorption equilibrium data, thermogravimetry (TG), differential scanning calorimetry (DS
and proton magic angle spinning nuclear magnetic resonance measurehheM&$ NMR). Mg-sulfate hydrates were also analyzed using
TG/DSC methods to compare with clay mineral and zeolites. Our data show that these microporous minerals can remain hydrated under pre
martian atmospheric conditions and hold up to 2.5-25 wt% of water in their void volumes at a partial water vapor pressure of 0.001 mbar i
temperature range of 333-193 K. Results of tHeMAS NMR measurements suggest that parts of the adsorbed water are liquid-like water and
that the mobility of the adsorbed water might be of importance for adsorption-water-triggered chemistry and hypothetical exobiological activi
on Mars.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction face conditions was evaluated Bgnt and Quinn (1997and
Bish et al. (2003a, 2003pbYaniman et al. (2004and Fialips
Recently documented results of the NASA Mars Odysseyet al. (2005discussed the stability of hydrated magnesium sul-
spacecraft Feldman et al., 20Q4using the gamma-ray spec- fates. Spectral evidence for the existence of zeolites in the dust
trometer instrument suitdBpynton et al., 2004show deposits  of Mars was given byruff (2004)
on Mars containing 2—11% water-equivalent hydrogen by mass The latest results of the OMEGA teafiring et al., 2005;
for equatorial latitudes betweerd5°. Present martian thermal Gendrin et al., 2005support the existence of a number of hy-
conditions suggest that this (most likely) water molecules candrated phyllosilicates and sulfates on the martian surface. Using
not be liquid bulk water or water ice, adéhimann (2004)  the visible-near-infrared hyperspectral reflectance imagery on
concluded that it could consist at least partially of “adsorptionhoard the ESA Mars Express mission, hydrated materials such
water.” The possible presence of water-bearing minerals suchs nontronite, gypsum, kieserite, polyhydrated magnesium sul-
as zeolites and smectites in a hydrated state under martian S¥tes, and many others could be identified.
In the present paper, we report the results of experimental
" Corresponding author. Fax: +49 30 6392 2574. studies of the water sorption properties of several of these min-
E-mail address: jjanchen@igw.tfh-wildau.déJ. Janchen). erals under close to martian surface conditions (temperature
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and humidity) in mid- and low-latitudes. To obtain additional 2.2. Modeling
information on the stability of sulfate hydrates under martian
conditions, the energetics of dehydration of some of the Ca- and The characteristic curves of the adsorption systems and other
Mg-sulfate hydrates have been investigated to compare witlelevant dependences such as isotherms, isobars, and isosteres
natural zeolites and smectites. The goal of our research is twan be calculated using the Dubinin theory of pore filling
provide a better understanding of the unexpected high watgDubinin, 196Q. The Dubinin approach considers the pore vol-
concentrations in the martian regolith in equatorial regions obume as crucial (in contrast to the inner surface of the microp-
served by the Mars Odyssey spacecraft and the Mars Expresges) because the adsorbed molecules (comparable in size with
mission and also to evaluate possible consequences of the sitee micropores) are influenced by overlapping adsorption po-
of this water. tentials generating large heats of adsorption. Dubinin defines
the specific volumel, of the adsorption space (cavities and

2. Experimental and moddling pores in cr of the microporous material in g) as:

W= Cl/,Oads, (1)

wherea = adsorbed amount {g), depending ol and p, and
pads= density of the adsorbate (gm°), depending orf’, and

The sorption (hydration/dehydration) properties of chabazitghe differential work of adsorptiom, is defined as:
(Wassons Bluff, Nova Scotia), clinoptilolite (sample 27054,

Fish Creek Mountains, Nevada, USA) Ca-montmorilloniteA =—Af = RT(In p/p), (2)

(STx, qu?ques ,\?gulmﬁ -Lexali. USA)Dand fﬂﬁjﬂtg["te (Feiunerea s = free energy ang, — vapor pressure of the adsorp-
montmorilionite, -1, Hoher Hagen, Darnsteld, Gottingen, ;o i equilibrium with the liquid bulk phase at the analysis

Germany) were investigated by means of isotherm meas“r?émperatureDubinin (1960)found for many adsorption sys-

ments, thermogravimetry (TG), differential scanniLng calorime-e s with activated carbon that almost all experimental systems
try (DSC), microcalorimetric measurements anl MAS 56 4 single curve relating’ and A. The relationW = f£(A)

NMR. The dehydration of synthetic sulfates, including gyp-js called the “characteristic curve” that is temperature invariant

sum and the mono-, hexa- and heptahydrate of Mg-sulfate Wetg many adsorption systems (for further details Seach et al.,
evaluated by TG and DSC. o 2005. The results of our isotherm measurements were extrap-
Sorption isotherms were measured gravimetrically fromg|aieq 10 193 K using this approach to obtain isobars from the
257-333 K with a McBain quartz spring balance (sensitivity measyred data between 0.0001 and 0.1 mbar of partial water
4 mg/mm) equipped with two MKS Baratron pressure sen-pressure covering the expected rather low average water vapor

sors covering a range of 18-10 mbar (see alsiéinchen etal., pressure values of 0.001 mbar and low temperatures on the mar-
2004, 200%. Before each adsorption experiment about 150+ian surface.

200 mg of material was heated for 2—-3 h at 573 K (zeolites) and
393 K (clays) in high vacuum<10~° mbar) to remove the ad- 3. Resultsand discussion
sorbed water. Previous results (eBjish et al., 2003a, 2003b

illustrate that these treatments do not remove all water mole- \yater adsorption and desorption isotherms for chabazite and
cules associated with the mineral crystal structures, but thesginoptilolite from 257-333 K and over seven orders of mag-
temperatures were chosen to maximize water loss and minkjtyde (10-5-10 mbar) in partial pressure of water are shown
mize possible crystal structure destruction. in Figs. 1 and 2The isotherms were typically S-shaped, with
The TG/DSC measurements were performed on a SEsome indication of steps probably related to the presence of
TARAMTG-DSC 111 apparatus with a heating rate of 8#n 1,0 molecules in different locations in the zeolite framework
from ambient up to 673 K. Prior to the experiments the sampleggjsh et al., 2003a, 2003b; Carey and Bish, 1998)e maxi-
(ca. 12-14 mg of zeolite or clay) were hydrated at a relativenum water adsorbed for chabazite amounts-26 wt% and
water pressure op/p; = 0.3. The sulfates were used as syn- that of clinoptilolite to~15 wt%. The water content of the ma-
thesized. terials under martian conditions typically will differ from these
Heat curves of the porous materials (differential molar heatgnaximum values due to changes in pressure and temperature.
of adsorption) were determined with a SETARAM Calvet-type As seen inFig. 1, chabazite accommodated up to 0,2)g
C 80 microcalorimeter equipped with a volumetric adsorption(corresponds to 20 wt%) water at 257 K and.001 mbar
apparatus (see alsanchen et al., 200%or more details). (see dashed line in the figure, indicating the approximate partial
'H MAS NMR experiments (proton magic-angle spinning pressure of water on the martian surface). Increasing tempera-
NMR) were carried out on a BRUKER AVANCE 400 spec- ture had the effect of lowering the water content of chabazite,
trometer with a Larmour frequency of 400 MHz and a magnetidout even at 333 K about 0.05g (5 wt%) water was retained
field of 9.4 T. In order to optimize resolution, a spinning rateby this zeolite. Clinoptilolite Fig. 2) adsorbed about 0.08/g
(MAS frequency) 10 kHz was used. Samples were equilibratedt the same pressure and 257 K, and a small amount of water
under room temperature and humidity conditions before mearemained (0.025 fg, 2.5 wt%) even when the temperature was
surement. increased to 333 K. Neither clinoptilolite nor chabazite showed

2.1. Materials and methods
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Fig. 1. Water adsorption isotherms for chabazite at 257, 275, 293, 313 anid- 3. Water adsorption isotherms for montmorillonite at 257, 275, 293 and
333 K; filled symbols denote desorption, the dashed line indicates the relativa13 K; filled symbols denote desorption, the dashed line indicates the relative
water pressure on the martian surface. water pressure on the martian surface.
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ig. 4. Water adsorption isotherms for nontronite at 257, 275, 293 and 313 K;

Fig. 2. Water adsorption isotherms for clinoptilolite at 257, 275, 293, 313 and. - LT .
333 K; filled symbols denote desorption, the dashed line indicates the reIative'”ed symbols denote desorption, the dashed line indicates the relative water

. pressure on the martian surface.
water pressure on the martian surface.

evidence of hysteresis between the ad- and desorption isotherm Flgs. 5—E§summanze the result; of the application of the Du-
branches. binin equation to the measured isotherm data for zeolites and

Water adsorption isotherms for montmorillonite and rlon_smectites. For practical reasons the data are presented as isobars
tronite are shown irFigs. 3 and 4over the same temperature for water partial pressures of 0.1, 0.01, 0.001 and 0.0001 mbar

and pressure range Bigs. 1 and 2Compared with the zeolites, and over the temperature range of 193-333 K, consistent with

the isotherms for clays are shifted towards higher equilibriunflimatic data at the martian surface in equatorial latitudes be-
pressures, indicating a lower strength of interaction of the watween+45" and diurnal and seasonal differences in temper-

ter in the void volume of the montmorillonite and nontronite atures. The experimental isotherm data revealed that porous
(the interlayer region). In this case lower temperatures are réhinerals remain hydrated even at very low partial pressures
quired for adsorption of similar amounts of water. In contrastof water expected on Mars. However, changes in water con-
to the zeolites, these smectites show a more (nontronite) or leégnt of the different minerals can be determined directly from
(montmorillonite) pronounced hysteresis loop between the adthe isobars if, at a certain partial water pressure (for instance
and desorption branch of the isotherms. This behavior is we.001 mbar), the surface temperature changes due to seasonal
known and is due to structural changésspacing) during the influence or time of day (if fast enough).

hydration and dehydration process, essentially phase transitions Thus, chabazite (sef€ig. 5 remains partially hydrated in
which is well documented by XRD experiments and is not aequilibrium with the martian atmosphere even at a relatively
question of kinetics (se€hipera et al., 1997 high temperature of 293 K. The same is true for clinoptilolite
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Fig. 5. Water adsorption isobars for chabazite at 0.0001, 0.001, 0.01 and
0.1 mbar in the temperature range 333-193 K calculated from the measurddg. 8. Water adsorption isobars for nontronite at 0.0001, 0.001, 0.01 and
isotherm data. 0.1 mbar in the temperature range 333-193 K calculated from the measured
isotherm data (adsorption branch).

0.30
025 | Table 1
’ Results of the TG/DSC measurements: sorption capacities/dehydrated amounts
(a) and integral molar heats of desorption (dehydratiof),() of water for
020 zeolites, smectitegy(/ ps = 0.3), and Mg- and Ca-sulfates
Material a (9/9) Qint (kJ/mol)
0.1 mbar Chabazite @70 736
Clinoptilolite 0.090 708
Nontronite 0230 633
Montmorillonite Q173 646
MgSQy-7H,0 1.052 589
0.0001 mbar MgSO46H20 0.936 59
0.00 . . . ' . . MgSOy-HoO 0.183 85
193 213 233 253 273 293 313 333 CasQ-2H,0 0.263 649

TinK

Fig. 6. Water adsorption isobars for clinoptilolite at 0.0001, 0.001, 0.01 andure decreases tB < 253 K (in adsorption mode). During des-
0.1 mbar in the temperature range 333-193 K calculated from the measuresiption (dehydration), however, it is necessary to switch from
Isotherm data. the 0.001 to the 0.01 isobar to obtain the adsorbed amount as a

0.30 result of the large amount of hysteresis (§ég. 4). Nontron-
ite would be more hydrated-2.5 wt% at 253 K), increasing to
025 - 0.01mbar ~10 wt% at 233 K if we assume that the process started with
020 | the fully hydrated material after crystallization in a wet period
o 01 mbar on Mars billion years ago. In other words the hydration state of
‘\;’ 015 nontronite (adsorption or desorption branch of the isotherm) has
‘© theoretically the potential to provide information on the history
0.10 of the material. Nontronite remains on the desorption branch,
independent of temperature change, if it began fully hydrated.
0.0 Only fully dehydrated material hydrates along the adsorption
0.00 . branch because of the structure changes mentioned above.

193 213 9233 253 273 293 313 333 _ The potential list of hydra_lted mlngrals in the martian _regollth
TinK is large, among them a variety of different sulfat€eQdrin et
_ dsorotion isobars onite a1 0.0001. 0.001. 0.0 al., 2005; Fialips et al., 20Q5Therefore, we compare Fable 1
e o o onsade TG and DSC data for chabazite, clnoptiolte, nonironie
isotherm data (adsorption branch). and montmorillonite with data for several sulfate minerals to
obtain information on the stability of the sulfate hydrates. The
(Fig. 6). The changes with temperature are more or less corinass losses (desorbed/dehydrated amounts of water) range be-
tinuous. This is not the case for the smectites. Furthermore, dween 0.17 and 1t dry mineral and correspond well with
mentioned above, smectites such as nontroFitg §) are only  values determined by the isotherm measurements for zeolites
weakly hydrated at 293 K but progressively hydrate as temperand clays and the molar water content of the sulfates.
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Fig. 10.1H MAS MNR spectra of chabazite, clinoptilolite and montmorillonite

Fig. 9. Differential molar heats of adsorption as function of the adsorbeddt room temperature.
amount for water/nontronite at 303 K; dashed lines indicate the heat of va-
porization of water and the heat of sublimation of water ice.

A comparison of the integral heats of desorption (last col-
umn in Table J) is interesting because these values allow an
estimate of the stability of the hydrated phases under certain
condition of temperature and pressure (M&ghlmann, 2003
The zeolites chabazite and clinoptilolite remain at least partially
hydrated over the measured temperature range of the isotherms,
whereas the smectites (nontronite and montmorillonite) do not.
Accordingly, the integral heats of desorption are lower by about
10 kJ/mol, although this is still higher than the enthalpy of sub-
limation of ice (50.87 kdmol).

Fig. 9shows, as an example, the heat curve (differential mo-
lar heats of adsorption as function of the adsorbed amount) for
nontronite in comparison with the value of the heat of vapor-
ization of water and the heat of sublimation of ice. From this e e e e e e e e
figure can be concluded that at lower loadings typical of non- 30 0 -0
tronite @ < 0.1 g/g) the heats of adsorption are significantly
higher than the heat of sublimation of ice. Consequently, at |ea§fg. 11. Deta?ls o_f thé'H MAS MNR spectra of the chabazite, clinoptilolite

. . and montmorillonite at room temperature.
partially hydrated nontronite should be more stable than water
ice.

The integral heats of dehydration of the sulfates {&d®e 1)

clinoptilolite

montmorillonite

chabazite

J/ppm

bands, as can be seen for chabazite with a sharp peak at 4.6 ppm

depend on the hydration state of the sulfate mineral and ranggig' 10 and only hints of spinning side bands (d&g. 11).

between 59 and 85 kihol. These values are all higher than the Montmorilionite shows a broader signal with some spinning
heat of sublimation of ice, and the magnesium sulfate shoul§ide bands and clinoptilolite shows the pattern for less-mobile

be stable (at least as monohydrate) under the temperature aw&ter. Unfortunately, nontronite is not suitable for NMR exper-

vapor pressure conditions on the martian surface. These resulf§ents because ofits iron content but itis expected to be similar
show that water can exist as adsorption water or hydrate w40 montmorillonite. The NMR spectra suggest that the water in
ter in equilibrium with the martian atmosphere in regions of theChabazite and in smectite is at least partially mobile. Most of the
upper martian surface were water ice has disappeared via sufyater in chabazite and about 80% of that in montmorillonite is
limation. These findings are consistent with the Mars Odysse{nobile water (on the time scale of the NMR experiment, 10 ps)
data and the results of the OMEGA/Mars Express mission. ~and the remaining amount is more tightly bound. Clinoptilolite
The NMR results Eigs. 10 and 1)lprovide information on ~ contains about 25% of its water in a mobile state whereas the
the mobility of the hydrate water in these minerafeginowski ~ majority of the water is more tightly bonded.
et al., 1988. According to Yesinowski et al., structurally iso- ~ Measurements of the intracrystalline self-diffusion of water
lated water groups in minerals such as gypsum yield sharjn A-type zeolites using the NMR pulsed-field gradient tech-
peaks with a characteristic dipolar sideband pattern extendingique (byKéarger et al., 198pshow that the mobility of the
over~100 kHz. In contrast, isotropically mobile water in fluid adsorbed water can be quite high and depends on different pa-
inclusions gives rise to single sharp peaks without spinning sideameters such as the type of zeolite, the kind of cations, the
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adsorbed amount and the number of “frozen” water molecule®oynton, W.V., Feldman, W.C., Mitrofanov, I.G., Evans, L.G., Reedy, R.C.,

For an Si-rich A-type zeolite (ZK-4) the self-diffusion coeffi-  Squyres, S.W.,, Starr, R., Trombka, J.I., D'uston, C., Arold, J.R., Englert,

cient for the adsorbed water iss5510° m2s—1 at 250 K and to P.A.J., Metzger, A.E., Wéanke, H., Bruckner, J., Drake, D.M., Shinohara, C.,
10 a2 1 L g Fellows, C., Hamara, D.K., Harshaman, K., Kerry, K., Turner, C., Ward,

about 5x 10~ m<s™" at 200 K, which is Only one to two or M., Barthe, H., Fuller, K.R., Storms, S.A., Thornton, G.W., Longmire, J.L.,

ders of magnitude lower than the corresponding coefficients for | jtak, M.L., Ton'chev, A.K., 2004. The Mars Odyssey gamma-ray spec-
liquid water at room temperature. Thus, the presence of adsorp- trometer instrument suite. Space Sci. Res. 110, 37-83.

tion water and its mobility in these porous minerals might beCarey, J.W., Bish, D.L., 1996. Equilibrium in the clinoptilolite;@ system.
important for adsorption-water-triggered chemistry and hypo-_ AM: Mineral. 81, 952-962.

. . . L. .. Chipera, S.J., Carey, J.W., Bish, D.L., 1997. Controlled-humidity XRD analy-
thetical exobiological activity on Marg{6himann, 2004 ses: Application to the study of smectite expansion/contraction. In: Gilfrich,

J., Noyan, I.C., Jenkins, R., Huang, T.C., Snyder, R.L., Smith, D.K., Zaitz,
4, Conclusions M.A., Predecki, P.K. (Eds.), Advances in X-Ray Analysis, vol. 39. Plenum,
New York, pp. 713-722.

« Based on the results of our laboratory studies, componenf&inin, M:M., 1960. Theory of physical adsorption of gases and vapors and
adsorption properties of adsorbents of various natures and porous structures.

pf the martian soil identified by the OMEGA team, includ- gL Div. Chem. Soc., pp. 1072-1078.

ing smectites, Mg-sulfates, Ca-sulfate, and zeolites, can ré=eigman, w.C., Prettyman, T.H., Maurice, S., Plaut, J.J., Bish, D.L., Vaniman,

main hydrated at water vapor pressure8.01 mbar and D.T., Mellon, M.T., Metzger, A.E., Squyres, S.W., Karunatillake, S., Boyn-

temperatures between 333-257 K. ton, W.V., Elphic, R.C., Funsten, H.O., Lawrence, D.J., Tokar, R.L., 2004.
e The existence of pronounced water adsorption hysteresis in Glt_)bal distribution of near-surface hydrogen on Mars. J. Geophys. Res. 109,

. - doi:10.1029/2003JE00216809006.

Sme(?“?? due to r.evers.,|ble. structural changes Squ?StS tII'%%Iips, C.l.,, Carey, J.W., Vaniman, D.T., Bish, D.L., Feldman, W.C., Mel-

possibility of deciphering information on the past history  |on, M.T., 2005. Hydration state of zeolites, clays, and hydrated salts under

of clay-bearing deposits on Mars. present-day martian surface conditions: Can hydrous minerals account for
¢ Results of NMR measurements of adsorbed water in porous Mars Odyssey observations of near-equatorial water-equivalent hydrogen?.

; ; ; ila in  lcarus 178, 74-83.
minerals suggest that adsorptlon water remains mobile II&endrin A., Mangold, N., Bibring, J.-P., Langevin, Y., Gondet, B., Poulet, F.

some minerals at temperatures down to 200K. Bonello, G., Quantin, C., Mustard, J., Arvidson, R., LeMouélic, St., 2005.
e The presence of hydrated minerals and the (partial) mo-  suifates in martian layered terrains: The OMEGA/Mars Express view. Sci-

bility of their adsorption water in the upper layer of the  ence 307, 1587-1591.

martian surface might be important for adsorption-waterJénChen' J., Ackermann, D., Stach, H., Brosicke, W., 2004. Studies of the wa-

. . . : : . i lites and modified mesoporous materials for seasonal
triggered chemistry and hypothetical exobiological activity 6" adsorption on zeo
gge ed chemis ya d ypothetical e obio ogicalac y storage of solar heat. Sol. Energy 76, 339-344.
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