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Impact-shock behavior of Mg- and Ca-sulfates and their hydrates
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Abstract

Shock recovery experiments on MgSO4, CaSO4, and their hydrates (kieserite, epsomite, and bassanite) were performed to
investigate shock-induced dehydration and decomposition at shock pressures up to 36 GPa. The recovered solid samples indi-
cated dehydration at pressures below 24 GPa, but no clear evidence was found for possible decomposition of MgSO4 and
CaSO4 to produce MgO or CaO as final products. These sulfates and hydrates have been observed on the surface of Mars,
and the present experimental results can be applied towards understanding the presence of surface water on Mars and the
recycling of water by impacts. This finding that the sulfate hydrates undergo dehydration upon impact, as well as the fact
that the sulfates CaSO4 and MgSO4 absorb moisture, suggests the total amount of water on Mars has remained almost
unchanged since the time of formation of the planet.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Sulfur on Mars has been recognized since the energy-dis-
persive X-ray fluorescence spectroscopy element analyses
were conducted during the Viking landing mission (Clark
et al., 1982). Identification of hydrated sulfates on the sur-
face of Mars (Gellert et al., 2004) and in veins of some
meteorites such as the Martian SNC (Shergottite–Nakh-
lite–Chassignite) meteorites and the CI and CM chondrites
(Richardson, 1978; Burgess et al., 1991; Ciesla et al., 2003;
Tonui et al., 2003) has drawn considerable attention of
researchers toward these sulfate hydrates than in the past.
However, there are many reports that maintain that the hy-
drates in meteorite veins are more likely terrestrial origin
(e.g. Gounelle and Zolensky, 2001). The recent spectro-
scopic observations by the Mars Express OMEGA have
identified these hydrates as calcium sulfates (gypsum and
bassanite), magnesium sulfates (epsomite, hexahydrite,
and kieserite), and others including Fe3+-sulfate hydrate
(jarosite) at widespread locations (Gendrin et al., 2005;
0016-7037/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Langevin et al., 2005). Sulfur on Mars may provide infor-
mation regarding the evolutionary records of the Martian
atmosphere and regolith (Farquhar et al., 2000), and there
is lots of supporting evidence to explain the impact origin of
Martian sediments (Knauth et al., 2005) through the dis-
covery made by Mars Exploration Rover Opportunity.

On the other hand, one of the major extinctions on
Earth at 65 Ma, first proposed by Alvarez et al. (1980)
and to date accepted widely, appears to be related to the im-
pact of a large bolide at Chicxulub, Mexico. The subse-
quent climatic changes on Earth, resulting in global
cooling, are suggested to have been induced by a mecha-
nism that involves impact-induced release of SO2 that
caused severe shielding from sunlight. These sulfur-bearing
gases are more damaging than the CO2 released from
shock-induced degassing of carbonates (Brett, 1992; Sig-
urdsson et al., 1992; Pope et al., 1997; Pierazzo et al.,
2001; Ivanov et al., 2002; Langenhorst et al., 2003). Fur-
thermore, CI and CM chondrites that contain sulfur-bear-
ing minerals, are considered to be primitive according to
their geochemistry and their similarity to the solar photo-
sphere and presumably the early solar nebula (Leshin
et al., 1997; Ciesla et al., 2003). Therefore, we need to
understand how the sulfates and their hydrates are affected
when subjected to impact.
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Previous experimental studies on these hydrous sulfates
have revealed the occurrence of dehydration on heating.
Based on structural characterization, gypsum CaSO4Æ2H2O
starts to dehydrate to bassanite CaSO4Æ0.5H2O at 330 K,
and the process of dehydration is completed by 374 K at
one atmosphere (Abriel et al., 1990). The dehydration tem-
perature increases slightly with increasing pressure at a rate
of about 125 K/GPa (McConnell et al., 1987). Heating of
bassanite at 373–383 K produces c-CaSO4 (Abriel et al.,
1990), which is in a metastable phase and rehydrates rapidly
at normal atmospheric conditions. Two phase transitions
occur at high temperatures: transition to b-CaSO4 above
525 K and transition to a-CaSO4 at about 1470 K; The
melting temperature of CaSO4 is 1723 K (Rowe et al.,
1967).

There have been several experimental studies done on
shocked anhydrite to simulate the Cretaceous/Tertiary
(K/T) boundary event. Through shock recovery experi-
ments Chen et al. (1994) investigated the amount of SO2

produced from the reaction of CaSO4 and SiO2, and stud-
ied the devolatilization of anhydrite at shock pressures up
to 42 GPa. Thermodynamic considerations of shock-in-
duced vaporization have been employed to estimate vapor
products from anhydrite (Yang and Ahrens, 1998; Gupta
et al., 2001). However, optical microscopic studies, scan-
ning electron microprobe (SEM) examinations, and X-ray
diffraction (XRD) studies of shock-loaded anhydrite at
pressures up to 64 GPa (Skála et al., 2005) have not indi-
cated any decomposition products. Based on the Hugoniot
data on anhydrite and gypsum (Simakov et al., 1974), there
seems to be a phase transition at �25 GPa for gypsum, but
no phase transition for anhydrite up to 100 GPa. XRD
spectra for shocked anhydrite showed a slight variation of
the lattice constant with a maximum variation around a
peak shock pressure of 40 GPa, but these patterns were al-
ways the same as that for the unshocked sample (b-form of
anhydrite) (Skála et al., 2005).

Magnesium sulfates are known to exist as a series of hy-
drate forms with various water contents. Among them, only
three hydrous phases are stable at normal atmospheric con-
ditions, namely kieserite MgSO4ÆH2O, hexahydrite
MgSO4Æ6H2O, and epsomite MgSO4Æ7H2O. All of these
are sensitive to humidity and temperature. Their crystal
structures have been determined by Hawthorne et al.
(1987), Zalkin et al. (1964), and Calleri et al. (1984), respec-
tively. Experimental studies on phase equilibria in the sys-
tem MgSO4–H2O were performed by Chou and Seal
(2003) for epsomite–hexahydrite at 0.1 MPa and also by
Vaniman et al. (2004), Chipera and Vaniman (2007), and
Vaniman and Chipera (2006) under conditions similar to
those at the Mars surface. According to the experimental
results, epsomite converts to hexahydrite by loss of water,
and the reversible hydration occurs at 298 K at a relative
humidity of �50%. Kieserite is more stable at higher tem-
perature and survives up to �670 K. Hexahydrite becomes
amorphous—metastably—at 298 K. Heating of the hy-
drous sulfate produces the final product of MgSO4 which
then starts to decompose at 1168 K. It appears that a phase
transition from the b (low temperature) form to the a (high
temperature) form takes place at a temperature close to the
melting point (1409 K) (Rowe et al., 1967). However, the
system MgSO4–H2O is strongly metastable and character-
ized by sluggish kinetics and reaction routes, and exhibits
experimental difficulties.

We have investigated a series of dehydration reactions
and decompositions on the recovered solids from shocked
calcium and magnesium sulfate hydrates. Our aim is to
investigate shock-induced dehydration and transformation
in the systems CaSO4–H2O and MgSO4–H2O, but not to
determine the phase equilibria. These data will provide
valuable information for understanding the impact effects
on the surface materials and on the atmosphere of Mars,
also in terms of the climate change at the time of the K/T
boundary event.

2. EXPERIMENTAL

The samples selected were CaSO4Æ0.5H2O, MgSO4,
MgSO4ÆH2O, and MgSO4Æ7H2O. The samples other than
MgSO4ÆH2O were obtained from Kojundo Chemical Labo-
ratory Co. Ltd, Japan, with a high purity (99%). MgSO4Æ
H2O was prepared by heating MgSO4Æ7H2O at 120 �C for
4 days and the composition of the reaction product was
confirmed by X-ray diffraction as the single phase of kiese-
rite. Each powder was pressed to a disk (18 mm diame-
ter · �1 mm thick) in a steel container (30 mm
diameter · 30 mm long), at pressures up to 0.5 GPa. The
sample was placed at a depth of 3 mm from the impact sur-
face of the container. The apparent densities of the pressed
samples were calculated by measuring their thicknesses
using a vernier caliper with a margin of error of �10%
(Table 1). The porosity of the sample was also calculated
and found to be about 30–50% for MgSO4 and MgSO4Æ
H2O, about 10–30% for CaSO4Æ0.5H2O, and almost zero
for MgSO4Æ7H2O. Shock recovery experiments were con-
ducted using a 30-mm bore propellant gun (Sekine, 1997).
A 3-mm thick steel flyer plate, attached to the head of a
projectile, impacted the container. Velocity just before im-
pact was measured with a magnetoflyer method (Kondo
et al., 1977).

After successful recovery the containers were cut open to
take the samples out. Some of the containers were found to
be broken due to sudden formation of gas in the container
during pressure release, and no sample was obtained from
such shots. The samples thus obtained were investigated
immediately by X-ray diffraction (XRD) (Rigake RINT
2200 V/pc Diffractometer, operated at 40 kV, 50 mA with
Cu target) in order to identify phases present in the
shock-recovered samples at room temperature. The XRD
spectra were checked against the database PDF2 of the
International Center for Diffraction Data (ICDD). The ref-
erence data used in the present study are summarized in
Table 2. We also have saved samples in vinyl bags with seal-
ing zippers at ambient condition and measured some of the
samples by XRD in order to check the effect of humidity in
storage.

The peak shock pressure was calculated by the imped-
ance match method assuming the sample pressure reached
equilibrium with the container pressure. The actual pres-
sure experienced by a sample increases stepwise from the



Table 1
Shock-recovery experimental conditions of bassanite (CaSO4Æ0.5H2O), MgSO4, hexahydrite (MgSO4ÆH2O), and epsomite (MgSO4Æ7H2O) in steel containers

Shot No. Starting
material

Initial density
(g/cm3)

Sample thickness
(mm)

Impact velocity
(km/s)

First Pressure
(GPa)

Peak pressure
(GPa)

Phases
identified

Relative XRD peak height
ratio

1304 A 1.88 1.10 0.667 <6.2 13.4 A
1288 1.91 1.10 0.798 <7.5 16.3 B + A B/A :7.1
1290 1.95 1.10 1.133 <11.1 24.2 B
1294 1.93 1.15 1.181 <11.8 25.4 No
1305 2.39 1.05 1.190 <11.9 25.7 No
1285 2.04 1.25 1.300 <13.3 28.5 No

1307 C 1.55 1.35 0.617 12.3 E + D
1286 1.62 1.35 0.822 16.8 D + C D/C: 1.8
1306 1.59 1.30 1.000 21.0 D + C 1.3
1292 1.90 1.20 1.159 24.9 C + D 0.1
1283 2.02 1.30 1.300 28.5 C + D 0.2
1291 2.03 1.30 1.479 33.2 D + C 1.1
1303 1.567 1.4 1.579 35.9 C + D 0.6

1316 F 1.55 1.25 1.020 21.5 F + D
1317 1.46 1.20 1.010 21.3 F + D + C
1319 1.54 1.15 1.090 23.2 F + C + D
1318 1.60 1.20 1.100 23.4 No

1287 G 1.63 1.20 0.822 16.8 G + D D/G: 0.2
1301 1.51 1.15 0.900 18.6 G + D 0.9
1302 1.78 1.05 0.900 18.6 G + D 0.4
1289 1.81 1.10 1.149 24.6 G + D 0.1
1308 1.50 1.20 1.160 24.9 D + G 2.7
1322 1.78 0.54 1.176 25.3 D + G 1.9
1323 1.78 0.54 1.278 27.9 D + G 5.2
1293 1.74 1.05 1.159 24.9 No
1284 1.72 1.24 1.300 28.5 No

Note. A, CaSO4Æ0.5H2O; B, b-CaSO4; C, b-MgSO4; D, MgSO4Æ6H2O; E, a-MgSO4; F, MgSO4ÆH2O; G, MgSO4Æ7H2O; No, no sample remained due to container destruction.
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Fig. 1. XRD patterns obtained for bassanite CaSO4Æ0.5H2O.
(a) Starting material, (b) 13.4 GPa sample (#1304), (c) 16.3 GPa
sample (#1288), and (d) 24.2 GPa sample (#1290). Open circle,
b-CaSO4.
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Fig. 2. XRD patterns obtained for magnesium sulfate MgSO4. (a)
Starting material, (b) 28.5 GPa sample (#1283), (c) 24.9 GPa
sample (#1292), (d) 33.2 GPa sample (#1291), (e) 35.9 GPa sample
(#1303), (f) 21.0 GPa sample (#1306), (g) 16.8 GPa sample
(#1286), and (h) 12.3 GPa sample (#1307). Solid circle, MgSO4Æ6-
H2O and open square, a-MgSO4.

Table 2
Water content, density and the data base for sulfates and their
hydrates used in the present study

Phases Calculated
H2O (wt%)

Density
(g/cm3)

ICDD PDF2a numbers

b-CaSO4 0 2.96 01-070-0909 00-037-1496
CaSO4Æ0.5H2O 6.21 2.75 00-041-224
MgSO4Æ7H2O 51.2 1.68 01-075-0673 00-036-419
MgSO4Æ6H2O 47.4 1.72 01-072-1068 00-024-719
MgSO4ÆH2O 13.0 2.59 01-080-0545 00-033-882
b-MgSO4 0 2.93 01-074-1364 00-021-546
a-MgSO4 0 — 01-072-1259 00-019-772

a ICDD PDF2: International Center for Diffraction Data PDF2
plus database.
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first shock state to the final peak pressure and decreases
adiabatically after about 1 ls. The details of the experi-
mental conditions are given in Table 1. The maximum
shock pressure at the first state, corresponding to the inci-
dent shock pressure within the dense sample without
porosity, was also calculated by the impedance match
method where the Hugoniot data for a sample were avail-
able. The Hugoniot data for CaSO4 and CaSO4Æ2H2O were
determined by Simakov et al. (1974). The Hugoniot equa-
tion of state for CaSO4Æ0.5H2O was calculated for a mix-
ture of 3 mol CaSO4 and 1 mol CaSO4Æ2H2O, while
neglecting the temperature difference. The calculated rela-
tionship between shock velocity Us and particle velocity
Up is approximated as Us (km/s) = 3.52 + 1.57Up (km/s).
Due to the unavailability of Hugoniot data for magnesium
sulfate and its hydrates, we were not able to estimate the
initial shock pressure. There are inevitable problems re-
lated to the physical difference in shock compression pro-
cesses that can exist between experiments and natural
impact phenomena, especially in the case of residual tem-
perature and compression duration (Tomeoka et al.,
1999; DeCarli et al., 2002).

Simultaneous differential thermal analysis and thermo-
gravimetric analysis (DTA/TG) were carried out using a
Shimadzu DTG-60H instrument, up to a temperature of
1475 K for the starting material of epsomite and two sam-
ples of 1286 and 1308. The analyses were done in a nitrogen
gas flow (50 ml/min) and at two heating rates of 2–400 �
C/min and 10–1200 �C/min as separate measurements for
5–10 mg samples. The results were compared with those
reported by Paulik et al. (1981) and Bonello et al. (2005).

3. RESULTS

Fig. 1 shows the XRD spectra for CaSO4Æ0.5H2O and
the shock-recovered samples. The sample shocked at
13.4 GPa (Fig. 1b) shows little difference from the starting
material. When the pressure increased to 16.3 GPa, the
anhydrous phase (b-CaSO4), as marked by the open circles
in Fig. 1d, is a major phase (Fig. 1b). When the pressure
reached 24.2 GPa (Fig. 1c), it was found that CaSO4Æ0.5-
H2O completely transformed to anhydrite. Further increase
in pressure led to unsuccessful recovery of samples even
when much denser samples were shocked to reduce the tem-
perature rise. The shock compression of CaSO4Æ0.5H2O
caused the incipient dehydration at about 15 GPa and the
reaction was completed at 24 GPa.

The XRD patterns for MgSO4 and its shocked samples
are shown in Fig. 2. All the samples up to 36 GPa were
recovered successfully. The XRD peaks for hexahydrite
(MgSO4Æ6H2O) were always observed as in the starting
material (b-MgSO4). The amounts of observed hexahydrite
varied and there appeared no systematic changes in terms
of pressure and initial density, as shown in Fig. 2. All sam-
ples were stored in vinyl bags with sealing zippers. The
XRD reinvestigation of sample #1306 after 20 days and
of sample #1283 after 40 days revealed significant increases
in the intensity of hexahydrite peaks and showed a relative
decrease in the intensity of peaks of MgSO4, but no other
phase seemed to have appeared. The sample shocked at
12.3 GPa indicated the presence of a-MgSO4 (high-temper-
ature form) instead of b-MgSO4. The phase transition from
the low temperature form (b-MgSO4) to the high tempera-
ture form (a-MgSO4) occurs at 1090 �C and at ambient
pressure (Rowe et al., 1967). Under the given shock condi-
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tions, MgSO4 was found stable and did not decompose up
to 36 GPa.

The XRD results for shocked kieserite are shown and
compared with those of the starting material in Fig. 3. They
always showed the coexistence of kieserite and hexahydrite
and showed increasing amounts of b-MgSO4 with increas-
ing shock pressure up to 23.2 GPa. Above this pressure,
no sample remained in the container (Table 1). The XRD
investigation of kieserite kept in air for three days revealed
the formation of hexahydrite, and the coexisting hexahy-
drite is considered to have formed by the effect of humidity
in air. Kieserite appeared to be stable up to a shock pres-
sure of 21–23 GPa, and it rapidly dehydrated above this
pressure.

The XRD results for epsomite and its shocked samples
are shown in Fig. 4. Hexahydrite was always identified to-
gether with epsomite. The d-values of the highest XRD
peaks for hexahydrite and epsomite were at �0.44 and
�0.42 nm, respectively, and there were large variations in
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Fig. 3. XRD patterns for kieserite MgSO4ÆH2O. (a) Starting
material prepared by heating epsomite at 120 �C, (b) 21.5 GPa
(#1316), (c) 21.3 GPa sample (#1317), and (d) 23.2 GPa sample
(#1319). Solid circle, MgSO4Æ6H2O and open triangle, b-MgSO4.
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Fig. 4. XRD patterns for epsomite MgSO4Æ7H2O. (a) Starting
material, (b) 24.6 GPa sample (#1289), (c) 16.8 GPa sample
(#1287), (d) 18.6 GPa sample (#1302), (e) 18.6 GPa sample
(#1301), and (f) 24.9 GPa sample (#1308). Solid circle,
MgSO4Æ6H2O.
the relative peak intensities for the two phases. In order
to estimate the relative amounts, the height ratio of the
highest peaks was calculated (Table 1). The ratio increased
with increasing shock pressure and with decreasing initial
density. For example, at similar initial densities in shots
1302, 1322, and 1323, the peak height ratios were 0.4, 1.9,
and 5.2. At similar shock pressures of 19 GPa in shots
1301 and 1302 and of 25 GPa in shots 1308, 1289, and
1322, the ratios increased with decreasing initial density.
It is noteworthy that samples were successfully recovered
in containers when smaller amounts of samples were sub-
jected to similar shock pressures in shots 1322 and 1323.

DTA/TG analytical results of our starting epsomite up
to a temperature of 400 �C are summarized as follows. At
a slow heating rate (2 �C/min), there were three endother-
mic peaks that were seen at 41 �C, at 50 �C (small peak)
and at 72 �C (large peak), and one exothermic peak at
270 �C. The TG weight change at 380 �C was 48 wt%. This
is compared with the theoretical value of 51 wt% loss after
the complete dehydration of epsomite to MgSO4 above
300 �C (Bonello et al., 2005). The TG weight loss was
43.4 wt% before the exothermic peak at 270 �C, and it is
very close to the theoretical estimation for dehydration of
epsomite into kieserite (43.9 wt%). The TG curve below
100 �C did not show any plateau and the detailed profile
for dehydrations from epsomite to kieserite were not clearly
observed in the present study. At a high heating rate (10
�C/min), the endothermic peak and the exothermic peak,
corresponding to the 72 and 270 �C peaks observed at the
low heating rate, shifted to 98.5 and 298 �C, respectively.
The DTA/TG curves were flat over the temperature range
of 300–800 �C, and an endothermic peak at 1007 �C was
observed that corresponds to the decomposition of MgSO4

to MgO plus gas phase. The final weight loss reached 82.3%
around 1100 �C. The DTA/TG profiles for samples 1286
and 1308 were essentially the same as that for epsomite,
although they contained hexahydrite as the major phase.
The weight changes at 380 �C were 43.7% for sample
1286 and 31.4% for sample 1308, and the weight changes
at 1100 �C were 81.4% for sample 1286 and 64.5% for sam-
ple 1308, respectively. There was an endothermic peak at
327 �C (at 2 �C/min) or 355 �C (at 10 �C/min) that was
not observed in the measurements of sample 1308 and eps-
omite. We do not understand what this peak means.
4. DISCUSSION

Initial density of a sample has been found to be an
important factor to control the shock dehydration reaction,
as well as peak shock pressures, because it is directly related
to shock temperature rise. Shock temperature is calculated
on the thermodynamic consideration using the Hugoniot
equation of state. We calculated model cases for bassanite
(CaSO4Æ0.5H2O) and anhydrite (CaSO4), because their spe-
cific data and Hugoniot curves are available. The calculated
shock temperatures for bassanite are 670 K at 20 GPa and
1035 K at 30 GPa for a Grüneisen parameter of 1, and
790 K at 20 GPa and 1200 K at 30 GPa for a Grüneisen
parameter of 2. Those for anhydrite are 635 K at 20 GPa
and 970 K at 30 GPa for a Grüneisen parameter of 1, and
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735 K at 20 GPa and 1115 K at 30 GPa for a Grüneisen
parameter of 2. Considering the porosity effect, the temper-
atures should be much higher. The heterogeneous distribu-
tion of pores in powder samples causes local temperature
rise that initiates the dehydration reactions in the shock
process. The dehydration products were observed accord-
ing to the following reactions:

CaSO4 � 0:5H2O ðsÞ ¼ b� CaSO4 ðsÞ þ 0:5H2O ðgÞ ð1Þ
MgSO4 �H2O ðsÞ ¼ b�MgSO4 ðsÞ þH2O ðgÞ or

a�MgSO4 ðsÞ þH2O ðgÞ ð2Þ
MgSO4 � 7H2O ðsÞ ¼MgSO4 � 6H2O ðsÞ þH2O ðgÞ: ð3Þ

At ambient pressure, hexahydrite becomes unstable at high
temperatures relative to kieserite (Bonello et al., 2005), but
we observed only hexahydrite as the dehydration product
of epsomite. According to the observed shock products,
shock temperature was estimated to be in the stability field
of b-CaSO4 and b-MgSO4, except for shot 1307 that indi-
cated the presence of a-MgSO4. There is no clear evidence
for the decomposition and melting of CaSO4 and MgSO4

from the XRD spectra of the recovered samples, and the
shock temperatures for the successfully recovered shots
were below their decomposition and melting temperatures.

Magnesium sulfate hydrates show a systematic variation
in their density–water content (Table 2). Thermodynami-
cally, pressure causes dehydration to increase density in sol-
ids. Shock compression results in a lower hydration state of
reaction products. The dehydration experiments indicated
stepwise dehydration progressively producing less-hydrated
forms of magnesium sulfate. Epsomite dehydrates to hexa-
hydrite but not to the hydrous phases with lower water con-
tent. This may have been controlled also by the strength of
a container. The sample space in a container can hold a lim-
ited gas pressure, and the dehydration from epsomite to
kieserite was not observed in the present study; this is be-
cause such a large amount of water could not be held in
our containers. It would be possible for epsomite on the
surface of Mars to dehydrate by impacts not only to hexa-
hydrite but also to other hydrous phases with lower water
contents, and even to the anhydrous phase, depending on
impact conditions, because Mars can be regarded as an
open system. These dehydrations would produce water or
ice on the surface. However, this may not be correct if a ser-
ies of dehydration reactions are controlled by the activation
energy barriers for dehydration between phases with more
than simple removal of water that require significant crystal
structure rearrangement. According to the review by Haw-
thorne et al. (2000), the SO4 tetrahedra are linked to the
Mg(H2O)6 octahedra through H-bonding in epsomite, but
there is no Mg(H2O)6 octahedron in hexahydrite. Kieserite
consists of a three-dimensional infinite framework of cross-
linked chains of the SO4 tetrahedra and the Mg(O, H2O)6

octahedra with shared corners and is more stable than other
Mg sulfate hydrates. These structural differences may have
a considerable effect at low temperatures such as those at
the surface of Mars.

The shock-induced dehydrations of epsomite, kieserite,
and basanite indicated abrupt water loss at shock pressures
of 21–24 GPa, although the onset pressures appear to be
much lower depending on the initial porosity. Peak pres-
sures as indicated from Martian meteorites would be in
the range of 5–50 GPa (Nyquist et al., 2001; Fritz et al.,
2005), and impact-induced dehydrations could be possible
on Mars. When these sulfate hydrates are subjected to
meteoritic impact on the Mars surface, there would be a
threshold impact velocity for dehydration, depending upon
what the impactor is. The bulk density of Martian surface
materials is about 1.2–2.6 g/cm3 (Christensen and Moore,
1992), and we here assume that the Mars surface consists
of a material with Hugoniot equation of state similar to
that of gypsum (density = 2.28 g/cm3) or bassanite
(2.75 g/cm3) (Fig. 5). The threshold impact velocity for im-
pact-dehydration can be calculated by means of the
impedance match method. Possible impactors include water
ice, carbonaceous chondrite, ordinary chondrite, iron mete-
orite, and their mixtures. Their Hugoniots are listed in
Table 3. Fig. 5 illustrates a plot of particle velocity (Up)–
pressure (P) to estimate an impact velocity. Hugoniot rela-
tions for them are given by Us = C+SUp, where C and S

are constants (Table 3). The ranges of impact velocity cor-
responding to a peak shock pressure of 21–24 GPa are 1.9–
5.1 km/s, being comparable to or below the escape velocity
of Mars (�5 km/s). Therefore, the ejected materials can re-
turn back, and accumulate even if they were dehydrated by
impact, although the calculations are assuming no reaction
between target and impactor.

The present recovery experiments on magnesium sulfate
(b-form) have indicated its high stability at least up to a
pressure of 36 GPa (the highest in the present study) and
at high shock temperatures where the a-form was stable.
We did not obtain any evidence for decomposition to
MgO and SO2. Previous experimental results on anhydrite
CaSO4 and mixtures of anhydrite and quartz powders gave
no direct evidence for decomposition up to about 60 GPa
(Skála et al., 2005), although Chen et al. (1994) found the
formation of iron sulfide in a shocked mixture of anhydrite,
quartz, and iron. They believed that devolatilization of
F
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im
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Table 3
Estimation of critical impact velocities for various bolides to dehydrate sulfate hydrates, approximated by the Hugoniot of gypsum (G) or
bassanite (B), at peak pressures of 21–24 GPa. Us = C + SUp (both C and S are constants)

Materials Density (g/cm3) C S Impact velocity (km/s)

G B

Gypsum (G) 2.28 2.85 1.92 (Up < 1.8 km/s)
2.45 1.80 (Up > 2.1 km/s)

Bassanite (B) 2.75 3.52 1.57
Murchison 2.20 1.87 1.48 3.6–3.9 3.3–3.6
Jilin 3.44 3.98 1.37 2.7–2.9 2.4–2.7
Iron 7.85 3.93 1.58 2.1–2.3 1.9–2.1
Ice (H2O ice) 1.0 1.70 1.71 (Up < 2.5 km/s) 4.7–5.1 4.5–4.9

2.65 1.27 (Up > 2.5 km/s)

Hugoniot data: gypsum from Simakov et al. (1974), bassanite from data estimated in this paper, Murchison from Anderson and Ahrens
(1998), Jilin from Lin (1984), iron from Brown et al. (2000), H2O ice from Ahrens and Johnson (1995).
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anhydrite did occur in the sample. Chen et al. (1994) ad-
dressed the effect of reducing iron, and Yang and Ahrens
(1998) and Gupta et al. (2001) measured velocity profiles
of shocked porous anhydrite and employed the entropy cri-
terion to model vaporization of material under the shock
compression process. The estimated pressures for incipient
and the complete vaporization along the Hugoniot of anhy-
drite are 32.5 and 122 GPa, respectively. According to these
results on anhydrite, vaporization will occur to a lesser de-
gree at pressures up to about 60 GPa and it proceeds
abruptly above the critical shock pressure. Another thermo-
dynamic calculation for non-porous anhydrite (Ivanov
et al., 2004) gives estimates for melting at 80–90 GPa, incip-
ient decomposition at 60–70 GPa, and equilibrated decom-
position at 100–110 GPa, respectively. For calcite
decarbonation, the produced CaO has been known to be
highly reactive to revert to CaCO3 during shock pressure
release (Agrinier et al., 2001). Similarly, anhydrite decom-
position may have reverted to CaSO4 on pressure release.
Vaporization of magnesium sulfate follows a similar path,
and would occur at a relatively lower temperature due to
the stability difference at ambient pressure.

It has been generally recognized that most sulfates,
which may be present on the surface of Mars, can be hy-
drated easily to retain moisture. The present experiments
have indicated that the dehydration can also easily occur
in the propagation process of shock waves generated by im-
pacts. The properties of sulfates and sulfate hydrates imply
that the total amount of water as a volatile substance would
be kept almost constant even if Mars is subjected to heavy
bombardment. This further suggests that a large amount of
water in the liquid form was not present on Mars except at
the time of Mars formation and that the early Mars had an
atmosphere and volatiles near the subsurface. These hydra-
tion and dehydration reactions may have played a key role
as a resurfacing process on Mars as well as a possible pro-
cess for life on Mars (Squyres et al., 2004).
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