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Introduction: The composition of the fine-grained
soil on Mars contains important clues to the past cli-
mates and geological history of Mars.  The soil
probably consists of rock material and additional
components added by geochemical transport mecha-
nisms.  Removal of soluble material from the soil by
leaching may have also occurred during the early his-
tory of Mars.  Compared to the composition of igneous
Mars rocks (SNC meteorites), the Viking and Soviet
Phobos mission measurements suggest that the mar-
tian soil is enriched in S, Cl, K, and probably Br [1,2].
In addition to the rock composition, three additional
sources of material could represent components of the
soil.  A fumarolic component resulting from high-
temperature degassing of magma and impact melt
displays a volatility controlled signature.  A hydro-
thermal component represents the elements released
by volcanic and impact driven hydrothermal alteration
of minerals and glass, controlled by low-temperature
solubility (Fig. 1).  A chondritic component will be
enriched in siderophile and chalcophile elements
compared to material derived from the martian man-
tle, which was depleted in siderophile elements due to
core formation. We have evaluated the possible signa-
tures for these three components (Fig. 2) and have
identified characteristic elements.

Degassing and volatile element emissions:  High-
temperature degassing and fumarole emissions from
volcanoes and lava flows are well known on the Earth
(e.g. [3]), and are thought to represent the degassing
of magmas.  The existence of degassing pipes in
suevite at the Ries Crater [4] suggests similar effects
can occur during impact crater formation.  Estimating
the composition of such emissions can be roughly ap-
proximated by examining the emissions from terres-
trial volcanoes. Clark and Baird [1] suggested that
martian soils may have high concentrations of Pb, Br,
Sb, Hg, and As, based directly on the composition of
Hawaiian fumarole deposits.  We have utilized data
from a number of additional sources to establish the
range of possible enrichments [e.g. 4]. We have also
corrected the terrestrial compositions for the differ-
ence between the composition of the terrestrial mantle
and the martian mantle.  Compared to SNC meteor-
ites, the martian soil contains substantial enrichments
of S, Cl, and K, which we use to constrain the possible
contributions from the normalized flux of volcanic
emissions as summarized in the conclusions.

Hydrothermal alteration and palagonitization:
The chemical alteration processes effecting minerals
and glasses produced by volcanism and large impacts

not only provide clays that contribute to the bulk ma-
terial in martian soils, but also release fluid-mobile
elements which can be transported and deposited at
the surface in hot springs and fumarole deposits.
Boslough and Cygan [5] showed that shock-activated
minerals are more easily altered enhancing the effects
related to impacts.  Two types of data are used to de-
fine the possible composition of this component of the
martian soil, studies of altered basaltic and impact
materials (Fig. 1), and the composition of thermal hot
spring waters.  A correction for the Mars/Earth com-
positional difference has also been made.

Chondrite additions:  The rain of chondritic debris
including organic matter [6] on Mars is more intense
than at the Earth because of the proximity of the as-
teroid belt. Clark and Baird [7] suggested that a CI
component could have been added to the martian soil.
The chondrites are highly enriched in siderophile
elements compared to martian samples because of core
formation in Mars. Martian impact melts may contain
up to 40% projectile material, because of the low im-
pact velocities [8].  Alteration of impact deposits early
in Mars history may have preferentially contributed to
the martian soil [9].  In contrast, the incorporation of
achondrite material into the martian soil would not be
easily detected, since core formation and degassing
also fractionated siderophile and volatile elements in
most of the achondrites.
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Figure 1 Backscattered electron image of impact melt
glass from Otting at the Ries Crater, Germany.
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Conclusions: The martian soil contains trace ele-
ment clues to its origin and age.  The most character-
istic element for the hydrothermal fluid component is
Li, which would be enriched relative to the other
components (SNC composition, the CI component and
the fumarolic component).  For the chondritic compo-
nent Co, and Ni may be enriched relative to the other
components.  For the fumarolic component, the ele-
ments Mo, Cd, Ba, and W may be enriched relative to
the other components.  The elements Cu, Zn, and Bi,
will be enriched by both the CI chondrite and fuma-
rolic component relative to SNC compositions.  Simi-
larly Se is enriched in the fumarolic and CI chondrite
components, but its hydrothermal signature is un-
known.  The elements Rb, Cs, and F would be en-
riched in the fumarolic and hydrothermal component.
Enrichments of Cl, and Br above the possible CI level
would also indicate enrichments from the fumarolic
and hydrothermal components. Several elements, in-
cluding Cl, P, S, Sb, Ag, Hg, Au, and Pb, can be en-
riched relative to the SNC composition by all three of
the components.  Finally, the enrichment of the soil in
S, Cl, and possibly metals, such as cadmium, arsenic
and lead has implications for the origin of life, and
represents a possible hazard to future human explora-
tion.

During the early part of Martian history water was
more available, leading to giant outflow episodes.
Within the outflow channels, excavated outcrops of
ancient buried soils may occur.  The brief nature of

the outflow episodes may have prevented significant
leaching of exposed soils except in lakes [10].  During
the later history of Mars, volcanism and the deposition
of cosmic dust may have been more important as the
amount of impact activity waned. Although the surfi-
cial soils analyzed by the two Viking landers suggests
a globally mixed aeolian deposit, significant differ-
ences may exist between soil deposits in the ancient
cratered highlands of Mars, and the younger volcanic
terrains of the other hemisphere. Thus the nature of
soils formed at different times and places in Mars
history may record different trace element signatures.
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Figure 2. Compositions of possible components of the
martian soil compared to SNC meteorite composi-
tions, and measured abundances and detection limits.
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