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Abstract

Regolith and dust cover the surfaces of the Solar Systems solid bodies, and thus constitute the visible surface of these objects. The

topmost layers also interact with space or the atmosphere in the case of Mars, Venus and Titan. Surface probes have been proposed,

studied and flown to some of these worlds. Landers and some of the mechanisms they carry, e.g. sampling devices, drills and subsurface

probes (‘‘moles’’) will interact with the porous surface layer. The absence of true extraterrestrial test materials in ample quantities

restricts experiments to the use of soil or regolith analogue materials. Several standardized soil simulants have been developed and

produced and are commonly used for a variety of laboratory experiments. In this paper we intend to give an overview of some of the

most important soil simulants, and describe experiments (penetrometry, thermal conductivity, aeolian transport, goniometry,

spectroscopy and exobiology) made in various European laboratory facilities.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Mars, the Moon, Mercury and many other solar system
objects (e.g. asteroids, satellites) are covered by a layer of
(mostly) loose, granular material, which is called regolith.
Martian regolith is frequently, but nevertheless incorrectly,
called soil (soil is a pedogenetic term reserved for Earth,
and requires chemical, mineralogical and structural mod-
ifications induced by intense biological activity). The
regolith layer constitutes the visible surface of these objects,
determines the energy balance with the sky (open space
or atmospheric) and interacts mechanically with impacting
meteorites, surface landers, rovers, drills and sampling
devices. On Mars it may exchange volatiles with the atmo-
sphere and it interacts with wind. A layer of regolith can
serve as a thermal blanket for near-surface ices, modifying
their mobility and thermomechanical properties. Such a
e front matter r 2008 Elsevier Ltd. All rights reserved.
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layer may also bear organic molecules arising from indi-
genous or exogenous processes: a regoliths fine-structure
and large specific surface area provides some shielding
from solar ultraviolet (UV) light that can degrade organic
matter. Sufficiently thick layers of regolith can attenuate
cosmic radiation.
One of the objectives of international future planetary

exploration programs is to implement a long-term plan for
the robotic and human exploration of solar system bodies.
The Moon has recently attracted renewed interest by space
agencies, e.g. NASA’s ‘‘Moon Mars and Beyond’’ and
ESA’s Aurora programme. Mars has been a central object
of interest in the context of extraterrestrial life. In support
of future missions to Mars, simulations in the laboratory
are crucial to optimize in situ exploration and measure-
ments. Simulations of the Martian environment can focus
on instrument testing, measurements on planetary analo-
gues, or address planetary protection issues, for instance.
All these are vital in support of planetary exploration. Even
when exploration aspects are not considered, Mars and its
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surface are interesting research subjects of their own right
for planetary scientists. Many fields of planetary research
necessitate having an understanding of the nature of a
regolith and the physical and chemical processes occurring
in a planetary environment. Apart from modeling and
in situ measurements, laboratory experiments are a potential
tool to investigate regoliths. Whether properties of the
soil itself and processes therein are in the focus of such
experiments or whether a test bed for space instrumenta-
tion is needed—the choice of a good sample material is
crucial. Results and conclusions drawn from simulation
experiments depend on the sample material that is used.
True extraterrestrial samples are either not available at all
or are too precious to be consumed (i.e. modified and
contaminated) by simulation experiments. Even if returned
samples would be available in ample quantities, they would
in some cases, like, for example, thermal properties
measurements, not be a good sample material: the simple
fact that the samples had to be removed from their natural
environment would modify their microstructure, their
humidity, their natural temperature field, the ambient
pressure within the pores and other key parameters (see
Section 5). This adds to the necessity for good analogues as
well as good simulation facilities.

In this paper we will provide a short overview of some
commonly used soil analogues, followed by summaries of
studies that have been made with these materials in various
European laboratories. The experiments described in this
paper and the involved laboratories are by no means
comprehensive, and the selection we had to make should
not be understood as a discrimination of those not
included. Several other groups—in Europe and beyond—
contribute substantially to space simulation experiments
using soil simulants. Recent Mars missions provided a
great wealth of knowledge about different Martian soil
types (see Banin, 2005; Bell et al., 2000; Herkenhoff et al.,
2004; Johnson et al., 2007; Richter et al., 2006; Soderblom
et al., 2004, for example). We will, wherever possible,
compare our findings about Martian analogues with in situ

measurements. Because of the diversity of experiments that
are described below, there are no coherent conclusions
which would connect the various chapters with each other,
and we defer the conclusions from the end of the paper to
the individual chapters. Table 1 outlines the paper and
Table 1

Paper outline: chapters, associated laboratories and facilities, authors

Chapter 3: Penetrometry: Institut für Weltraumforschung, Graz

Chapter 4: Aeolian transport of Martian dust: Aarhus Mars Simulation

Laboratory, Aarhus

Chapter 5: Thermal conductivity: Physikalisches Institut, Universität
Bern, and Institut für Weltraumforschung, Graz

Chapter 6: Goniometry: Physikalisches Institut, Universität Bern
Chapter 7: Emissivity measurements, German Aerospace Centre (DLR),

Berlin

Chapter 8: Exobiology, Astrobiology Laboratory, Leiden
associates sections with their authors and the laboratories
and facilities used.

2. Commonly used soil simulants

The need for good sample materials led to a workshop
held at the Lunar and Planetary Institute (Houston, USA)
in September 1989 (Conveners: D.S. McKay and J.D.
Blacic), where the participants identified some key require-
ments for the production of large quantities of a Lunar Soil

Simulant. According to the definition given in McKay and
Blacic (1991), a soil simulant is . . .:

‘‘any material manufactured from natural or synthetic
terrestrial or meteoritic components for the purpose of
simulating one or more physical and/or chemical
properties of a (lunar) rock or soil.’’

Note that this definition of a soil simulant does not

require to mimic many or all properties of the simulated
soil. This constraint is probably difficult or impossible to
overcome, and must be taken into account. If the property
to be studied by a specific series of simulation experiments
is not representative in a soil simulant ‘‘X’’, then ‘‘X’’ is not
a fit soil simulant for the envisaged purpose. Marlow et al.
(2008) elaborate on this important aspect in much more
detail.

2.1. MSL-1 (lunar)

Weiblen and Gordon (1988) were the first (to our
knowledge) to report on the preparation of a lunar soil
simulant, called Minnesota lunar simulant #1 (MSL-1).
MSL was meant as a lunar mare analogue material,
matching the mineralogy, chemistry and texture of the
simulated material as closely as possible. In order to
achieve a product with a constant and homogeneous
quality, the source rock (taken from a quarry in a basalt sill
close to Duluth, MN) itself was chosen to be homo-
geneous, and the manufacturing process followed well
documented, reproducible methods, including crushing,
grounding and sieving. Though MSL-1 and real lunar mare
material (LMM) are chemically quite similar, MSL
contains 3.5% ferric iron and 0.4% water, which both
are missing in LMM. Furthermore, MSL-1 contains more
feldspar and some biotite. While LMM contains glass and
mineral agglutinates, both are absent in MSL-1. For more
information, see Weiblen and Gordon (1988) and Weiblen
et al. (1990). Searching the literature for MSL-1, it appears
that this soil simulant has not been used commonly.

2.2. JSC-1 (lunar)

Based on the recommendations and the roadmap given
in McKay and Blacic (1991), about 13 tons of a lunar soil
simulant were prepared under the coordination of Johnson
Space Center. The main characteristics are given in McKay
et al. (1993) and, in more detail, in McKay et al. (1994).



ARTICLE IN PRESS

Fig. 1. A cinder cone close to the Saddle Road between Mauna Kea and

Mauna Loa on Hawai’i. JSC (Mars-1) is produced of material taken from

one of these cinder cones (Pu’u Nene) (photo by Ziethe and Seiferlin,

2005).
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The raw material was mined from a basaltic pyroclastic
sheet in the San Francisco mountains near Flagstaff, AZ.
Compared to other soil simulants that had been produced
earlier, JSC-1 is standardized and thus allows direct
comparison of results obtained with different techniques
and at different laboratories. The aim was to produce a
simulant that is chemically, mineralogically and texturally
similar to mature lunar mare regolith.

The chemical composition of JSC-1 is somewhat similar
to lunar soils at the Apollo 14 landing site, while the grain
size distribution better fits coarse lunar soil. A glassy
component that is abundant in true lunar soil (‘‘agglutinic
glass’’) and is produced by micrometeorite impacts is
absent in JSC-1 (see Taylor et al., 2004, for instance),
though it is relatively glass-rich (� 50%). The particle
density of JSC-1 (2:6 g=cm3) is at the lower end of particle
densities of lunar regolith (2.6–3:5 g=cm3). The bulk density
of the porous simulant is not given. The mechanical
properties (axial strain, principal stresses, elastic con-
stants and density) have been studied by Klosky et al.
(1996).

Unfortunately, JSC-1 is no longer available at the prime
source, because all samples have been distributed among
laboratories around the world.

2.3. JSC-1A, AF and AC (lunar)

After having emptied the JSC-1 stocks completely, there
is a need for new sample materials. Carter et al. (2004)
suggested the production of large quantities (4100 tons)
of a standardized and homogenized baseline or master
material, from which several more specialized simulants
could be developed, e.g. by implanation of solar wind
particles, sieving or admixture of additional components.
They point out that a root simulant for lunar highlands
would be a desirable option for a second new-generation
material.

Meanwhile, JSC-1A lunar mare regolith simulant has
been produced to support NASA’s future exploration of
the lunar surface. The material was created to match, as
closely as possible, the composition of the previous JSC-1
lunar regolith simulant. Like the original JSC-1 material,
JSC-1A was mined from a volcanic ash deposit located in
the San Francisco volcano field near Flagstaff, Arizona.
This ash was erupted from vents related to Merriam Crater
(35�20N; 111�170W), and was collected from a commercial
cinder quarry near the south flank of the crater. The mined
ash was processed into JSC-1A by ET Simulants, LLC.
JSC-1A has a grain size distribution similar to the previous
JSC-1 simulant, and is then further processed into JSC-
1AF and JSC-AC. The JSC-1AF simulant has a signifi-
cantly smaller grain size than the previous JSC-1. The
average particle size of JSC-1AF is 27:12mm, and the
median size is 24:04mm. JSC-1AC represents a coarser
grain size distribution.

A detailed characterization is available at www.
lunarmarssimulant.com.
2.4. JSC (Mars-1)

A Mars soil simulant—JSC (Mars-1)—was developed
and produced in large quantities since 1997 under the
coordination of Johnson Space Center. The raw material
was mined on a cinder cone on Hawai’i, Pu’u Nene, which
is located close to the saddle road between Mauna Kea and
Mauna Loa (see Fig. 1). It was chosen mainly because of its
spectral similarity to bright regions on Mars, and consists
of weathered volcanic ashes (palagonitic tephra) (Allen
et al., 1997, 1998a, b). The chemical composition, miner-
alogy, spectral characteristics, magnetic properties, volatile
content, density and grain size distribution are also given
by Allen et al. (1997, 1998a, b). They point out a
remarkable difference in density and porosity between
JSC (Mars-1) and Martian soil (see Table 2). Both
parameters influence quite effectively the thermal and
mechanical properties. Therefore, it may not be expected
that laboratory measurements using JSC (Mars-1) yield
mechanical or thermal properties that are representative
for Mars. JSC (Mars-1) contains a significant amount
of volatiles, first of all water, while Martian soil is very
dry. This difference may influence thermal measurements,
exobiology experiments, wind-drift experiments and other
measurements.
The particle size distribution of Martian soil, where

such data exist, is also different from that of JSC (Mars-1)
(see Fig. 2). The heterogenous grain size distribution of
Mars-1 causes the material to suffer from segregation—
simple agitation causes larger grains to rise toward the
surface of a sample. Optical images of the material reveal a
degree of non-uniformity among the grains, with darker
material being more prevalent at the largest grain sizes.
Mars-1 is not processed during its collection or curation so
as to remove organic matter. The material should therefore
be expected to contain a small amount of organic matter in

http://www.lunarmarssimulant.com
http://www.lunarmarssimulant.com
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Table 2

Densities and porosities of JSC (Mars-1), Salten Skov, UK4, Haldit and Martian soil

Source Allen et al. (1997) Allen et al. (1998b) This work

JSC (Mars-1) porosity 54% – –

JSC (Mars-1) porosity, after vibration 44% – –

JSC (Mars-1) particle densitya 1:91� 0:02 g=cm3 – 2:51 g=cm3

JSC (Mars-1) bulk density 0:87� 0:02 g=cm3 0:8 g=cm3 –

JSC (Mars-1) bulk density, after vibration 1:07� 0:02 g=cm3 0:9 g=cm3 –

JSC (Mars-1) loose packing – – 0:91 g=cm3

JSC (Mars-1) dense packing – – 0:91 g=cm3

Viking 1 landing site, wind drift 1:2� 0:2 g=cm3 1:2� 0:2 g=cm3 –

Viking 1 landing site, blocky soil 1:6� 0:4 g=cm3 1:6� 0:4 g=cm3 –

Pathfinder landing site – 1:52 g=cm3 –

Viking porosity 60%� 15% – –

Salten Skov particle density – – 2:82 g=cm3

Salten Skov loose packing – – 1:20 g=cm3

Salten Skov dense packing – – 1:62 g=cm3

Halditt particle density – – 2:80 g=cm3

Haldittloose packing – – 1:09 g=cm3

Halditt dense packing – – 1:52 g=cm3

UK4 particle density – – 2:72 g=cm3

UK4 loose packing – – 1:28 g=cm3

UK4 dense packing – – 1:57 g=cm3

The properties in the last column have been derived from Pycnometer tests.
aThe derived grain density for the JSC (Mars-1) is considerably higher than in Allen et al. (1997), however, both values are within the limits given by

small samples.

Fig. 2. Grain size distribution of four Martian soil analogue materials.
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the form of aerosol deposits, dusts and human effluvia.
Some of this bioload will consist of dormant spores of
bacteria and fungi (Allen et al., 2000; Mendez et al., 2005)
as well as macromolecular compounds associated with
their metabolism such as biofilms.

A new type of Martian soil simulant, named JSC

(Mars-1A) was developed very recently and will be available
from 30 September 2007. (Refer to www.lunarmarssimulant.
com, for details.)
2.5. Salten Skov

Another regolith simulant has been used by European
planetary research groups as an analogue for portions of
the Martian dust. This dark red soil, hereafter referred to
as Salton Skov, is a subsurface deposit from the central
Jutland region of Denmark. It occurs over an area of
700m2 in extent and is rich in precipitates of iron oxides.
Salten Skov is meant as a Martian dust simulant and not a

http://www.lunarmarssimulant.com
http://www.lunarmarssimulant.com
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soil simulant. A mineralogical description of this material
has been made by Nørnberg et al. (2004). This analogue
has had limited use in Martian simulation studies, with
emphasis instead placed on its fine grain size and magnetic
properties (Merrison et al., 2004). Fig. 2 compares the
grain size distribution of Salten Skov with those of other
sample materials, incl. JSC (Mars-1). This grain size
distribution has been measured on sample material that
had been shipped from Aarhus University, Denmark, to
Institut für Weltraumforschung, Graz, Austria, and stored
for quite some while. The storage and handling caused
clodding of small particles in the 2mm size range. Thus, the
size distribution in Fig. 2 does not show the intrinsic size
distribution of Salten Skov, which is rather dominated by
fine grains in the micrometer range. The silt and clay size
fraction (o63 mm) makes up 35.5% of the particles smaller
than 2mm. This fraction was separated from the total
sample by dry sieving. It has a free iron content of 35.8%
of which nearly 90% is crystalline iron oxides (hematite
and maghemite, DCB/oxalate extraction). Most of the
grains with a diameter o63mm consist of aggregates,
which can be split into particles 2mm in size.

The particle size of the o63mm fraction was determined
by laser diffraction and is shown in Fig. 3, taken from
Garry et al. (2006) which shows two charts of the same
data. The leftmost chart illustrates the complete absence
of particles with diameters larger than 0.2mm. The right-
hand side chart in Fig. 3 shows the same data as the left-
most chart, but plotted over one tenth of the physical scale,
showing that the Salten Skov material is composed
predominantly of dust-size particles. No biological assays
are available for this material, and in theabsence of
contrary evidence it should be expected that this material
hosts a bioload of fungal and bacterial spores.
2.6. Other sample materials

In this work we also describe experiments made with
sample materials other than those soil simulants mentioned
above. Their densities are given in Table 2. For certain
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Fig. 3. Size distribution of S
kinds of measurements (e.g. thermal and mechanical
properties) the grain size, density and shape is more
important than the composition. Therefore, other granular
materials that are available in large quantities may be a
good replacement for ‘‘official’’ soil simulants. Mineral
samples used in this work are UK4, Halditt and coarse
grained dunite.
UK4 is a mechanical analogue chosen as replacement for

the JSC (Mars-1) material from a quarry close to Graz,
since for certain penetrometry tests the available amount of
JSC (Mars-1) material was insufficient. The name UK4 is
the brand name denoting an unwashed sand of maximal
grain size 4mm which was sieved to a maximal grain size of
1mm for our purpose. The composition is mostly quartz
(40%), plagioclase (20%), alkali feldspar (10%), muscovite
(15%), hornblende (5%) and dolomite (5%).
Fohnsdorfer Halditt is the weathered excavation residual

from the Fohnsdorf (Austria) coal mining site. It was
chosen as a mechanical analogue material and has a similar
grain size distribution as the Salten Skov material.
The composition is mainly quartz (15%), feldspar (both
plagioclase and alkali feldspar; � 20%) and hornblende
(10%). Additionally, there are dolomite (5%), iron bearing
materials, such as hematite and hydrohematite and sulfate
containing materials have been found as traces in the
analysis. Also a small amount of muscovite was found in
an XRD spectrum.
Small glass beads have been used for thermal measure-

ments—they have the advantage that their size and shape
are well defined and the thermal conductivity of glass is
well known. Thus the measured data for loose samples can
be compared with theoretical predictions based on the
properties of the sample.
3. Penetrometry

Penetrometers are usually low speed devices which have
been used eg. on the Russian Lunochod or Venera surface
units to measure the mechanical properties of the respective
surface. This encompasses also the derivation of such
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properties from mole devices or the measurement of the
penetration force of, e.g. the legs of a seismometer, as it
was proposed for the Netlander mission. At the upper
speed limit of penetrometers are such applications as
the Huygens ACC-E penetrometer on Titans surface. To
distinguish from low speed aka. static devices for terrestrial
applications (e.g. foundation sounding on construction
sites) the term quasi-static was introduced, meaning that
usually a higher penetration speed is used, but the speed is
sufficiently low to still being able to apply static force
models.

For the development of a quasi-static penetrometer, a set
of soil analogue materials was selected. The requirements
for the analogues were twofold, firstly a stable material
with easily reproducible properties was needed for the
calibration of the instrument and secondly a soil sample
representing the Martian surface as close as possible.
Thus the selected materials were JSC (Mars-1), Salten Skov
and some local materials which were available in larger
quantities and having similar mechanical properties as the
official Martian analogues. The UK4 material has more or
less the same grain size distribution as JSC (Mars-1),
and the Halditt is quite close to the Salten Skov material
(see Section 2.6). All four soil analogue materials are
natural sediments which have been pre-treated prior to
their usage. As a calibration standard two types of silica
beads with a narrow size distributions were chosen. A list
of all materials can be seen in Table 2. It should be noted
that our grain density value is larger than reported by Allen
et al. (1997). However, since this is a natural material we
should expect to have a certain range for the grain densities
of small samples excavated from a larger site, i.e. the grain
size distribution from spatially separated samples within
the same site can be expected to have a variation depending
on their exact location within the site.

3.1. Sample characterization

At the beginning of a measurement campaign all of the
materials were characterized by applying standard soil-
engineering tests. Specifically, the samples had their grain
size distributions measured, were exposed to shear- and
triaxial-tests, had their grain densities determined and so
on. Thus we were able to establish some of the basic soil
parameters used for soil models and comparison with the
penetrometer measurements (Zöhrer and Kargl, 2006).
Mechanical experiments show, that in terms of the grain
size all four tested materials were roughly similar to the
blocky material found on various landing sites on Mars.
The dry bulk density off the tested materials is larger
than that of known Martian regolith, even the JSC
(Mars-1), which has the lowest density of all sample
materials. Estimations of the stiffness for Martian soil
(Zöhrer and Kargl, 2006) range from 0.05 up to
2:0MN=m2. The Salten Skov has the lowest stiffness of
all tested materials with 2:0MN=m2 and the UK4 has a
stiffness of 4:0MN=m2.
It is not possible, with current soil analogues, to match
the low modulus values displayed by Mars actual regolith,
which in turn suggests that the areas where the Martian
rovers sink in more than 10mm correspond to much finer
and thus weaker material. Any comparison between
current soil analogues and real Martian regolith may
therefore be restricted to either deeper layers where the
average grain size is larger, or to only selected areas on the
surface.
It should be noted that the preparation and handling of

any granular material readily influences its properties, thus
making it arduous to achieve similar experimental condi-
tions for subsequent runs or repetitions at other labora-
tories. Due to segregation and self compaction in samples
transported from the preparation site to the experiment,
consistent and repeatable sample properties are to achieve
only with arduous effort. Thus from the point of view
of penetrometry experiments there is no ideal analogue
material representing exactly the mechanical or textural
properties of, e.g. Mars. For calibration and development
of penetrometry experiments, the UK4 turned out to be the
most suitable material of all tested species, since it was
more stable with respect to clodding and self segregation
than all other materials we used thus far. An additional
bonus from our point of view was the easy availability in
large quantities from a local production site. Silica beads
also turned out to be suitable for calibration and modeling
as a result of that materials narrow grain size range.

3.2. Penetrometry experiments

For the quasi-static penetrometry experiments a sample
was prepared in a cylindrical container with � 260mm
diameter and � 330mm height. Depending on the exact
sensor and tip configuration this allows a typical penetra-
tion depth of about 210mm. In the test rig the penetrom-
eter was driven by a linear actuator with a typical impact
speed of some mm=s. The penetration force is measured by
two load cells. One is close to the tip of the penetrometer
and the other is at the end of the shaft and therefore also
sensitive for shaft friction. Typical penetration forces for a
granular material can be seen in Fig. 4 and are mainly
driven by the sample bulk density. Settling effects in the
sample material can be demonstrated by a series of
repeated runs into the same sample. Each penetration run
is compacting the material and thus resulting in a higher
penetration force for each consecutive run (Fig. 5).

4. Aeolian transport of Martian dust

Wind driven grain transport is at present the most active
process for modification of the Martian surface, this is due
to the widespread transport of dust from the Martian
surface into the atmosphere and back again. Although
Aeolian sand features are observed many places on Mars
detailed study indicates that they are inactive (Greeley
et al., 2004). This is contrary to conventional models of
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Fig. 4. Typical results from a penetration experiment in UK4 sand.

Fig. 5. Material compaction after subsequent runs into the same sample

material.
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granular entrainment which would predict a lower thresh-
old wind speed for sand sized grains (defined as greater
than 60mm) compared to dust (in this case of a few mm size
scale) (Arvidson et al., 2004). Note that generally dust can
be suspended in the atmosphere whereas sand grains
cannot. At present the most likely transport mechanism for
Martian dust involves the formation of (electrostatically
bound) sand sized aggregates which have a low effective
mass density and therefore have a significantly reduced
entrainment threshold wind speed. Aggregate breakup
then results in re-suspension of electrified dust grains
(Greeley, 1979; Merrison et al., 2004). Though supported
by observations in earth based simulations there is only
indirect evidence for this process from Mars. Dust
aggregation is supported by, for example, analysis of
MER magnetic properties experiments and microscopic/
camera observations (Herkenhoff et al., 2004; Kinch et al.,
2006). If correct this dust transport mechanism would
imply that the grain size of Martian dust (bright surface
material) is a dynamic and broadly distributed parameter.
There are two substantial experimental investigations of

granular transport under Martian simulated conditions,
the first being in the NASA Ames MARSWIT wind tunnel
facility and more recently studies at the Aarhus Mars Wind
tunnel facility (Greeley and Iversen, 1985; Merrison et al.,
2002). The former uses an open circuit flow and is best
suited to high wind speeds (at low pressure) and has been
used to quantify sand saltation threshold. The latter is a re-
circulating system and has concentrated mostly on dust
transport. In both cases analogue dust injection into the
wind flow has been achieved by allowing a mixture of dust
and gas (air) to be drawn into the wind tunnel. Here dust
aggregates are dispersed in the turbulent flow. For such
earth based Martian dust analogue materials grain size is
crucial when studying wind induced transport. Reprodu-
cing the fine (few micron) suspended dust fraction observed
in the Martian atmosphere is of great importance. In such
studies significant adhesion and cohesion of dust is
observed and a large degree of dust electrification (Greeley
et al., 2000; Merrison et al., 2002, 2004). Although detailed
studies of the dependence of such behavior on mineralogy
are still to be performed, preliminary investigations suggest
that there is not a strong dependence on material
mineralogy.
Salten soil was initially chosen as a Mars simulant

because of its magnetic properties, which have reproduced
most of the observations of the (several) magnetic proper-
ties experiments performed on Mars to date (Kinch et al.,
2006). This analogue is, however, also extremely fine
grained and homogenous (from sample to sample) when
dispersed. It is this feature which has made it well suited for
simulation of the Martian dust aerosol. Specifically it has
been used extensively for studying dust magnetic proper-
ties, dust electrification, dust deposition, removal and
adhesion as well as testing, developing and calibrating
instrumentation (Kinch et al., 2006; Merrison et al., 2002,
2004; Gunnlaugsson et al., 2005). Salten analogue grains
injected into the Aarhus wind tunnel have been measured
to have a mean diameter of around 2mm (Merrison et al.,
2002), in reasonable agreement with Martian dust of
around 3 mm. Though the material has a bulk density
of around 3000 kg=m3 the powder is generally loosely
packed with a density around 1000 kg=m3. Single aggregate
grains have been observed to have even lower density, as
low as 400 kg=m3. Other dust materials (not widely utilized
as Mars simulants) have been used in wind tunnel
simulations for studies of dust transport. One example is
Rivendale red clay (Greeley et al., 2000), which is also
available in large quantities and is fine grained. Also pure
iron oxide minerals, for example hematite and magnetite,
have been used for specific studies (Merrison et al., 2002;
Kinch et al., 2006. Most recently it has been proposed to
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develop powdered basalt as Mars dust analogue; this is
based on observations by the MER of the mineralogy
of the Martian dust (Gunnlaugsson et al., 2005). JSC
(Mars-1) and other Hawaiian palagonite materials, though
containing a fine grained fraction, also contain a large
fraction of larger solid grains (sand sized) and show
variability from sample to sample. They may therefore be a
good analogue for a mixed sand and dust soil, though they
are not ideal for studying wind transport of Martian dust
or sand.

In Aeolian transport studies the lower Martian gravity
has been re-produced by using low mass density materials
such as walnut shells, silica gel, instant tea (Greeley and
Iversen, 1985) and carbon powder. More recently, how-
ever, studies have used commercially available hollow glass
spheres. Here the surface morphology and adhesive
properties can be maintained while varying the effective
mass density (or gravity). In this way it is also possible to
simulate the reduced mass density of dust aggregates.
These studies have reproduced the observation of reduced
detachment threshold wind speed for dust with respect to
sand grains. The process of dust aggregate breakup is,
however, not reproduced and remains to be studied in
detail (Fig 6).

To conclude it should be said that with regard to wind
transport there remains a large number of possible Mars
dust and sand analogues, with varying properties depend-
ing on the experimental conditions. In large part this is due
to a lack of observational constraints from Mars and it is
only through new and improved direct measurements of
wind induced grain transport from Mars that analogue
materials will improve. Specifically measurement of (local)
wind speeds/turbulence related to observation of granular
transport is necessary. Crucial parameters to be measured
with respect to dust include the size (distribution), dust
electrification and direct determination of the dust con-
centration and its variation. For sand sized (solid) grains
the threshold wind speed for detachment should be
quantified, the effects of induration should be studied
and extensive age determination made of sand transport
features.
Fig. 6. On the left a photograph shows a view inside the Aarhus wind tunnel w

the right a photograph taken inside the wind tunnel illustrating dust aggregates

to roll.
5. Thermal conductivity

In order to understand whether or not soil simulants are
good sample materials for thermal conductivity measure-
ments, it is important to be familiar with heat transport in
porous media. Therefore, we start this section with a brief
overview of this subject.

5.1. Heat conduction in porous media

While for bulk materials the thermal conductivity is a
material property that, once determined, can be taken from
tabulated values, this is not the case when porous materials
are considered. For soils and regoliths, porous ice and
ice–dust mixtures, the mineralogical composition of the
solid part of the medium has a minor effect, since the bulk
thermal conductivity for most minerals and water ice differ
by only about a factor of two, while other properties of the
sample can have a much larger effect. The solid-state
conductivity of the matrix depends on the microstructure
of the matrix, i.e. the availability and distribution of direct
connections between solid particles in the direction of the
considered heat flow. The total cross section of solids
compared to voids in a given layer is reduced compared to
a void-free material, and acts as a bottle neck for
conduction. When only soil and regolith type materials
are considered, the contact area between single grains is the
most important single parameter. Cementation, interstitial
ice and sintering (applicable for porous ice) can substan-
tially increase the thermal conductivity, while the porosity
and overall density is almost unaffected, because only very
little material is needed to increase the cross section
of bonds at the contact point between adjacent grains. In
the relevant literature it is not uncommon to regard the
porosity of a medium as the key parameter, and empiric
observations or measurements seem to support this
approach. However, in most of these cases the samples
are simply compressed in order to increase their density
and decrease their porosity. Compression also increases the
contact area, which is the true reason for the observed
effect. A good overview of the thermal conductivity of
hile exposing Pathfinder magnets to suspended Martian dust analogue. On

forming which become so large (several mm in diameter) that they are able
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consolidated (e.g. cemented or sintered) and unconsoli-
dated (i.e. loose) materials can be found in Presley and
Christensen (1997a, b, 2006). The effect of sintering on the
thermal conductivity of comets is studied in Seiferlin et al.
(1995). Artificially cemented samples have been investi-
gated by Seiferlin et al. (2007).

When the pores are filled with gas, the overall heat
transport is no longer provided by the matrix alone. The
contribution of the gas to heat transport is provided by two
fundamentally different processes: (a) heat is carried as the
averaged kinetic energy of gas molecules, and is exchanged
with the matrix by collisions, and (b) sublimation of
volatiles such as water or CO2 ice in warm regions
and recondensation in cold regions carries latent heat
between the two regions where phase transitions occur. The
community of thermophysical comet modellers and their
publications are a good source for a theoretical description
of heat transport by gas in a porous medium (see Benkhoff
and Spohn, 1991; Steiner and Kömle, 1991, for example).
The latent heat effect (b) can be neglected for the Moon
and other warm and dry places in the solar system. For
Mars, (b) might be important when the Martian polar caps
and the ice-rich regions at high latitudes are considered.
For both contributions, (a) and (b), the ambient pressure
and the size of the pores play a major role. If the mean
freepath at a given pressure is larger than the pore size,
every single gas molecule can carry heat directly from
the cold side of the pore to the warm side. Therefore, the
overall heat flux increases with pore size and with pressure.
If the mean free path is smaller than the pore size, gas
molecules collide with each other and exchange heat. The
surplus of gas molecules does not contribute to the overall
heat flux, because the same ‘‘heat package’’ is handed over
from molecule to molecule before it finally reaches the cold
pore face. Increasing the pore size or increasing the
pressure both have no influence on the heat flux any more,
and the measured effective thermal conductivity is constant
with respect to pressure changes. Note that this is in
particular true for heat conduction in air, because the
atmosphere may be seen as an infinitely large pore.
Obviously, a measured value for the thermal conductivity
of a porous sample that is filled with gas depends strongly
on the ambient pressure inside the pores, and the pore size.
While the pore pressure in soil can vary with time and
depth, the pore size is typically not uniform; it rather
follows the grain size distribution of the matrix, which in
turn may also be a function of depth.

5.2. Sample materials for thermal conductivity

measurements

Measurements with soil analogues—whether standar-
dized products or sand, terrestrial soils and ices—are
ultimately desirable, but the results will always be heuristic
and cannot easily be compared to theoretical derivations or
models. The thermal conductivity depends on sample
characteristics such as pore size distribution and degree
of cementation, layering in the sample and other inhomo-
geneities, and moisture and interstitial ice, as we have seen
in Section 5.1. The abundance and spatial distribution of
H2O in both liquid and solid form is furthermore variable
with time, last not least because of the evacuation of the
sample at the beginning of a measurement campaign. It is
not easy to dessicate a fine-grained material with a very
large specific surface before the sample can be used in the
vacuum chamber. In addition to these uncertainties, there
might be practical problems like those discussed in Section
5.3. On the other hand, the sample parameters that
standard soil simulants like JSC (Mars-1) try to mimic,
e.g. composition and color, have no or very minor
influence on the thermal conductivity. Therefore, we prefer
to use artificial samples that are easy to handle and well
known with respect to their pore size, grain shape, degree
of cementation, volatile content (including water) and
spatial homogeneity. A systematic variation of one or more
of these key parameters allows one to derive or evaluate
theoretical descriptions or models of their thermal con-
ductivity.

5.3. The thermal conductivity of JSC (Mars-1)

Regardless of the problems with realistic sample
materials like soil simulants, we made the attempt to
measure the thermal conductivity of JSC-1 (Mars) at
pressures around 5mbar, i.e. a pressure that is typical for
Mars. We applied the line heat source (LHS) technique,
also known as the transient heated wire method. The
technique is for good reasons very popular and well-suited
for the conditions (temperature, pressure, thermal con-
ductivity and sample characteristics) we have to deal with.
We (K. Seiferlin, Universität Bern, and G. Kargl, N.
Kömle, Institut für Weltraumforschung, Graz) applied this
technique already successfully with porous water and CO2

ice samples in vacuum (Seiferlin et al., 1996; Banaszkiewicz
et al., 1997). A detailed description of the method,
including theory and data evaluation, is also given in
Seiferlin et al. (1996). The JSC (Mars-1) soil samples have
been dried in a pot on an oven until no vapor condensed on
a cold surface held above the pot. It was then filled into a
sample container of about 12 cm diameter and 15 cm
height. The sample container was covered by a lid, and
finally the LHS thermal conductivity sensor was inserted
through a hole in the lid into the sample. The sample
container was then placed into a vacuum chamber that is
equipped with an oil diffusion pump. During evacuation
the pore-filling gas cannot leave the sample easily because
the gas diffusion coefficient of the sample material is small.
Consequently, a pressure gradient between the chamber
and the sample builds up. To our surprise the gas drag
from the sample was powerful enough to lift dust particles
from the sample and carry them through the hole in the lid.
Most of the dust grains sedimented on the lid (see Fig. 7),
but the finest dust particles made it into the oil of the pump,
and seriously damaged it. When similar measurements are to
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Fig. 7. JSC (Mars-1) soil simulant, ejected from a sample below a CD-

ROM (used as lid) during chamber evacuation due to overpressure within

the sample, dragged by gas through the central CD hole and deposited on

the CD. The cable and connector of the thermal conductivity sensor can

be seen at the CD hole.
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Fig. 8. Thermal conductivity of JSC (Mars-1) soil simulant (this work:

filled diamonds; Presley and Craddock (2006b): open diamonds), coarse-

grained dunite (black triangles) and glass beads (filled circles) of �

0:15mm diameter at various pressures. The pressure range on Mars is

indicated by the arrow.
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be performed in the future or by other groups, precautions
should be taken to protect the chamber and the pump
against damage, and the pressure reduction by pumping
should be at a rate slow enough to prevent large pressure
gradients between the sample and the chamber.

The damage of the pump forced us to stop the campaign
after only a few measurements, of which some suffered
from not yet stable pressure inside the voids of the sample.
It is a convenient side effect of the LHS technique to reveal
any violations of ideal conditions by a non-linear transient
temperature increase vs. a log time scale. Since pressure
influences the thermal conductivity and the pressure inside
the sample pores decreased during some transient measure-
ments runs, such runs can easily be identified and sorted
out. A total of merely four good measurements remained
(see Fig. 8). It is somewhat questionable to interpret
a data set of only four points, and we are very cautious
to do so, but progress in science is based not only on
success but also on failure, and therefore we want share
the experience. The measured thermal conductivity
compares well with measurements made by Presley and
Craddock (2006b). The remaining differences between our
work and that of Presley and Craddock (2006b) can be
attributes to differences in the sample, e.g. grain size
distribution, sorting, sample preparation and settling,
humidity, etc.

It should be noted that, as explained in Section 5.1, the
effective thermal conductivity depends on the actual grain
size distribution compared to the mean free path of the gas
molecules, which scales with pressure. For lower pressure,
lower thermal conductivity values are to be expected, while
for large pressures a constant but comparatively high
thermal conductivity would be observed. The general trend
in Fig. 8 is therefore in agreement with theory (see Presley
and Christensen, 1997a, b, 2006, for example).
For comparison, a data set measured with a coarse-
grained dunite sample (� 0:5mm grain size) and measure-
ments of glass beads with � 0:15mm diameter are shown
(see Seiferlin et al., 1996 for a detailed description of the
dunite data set). The transition between low and high
thermal conductivity values occurs at a pressure that
depends on the actual pore size (see Section 5.1), and
the transition pressure is lower for large pores. This is,
again, consistent with the results: for the fine-grained JSC
(Mars-1) the transition occurs just in the pressure range
that is relevant for Mars (5–10mbar), while for the coarse
dunite sample the transition occurs at much lower pressure
(10�2–1mbar). Note that the Martian atmosphere shows
a significant variation in pressure, both with time and
location. Because the thermal conductivity of Martian soil
is not pressure-independent but is rather a function of both
pore size distribution and pore pressure, the actual thermal
conductivity of Martian soil will vary with location and
ambient conditions.
In addition to the more general disadvantages of using

‘‘realistic’’ soil simulants discussed above, the practical
problems encountered in our measurement campaign must
be taken into account when planning similar studies.

6. Bidirectional reflectance

Bidirectional reflectance is a photometric quantity which
characterizes the fraction of light that an illuminated
surface scatters into a given direction per unit solid angle.
It is dependent upon the illumination and observation
geometry as well as the physical properties of the light
scattering medium. As spectral studies of a regolith can be
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Fig. 10. Solid: Reflectance spectrum of JSC (Mars–1) regolith simulant

(Allen et al., 1997). Dash-dot: Typical spectra of bright and dark regions

of Mars (Mustard and Bell, 1994).
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used to identify the presence of specific minerals via the
detection of absorption bands that are characteristic of
those minerals, bidirectional reflectance distribution func-
tion (BRDF) studies of a regolith can provide insights into
the small-scale regolith structures that fall within a
resolution element of an imaging data set. These structures
might include properties such as grain size/shape distribu-
tions or regolith porosity. For example, the BRDF of
planetary surfaces is commonly stronger back in the
direction of the illumination source (i.e. at near-zero phase
angles) than towards higher phase angles. These reflectance
features, known as an opposition surges, are often
attributed to the disappearance of small scale shadows as
the observer approaches zero phase angle. Fig. 9 demon-
strates laboratory-based opposition surge measurements in
four optical bandpasses. The width and magnitude of the
opposition surge cusps tend to be higher for fluffier soils.
Reflectance models, such as the commonly used models of
Hapke (1993), can be used to quantify these small scale
properties. However, the models cannot treat an unlimited
variety of surface conditions explicitly. To prepare for the
interpretation of some hypothetical surface configurations
and validate the model modifications that are necessary to
describe those configurations, laboratory data are impor-
tant. For example, Johnson et al. (2004) measured the
BRDFs of dust coated rocks and evaluated their ability to
determine dust layer thicknesses on Martian rocks remo-
tely. Gunderson et al. (2006) measured the BRDFs of dry
and wet samples to assess the possibility of identifying
potentially wet localized surface regions on the Martian
surface using visible/NIR imaging data. Since actual
samples of the Martian regolith are not available, regolith
simulant must be used for these types of studies.
A common choice is JSC (Mars-1) (Allen et al., 1997).
As shown in Fig. 10, JSC (Mars-1) simulant is spectrally
similar to true Martian regolith, and is believed to be
mineralogically similar.
Fig. 9. BRDFs of JSC (Mars-1) regolith simulant in four optical

bandpasses with characteristic wavelengths of 462 nm (blue), 558 nm

(green), 672 nm (orange) and 875 nm (red).
7. Emissivity measurements

Emission spectroscopy of planetary surfaces is one of the
most powerful tools for the investigation of surfaces
composition. Nearly every current mission to Mars has
on board an instrument devoted to such kind of studies.
Some actual examples are the Thermal Emission Spectro-
meter (TES) on Mars Global Surveyor (Christensen et al.,
2001), the imaging spectrometer THEMIS on Mars
Odyssey (Christensen et al., 2003) and the Planetary
Fourier Spectrometer (PFS) onboard Mars Express
(Formisano et al., 2005). Furthermore, a new generation
of instruments is being developed, such as the thermal
infrared imaging spectrometer MERTIS on the ESA Bepi-
Colombo mission to Mercury, that will map the whole
planet with a spatial resolution of 500m and a spectral
resolution of up to 90 nm in the wavelengths range from 7
to 14mm (Helbert et al., 2005). The emission spectra
of planetary surfaces contain extensive information
about mineralogical composition and surface properties,
although, to extract reliable compositional information
from the remote sensing spectra, it is necessary to study the
spectral behavior of analogue materials using laboratory
spectroscopic measurements. Composition and structure
and other physical/textural properties of the material,
including grain size distribution, surface roughness, pack-
ing density, crystallinity and preferential orientation of
crystals, affect the band shapes and depths. The Berlin
Emissivity Database (BED) is a spectral database of
particle sizes separates in the range from o25mm to
250mm, measured at 90C and atmospheric pressure in the
wavelength range from 6.3 to 22mm. The spectral
measurements are performed with a Fourier transform
infrared spectrometer (Bruker IFS 88), purged with dry air
and equipped with a liquid-nitrogen-cooled HgCdTe
(MCT) detector, coupled to the emissivity device built at
DLR (Berlin). All spectra are acquired with a spectral
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resolution of 4 cm�1. Further details on the instrument,
measuring rationale and emissivity calculation can be
found in Maturilli et al. (2006, 2008). The BED spectral
library contains spectra of plagioclase and alkali feldspars,
pyroxenes, clays, olivines, quartz, sulphates and others.
Four particle sizes has been selected to better represent the
planetary soil conditions: 0–25, 25–63, 63–125 and
125–250mm.

Fig. 11 shows the emission spectra of palagonite from
Pahala Ash, Hawaii, USA. Palagonite is the product of
vetrification of basalt at low temperatures, and is
commonly considered as a Martian soil analogue. In fact,
the JSC (Mars-1) is actually a palagonitic tephra coming
from the Pu’u Nene cinder cone on the island of Hawai’i,
USA. The spectral feature at 1150 cm�1 (or around
8:7mm), is the highly diagnostic Christiansen maximum
or feature (CF), a maximum in emissivity whose position is
unaffected by particle size, at 1 bar pressure. The feature at
about 1050 cm�1 (or 9:5mm) in Fig. 11 is the mineral’s
Reststrahlen band, caused by the strong stretching of the
Si–O bonds. The positions and shapes of Reststrahlen
bands are specific for the respective material, although the
shapes are strongly affected by particle size and crystal
orientation. For the two size separates where small
particles are dominant (o25 and 25–63mm) the contribu-
tion of volume scattering is significant. For these small
particles, the spectral contrast within the Reststrahlen band
is strongly reduced and a separate emission minimum is
evident at about 870 cm�1 (11:5mm). The extreme differ-
ences between the spectra of coarse-grained and fine-
grained separates are caused by the growing influence of
volume scattering with decreasing particle size. To note the
two large adsorption bands in Fig. 11 centered around
1330 cm�1 (7:6mm) and 1570 cm�1 (6:35mm). The center of
the large adsorption band between 1200 and 1400 cm�1 is
found at the same position for the smaller grain sizes, while
it shifts and decreases considerably for the larger grain
Fig. 11. Emission spectra of palagonite separates.
sizes. The shape and depth of the adsorption band between
1500 and 1650 cm�1 changes dramatically with the grain
size range, while the center remains constant. The small
bands between 1400 and 1600 cm�1and the large band
centered around 667 cm�1 are due to remnant water vapor
and CO2 in the emissivity chamber.

8. Exobiology: survival of organics in simulated planetary

environments

The detection of residual organic compounds that might
be present from either biotic or abiotic sources on the
Martian surface and subsurface is among the main goals
of future Mars missions. The Viking spacecraft did not
find any trace of organic matter on the Martian surface
above the detection limit of the landers payloads. Given
the probable input of meteoritic organic compounds to the
Martian surface, the absence of such compounds may
have been caused by environmental alteration of organic
material on and in the Martian surface due to energetic
radiation, dryness and oxidization (Banin, 2005; Zent and
McKay, 1994). Organic matter, including that delivered
from extra-Martian sources, would have suffered multiple
poorly understood weathering processes, including garden-
ing of the surface dust, UV photolysis and mineral-
catalyzed oxidation reactions.
Laboratory simulations provide a convenient path for

the understanding of chemical reactions on the Martian
surface. We have studied the behavior of organic matter
under simulated Martian conditions by using small atmo-
spheric simulation chambers in combination with deuter-
ium and xenon lamps. We have recently shown that pure
amino acids films can be destroyed by exposure to UV light
with a spectrum similar to that found at the surface of
Mars, and the rate of degradation is high relative to
geological timescales (Ten Kate et al., 2005) unshielded
glycine and D-alanine molecules exposed directly on the
Martian surface have half-lives of the order of 1042105 s
under noon-time conditions at the Martian equator (see
Fig. 12). More complex molecules are expected to be
altered either by photolytic or photochemical pathways
(Quinn et al., 2005).
Peeters et al. (2008) recently measured the pH, redox

potential, ion concentrations, as well as carbon and amino
acid abundances of Mars analogue soils from the Atacama
desert. The results indicated that the surrounding mineral
matrix is a key to understanding the survival of organics on
Mars. Variations in chemical and physical properties,
water abundance, UV exposure and other variables have
profound effects on measured decomposition rates in
laboratory simulations (Peeters et al., 2008).
In order to simulate realistic planetary conditions the

behavior of organic molecules has to be tested in
appropriate Martian soil analogues. The effect of mineral
surfaces on the degradation processes associated with
organic matter exposed at the surface of Mars has been
investigated by several groups (Oró and Holzer, 1979;
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Fig. 12. The infrared spectrum of (A) solid glycene and (B) solid D-alanine in the range 4000–500 cm�1 measured with a resolution of 4 cm�1. Two spectra

are shown, (I) is recorded before irradiation with a deuterium discharge lamp, and (II) is obtained by subtracting the spectrum of the unirradiated

compound from the spectrum recorded after 50 h of irradiation (taken from Ten Kate et al., 2005).
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Huguenin et al., 1979; Stoker and Bullock, 1997; Yen et al.,
2000). The introduction of any mineral component raises
the complexity of an experiment dramatically when
compared to simple irradiation studies of thin films.
Identification of the significant organic contaminant
make-up of existing regolith standards, such as JSC
(Mars-1) (Allen et al., 1998b) from the Johnson Space
Center, is a necessary step when such materials are used as
analogues for Martian surfaces. With no prior cleaning,
two commonly available regolith analogues have been
shown to interfere with studies of the response of organic
matter to the Martian environment. Any terrestrial soils
are extensively contaminated with extant biota. We
characterized the amino acid content of simulants with
high-performance liquid chromatography and showed the
presence of over a dozen amino acids with average
concentrations of 10 ppm (Garry et al., 2006), see Fig. 13.
Such contamination is in-line with other studies which
have demonstrated the presence of bacterial spores in the
Mars-1 analogue (Mendez et al., 2005).

Our results also indicated that monolayers of water
(representative of Martian equatorial regions; Möhlmann,
2004) that were adsorbed on soil samples effectively
enhanced the degradation of amino acids in Martian
soil analogues (JSC (Mars-1)) when exposed to simulated
Martian UV lighting conditions (Garry et al., 2006).
Experimental studies with single-component minerals have
emphasized the role that adsorbed water can play, and it is
possible that the presence of quasi-liquid films of water is
critical to the formation of oxidizing agents. The low but
non-zero humidity of the Martian atmosphere implies that
water will be present on surfaces in diffusive contact with
that gas. If water adsorbed onto a mineral grain can leach
soluble species from the rock, then the photo-Fenton
reaction (abbreviated from Walling, 1975) can occur, namely

H2O2 þ Fe3þaq ¼ Fe2þaq þHO�2 � þH
þ

This process is well known on Earth Southworth and
Voelker (2003) and has been postulated as an explanation
for the rapid destruction by oxidation of organic species
(Benner et al., 2000; Möhlmann, 2004). The perhydroxyl
radical formed from this reaction is more vigorous than the
hydroxyl radical which is commonly used to degrade
organic matter in industrial processes. Clearly, the process
is limited at the surface of Mars by the availability of
hydrogen peroxide and aqueous iron salts. At first glance
such a scenario is unlikely for the desiccated surface of
Mars in the current epoch. However, quasi-liquid films of
unfrozen water can persist on mineral grains cooled to
temperatures comparable to those found on Mars, with the
film thickness governed by the ambient humidity. The
amount of water vapor needed to produce a monolayer of
water at the conditions found at surface of Mars is not
large; the Martian surface partial water vapor pressure of
around 10�3 mbar is used in a theoretical model presented
by Möhlmann (2004) to predict that an equilibrium state of
a few (� 5) monolayers of water would be ubiquitous
on exposed Martian surfaces. This quasi-liquid water layer
would vary in thickness throughout the Martian year,
waxing and waning with the temperature and water vapor
partial pressure of the local atmosphere.
The survivability of organic matter when exposed to

hostile conditions on the surface of planetary bodies is
critical for preserving biosignatures of life. Moreover, these
processes are also important in determining the fate of
organic material that was delivered to early planetary
bodies, including early Mars and Earth. Laboratory
simulations using soil analogues as well as field tests in
the Atacama desert have shown that the interaction
of radicals, adsorbed water and mineral soils play an
important role in the destruction of organic material on the
Martian surface (Quinn et al., 2005). Recent results also
demonstrated that organic molecules and their degradation
products are well preserved in sulfate minerals on Earth
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(Aubrey et al., 2006). Results from the MER rovers
indicate the presence of sulphate minerals and further
studies using different Martian analogues appear to be
excellent simulations to support the search for organic
compounds on Mars during future missions. Monitoring
the evolution of organic matter as it is exposed to present
and past Martian conditions will provide important
limits to exobiological models, support current and
planned space missions and address issues of planetary
protection.

9. Summary

The experimental work and the facilities used which are
described in this paper represent most probably only a
fraction of groups that have worked with soil simulants.
Nevertheless, the measurements we describe in Sections 3–8
cover a wide range, from mechanical and thermal through
optical properties and up until chemical and biological
studies. In all of these examples there are a few considera-
tions to be made that can be—and often are—easily be
forgotten: the results apply for the studied samples which
are all terrestrial, and it remains unclear how far the results
can be transferred to true extraterrestrial material under
relevant conditions. While returned samples are unavail-
able in such quantities that they could be regarded as
disposable, this situation will not change, and this appears
to be the case in the near-term future. Even returned
samples would not always improve the situation, because
sampling and transport may change the properties in
question, and the ambient condition in the laboratory
might not be close enough to those at the sampling site (see
Section 5 for a more detailed discussion). Certain miner-
alogical or physical aspects might be not properly
mimicked by any of the available soil simulants. We have
seen, for example, that especially for the ‘‘physical’’
measurements the actual mineral composition is rather
unimportant while the density, grain size and shape are
very important. The commonly used soil simulants aim at
mimicking the former and to less extent the latter. In such
cases, artificial samples with well-known properties might
be a better choice, because uncertainties about clodding,
grain and pore size and shape, composition, etc. can be
controlled in a systematic way.
The gap between laboratory measurements on analogues

on one hand and the behavior of real soils on the
other hand can only be closed by scientific instruments
flown as part of the payload of future missions. While
the measurements of optical properties, as described in
Sections 6 and 7 can help understanding remote sensing
data, the experiments described in the remaining sections
address landers, rovers and surface stations. In situ

measurements must be compared to more systematic and
extensive laboratory measurements in order to understand
both. The European ExoMars rover is planned to carry
several instruments (e.g. Corbel et al., 2006; Federico et al.,
2007; Griffiths et al., 2006; Hamelin et al., 2006; Marzo
et al., 2006; Parnell et al., 2007; Patel et al., 2006; The
Rover Team et al., 2006; Ulamec et al., 2006; Vago et al.,
2006, 2007) which would profit from accompanying
laboratory work. ExoMars will also deliver a small
geophysical surface station called GEP (Spohn et al.,
2006; Biele et al., 2007) which houses instruments that
address mechanical and thermal properties (Spohn et al.,
2001a, b; Richter et al., 2003; Wieczorek et al., 2007). The
continuation of measurements in different disciplines,
performed by a collaborating network of laboratories,
can support the development of in situ instrumentation
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and, at the same time, will build up expertise to plan,
perform and evaluate in situ measurements.
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