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a b s t r a c t

The Mars Exploration Rover, Spirit, landed on 4 January 2004, in a lava field in Gusev crater on Mars.

Samples interpreted as olivine basalt have been investigated with Mössbauer spectroscopy and

chemically with Alpha-particle-X-ray spectrometry (APXS).

In this contribution we present the results of a new analysis of the Mössbauer spectra of selected

rock targets in Gusev crater. The results show that the rock surfaces investigated are inhomogeneous,

and show strong enhancement of olivine in the surface layer. By subtraction of the surface signal to

obtain the spectrum of the true interior of the rock samples, the measurements show the usual

correlation between olivine and iron oxides of olivine basalt.

It is argued that the compositional changes observed are related to high temperature oxidation of

the rocks, probably during solidification, a process known to lead to anomalously magnetic rocks. The

rock Mazatzal is discussed in some detail, and it is suggested that the surface is covered with deposits

rich in ferric iron rather than these ferric phases being due to oxidation of the rock. The fact that all the

surfaces in this investigation show this same pattern, suggests that the dominating erosion of the

surface layer of basaltic rocks at Gusev crater has been mechanical rather than chemical.

& 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The Mars Exploration Rovers (MERs) both carry backscattering
Mössbauer spectrometers (Klingelhöfer et al., 2003) that can
give fingerprints of Fe containing minerals. Spectra are obtained
by using a radioactive source containing 57Co (T1/2 ¼ 272 d) that
feeds the 14.4 keV Mössbauer state of 57Fe (t ¼ 140 ns). Part of this
radiation is emitted without recoil and can be resonantly
absorbed by 57Fe in the sample and re-emitted. In most cases,
internal conversion takes place, where an electron is emitted
from the inner shells of the 57Fe, and a 6.4 keV X-ray is emitted
as a result. The hyperfine pattern of the sample is probed by
modulating the energy of the source by relative movement with
respect to the sample. Detection of both the backscattered
14.4 keV and the 6.4 keV radiations will give information on the
hyperfine pattern. The basic difference between the two types of
spectra obtained is in the depth below the surface from which
they originate. Taking penetration depth of the incoming and
emitted radiation into consideration for samples of typical
basaltic composition and density (�3 g/cm3), the 14.4 keV origi-

nates from the top �150mm while the 6.4 keV radiation originates
from the top �75mm.

Mössbauer spectroscopy of relatively unaltered basaltic rocks
at Gusev crater has revealed considerable difference between
these two types of spectra (Rasmussen et al., 2005; Gunnlaugsson
et al., 2006; Fleischer et al., 2008). This has partly been attributed
to thickness effects (Fleischer et al., 2008) or enhancement of
olivine in the surface layer due to high temperature alteration
of the mineral (Gunnlaugsson et al., 2006). In this contribution
we present a new type of analysis of the spectra of selected rock
targets for Gusev crater, and quantify the difference between the
two types of spectra obtained. This study has been restricted to
spectra obtained from rock targets in the plains of Gusev crater
of the so-called Adirondack class (Morris et al., 2006), before the
Spirit rover encountered more altered rock formations in
Colombia hills. We have furthermore restricted the presentation
to rock targets where at least 3 samples exist.

2. Analysis of Mössbauer spectra from Mars

The spectra of samples from the lava plains of Gusev crater
show typical signals from minerals seen in basaltic samples
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processes. First of all it is only a very small fraction which end up
at this fine size, and secondly the milling process by physical
impact tends to transform the mineralogy of the sample. This is
the reason that, in the Mars Simulation Laboratory, Denmark, a
natural chemical sediment is used as a Martian dust analogue
during wind tunnel experiments.

In addition to microbiological studies the focus of the Mars
Simulation Laboratory group is the study of aeolian dust transport
on Mars. Such studies are performed under simulated Martian
conditions, which in turn are used in the interpretation of dust
related processes on the surface of Mars. A Danish iron oxide
precipitate has proven to be a good Martian dust analogue in
simulation experiments, initially with magnetic capture of aerosol
particulates on the Pathfinder magnet array. However, this dust
consists of nearly pure iron oxides, with a Martian atmospheric
dust particle size, magnetically and optical properties close to
Martian dust and electrical properties probably also, but it is far
from the chemistry of the Martian dust. Subsequently this
analogue dust sample was also used in a number of experiments
such as aerodynamic studies, adhesion, cohesion and electrifica-
tion experiments. This Martian dust analogue (Salten Skov I) has
since been distributed to a number of research groups working on
Martian dust experiments. The analogue properties will be
discussed here in comparison with recent Martian dust data.

2. Sampling site

At the Salten Skov I sampling site a �20 cm thick layer of
(magnetic) ‘‘top soil’’ is found. It is dusky red 2.5 YR 3/4 (Munsell)
and overlays a yellowish red 5YR 4/6 layer in which the iron oxide
is pure goethite. The Salten Skov I sample is present over a few

www.sciencedirect.com/science/journal/pss
www.elsevier.com/locate/pss
dx.doi.org/10.1016/j.pss.2008.08.017
mailto:geopn@phys.au.dk
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hundred m2 at this site in Mid-Jutland, Denmark. Similar deposits
were, however, found at nearby locations (Nørnberg et al., 2004).
The origin of these deposits is most likely ferrihydrite precipitated
from Fe2+ bearing groundwater later transformed into nearly pure
goethite, hematite and maghemite, which constitutes almost the
entire o63mm sieved fraction of Salten Skov I.
3. Dust analogue properties

The grain size distribution of the dispersed o63mm fraction,
has been determined by laser diffraction (Fig. 1). This reveals the
median of single particles to be �1mm. The basic physical and
chemical properties have been tabulated (Table 1) and show that
the analogue has an in situ field bulk density of 1.1 g/cm3, which is
low for a terrestrial soil, but characteristic for the iron precipitates
in this area. It was measured by a volumetric tube. Organic C
(carbon content, dry combustion method) is quite high, and the
pH (1:1 w/w soil water) is low compared to the groundwater
(typically �7). This is most likely due to organic acids formed
from decomposition of forest litter mixed with the material.
The dithionite, citrate, bicarbonate extractable iron content
(Fed, Mehra & Jackson, 1960) is very high compared to Danish
soils and only about 10% of this is oxalate extractable
(Feo, Schwertmann, 1964). With a Feo/Fed ratio of 0.11 this
means that �90% of the material is well crystallized iron oxides.
The extractable aluminium content is very low confirming the
origin as a precipitate from neutral groundwater. The total
chemical analyses (XRF, Table 2) show a SiO2 content which is
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Fig. 1. Particle size distribution of dispersed o63mm fraction of Sa

Table 1
Soil chemical data

Depth cm Sand 2-0.063 mm (%) Silt+Clay o0.063 mm (%) Bulk dencity (g/cm3) Org. C

0–20 64.5 35.5 1.1 5.68

Table 2
Total chemical composition of dust analogue (wt%)

SiO2 (%) TiO2 (%) Al2O3 (%) Fe2O3 (%) FeO (%) Mn3O4 (%) MgO (%

16.10 0.29 3.20 60.46 1.46 1.66 0.16
in accordance with the quartz line seen in the XRD (Si is an
internal standard, Fig. 2) and a Ti content which is low as expected
for chemical precipitates . There is very little feldspar and dark
minerals in the sample which is in accordance with the low Al
content and low content of FeO. There is a little manganese as
expected in this environment and a high volatile fraction due to
mainly goethite and organic material. From the XRD and
Mössbauer data (Fig. 3) the content of iron oxide mineral
fractions have been calculated to be: goethite �75%, hematite
�19% and maghemite �6%, which is in accordance with the
saturation magnetization of 3.9 (1) Am2/kg. Using TEM imaging it
can be seen that the particles consist of micro crystallites of
discrete mineral particles (Fig. 4). Electrical properties
experiments on the Salten Skov I dust analogue was carried out
in the wind tunnel under Martian conditions. The suspended
(2–3mm) particles have been estimated to carry a net charge of
arround 105 e (Merrison et al., 2004), which is enough to dominate
the processes of adhesion and cohesion causing aggregation of the
dust.
4. Comparison to martian dust

The natural bulk density of this Mars analogue dust is close to
drift material seen near the Viking 1 landing site (1.2 g/cm3)
(Moore et al., 1987). The Salten Skov I analogue is in grain size
close to the results determined on Mars. The Viking and the
Pathfinder missions estimated the saturation magnetization to be
1–6 Am2/kg. However, the latest estimate on the suspended
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lten Skov I. Curves show distribution and accumulated results.

(%) pH H2O Fed o63mm Feo o63mm Ald o63mm Alo o63mm Feo/Fed o63mm

4.59 30.8 3.49 0.48 0.09 0.11

) CaO (%) Na2O (%) K2O (%) P2O5 (%) Volatiles (%) Sum (%)

0.20 0.19 0.52 0.47 14.43 99.15
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Fig. 2. X-ray diffractogram of Salten Skov I (Co Ka).
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Fig. 4. TEM micrograph of composite particle from Salten Skov I.
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Martian dust is �2 Am2/kg (Bertelsen et al., 2004) and compared
to this the analogue saturation magnetization is somewhat higher,
although many factors such as dust grain (aggregate) size, mass
density and wind flow conditions could also affect such estimates
(Kinch et al., 2005). The chemical analyses from Pathfinder gave
an iron content of �22% Fe2O3 (Foley et al., 2003) which is much
lower than the content of the analogue dust. So far the APXS data
of dust from the 2004 rover magnets are not calibrated. The data
taken on the ground in the Gusev Crater include both a mixture of
dust and solid rock material and analyses on the rock material
after RAT treatment (Gellert et al., 2004). The results without
cleaning the rock show a significantly higher content of salt
components (SO3 and Cl) which indicate that the dust minerals
are mixed with salts. The FeO content is about 17% and there is no
trace of either higher Fe content or lower Ti content from dust on
the un-cleaned rock, which might be expected if the dust was a
precipitate. The APXS spectra of the capture magnets on both
rovers even indicate that the Fe content in the dust is lover (Goetz
et al., 2005). However, these are results from non calibrated peak
areas and possibly not sufficiently reliable to give a precise iron
content. This may also be compared to results form the Mössbauer
spectra of the Gusev soil and rock. They show a considerable part
of the samples being primary minerals. However, the Fe3+
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Fig. 5. VIS and near-IR spectra of Martian dust and analogues.
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component, which is interpreted as a weathering product of the
primary minerals, is highest in the undisturbed surface soil
(Morris et al., 2004), indicating a higher iron content in the dust.
According to Goetz et al. (2005) the most likely magnetic phase in
the dust is oxidized or substituted magnetite, and not pure
maghemite as in the Salten Skov I analogue. The visible near-IR
spectrum of the Salten Skov I analogue show visible character-
istics similar to the Bright II and the Pathfinder magnetic dust
(Fig. 5) (Bell III et al., 2000). The reflectance is stronger in the near
IR region and most likely related to hematite around 860 nm. This
is in accordance with magnetically captured material on the MER
Spirit magnets (Bertelsen et al., 2004; Kinch et al., 2005). The
absorption line (�860 nm) is relatively stronger from the
‘‘capture’’ magnet due to higher field strength than the ‘‘filter’’
magnet, thus indicating higher hematite fraction. Concerning the
structure of the Martian dust, aggregates similar to those seen in
the dust coverage of drift material in the Gusev crater (Herkenhoff
et al., 2004) are also seen in wind tunnel experiments (Merrison et
al., 2002). This suggests that similar processes of electrification
and cohesion may occur in analogue and Martian materials
(Merrison et al., 2004). This also supports the suggestion that dust
aggregation is important to the aeolian transport of dust on Mars
(Merrison et al., 2007).
5. Conclusion

Though there are strong chemical differences to Martian dust,
this iron oxide precipitate mixture appears so far to be a very good
Martian dust analogue regarding grain size, magnetic properties,
similarity in optical reflectance, and aggregation properties for
application in wind tunnel and other dust suspension/deposition
studies.
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Morris, R.V., Rieder, R., Rodionov, D.S., de Souza, P.A., Schröder, C., Squyres, S.W.,
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