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Chapter 1

Introduction

Weathering - the interaction between rocks and the atmosphere - is an ev-
eryday phenomenon which leaves traces of its actions in the rock record.
The study of the relation between weathered material and igneous rock on
planetary bodies in the Solar System allows conclusions on the environmental
conditions on their surfaces in the past and at present. On Earth, weathering
is generally driven by the water cycle; the mediating role of the biosphere is
increasingly recognized [e.g., Schlesinger, 2003]. The planet Mars (Appendix
A) on the other hand, is cold and dry today. However, its surface reveals
many features attributed to the actions of liquid water [e.g.,Carr, 1996] and
thus an apparently warmer and wetter past. The surface of the Red Planet
may have been hospitable to life back then, whereas it appears hostile to-
day. Understanding why, when, and how the climate on Mars changed so
dramatically may also have repercussions for the debate on climate change
on Earth. Some answers are hidden in the Martian rocks.

The element Fe is one of the most abundant elements in the universe. Iron
is the sixth most abundant element in the Earth's crust and the third most
abundant cationic element after Si and Al. There is, therefore, hardly any
rock completely free from Fe [Cornell and Schwertmann, 1996]. Other than
Earth, the Red Planet, in particular, owes its color to ferric oxide pigments
[e.g., Morris et al., 1989a, 1993, 1997]. Mars surface materials are enriched
in Fe relative to Earth [e.g.,Clark et al., 1976; Toulmin et al., 1977; Rieder
et al., 1997, 2004; Gellert et al., 2004, 2006]. Mössbauer spectroscopy is
a powerful tool to analyze Fe-bearing compounds. Mössbauer spectroscopy
provides quantitative information about the distribution of Fe among its
oxidation states and crystallographic sites such as octahedral Fe3+, identi�-
cation of Fe-bearing phases, relative distribution of Fe among those phases,
and some information on particle size and crystallinity. Ferrous iron (Fe2+)
is present in both primary silicate and oxide minerals such as olivine, py-
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8 CHAPTER 1. INTRODUCTION

roxene, ilmenite, and (titano)magnetite and secondary minerals such as ser-
pentine and sulfates. Although present at signi�cant levels in some primary
phases such as augite and (titano)magnetite, ferric iron (Fe3+) is commonly
a product of oxidative alteration and weathering of primary minerals and
often occurs as oxides and oxyhydroxides. The speciation and distribution
of Fe in Martian rock and soil constrain the primary rock type (e.g., olivine-
dominated basalt versus pyroxene-dominated basalt), the redox conditions
under which primary minerals crystallized (e.g., presence or absence of mag-
netite), the extent of alteration and weathering (e.g., value of Fe3+/FeTotal),
the type of alteration and weathering products (e.g., oxides versus sulfates
versus phyllosilicates), and the processes and environmental conditions for al-
teration and weathering (e.g., neutral versus acid-chloride versus acid-sulfate
aqueous process under ambient or hydrothermal conditions) [Morris et al.,
2006a]. Morris et al. [1989b], Knudsen [1989],Knudsen et al. [1990, 1992],
and Burns [1993a] have argued in detail for the in situ application of Möss-
bauer spectroscopy on Mars.

The two NASA1 Mars Exploration Rovers (MER, Appendix B), Spirit
and Opportunity, landed in Gusev Crater and at Meridiani Planum on Mars
in January 2004. They each are equipped with the Athena science payload
[Squyres et al., 2003], including the Miniaturized Mössbauer Spectrometer
MIMOS II [Klingelhöfer et al., 2003]. The primary objective of the Athena
science investigation is to explore two sites on the Martian surface where wa-
ter may once have been present, and to assess past environmental conditions
at those sites and their suitability for life [Squyres et al., 2003].

The operation of the MER Mössbauer spectrometers required intense
support from the ground. The support included the careful calibration of
the Mössbauer instrument (Chapter 3), the evaluation and interpretation of
Mössbauer data, the participation in the daily planning cycles for the rovers'
workloads, the presentation of results in discussions amongst the rovers' sci-
ence team, the presentation of results at scienti�c conferences, and the prepa-
ration of results for publication in scienti�c journals. All raw and calibrated
data of the mission had to be made publicly available within six months
of acquisition. Success and endurance of the two rovers have exceeded all
expectations. The journal 'Science' declared the results from the combined
payload the scienti�c breakthrough of the year 2004 [Kerr, 2004]. At the
time of writing this introduction (June 2006) both rovers are still operating.

In preparation for the MER mission several experiments were conducted
in the lab. Martian meteorites, a group of achondrites whose origin is be-
lieved to be Mars, were analyzed using a laboratory copy of the MIMOS II

1National Aeronautics and Space Administration
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instrument. The rover Opportunity discovered further evidence for a Mar-
tian origin of these meteorites. Bounce Rock was the �rst rock discovered
on Mars itself, whose chemical and mineralogical composition matches that
of the Martian meteorites (Chapter 4). In another set of expriments, min-
erals identi�ed in Martian meteorites as well as on the surface of Mars were
weathered in simulated Martian atmospheres. Fresh and weathered mineral
samples were investigated by Mössbauer spectroscopy (Chapter 5).

In order to determine how surface weathering processes might have changed
through Martian history, intact pro�les of rocks of similar composition, but
with the widest possible range of ages, should be mineralogically analyzed
[Gooding et al., 1992]. Such a dataset is now available from Spirit's inves-
tigation in Gusev Crater. Correlations between the abundances of primary
and secondary Fe-bearing minerals as determined by Mössbauer spectroscopy
give insight into weathering processes on Mars (Chapter 6).

The biosphere plays a signi�cant role in mineral weathering and the for-
mation of sedimentary rocks on Earth. If life ever arose on another planet,
its signatures may be identi�ed in the rock record. Mössbauer spectroscopy
was recommended for the in situ investigation of the Martian surface in an
ESA2 study on exobiology in the solar system and the search for life on Mars
[Westall et al., 2000; Wilson, 1999]. MIMOS II was part of the payload of the
ill-fated ESA Mars Express exobiological lander 'Beagle 2' [Sims et al., 1999;
Pullan et al., 2003]. In that context, rocks from Mars analogue �eld sites
(e.g., the Ross Desert McMurdo Dry Valleys in Antarctica) exhibiting mor-
phological biosignatures were analyzed with a suite of instruments designed
for robotic planetary surface operations, including MIMOS II. In another
investigation, Fe oxidation states of basaltic glass samples were determined
using Mössbauer spectroscopy. The glass samples had been exposed at a deep
sea hydrothermal vent. Iron oxidizing bacteria were cultured from samples
previously exposed there. As per the MER mission objectives both rover
landing sites were assessed for their potential habitability [Des Marais et al.,
2005; Knoll et al., 2005]. The MER Mössbauer results which contributed to
these assessments were also summarized in Chapter 7.

The basics of Mössbauer spectroscopy, the build-up of the miniaturized
Mössbauer spectrometer MIMOS II, and the concepts of weathering are in-
troduced in the next chapter.

2European Space Agency
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Chapter 2

Basic Principles

2.1 Mössbauer spectroscopy
Rudolf Ludwig Mössbauer (Nobel Prize 1961) discovered recoilless absorp-
tion and emission of γ-rays by speci�c nuclei in a solid in 1958 [Mössbauer,
1958a, 1958b, 2000]. There have been numerous reviews of this 'Mössbauer
e�ect' in general [e.g., Wegener, 1965; Greenwood and Gibb, 1971; Gonser,
1975; Gütlich et al., 1978], of its applications in mineralogy and geochemistry
[e.g., Bancroft, 1973; Hawthorne, 1988; Mitra, 1992; McCammon, 1995], and
in the investigation of planetary surfaces in particular [e.g., Burns, 1993a;
Klingelhöfer et al., 1995; Wdowiak et al., 2003]. The following paragraphs
provide a brief introduction.

2.1.1 The Mössbauer e�ect
When a nucleus of a particular isotope in an excited state decays to the
ground state, separated by the transition energy Et, by emitting γ-radiation
of the energy Eγ it experiences recoil of energy ER expressed as

ER =
Eγ

2

2Mc2
, (2.1)

where M is the mass of the nucleus and c is the velocity of light. The isotope
57Fe, for example, occurs with an abundance of 2.14 % in natural iron. Its
nuclear spin I = 3/2 excited state is separated by Et = 14.4 keV from the
I = 1/2 ground state (Figure 2.1). Conservation of energy requires that only
Et − ER is available for Eγ. Likewise, in order to bring a nucleus from the
ground state into the excited state, radiation with an energy of Eγ = Et+ER

is necessary. The line width Γ of the emitted γ-radiation can be determined

11
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.

Figure 2.1: Energy level diagram for 57Fe showing singlet emission of 14.4
keV γ-rays from the Mössbauer source and absorption of the γ-rays in three
di�erent nuclear environments.

with the lifetime τ of the excited state (10−7s for 57Fe) via Heisenberg's
uncertainty principle

Γτ = h̄, (2.2)
where h̄ is Planck's constant divided by 2π. For 57Fe the line width Γ =
4.67× 10−9eV and ER = 1.9× 10−3eV . Because Γ ¿ ER, it is not su�cient
to bridge the energy gap of 2ER; resonant emission and absorption of γ-
rays is not possible in isolated atoms or molecules in the gaseous or liquid
state. However, as Mössbauer discovered, when the nucleus is bound rigidly
to the crystal lattice of a solid, the crystal as a whole takes up the recoil
energy. Recoil energy is thereby transferred to the lattice by exciting phonons
(quantum units of lattice vibrations). The energy of excited phonons adds
up to ER on average, but with a certain probability no phonons are excited
and emission or absorption processes are recoilless. Conditions for resonant
emission and absorption of γ-rays are restored. This probability, the recoil-
free fraction f , can be expressed as

f = exp−k2 < x2 >, (2.3)

where k is the wave vector of the γ-ray and < x2 > is the mean vibra-
tional amplitude of the nucleus. This f -factor is also referred to as the
Lamb-Mössbauer factor or the Debye-Waller factor. The Mössbauer e�ect
has been observed in speci�c isotopes of over 40 elements. 57Fe Mössbauer
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spectroscopy is the most widely applied because of the relative ease of mea-
surement, and because Fe is one of the most abundant and wide-spread ele-
ments.

2.1.2 A basic Mössbauer spectrometer
A simple Mössbauer spectrometer consists of a source emitting the speci�c
γ-rays, a sample or absorber to be investigated, and a γ-ray detector system
(Figure 2.2). The isotope 57Co decays by electron capture with a half-life of
270 days to 57Fe. This happens with a certain probability via the I = 3/2
excited nuclear spin state of 57Fe, emitting the desired 14.4 keV γ-radiation
when �nally making the transition to the ground state. Nuclear energy lev-
els are in�uenced by the chemical environment. If the Mössbauer isotopes in
source and absorber reside in di�erent chemical compounds, resonant condi-
tions may be violated. They can be restored by moving the source relative to
the absorber with velocity vs, thereby adding energy ED to Eγ or subtracting
ED from Eγ via the Doppler e�ect

ED =
vs

c
Eγ. (2.4)

The x-axis in Mössbauer spectra is therefore labeled in units of velocity (usu-
ally mm/s) rather than energy. The detector may be installed in line with

Figure 2.2: The principle of Mössbauer spectroscopy: A source emitting γ-
rays is moved relative to an absorber. The absorber resonantly absorbs and
re-emits γ-rays. A detector placed behind the absorber measures absorption
minima; a detector placed on the same side of the absorber as the source
measures re�ection maxima of γ-rays or related de-excitation processes.
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source and absorber, with the absorber between source and detector (trans-
mission geometry, Figure 2.2). Thin slices or thinly distributed powders of
the absorber material have to be especially prepared to let enough radiation
pass through to the detector and to keep thickness e�ects small. Resulting
Mössbauer spectra show absorption minima. Alternatively, the detector may
be installed on the same side of the absorber as the source (backscatter-
ing geometry, Figure 2.2). The detector then records re-emitted γ-rays, or
may be tuned to detect competing ways of de-excitation such as conversion
electrons, or secondary processes such as X-rays. The resulting Mössbauer
spectra show re�ection maxima.

2.1.3 Mössbauer parameters
The interaction of a nucleus with its chemical environment a�ects the nuclear
energy levels. Positions of resonant lines in Mössbauer spectra re�ect these
changes relative to the source material and can thus be used to determine
the character of the chemical environment of the absorber. Di�erent kinds
of interaction manifest themselves in three important parameters which can
be extracted from a Mössbauer spectrum. These hyper�ne parameters or
Mössbauer parameters are the isomer shift δ, the quadrupole splitting ∆EQ,
and the magnetic hyper�ne splitting ∆EM .

Isomer shift
The isomer shift δ results from electric monopole interaction, i.e., Coulomb
interaction of the positive nuclear charge with electrons inside the nucleus.
It can be expressed as

δ =
4

5
πZe2R2 δR

R
{|ψ(0)|A2 − |ψ(0)|S2}, (2.5)

where Ze is the nuclear charge, R is the mean radius of the nucleus in its
ground and excited states, δR is the di�erence between the radii of excited
and ground states, and |ψ(0)|2 is the electron density at the nucleus of the
source (S) or the absorber (A). Isomer shifts thus also vary according to the
source material used (e.g., 57Co in Rh matrix) and have to be cited relative to
a common reference material, which in the case of Fe Mössbauer spectroscopy
is usually pure metallic Fe foil.

Experimentally one observes the isomer shift plus the second-order Doppler
shift (SOD), a small thermal shift due to atomic vibrations. The experimen-
tal shift of the centroid of a Mössbauer spectrum from a zero reference point
is thus referred to as the center shift. The contribution from the SOD is
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similar in most standard materials, so for purposes of comparison the isomer
shift is often taken to be equal to the center shift.

The isomer shift δ can be used to determine the oxidation state of iron in
a given absorber. The δR/R ratio for 57Fe is negative, and thus increasing
electron density at the nucleus results in a more negative value of δ. Not con-
sidering relativistic e�ects, only electrons in s-shells have a �nite probability
of being located at the nucleus. When metallic iron is oxidized to Fe2+, two
4s electrons are removed and δ increases. Further oxidation to Fe3+, however,
removes an electron from the 3d shell. The remaining electrons are bound
tighter to the nucleus and the electron density at the nucleus increases. As
a result, δ values for Fe3+-bearing compounds are more negative than for
Fe2+-bearing compounds. The ligand-type (e.g., O versus S bound to Fe)
and the coordination symmetry (e.g., Fe in tetrahedrally coordinated sites
versus Fe in octahedral sites) also in�uence the electron density and therefore
the isomer shift. For Fe bound to O such as in silicates, sulfates, carbonates,
etc., isomer shifts for Fe2+ cations typically range from 0.75 - 1.3 mm/s in
room temperature Mössbauer spectra; isomer shifts for Fe3+ cations range
from 0.15 - 0.5 mm/s [e.g., Burns and Solberg, 1990; Burns, 1993a, 1994].

Quadrupole splitting
Quadrupole splitting ∆EQ results from electric quadrupole interaction. It
is observed only when the nuclear charge is not distributed spherically sym-
metric (i.e., the nucleus possesses a non-zero quadrupole moment Q) and
electron and lattice charges are arranged other than in cubic symmetry, thus
producing an electric �eld gradient at the nucleus which interacts with the
quadrupole moment. This interaction partially removes the degeneracy of
the I = 3/2 excited state of 57Fe, separating it into two levels with magnetic
spin quantum numbers of mI = ±3/2 and mI = ±1/2. The energy di�erence
between these two levels is

∆EQ = EQ(±3/2)− EQ(±1/2) = eQVzz/2, (2.6)

where Vzz is the main component of the electric �eld gradient. Two transi-
tions to the ground state are possible (Figure 2.1), manifesting themselves as
two separate resonant lines (a doublet) in a Mössbauer spectrum. The dis-
tance between the two line centers is equal to ∆EQ. In the case of combined
electric monopole and quadrupole interaction, the location of the center be-
tween the two doublet lines on the x-axis in the Mössbauer spectrum de�nes
the isomer shift δ.

The di�erent electronic con�gurations of, e.g., Fe2+ and Fe3+ ions and
di�erent coordination environments result in di�erent electric �eld gradients
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at the nucleus. ∆EQ values are generally larger for compounds containing
Fe2+ ions than for compounds containing Fe3+. The combination of isomer
shift δ and quadrupole splitting ∆EQ enables one to reliably distinguish
between Fe2+ and Fe3+ ions in mixed-valence compounds [e.g., Burns and
Solberg, 1990; Burns, 1993a, 1994).

Magnetic hyper�ne splitting
Magnetic hyper�ne splitting ∆EM results from the interaction of a magnetic
�eld at the nucleus, it may be intrinsic or externally applied, with the mag-
netic dipole moment µN of the nucleus. The degeneracy of nuclear states
of spin I is completely removed into (2I + 1) energy levels (nuclear Zeeman
e�ect)

EM = −gNµNmIBhf , (2.7)
where gN is the nuclear Landé factor, mI = I, I − 1, ...,−I, and Bhf is the
magnetic hyper�ne �eld. The ground state of 57Fe with I = 1/2 splits into
two, the excited state with I = 3/2 into four levels. Selection rules for mag-
netic dipole transitions (∆I = 1, ∆mI = 0,±1) allow only six transitions,
which manifest themselves as six separate resonant lines (a sextet) in the
Mössbauer spectrum (Figure 2.1). The parameter ∆EM is the distance be-
tween the outermost line centers of the sextet. In the following chapters the
magnetic hyper�ne �eld Bhf is often used instead of ∆EM .

The situation of simultaneous electric monopole interaction, electric
quadrupole interaction, and magnetic dipole interaction can be complicated.
Fortunately, the magnetic interaction is much stronger in most cases, and
the electrical interaction can be treated as a perturbation. Then one can
calculate the quadrupole splitting ∆EQ = (1/2)[(v6−v5)− (v2−v1)], where
enumerated v6, for example, corresponds to the center position of line num-
ber 6 of a sextet when counted from lower to higher velocity in a Mössbauer
spectrum. The isomer shift δ is the distance of the baricenter of the sextet
from zero velocity on the x-axis of the Mössbauer spectrum.

The magnetic hyper�ne �eld Bhf of magnetically ordered compounds
may not be observed in a Mössbauer spectrum when the size of particles of
that compound are in the range of magnetically ordered domains. Thermal
excitation causes �uctuations of the magnetization direction of such one-
domain particles. The �uctuations of the magnetization happen with the
relaxation time τ ,

τ = τ0 exp
κV

kT
, (2.8)

where τ0 is a constant, κ is the magnetic anisotropy energy per unit volume,
V is the volume of the particle, and kT is the thermal energy. If the re-
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laxation time is smaller than the lifetime of the excited nuclear state, the
magnetic �eld sensed by the nucleus of the Mössbauer isotope is zero on
average. The particles become superparamagnetic. At room temperature
this e�ect is observed for particles < 30 nm, i.e., nanocrystalline particles.
The magnetic hyper�ne splitting ∆EM may be restored in the Mössbauer
spectrum by lowering the temperature of the absorber in the experiment,
thereby increasing the relaxation time τ . Nanocrystalline or superparamag-
netic iron oxides occur in many environments which are important for the
study of weathering under extraterrestrial conditions such as soils [e.g., Mu-
rad, 1988], the Orgueil carbonaceous chondrite [Wdowiak and Agresti, 1984],
hydrothermal vent systems [Agresti et al., 1994; Wade et al., 1999], clays at
the Cretaceous-Tertiary (KT) boundary [e.g., Wdowiak et al., 2001], or the
surface of Mars [e.g., Morris et al., 1989a, 2000, 2001, 2004, 2006a].

Spectral line shape and relative areas
Resonant spectral lines in a Mössbauer spectrum generally have a Lorentzian
form

I(E) ∼ Γ/2π

(E − E0)2 + (Γ/2)2
, (2.9)

where I is the intensity, E0 is the resonant energy, and Γ is the natural line
width from equation 2.2. In some cases data may be better approximated
using Voigt line shapes, i.e. a convolution of Lorentzian and Gaussian line
shapes.

Every Fe-bearing compound is characterized by a particular set of the
Mössbauer parameters δ, ∆EQ, and Bhf , like a �ngerprint. An absorber in-
vestigated by Mössbauer spectroscopy may contain several Fe-bearing com-
pounds. Hence, a Mössbauer spectrum may be deconvolved into several
single line, doublet, and sextet subspectral components. The relative sub-
spectral area is proportional to the relative amount of Fe in this compound
and its Debye-Waller factor. De Grave and van Alboom [1991] and Eeckhout
and De Grave [2003] evaluated Debye-Waller factors for many Fe-bearing
minerals. Generally, Fe3+ ions have higher Debye-Waller factors than Fe2+

ions and an f -factor correction may be applied to account for this di�er-
ence. If Debye-Waller factors are known at least relative to each other for
all components in a Mössbauer spectrum, and if the number of Fe atoms per
component molecule is also known or modeled, the weight percentage g for
each component k can be calculated as

gk =
AkSk∑
i AiSiεk

i

, (2.10)
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where Ak is the relative subspectral area of component k, Sk is the stoichio-
metric factor given by the ratio of the molecular weight of Fe divided by the
number of Fe atoms per molecule, εk

i is the ratio of Debye-Waller factors of
components k and i, and gk is normalized to the sum of gi of all components
[Fegley et al., 1995].

2.2 MIMOS II
TheMiniaturizedMössbauer Spectrometer MIMOS II (Figure 2.3) was specif-
ically designed for planetary missions. Besides miniaturization this involves
low power consumption and a rigid design to withstand high acceleration
forces and shocks during launch and landing, large temperature variations
typical during, e.g., the Martian diurnal cycle, and cosmic radiation. To
avoid complicated sample preparation the instrument is set up in backscat-
tering geometry. The instrument can thus be simply applied to the sample.
MIMOS II was chosen as part of the Athena science payload for the NASA
Mars Exploration Rovers (MER, see Appendix B) [Squyres et al., 2003] and
the payload for the ill-fated ESA Mars Express lander Beagle 2 [Pullan et
al., 2003]. The instrument on MER is described in detail by Klingelhöfer et
al. [2003]. This instrument has two major components: (1) a rover-based

Figure 2.3: Schematic drawing of the main components of the MIMOS II
sensorhead.
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electronics board that contains power supplies, a dedicated central processing
unit, memory, and associated support electronics and is situated inside the
Rover's Warm Electronics Box (WEB), and (2) a sensor head that is mounted
at the end of the instrument deployment device (IDD) for placement of the
instrument in physical contact with soil and rock. A brief description of the
instrument parts relevant to this work follows.

2.2.1 The drive system
The MIMOS II miniaturized drive design [Teucher, 1994] is based on a rigid
aluminum tube connection between a drive coil and a velocity pick-up coil
in the double-loudspeaker arrangement developed by Kankeleit [1964]. The
intense main 57Co/Rh source is mounted at one end of the aluminium tube,
and the weaker source for the reference absorber is mounted at the other end.
Kapton springs act as membranes of the loudspeaker system. The system
is equipped with SmCo permanent magnets and was optimized to give a
homogeneous, high magnetic �eld in the coil gaps (Figure 2.4). The drive
operates at a nominal frequency of ∼ 24 Hz, which is also its main resonance.
A feedback system produces a velocity proportional to a reference signal of
triangular waveform. The pickup coil measures the velocity by induction.
The error signal (or di�erential signal) of the feedback system is obtained by
connecting the �oating pickup coil in series with the reference signal (Figure
2.5). It is possible to read out and store the error signal to check the drive
performance.

Figure 2.4: Schematic drawing of a double loudspeaker Mössbauer drive
system. Source, drive and pickup coil are rigidly connected to an aluminium
tube. The tube can move in x-direction while the permanent magnets are
�xed in position [�gure from Teucher, 1994].
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Figure 2.5: Simpli�ed block diagram of the feedback system, where r repre-
sents the reference signal, c is the signal from the pickup coil, and e = r - c is
the error signal. The letters R and G stand for the transfer functions of the
control ampli�er and the Mössbauer drive, respectively [�gure from Teucher,
1994].

2.2.2 Sources, collimator, and detectors
Two 57Co in Rh matrix Mössbauer sources are mounted at opposite ends of
the MIMOS II drive (Figure 2.3). The weaker reference source, reference
target, and corresponding PIN-diode detector are con�gured in transmission
geometry. This reference setup is internal to the instrument and used for its
velocity calibration. The stronger Mössbauer source is used for the analysis
of external samples. Very important is an e�ective shielding of the detector
system from direct and cascade radiation from the 57Co/Rh source. A graded
shield consisting of concentric tubes of brass, tantalum, and lead (Figure
3.12) was selected. The thickness and the shape of di�erent parts of the
shielding were optimized so that hardly any direct 122 and 136 keV radiation
(emitted by the 57Co source) is in line with the detectors. The shielding also
acts as the collimator which limits the diameter of the target that is irradiated
by γ-rays. This diameter is as large as possible to minimize experiment time
within the constraint of acceptable cosine smearing [Klingelhöfer et al., 1992;
Held, 1997; Schröder, 2001]. The backscattered radiation is collected by four
PIN-diode detectors [Imkeller, 1990; Weinheimer et al., 1992; Held, 1993;
Held et al., 1993; Dorn, 1995; Bernhardt, 1997].

2.2.3 Working modes
MIMOS II has four main detectors plus the reference detector. Correspond-
ingly, �ve digital counters are situated on the electronics board. The reference



2.2. MIMOS II 21

detector collects 14.4 keV γ-quanta only, whereas the main detectors can be
set to collect either 14.4 keV γ-quanta, or 6.4 keV X-ray quanta resulting from
deexitation by conversion electrons, or 14.4 keV γ-quanta and 6.4 keV X-ray
quanta simultaneously (the default mode on the Mars Exploration Rovers).
If the latter is the case, in order to be able to bin counts of 6.4 keV and 14.4
keV quanta separately, two of the four counters corresponding to the main
detectors store the sum of 14.4 keV quanta collected by two speci�c detectors
each, the other two counters store the sum of 6.4 keV quanta collected by
two speci�c detectors each. The simultaneous collection yields some depth
sensitivity within the resulting Mössbauer spectra, because the di�erence in
energy allows the more energetic of the backscattered radiation to come from
greater depth of the sample [e.g., Klingelhöfer et al., 2003; de Souza, 2004].
However, in the mode of simultaneous collection, faulty detectors cannot be
singled out immediately any more. Individual Mössbauer spectra consist of
512 velocity channels.

MIMOS II was designed to work over a wide temperature range. Mar-
tian diurnal surface temperatures for example can range from 150 K on a
winter night to 293 K during a summer day. Hyper�ne parameters of indi-
vidual minerals, in particular magnetic properties, change with temperature.
Certain instrument characteristics are also temperature dependent (Chapter
3.3). Therefore, MIMOS II can work in a temperature independent mode,
where a single Mössbauer spectrum is stored for each counter, and a tem-
perature dependent mode, where Mössbauer spectra from each counter are
binned into 13 separate memory areas that correspond to 11 temperature
intervals that are 10 K wide between 180K and 290 K, plus < 180 K and >
290 K windows. MIMOS II contains three individual temperature sensors:
one located on the electronics board in the WEB; one on the contact ring
of the sensorhead; and one near the reference target. The binning into dif-
ferent temperature windows is triggered by periodical readouts of the sensor
at the contact ring. The Mössbauer spectra stored for the di�erent tempera-
ture windows can be evaluated separately or, for example in the case of low
statistics in individual windows, summed and subsequently evaluated.

2.2.4 Other applications
The special features of MIMOS II open up a range of terrestrial applications.
It has been used in the monitoring of iron ore production [Klingelhöfer et
al., 1998], the monitoring of hydromorphic soils in the �eld [Klingelhöfer et
al., 1999; Feder et al., 2005; Rodionov et al., 2006], and in-situ monitoring
of corrosion and air pollution studies [de Souza et al., 2001, 2002]. Due to
its set-up in backscattering geometry it is a non-destructive method suitable
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for the investigation of rare and precious materials, such as archaeological
artefacts [Klingelhöfer et al., 2002a, 2002b; de Souza et al., 2003; de Souza,
2004] or Martian meteorites [Schröder, 2001; Schröder et al., 2004; de Souza,
2004].

2.3 Weathering
A rock reaching the surface of a planet through volcanic and/or tectonic pro-
cesses is out of thermodynamic equilibrium with its new environment which is
no longer characterized by high pressures and temperatures. Through phys-
ical and chemical reactions the rock breaks down over time, i.e. it weathers.
The term 'weathering' stems from 'weather', which is de�ned as the state
of the atmosphere at any given time. At least on Earth one also has to in-
clude interactions with the hydrosphere and the biosphere into the concept
of weathering.

Erosion is the mass transport of weathered material by water run-o�,
wind, or ice, ultimately driven by the leveling pull of a planet's gravity. A
sediment is material deposited by erosional (physical) agents, chemical agents
(precipitation from bodies of water), or biological agents (living or dead or-
ganisms). Regolith is a layer of loose heterogeneous material composed of
weathered and unweathered fragments of the underlying parent rock, whereas
soil is a complex accumulation of weathered materials and organic matter.

Some minerals weather faster than others. Goldich [1938] observed that
mineral susceptibility to weathering is generally similar to Bowen's sequence
of minerals crystallizing from a melt [Bowen, 1928] (Figure 2.6). However,
the order of mineral susceptibility to weathering may change under di�erent
environmental conditions [e.g., Wasklewicz, 1994].

An introduction to the principles of weathering can be found in general
textbooks on geology [e.g., Press and Siever, 2000] and mineralogy [e.g., Cor-
rens, 1968; Matthes, 2001], as well as dedicated textbooks [e.g., Carroll, 1970;
Bland and Rolls, 1998]. For more detailed insights into particular aspects
of weathering, numerous reviews collections are available [e.g., Colman and
Dethier, 1986; Hochella and White, 1990; White and Brantley, 1995; Drever,
2003; Schlesinger, 2003]. According to the di�erent underlying principles,
weathering can be divided into several categories.

2.3.1 Physical weathering
Physical weathering processes are mechanical processes involving the disin-
tegration of rock with no chemical alteration. For example, the volumetric
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Figure 2.6: Goldich's sequence of mineral susceptibility to weathering. Min-
erals listed at the top generally weather faster than minerals listed at the
bottom.

increase of water in the frozen state or of salts at increasing hydration can
result in pressures exceeding the tensile strength of a rock. If water or salt
is present within rock fractures and pores, the rock may be shattered during
temperature cycles or periodically occurring wet and dry conditions. Physi-
cal weathering processes generally increase the rock surface area available to
chemical weathering processes.

2.3.2 Chemical weathering
Chemical weathering processes can be divided into three categories [Bland
and Rolls, 1998]:

• Solution of ions and molecules;

• The production of new materials, e.g. clay minerals, oxides and hy-
droxides;

• The release of residual unweathered materials, e.g. quartz and gold.

The mechanisms which are components of these categories are hydration,
solution, oxidation and reduction, hydrolysis, and complex formation via
chelation. In aqueous chemical weathering, the redox potential (Eh), the
acidity (pH), and the nature and activity of ions in solution become impor-
tant variables whose combination determines which products are eventually
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precipitated. Chemical weathering weakens a rock and promotes physical
weathering processes in return.

2.3.3 Biological weathering
Life has been discovered in all parts of our planet that are within human
reach. The important role of biogenic weathering is increasingly recognized
[e.g., Schlesinger, 2003]. Biological weathering can be seen as a combination
of a wide variety of physical weathering processes such as roots penetrating
and widening fractures in a rock, and chemical weathering processes such as
reactions with humic acids from decaying organisms. The earliest evidence
for life on Earth stems from geochemical markers left in the rock record long
before the rise of vertebrates [e.g., Knoll, 2003]. It is worth looking for such
biomarkers on other planets.

2.3.4 Space weathering
Atmosphere-less bodies in the Solar System such as the Moon or asteroids
can undergo modi�cation by interaction with the solar wind. Interaction
with solar �ares and cosmic rays, and impacts of micrometeorites and larger
meteorites also fall under the term space weathering.
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Chapter 3

Velocity Calibration of the MER
Flight Instruments

he Mössbauer spectrometers on board of the Mars Exploration Rovers are the
�rst ever which have been launched into space and successfully returned data
from the surface of another planet. All Mössbauer spectra obtained on Mars
during the MER mission are released within six months of acquisition to the
general public via the world wide web1. Raw and calibrated data are released.
The MER Mössbauer instruments have unique features which require special
calibration procedures. Documents describing these calibration procedures
are posted alongside Mössbauer spectra. The released calibrated spectra and
accompanying documents are the result of the work presented in this chapter.

The interpretation of Mössbauer spectra is impossible without precisely
knowing the source velocity relative to an absorber. One can measure the
source velocity directly using a Michelson interferometer [e.g., Fritz and
Schulze, 1968]. However, a simpler and more accurate way is the use of
a standard absorber with a well-known magnetic hyper�ne splitting such as
iron metal (α-Fe0, Table 3.1).

Mössbauer drive velocity calibration for the MIMOS II �ight instruments
was done in three di�erent ways to ensure redundancy. Prior to �ight the
drive system of each instrument, Flight Model 2 (FM2) for the rover Spirit
and FM3 for the rover Opportunity2, was calibrated as a function of the
software velocity settings by measuring an α-Fe0 foil standard in backscat-
ter mode (Chapter 3.1). During the mission, the CCT (Compositional Cal-

1Mössbauer data from the Mars Exploration Rover mission are available from the NASA
Planetary Data System (PDS) at http://pds.jpl.nasa.gov/; Washington University's MER
Analyst's Notebook at http://anserver1.eprsl.wustl.edu/; homepage of AK-Klingelhöfer
at http://iacgu32.chemie.uni-mainz.de/mer/ [e.g., Klingelhöfer et al., 2005].

2FM1 served as Flight Spare.
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Table 3.1: Hyper�ne parameters of α-Fe at room temperature [Muir et al.,
1967].

Absorber δ (mm/s) ∆EQ (mm/s) ∆EM (mm/s) Bhf (T)
α-Fe0 0a 0 10.657 33.0b

aAll values of the isomer shift δ in this work are quoted relative to α-Fe.
bFrom [Preston et al., 1962]

ibration Target) was measured in several runs to verify the functionality of
MIMOS II (Chapter 3.4). The primary method for velocity calibration are
the internal reference target and detector con�gured in transmission geome-
try. The Mössbauer spectrum of the internal calibration target is measured
simultaneously with each backscatter experiment. That way the actual drive
velocity is always well-de�ned, regardless of the environmental conditions
which the instrument is working at.

When Mössbauer experiments are performed at lower or elevated temper-
atures in the lab, the drive system is usually situated outside the kryostat or
furnace and kept at room temperature. The MER instruments, however, are
exposed to the Martian environment and the e�ects of temperature on drive
performance have to be considered. When the MER instruments were tested
not as stand alone setups in the lab but in a setup resembling the electronic
connections on MER, the drive system started 'ringing', i.e. experienced
positive feedback at reduced temperatures well within the Martian diurnal
range. To avoid that e�ect, the ampli�cation within the control ampli�er
had to be reduced to yield additional phase margin3. The reduced ampli�ca-
tion resulted in a larger than usual degradation of the velocity linearity and
had to be corrected by software (Chapter 3.2). The output of the maximum
velocity at a given software velocity setting also depends on temperature.
This dependence is evaluated in Chapter 3.3.

Operation time is an important consumable on a spacecraft. One way
to minimize the time needed for the acquisition of a Mössbauer spectrum
of statistically good quality, is to irradiate as much of the sample as possi-
ble with source radiation. This can be achieved through an increase of the
opening angle of the γ-ray beam which is controlled by the radius of the
collimator. However, increasing the opening angle gives rise to a geometrical
e�ect known as cosine smearing (Chapter 3.5).

3The analysis and adjustment of instrument electronics was performed by Dipl.-Ing.
B. Bernhardt.
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3.1 Determination of maximum velocity
When an electric current is applied to the drive system, a force F acts on
the aluminium tube and the parts rigidly connected to it

Ftube = Fdrivecoil + 2Fspring = IldrivecoilBcoilgap + 2k∆x, (3.1)

where I corresponds to the current �owing through the drive coil, ldrivecoil

is the wire length of the drive coil, B is the magnetic �ux in the coil gap
of the permanent magnets, k is the spring constant of the Kapton springs,
and ∆x is the de�exion from the equilibrium position of the tube. The force
of the springs acts in the opposite direction of the force acting on the drive
coil and is multiplied by two because there are two springs in the system.
However, because of the soft Kapton springs (i.e., small spring constant k)
and in the case of small de�exions, Fspring ¿ Fdrivecoil and is neglected in the
following. A voltage Uind is induced in the pickup coil, which is proportional
to the velocity of the pickup coil and therefore of the tube and the Mössbauer
sources rigidly connected to it at opposite ends

Uind = vslpickupcoilBcoilgap, (3.2)

where vs is the velocity of the source, lpickupcoil the wire length of the pickup
coil, and Bcoilgap the magnetic �eld in the coil gap of the permanent magnet.
This induced voltage is compared to a triangular reference signal Uref

Uref − Uind = Uds. (3.3)

The di�erence Uds is fed back into the control ampli�er with a certain ad-
justable gain. The feedback loop adjusts the current in the drive coil so
that

Uind
∼= Uref . (3.4)

The di�erential signal (or error signal) −Uds can be read out and used to
check the performance of the drive system. The maximum velocity vmax

is proportional to the amplitude of the reference signal set by the control
ampli�er

vmax =
Uref,p−n

2lpickupcoilB
, (3.5)

where Uref,p−n is the di�erence between positive and negative amplitude of
the reference signal. The wire length of the pickup coil and the magnetic �eld
in the coil gap of the permanent magnet may vary between di�erent drives.
In addition, the software sets a number, the internal maximum velocity value
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vint 6= vmax which is also proportional to Uref,p−n. The proportionality factor
may again di�er from drive to drive.

Prior to �ight, the drive systems of the �ight instruments FM2 and FM3
were calibrated as a function of the software velocity settings. An α-Fe0 foil
standard was measured in backscattering mode for di�erent vint values preset
by the �rmware. Corresponding values of vmax were evaluated from �ts of
the resulting Mössbauer spectra (Figure 3.1).

3.2 Non-linear velocity
In optimized laboratory drives for the MIMOS II setup the deviation of the
real velocity (as measured by the pickup coil) from the nominal velocity given
by the triangular reference signal is smaller than 0.1 %. In that case it is
not necessary to take the di�erential signal into account during �tting proce-
dures. Instrument performance tests with the JPL4-produced �exprint cable
which connects the MIMOS II electronics and the sensorhead on the Mars
Exploration Rovers were done late during the Assembly, Test and Launch
Operations (ATLO) period. The length of the cable and therefore a large
impedance in the grounding wire had unforeseen e�ects on the instrument
performance: The drive system started 'ringing' at low temperatures (∼ 200
K). To avoid this problem during Mars surface operations, the ampli�cation
in the feedback gain of the drive system was reduced by about a factor of 10
in case of Opportunity and a bit lower on Spirit (unpublished data provided
by B. Bernhardt, 2004). This reduction of the ampli�cation resulted in a
degradation of the velocity linearity. The di�erential signal now had to be
taken into account in order to enable the �tting of Mössbauer spectra.

3.2.1 Adjusting the �tting routines
The �t routines used in this work assume a linear velocity dependence. They
produce a linear triangular velocity scale for each of the 512 channels of
MIMOS II. The value vmax in mm/s is read in from a parameter �le. Then
−vmax is assigned to channels 0.5 and 512.5, +vmax is assigned to channel
256.5, and velocity values are calculated in equal spacings for channels 1 to
256 and 257 to 512,respectively. The parameter vmax may be a variable in the
case of �tting a calibration target, where for example for α-Fe0 the magnetic
hyper�ne splitting is kept as a constraint. After �tting the reference target,
the obtained vmax value is kept as a constraint for the evaluation of other
data.

4Jet Propulsion Laboratory, California Institute of Technology, Pasadena/California.
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Figure 3.1: Calibration curves of the internal maximum velocity values vint

versus the real vmax for the FM2 and FM3 sensorheads at room temperature.
The proportionality factors are given in the equations. Errors for vmax are
smaller than the symbols. The coe�cients of determination R2 were deter-
mined using the linear �t routine of Microcal Origin. Standard deviations
SD are given as a measure of uncertainty.
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Figure 3.2 shows the spectrum of an α-Fe0 reference target measured with
FM2 in backscattering geometry. The typical sextet pattern of α-Fe0 appears
twice in the spectrum, the second half of the spectrum being the mirror image
of the �rst half of the spectrum. Di�erences in the count rate result from the
so-called geometry e�ect - during one half of the velocity sweep the source
moves from the equilibrium point of the drive towards the target and back
whereby the count rate increases; during the other half the source moves
from the equilibrium point away from the target and back. If the two halfs
of the Mössbauer spectrum taken during one period of the velocity sweep
are folded with respect to their mirror image, the geometry e�ect disappears
in �rst order. In the case of a linear and symmetric velocity signal, folding
simply involves summing the counts of channels with corresponding velocity,
i.e. channels 1 and 512, 2 and 511, ..., 256 and 257.

If the velocity signal is not su�ciently linear and symmetric any more,
folding in this simple manner is not possible. The real velocities in corre-
sponding channels are now di�erent and corresponding spectral lines do not
overlap (Figure 3.3). For the evaluation of Mössbauer spectra the knowledge
of vmax alone does not su�ce any more. However, with the knowledge of the
di�erential signal one can calculate the real velocity for each channel: The

Figure 3.2: Unfolded backscatter spectrum of an α-Fe0 foil obtained with
the FM2 sensorhead.
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Figure 3.3: Left and right halves of an α-Fe0 spectrum folded at the center
point of an unfolded spectrum assuming linear velocity dependence for a) a
laboratory MIMOS II setup, and b) FM3, the Opportunity sensorhead. In
b) line positions of left and right halves of the spectrum no longer overlap as
a result of a non-linear velocity dependence.
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di�erential signal Uds,i is measured and stored in mV per channel i and can
be translated into a velocity vds,i in mm/s by

vds,i =
2vmaxUds,i

nAUref,p−n

, (3.6)

where n is the number of velocity cycles of the drive (usually 250, the number
is adjustable by software) and A is the ampli�cation of Uds in the control am-
pli�er of the feedback circuit. Because Uds = Uref −Uind, subtraction of vds,i

from the triangular linear velocity calculated from vmax as described above,
yields the real, non-linear velocity vreal,i (Figure 3.4). Because of the good lin-
ear proportionality between vmax and vint (Figure 3.1) the ratio vmax/Uref,p−n

is constant. Thus the conversion factor is independent of vmax. Also one does
not need to know Uref,p−n. Generally only vint is known. Uncertainties of
the ampli�cation factor A arise, because only nominal resistance values are
known for the electronic parts in the feedback circuit, in particular for the
pickup coil. The conversion factors were thus determined experimentally by
�nding the best overlap of lines from left and right halves in folded reference
spectra. For FM2 on Spirit the experimentally determined conversion factor
is 0.0079(1) mm s−1 mV−1, for FM3 on Opportunity 0.0064(1) mm s−1 mV−1.

On Mars, the di�erential signal was read out after deployment of the sen-
sorhead to a target prior to every acquisition of a Mössbauer spectrum. The
measured di�erential signal as contained in raw data from the instruments is
biased and needs to be centered on a zero line before it can be translated into
vds. The measured o�set is completely due to arti�cial o�sets of the ADC
system. The mean values of the di�erential signal and of the real velocity
must be exactly zero.

Udscentred(i) = Uds(i)−
∑512

i=1 Uds(i)

512
(3.7)

yields a centered di�erential signal. Here i denotes a particular channel
number. The �tting routines used in this work were adjusted to read in the
di�erential signal and to calculate the non-linear, real velocity scales.

3.2.2 Folding point
The nominal velocity is a triangular waveform which starts and ends at neg-
ative vmax - channel 0.5 and 512.5, respectively - and reaches positive vmax

nominally at channel 265.5. However, this channel assignment (folding point)
is subject to small variations and needs to be determined using a variable
parameter in �tting routines. In the �tting routines used in this work the
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Figure 3.4: Linear velocity signal, di�erential signal, and resulting non-linear
velocity for the a) FM2 sensorhead on Spirit, and the b) FM3 sensorhead
on Opportunity. The red dotted lines are the respective di�erential signals
tenfold. Whereas FM2 linear and non-linear velocities are still in reasonable
agreement, they di�er signi�cantly for FM3.
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folding point is entered as a dimensionless fraction of a channel into the pa-
rameter �le and varied during the �tting procedure. Interpolation between
the count rates of two adjacent channels and a subsequent shift by the frac-
tion of a channel as given by the folding point parameter, shifts the spectrum
around the center. A positive value shifts the center of the spectrum to higher
channels. Alternatively, one can shift the velocity scale.

3.3 Temperature dependence of vmax

The drive systems inside the MIMOS II sensorheads on board of the Mars
Exploration Rovers are subject to the Martian diurnal temperature range
(Figure 3.5). The in�uence of temperature changes on the performance of
the drive system needs to be considered. Teucher [1994] investigated three
di�erent e�ects: 1) the in�uence of temperature changes on the mechanical
properties of the Kapton springs, 2) the in�uence of temperature changes on
the resistance of the pickup coil, and 3) the in�uence of temperature on the
magnetic �eld of the coil gaps in the permanent magnets.

The value of the Kapton spring sti�ness and the dampening increases
with decreasing temperature. As a result the resonance frequency of the
springs shifts to higher values. This does not a�ect vmax, but may have an
in�uence on the velocity linearity of the drive, i.e. the di�erential signal.

The temperature dependent resistance R(T ) of a wire is given by

R(T ) =
ρ(T )l

A
, (3.8)

whereby ρ(T ) is the speci�c resistance of the wire material, l is the length of
the wire, and A is its cross-sectional area. For Cu [Moeller and Fricke, 1971]

ρ(T ) = ρ293(1 + α293(T − 293 K) + β293(T − 293 K)2), (3.9)

where T is the temperature in degrees Kelvin, ρ293 = 0.01786 Ω mm2 m−1,
α293 = 3.93 × 10−3 K−1, β293 = 6 × 10−7 K−2. Teucher [1994] concluded
that the temperature dependence of the resistance of the copper wire of the
coils in the drive has no in�uence on vmax, because it does not in�uence Uref .
However, the resistance of the pickup coil enters into the calculation of the
ampli�cation factor of the feedback system and thus the conversion factor for
the di�erential signal (equation 3.6) becomes temperature dependent. The
temperature-dependent behavior of other electronic parts in the feedback
system is not known.
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Figure 3.5: Temperature record of a full sol at Meridiani Planum, Mars, as
measured by the three temperature sensors of Opportunities MB sensorhead
inside the Warm Electronics Box (WEB); on the MB contact plate; and at
the internal reference target. The measurement started at noon Local Solar
Time (LST) during sol 31 of Opportunity's mission and ended at noon LST of
sol 32. Discontinuities occur when the MB instrument is switched into idle
mode during communication passes. While outside temperatures decrease
the on-board computer raises the temperature inside the Warm Electronics
Box (WEB). The time is given in arbitrary units (a.u.) because information
about the duration of the communication passes was not at hand.

The magnetic �eld B in the coil gaps of the permanent magnets increases
with decreasing temperature T

B(T ) = BRT (1 + αR(T − 293 K)), (3.10)

where αR is the temperature coe�cient of the remanence. Vakuumschmelze
GmbH in Hanau, the company producing the SmCo permanent magnets,
provided αR = −0.00025 K−1 for temperatures ranging from -100◦C to 20◦C.
According to equation 3.5 B(T ) is inversely proportional to vmax. At identical
vint settings vmax thus decreases with decreasing temperature.
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3.3.1 Experimental determination of the temperature
dependence of vmax

Using MIMOS II, a spectrum of the internal reference target is obtained
simultaneously with every Mössbauer backscatter spectrum. Reference and
backscatter spectra are binned in individual temperature windows (Chapter
2.2.3). For a given vint value the temperature dependence of vmax can be de-
termined by �tting the reference spectra in individual temperature bins. The
internal reference target5 is composed of a metallic iron foil (α-Fe0, 30 % en-
riched in 57Fe), and a powder consisting of the minerals hematite (α-Fe2O3,
95 % enriched in 57Fe) and magnetite (Fe3O4). The FM3 sensorhead con-
tains more of the hematite/magnetite powder relative to the α-Fe0 than the
FM2 sensorhead, thus preventing a confusion between the two sensorheads
(Figure 3.6).

The two components of the MER reference target, the α-Fe0 foil and
the hematite/magnetite powder, were investigated separately using a stan-
dard laboratory Mössbauer transmission setup. The components were cooled
down in a kryostat. Mössbauer drive and source remained outside the kryo-
stat at room temperature. The drive system was calibrated by measuring the
α-Fe0 foil at room temperature and �tting the spectrum with the values from
Table 3.1. The individual components of the MER reference target were then
cooled down to and kept at temperatures corresponding to the center of a
particular temperature window de�ned for the MER sensorheads. The tem-
perature di�erence between source and absorber resulted in changes of the
center shift δ which were not observed during MER surface operations where
source and sample are usually at the same temperature within 10 K (Figure
3.5). However, the temperature di�erence between source and absorber does
not in�uence the magnetic splitting. Temperatures, corresponding temper-
ature windows, and the obtained Mössbauer parameters for the individual
components are listed in Tables 3.2 and 3.3. The magnetic splitting against
temperature of the measured α-Fe0 foil was compared to values obtained
by Preston et al. [1962], who used Mössbauer and NMR spectroscopy to
determine the magnetic hyper�ne �eld Bhf of iron down to a temperature
T of 4 K. The temperature-dependent behavior of Bhf for a ferromagnetic
substance can be approximated by a Brillouin function. Because the tem-
perature range of interest (∼ 180 K − 300 K) is far away from the Curie
temperature (1043 K for Fe), their data were �t using a simpler polynomial

5The internal reference targets for the MER Mössbauer spectrometers were assembled
by Dr. S. Kane.
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Figure 3.6: Mössbauer transmission spectra of the internal reference target
from a) FM2 on Spirit and b) FM3 on Opportunity. Subspectra of individual
components are shown. The spectra are from the m9 (250 K - 260 K) tem-
perature window and were obtained on Mars on a) sol 14 of Spirit's mission
and b) sol 11 of Opportunity's mission.
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function (Figure 3.7)

Bhf (T ) = B0 + αT + βT 2, (3.11)

where B0 = 33.802(3) T , α = −0.00062(6) T/K, and β = −7.2(2)×10−6 T/K2.
This function was used to determine the hyper�ne splitting at relevant tem-
peratures. There is a good agreement between the measurement and the
data from Preston et al. [1962] (Figure 3.8). The polynomial function de-
rived from the �t to the Preston et al. [1962] data was used in the following to
calculate the hyper�ne splitting of Fe for all MIMOS II temperature windows
between 180 K and 290 K.

Spectra of the hematite/magnetite powder mixture were obtained at the
same set of temperatures (Table 3.3) using the same calibration of the labo-
ratory drive as above. The magnetite in this mixture is non-stoichiometric,
i.e. the ratio of subspectral areas of the two sextets resulting from Fe2+

and Fe3+ in octahedral lattice positions and Fe3+ in tetrahedral lattice po-
sitions is smaller than the stoichiometric 2:1 ratio. One explanation for this
deviation, other than impurities such as Ti and Al, may be the presence of
maghemite (γ-Fe2O3), which is isostructural with magnetite. X-ray di�rac-
tion spectra of the magnetite/hematite mixture do not indicate any phase
other than hematite and magnetite [de Souza, 2004]. However, according
to Vandenberghe et al. [2000] neither Mössbauer spectroscopy nor XRD can
distinguish between non-stoichiometric magnetite or magnetite/maghemite
mixtures.

For well-crystalline hematite, the Morin transition where hematite changes

Table 3.2: Measured hyper�ne parameters of the α-Fe0 foil used in the ref-
erence absorbers of the FM2 and FM3 sensorheads.

T T- δab ∆EQ ∆EM Bhf Γ AreaPhase (K) window (mm/s) (mm/s) (mm/s) (T) (mm/s) (%)
α-Fe0 205 m4 0.05 0.00 10.79 33.4 0.36 100
α-Fe0 215 m5 0.05 0.00 10.77 33.3 0.36 100
α-Fe0 225 m6 0.04 0.00 10.76 33.3 0.36 100
α-Fe0 235 m7 0.04 0.00 10.75 33.3 0.36 100
α-Fe0 245 m8 0.03 0.01 10.73 33.2 0.36 100
α-Fe0 255 m9 0.03 0.01 10.72 33.2 0.36 100
α-Fe0 RT m13 0.00 0.00 [10.657] [33.0] 0.35 100
aRelative to α-Fe0 at room temperature.
bTypical errors for the transmission measurement are ±0.02 mm/s for δ, ∆EQ,

and Γ, ±0.03 mm/s for ∆EM , ±0.1 T for Bhf , and ±2% for the area.
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Table 3.3: Hyper�ne parameters of the hematite/magnetite powder mixture
used in the reference absorbers of the FM2 and FM3 sensorheads. Hm:
Hematite; Mt 3+: Magnetite, tetrahedral Fe3+; Mt 2.5+: Magnetite, octa-
hedral Fe2+ and Fe3+.

T T- δab ∆EQ ∆EM Bhf Γ AreaPhase (K) window (mm/s) (mm/s) (mm/s) (T) (mm/s) (%)
Hm 0.43 0.29 17.20 53.3 0.50 70

Mt 3+ 205 m4 0.44 0.15 16.36 50.7 [0.44]c 16
Mt 2.5+ 0.70 0.06 15.16 46.9 [0.45] 14

Hm 0.43 0.28 17.18 53.2 0.49 67
Mt 3+ 215 m5 0.43 0.14 16.36 50.7 [0.49] 19
Mt 2.5+ 0.69 0.07 15.13 46.9 [0.46] 14

Hm 0.42 0.26 17.14 53.1 0.51 69
Mt 3+ 225 m6 0.44 0.11 16.34 50.6 [0.44] 17
Mt 2.5+ 0.69 0.06 15.11 46.8 [0.43] 14

Hm 0.42 0.21 17.08 52.9 0.53 71
Mt 3+ 235 m7 0.44 0.10 16.25 50.3 [0.44] 16
Mt 2.5+ 0.69 0.06 15.05 46.6 [0.44] 13

Hm 0.41 0.09 17.00 52.6 0.57 72
Mt 3+ 245 m8 0.42 0.04 16.23 50.3 [0.44] 16
Mt 2.5+ 0.69 0.04 15.01 46.5 [0.44] 12

Hm 0.41 -0.08 16.86 52.2 0.51 70
Mt 3+ 255 m9 0.39 -0.02 16.23 50.3 [0.44] 16
Mt 2.5+ 0.67 0.00 14.97 46.4 [0.43] 14

Hm 0.38 -0.19 16.64 51.5 0.41 65
Mt 3+ RT m13 0.36 -0.10 15.99 49.5 [0.44] 20
Mt 2.5+ 0.64 0.01 14.73 45.6 [0.43] 15
aRelative to α-Fe0 at room temperature.
bTypical errors for the transmission measurement are ±0.02 mm/s for δ, ∆EQ,

and Γ, ±0.03 mm/s for ∆EM , ±0.1 T for Bhf , and ±2% for the area.
cValues in square brackets were kept constant during the �tting procedure

from a weakly ferromagnetic state into an antiferromagnetic state, happens
at 260 K [e.g., Murad, 1988, and references therein]. This is manifest in a
change of the value of ∆EQ from a negative to a positive value while cross-
ing the Morin temperature towards lower temperatures. In the reference
absorber material the change is observed below 255 K and is gradual rather
than sudden. This may be a result of the admixed magnetite or an indica-
tion of a distribution of particle sizes and/or di�erent degrees of crystallinity
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Figure 3.7: The temperature dependence of the splitting of the magnetic
hyper�ne �eld Bhf of α-iron. Data points are from Preston et al. [1962].
The red line is a polynomial �t to the data points.

within the powder.
The hyper�ne parameters derived from the kryostat measurements (Ta-

bles 3.2 and 3.3) were used as constraints in �ts of individual temperature
window reference spectra obtained on Mars. For FM2 on Spirit a ∼ 14 h
measurement from sol 050 of Spirit's mission, spanning a temperature range
from ∼ 200 K to 280 K, was used to evaluate vmax(T ) values. For FM3 refer-
ence spectra from all measurements between sols 195 and 560 were summed
over individual temperature windows. The sum of each temperature window
was �tted separately. Only temperature windows for which laboratory data
of the single components of the reference absorber are available were evalu-
ated (m4 - m9). In the case of FM2, the m4 reference spectrum contained
statistics that were too low to yield a reliable �t.

In Figure 3.9, the experimentally obtained vmax(T ) values (Table 3.4) for
the FM2 and FM3 sensorheads were plotted against temperature. With
equations 3.5 and 3.10 the expected temperature dependence of vmax(T ) for
temperatures below room temperature is given by

vmax(T ) =
Uref,n−p

2lBRT (1 + αR(T − 293 K))
, (3.12)
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Figure 3.8: Comparison between the hyper�ne �eld ∆EM of α-iron derived
from laboratory measurements (red squares) with the α-Fe0 foil used in the
MER reference absorbers and data determined by Preston et al. [1962].
The black line represents the polynomial �t to their data. The error bars
result from an assumed uncertainty in temperature of ±5 K. That the lab-
oratory measurements plot consistently above the polynomial �t line can be
explained if room temperature was higher than 293 K during the calibration
measurement.

where BRT is the magnetic �eld of the permanent magnets in the coil gap at
room temperature. The proportionality factor Uref,n−p/(2lBRT ) was derived
from the calibration curves in Figure 3.1. At room temperature the propor-
tionality factor equals vmax. With the default vint values of 1300 for FM2
and 1500 for FM3, the proportionality factor equals 11.57 mm/s for FM2 and
12.00 mm/s for FM3, respectively. The solid black lines in Figure 3.9 were
calculated substituting these proportionality factors into equation 3.12. The
experimentally determined data points follow a generally similar pattern as
given by equation 3.12, but do not fall on that line. Linear �ts through the
data points (dashed lines in Figure 3.9) show di�erent inclines. The di�erent
inclines may be explained by values of αR varying slightly between individual
magnets used in the sensorheads. Extrapolation of the linear �ts through the
data points for both sensorheads yield vmax(T ) values at room temperature
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Figure 3.9: The temperature dependence of vmax(T ) for a) the FM2 sensor-
head on Spirit, and b) the FM3 sensorhead on Opportunity. The red squares
are vmax(T ) values obtained by �tting single temperature window reference
spectra. Error bars represent the width of the temperature windows. The
solid black lines represent the temperature dependence of vmax(T ) expected
from the temperature dependence of the magnetic �eld in the coil gap. The
dashed lines are linear �ts to the data points.
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Table 3.4: The vmax(T ) values derived from reference spectra �ts and values
calculated from equations of linear �ts through these data points.

FM2 FM3
T T- exp. vmax,exp(T ) lin. �t vmax(T ) exp. vmax lin. �t vmax(T )
(K) window (mm/s) (mm/s) (mm/s) (mm/s)
185 m2 11.147 11.610
195 m3 11.179 11.652
205 m4 11.212 11.6994(4) 11.695
215 m5 11.246(1)a 11.244 11.7367(3) 11.738
225 m6 11.276(1) 11.277 11.7813(3) 11.781
235 m7 11.307(2) 11.309 11.8114(3) 11.823
245 m8 11.342(2) 11.341 11.8788(3) 11.866
255 m9 11.377(2) 11.374 11.9051(3) 11.909
265 m10 11.406 11.951
275 m11 11.439 11.994
285 m12 11.471 12.037
RT m13 11.498 12.072
aErrors given are the �nal step size of variation in the least squares �tting procedure

(11.50 mm/s for FM2, 12.07 for FM3), that di�er from values derived from
the calibration curves in Figure 3.1. Apparently, the temperature dependence
of the magnetic �eld in the coil gaps is not the only parameter responsible
for the temperature dependence of vmax. However, the origin of these dis-
crepancies is not known. The calibration curves in Figure 3.1 were obtained
in the laboratory on Earth, the data points in Figure 3.9 from measurements
on Mars. One might speculate that the stresses of launch and landing or the
di�erent conditions on Mars in�uenced the performance of the instruments.
Both instruments showed anomalous behavior during the journey from Earth
to Mars.

The derived linear equations

vmax(T ) = a + bT, (3.13)

with a = 10.54769 mm/s for FM2 and 10.81977 mm/s for FM3, and b =
0.00324 mm s−1 K−1 and 0.00427 mm s−1 K−1, respectively, were used to
determine vmax values for all individual temperature windows. All backscat-
ter spectra were evaluated using these vmax values (Table 3.4) as constraints.
It has to be noted, that the vmax values shown here are virtual values, which
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are used to create a linear velocity signal to which the di�erential signal is
added. The real maximum velocities may di�er.

3.4 CCT measurements on Mars
During the mission, the magnetite Compositional Calibration Target (CCT)
was measured in several runs to verify the functionality and calibration of
MIMOS II. Measurements with a MIMOS II laboratory sensorhead were
performed on an engineering model of the CCT. The magnetite in the en-
gineering model came from the same piece of rock as the magnetite in the
CCT �ight models. A spectrum obtained in the lab at room temperature is
shown in Figure 3.10, the derived hyper�ne parameters are listed in Table
3.5.

The CCT on Spirit was measured on 7 occasions (sols 093, 149, 213,
322, 621, 622, 623) and the CCT on Opportunity on 6 occasions (sols 036,
160, 161, 327, 647, 649). Spectra from individual temperature windows were
summed over all measurements for each rover and evaluated. The derived
hyper�ne parameters are listed in Table 3.6.

Figure 3.11 compares the values of the magnetic splitting Bhf of the

Figure 3.10: Backscatter Mössbauer spectrum of the Compositional Calibra-
tion Target (CCT) engineering model.
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Table 3.5: Hyper�ne parameters of the Compositional Calibration Target
(CCT) engineering model obtained with a MIMOS II laboratory sensorhead.

Phase δab (mm/s) ∆EQ (mm/s) ∆EM (mm/s) Bhf (T)
Magnetite, tet. Fe3+ 0.32 0.02 16.1 50.0
Magnetite, oct. Fe2.5+ 0.67 0.00 15.0 46.4
aRelative to α-Fe0 at room temperature.
bTypical errors for the backscatter measurement are ±0.02 mm/s for δ and ∆EQ,

±0.2 mm/s for ∆EM , and ±0.8 T for Bhf .

Table 3.6: Hyper�ne parameters of the Compositional Calibration Targets
(CCT) on Spirit and Opportunity.

FM2 FM3
δab ∆EQ ∆EM δ ∆EQ ∆EMPhase T-window (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s)

Mt 3+ 0.31 0.03 16.3 0.32 0.00 16.5
Mt 2.5+ m4 0.65 0.00 15.3 0.65 0.02 15.4
Mt 3+ 0.31 0.04 16.3 0.33 0.03 16.5
Mt 2.5+ m5 0.66 0.00 15.3 0.66 -0.01 15.4
Mt 3+ 0.31 0.04 16.3 0.33 0.02 16.4
Mt 2.5+ m6 0.66 0.00 15.3 0.65 0.00 15.4
Mt 3+ 0.31 0.04 16.2 0.33 0.02 16.4
Mt 2.5+ m7 0.66 0.00 15.2 0.65 0.00 15.3
Mt 3+ 0.30 0.04 16.2 0.32 0.02 16.4
Mt 2.5+ m8 0.66 0.00 15.2 0.65 0.00 15.2
Mt 3+ 0.31 0.02 16.2 0.32 0.02 16.4
Mt 2.5+ m9 0.66 0.00 15.2 0.66 0.00 15.3
Mt 3+ 0.31 0.03 16.2 0.31 0.02 16.3
Mt 2.5+ m10 0.66 0.01 15.1 0.67 -0.01 15.2
Mt 3+ 0.31 0.02 16.2 0.33 0.03 16.2
Mt 2.5+ m11 0.67 -0.01 15.0 0.67 0.00 15.1
Mt 3+ Extrapol. 16.1 16.2
Mt 2.5+ to RT 15.0 15.1
aRelative to α-Fe0 at room temperature.
bTypical errors for the backscatter measurement are ±0.02 mm/s for δ and ∆EQ,

and ±0.2 mm/s for ∆EM .
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tetrahedral Fe3+ and the octahedral Fe2.5+ magnetite sextets derived for
the di�erent temperature windows using linear �t vmax(T ) values listed in
Table 3.4. Extrapolating a linear �t through the data points from FM2
in Figure 3.11 to room temperature yields Bhf values matching the values
from the laboratory room temperature measurement on the CCT engineering
model (Table 3.5), thus con�rming the temperature dependent calibration for
FM2. In comparison, the Bhf values of magnetite in the CCT for FM3 show
a systematic o�set to higher values although they agree within the quoted
errors.

It was investigated whether this o�set may derive from the di�erent in-
ternal calibration targets. The FM2 internal calibration target contains the
well-characterized α-Fe0 as the dominant phase in the Mössbauer spectrum
(Figure 3.6a), whereas the Mössbauer spectrum of the FM3 internal calibra-
tion target is dominated by the less well-characterized hematite/magnetite
mixture (Figure 3.6b), which may result in a bias towards higher vmax values.
The FM3 reference spectra were �tted with only the α-Fe0 �xed; the param-
eters of the hematite-magnetite mixture were left unconstrained. However,
the v −max values did not change signi�cantly and the o�set remained.

An alternative explanation for the systematic o�set may be small di�er-
ences in the geometry of the FM2 and FM3 sensorheads. If, for example,
during the assembly of the instruments in the lab the drive of FM3 was
mounted in such a way that the main source ended up slightly nearer the
collimator, the e�ective opening angle would increase and lead to enhanced
cosine smearing e�ects (see next paragraph or cf. [Schröder, 2001, pp. 46�]).
The sources are assumed to be circular disks with a 4 mm diameter and
the central point in one axis with the drive and the center of the collimator
opening. If the main source deviates from circular geometry or is slightly
o�-axis, e�ects similar to cosine smearing may arise. The sources were de-
livered in a closed state and their true makeup could not be veri�ed. It is
important to note, that both instruments were calibrated using the internal
reference target measured in transmission geometry where these geometrical
considerations are not e�ective, contrary to the CCT measurements which
were done in backscattering geometry. It must be emphasized here again,
that both instruments were subject to the stresses of a rocket launch and an
airbag-cushioned landing on the surface of Mars.

3.5 Spatial resolution and cosine smearing
Operation time is a valuable consumable on any spacecraft. Source strength,
detector e�ciency, energy resolution of the detector, and the irradiated sam-
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Figure 3.11: Mössbauer spectra of the CCTs on Spirit and Opportunity were
evaluated for individual temperature bins, using the respective temperature-
dependent velocity calibration. The ∆EM values for the magnetite sextets of
tetrahedral Fe3+ and octahedral Fe2.5+ show a systematic o�set. A possible
explanation may be subtle di�erences in the geomettric makeup of the FM2
and FM3 sensorheads.

ple area are parameters which a�ect the time needed to obtain a good quality
Mössbauer spectrum. The irradiated sample area is limited by the diameter
of the collimator. When the collimator diameter is increased, the opening
angle for emitted γ-photons increases. Photons emitted with an angle θ with
respect to the sensorhead axis do not gain the Doppler energy from equation
2.4, but

∆E =
v0

c
Eγcosθ, (3.14)

where Eγ is the photon energy, and v0 the relative velocity between source
and absorber. This so-called cosine smearing e�ect leads to an asymmet-
ric broadening and an outward shift of line centers, in particular at higher
velocities.

The problem of mathematically accounting for cosine smearing e�ects has
been discussed for coaxial transmission setups, i.e. the centers of source, col-
limator, sample, and detector, all lining up along the same axis. If the ratio of
the collimator radius and the distance between the source and the collimator
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is smaller than or equal to 0.1, cosine smearing can be neglected [Aramu and
Maxia, 1970]. In case this condition is not ful�lled, Riesenman et al. [1969]
derived a formula for the line shape for a non-zero source radius. Backscat-
tering geometry introduces another plane. Although the excitation process
is still coaxial, the detectors are no longer coaxially positioned. Hence, dif-
ferent parts of the irradiated sample area need to be weighted with respect
to the detector geometry. This requires to distinguish between a number of
di�erent cases. Held [1997] derived a formula considering these factors, albeit
only assuming a point source.

Although the distortion in line shape resulting from cosine smearing can
be accounted for mathematically in spectral �tting routines, the reduction
in resolution can lead to irretrievable loss of information. The opening angle
of the collimator was originally limited to 22◦ from the central rotational
axis to enable the separation of the outer lines of the sextets of hematite
(α-Fe2O3) and maghemite (γ-Fe2O3) - without any correction for cosine
smearing [Held, 1997, p.68]. Experiments by Schröder [2001] showed, that
the opening angle can be increased without losing that ability. As part of
this work, a new collimator was designed for the MER sensorheads within
the weight and place limits of the original, increasing the diameter from
4.5 mm to 5.6 mm (Figure 3.12). This increases the opening angle from
21.1◦ to 23.6◦ and the irradiated sample area from 117 mm2 to 161 mm2,
respectively [Schröder, 2001]. Much of the background in Mössbauer spectra
obtained with a MIMOS II sensorhead comes from scattered radiation within
the sensorhead itself. This part of the background stays constant (in fact, it
was also diminished through the new collimator design) when increasing the
collimator diameter. The result is a signi�cantly increased signal to noise
ratio (Figure 3.13).

Figure 3.13 shows Mössbauer spectra obtained from a magnetite CCT
engineering model with a MIMOS II setup using 4.5 mm and 5.6 mm diameter
collimators. Table 3.7 shows the derived Mössbauer parameters. Integrating
both curves in Figure 3.13 shows that the spectral area increases by 46 %
using the larger diameter collimator. This e�ectively reduces the integration
time needed to obtain a spectrum of the same statistical quality by over 30
%.

To investigate the e�ects of cosine smearing a portion of the magnetite
rock from which the CCTs were made of was powderized in a ball mill and
sieved to a smaller than 45 µm grainsize fraction. This fraction was analyzed
with a Mössbauer transmission setup, where the geometry was such that co-
sine smearing could be neglected. Resulting Mössbauer parameters are listed
in Table 3.7. The outward shift of line centers resulting from cosine smear-
ing a�ects the parameter Bhf in particular. The increase is smaller than 1 %
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Figure 3.12: Schematic drawings of the new collimator design (blue: Lead;
cyan: Tantalum; yellow: Brass; red: Kapton foil). The inner diameter was
increased from 4.5 mm to 5.6 mm.

when compared with the previous 4.5 mm diameter collimator design. The
Bhf values of the tetrahedral Fe3+ sextet obtained in transmission geometry
and with the 5.6 mm diameter collimator in backscattering geometry agree
within the error of ±0.8 T quoted for Bhf in published Mössbauer data [e.g.,
Morris et al., 2006a].

3.6 Released velocity scales
All MER data are made available to the general scienti�c community at reg-
ular intervals through web-based databases. The released Mössbauer data
comprise raw and calibrated data as described in the Mössbauer Experi-
mental Data Record (EDR) and Reduced Data Record Software Interface
Speci�cation (RDR-SIS) documents. The released �les contain all neces-
sary data which enable interested parties to calibrate and evaluate Martian
Mössbauer spectra themselves: Backscatter spectra, reference spectra, and
di�erential signals for each measurement. However, the calibration proce-
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Figure 3.13: Mössbauer spectra of the CCT engineering model obtained using
a 4.5 mm diameter collimator and the new 5.6 mm diameter collimator. The
spectral area increases by 46 % with the 5.6 mm diameter collimator.

dure as described in the previous paragraphs is unconventional and may be
di�cult to implement in standard �t routines.

Among the calibrated data are velocity scales for FM2 and FM3 for each
temperature window. The velocity scales were created using the tempera-
ture dependent vmax(T ) values in Table 3.4 and an average di�erential signal
for each rover. Because the orientation of the MIMOS sensorheads during
CCT measurements is very di�erent to surface measurements, another set
of velocity scales was created for CCT measurements with di�erent average
di�erential signals. The velocity scales are provided in their non-linear form
in columns of 512 values such that the velocity value in line 1 directly corre-
sponds to the counts in channel 1 of the unfolded raw Mössbauer data �le,
and so on. That way calibrated Mössbauer spectra are provided without any
loss of information from the raw data. The spectra may not be readable by
some standard �t routines in that form. One can easily linearize the velocity
scales and, by interpolating, manipulate the raw spectral data accordingly in
order to make them readable.

The released velocity scales correspond to backscatter spectra. In order
to apply them to spectra of the internal reference target which were obtained
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Table 3.7: Hyper�ne parameters of the Compositional Calibration Targets
(CCT) engineering model (obtained in backscattering mode with two di�er-
ent collimators) and a powder derived from the same rock material (obtained
in transmission mode).

Ø collimator δab ∆EQ ∆EM Bhf Γ/2
(mm) Phase (mm/s) (mm/s) (mm/s) (T) (mm/s)

Mt 3+ 0.28 0.00 15.9 49.2 0.14Transmission Mt 2.5+ 0.67 0.00 14.8 45.9 0.18
Mt 3+ 0.30 0.03 16.1 49.7 0.184.5 Mt 2.5+ 0.67 0.00 15.0 46.3 0.19
Mt 3+ 0.32 0.02 16.1 50.0 0.225.6 Mt 2.5+ 0.67 0.00 15.0 46.4 0.19

aRelative to α-Fe0 at room temperature.
bTypical errors for the backscatter measurement are ±0.02 mm/s for δ and ∆EQ,

±0.2 mm/s for ∆EM , ±0.8 T for Bhf , and ±0.01 mm/s for Γ/2.

in transmission geometry, the velocity scales need to be multiplied by -1.
In some spectra, in particular from the Opportunity MB spectrum (FM3
sensorhead), the lines from left and right halves of reference or backscatter
spectra do not overlap when using the provided velocity scales. Here a shift
of the folding point needs to be taken into account. This can be achieved
by interpolating between velocities corresponding to individual channels and
shifting the whole velocity scale along those interpolations by the appropriate
fraction of 1.

3.7 Evaluation of MER Mössbauer data
The �tting routines used in this dissertation are not commercially available.
They are based on the least squares minimization routine MINUIT [e.g.,
James, 2004] and were developed and adjusted over time at the Technische
Universität in Darmstadt and the Johannes Gutenberg-Universität in Mainz.
Members of the MER Mössbauer team at other institutions were using dif-
ferent �t routines. In their �ttings they used the released velocity scales
described in the previous paragraph.

In laboratory environments, the counting statistics can be made arbi-
trarily good by long counting times and/or by using strong 57Co sources.
On Mars, arbitrarily long counting times are not possible within timely pro-
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gression of mission science requirements, and a weak 57Co source cannot be
replaced by a stronger one. Therefore the choices for improving counting
statistics in MER spectra are either to sum the data for all or a subset of
temperature windows for measurements of a single target or to sum data
for the same temperature interval (one or more temperature windows) from
measurements of multiple targets. If the Mössbauer parameters are strongly
dependent on temperature, summing over a wide temperature interval will
broaden lines, leading to reduced velocity resolution. Summing spectra over
multiple targets for individual temperature windows will not broaden lines if
the mineralogical composition is invariant, and the subspectral areas will be
the weighted average for the aggregate. Subspectral areas of the individual
targets would then be calculated using the information previously obtained
(e.g., δ, ∆EQ, and ∆EM) as �tting constraints. Both approaches were em-
ployed.

All spectra were independently �tted by at least two members of the
MERMössbauer team (always including the author of this dissertation). Two
approaches were used to determine line centers during the computations. In
one approach, the line centers were �tted and the MB parameters (δ, ∆EQ,
and ∆EM) calculated from the �tted line positions; in the other approach,
the MB parameters were �tted and line positions calculated from the MB
parameters. Distribution functions can be used when MB parameters are
�tted. The values of the MB parameters reported by Morris et al. [2004,
2006a] and Klingelhöfer et al. [2004] are averages of the values obtained
in these independent �ts, and the parameter errors are the larger of the
statistical error (not often) or the deviation from the average value of the
independent �ts. Minimum errors reported are ±0.02 mm/s for δ and ∆EQ,
±0.8 T for Bhf and ±2 % (absolute) for subspectral areas A. Morris et
al. [2006a] give a detailed account of �tting procedures employed in the
evaluation of MER Mössbauer spectra and the identi�cation of Fe-bearing
mineralogical phases.



Chapter 4

Martian Meteorites

Martian meteorites [e.g., McSween, 1994; Treiman et al., 2000] are a special
group of achondrites. Oxygen isotope ratios in these meteorites fall along
a fractionation line distinct from Earth rocks. Gas trapped in glass inclu-
sions in the meteorite EETA79001 matches the composition of the Martian
atmosphere [Bogard and Johnson, 1983]. Martian meteorites are also re-
ferred to as SNC meteorites after Shergotty, Nakhla, and Chassigny, three
meteorites that are characteristic for individual subgroups of the Martian
meteorites. Only 36 Martian meteorites have been identi�ed to date [Meyer,
2006]. They have been divided according to their mineralogical composition
into clinopyroxenites (or nakhlites), basaltic shergottites, lherzolitic shergot-
tites, olivine-phyric shergottites, dunites (or chassignites), and one orthopy-
roxenite (ALH84001). The importance of these meteorites lies in the fact
that they can be analyzed in great detail in terrestrial laboratories. There-
fore, most models of the geochemical evolution of Mars' mantle and crust are
based on their mineralogical, geochemical and isotopic studies. In compari-
son to Earth, the Mars inferred bulk composition has higher abundances of
moderately volatile elements (e.g., Mn, Na, etc.) and has higher FeO in the
source region of basalts [Dreibus and Wänke, 1985]. Isotopic analyses imply
early di�erentiation with the formation of a small core, mantle and crust
[Lugmair and Shukolyukov, 1998; Lee and Halliday, 1997]. With the excep-
tion of ALH84001, these meteorites have relatively young crystallization ages
of 1300 million years to as little as 200 million years or less, implying an ex-
tant period of volcanism on Mars [Borg et al., 1997; Nyquist et al., 2001].
They show only minor signs of alteration. Some of that alteration is of ter-
restrial origin, whereas some has been shown to be of pre-terrestrial Martian
origin [Bridges et al., 2001]. Prior to the landing of the Mars Exploration
Rovers, rocks speci�cally matching the composition of Martian meteorites
had not been discovered on Mars itself. Martian meteorites are rare and pre-
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cious. MIMOS II provides a non-destructive tool for their analysis. Samples
of the meteorites Dar al Gani 476, Sayh al Uhaimyr 005, Nakhla, Shergotty,
EET79001, and Zagami are from the meteorite collection of the Max-Planck-
Institute for Chemistry in Mainz and were kindly provided Dr. Jutta Zipfel.
This meteorite collection is now on permanent loan at the Senckenberg In-
stitute in Frankfurt/Main. A sample of the meteorite ALH84001 came from
the Carnegie Institution in Washington D.C. and was kindly provided by Dr.
Jan Toporski.

4.1 Dar al Gani 476 and Sayh al Uhaymir 005
The olivine-phyric shergottites Dar al Gani 476 and Sayh al Uhaymir 005
were studied using MIMOS II. All spectra were obtained at room temperature
under ambient conditions. Samples comprised of one sawn slab each of Dar al
Gani 476 (Figure 4.1) and Sayh al Uhaymir 005 (Figure 4.2). Schröder et al.
[2004] were the �rst to report Mössbauer spectra from these two meteorites.
These spectra are discussed here.

The Martian meteorites Dar al Gani 476 (DaG) and Sayh al Uhaymir
005 (SaU) are thought to be closely related [Zipfel, 2000]. DaG is heavily
fractured and the fractures and veins are �lled with carbonate [Zipfel et al.,
2000]. The abundant carbonate is evidence for the percolation of terrestrial
CO2-rich water in this meteorite. It has not been observed in vein-�llings
of unequivocally pre-terrestrial origin in any other Martian meteorite. Veins
and vugs observed in rocks during the Mars Exploration Rover mission are
associated with enhanced Cl, S, and Br levels, i.e. salts rather than carbon-
ates [e.g., Gellert et al., 2004]. Figure 4.1a shows the front side of the DaG
slab, and Figure 4.1b the reverse side. The red circles have a diameter of 15
mm and indicate the �eld of view of MIMOS II on these spots. The spots on
DaG are designated dag002 (center of front side), dag005 (right of dag002),
and dag004 (spot on reverse side). The spots on SaU (Figure 4.2) are des-
ignated from top left sau004, sau002, and sau003, respectively. Spot dag002
was chosen to be far from the rim and the u-shaped fracture inside the slab to
provide a measure of the presumably least-altered part of the meteorite. Spot
dag005 covers a domain of calcite veins alongside the u-shaped fracture. Spot
dag004 on the reverse side exhibits a large reddish-brown olivine crystal at
its center. Spot sau004 at the rim of the SaU slab covers some slightly darker
material compared to the bulk matrix. Spot sau002 exhibits a higher abun-
dance of olivine crystals, whereas sau003 shows more of the lighter colored
bulk matrix material. Figures 4.3 and 4.4 show Mössbauer spectra taken from
these di�erent spots on each meteorite slab of DaG and SaU, respectively.
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Figure 4.1: Front (a) and reverse side (b) of a slab of the Martian meteorite
Dar al Gani 476. Red circles have a diameter of 15 mm and indicate the �eld
of view of MIMOS II during measurements: (a) dag002 (left) and dag005
(right); (b) dag004. The spots were chosen to represent the least weathered
interior part distant from the calcite veins (dag002), material intersected by
calcite veins (dag005), and a reddish-brown olivine crystal.

Figure 4.2: A slab of the Martian meteorite Sayh al Uhaymir 005. Red
circles have a diameter of 15 mm and indicate the �eld of view of MIMOS II
during Mössbauer measurements: sau004, sau002, and sau003 from the top
left corner, respectively. The spots were chosen to contain predominantly
the light-toned matrix (sau003), predominantly dark-colored olivine crystals
(sau002), and a dark-toned matrix at the edge of the meteorite slab (sau005).



56 CHAPTER 4. MARTIAN METEORITES

Figure 4.3: Mössbauer spectra from a slab of the Martian meteorite Dar al
Gani 476, obtained from di�erent spots on its surface. Spectra are o�set
along the y-axis for clarity. The spectrum obtained from the interior part
which was distant from calcite veins (dag002) contains the least amount of
nanophase ferric oxides (np-Ox). The spectrum from calcite veins (dag005)
contains almost twice as much np-Ox. The spectrum from the reddish-brown
olivine crystal (dag004) contains the most np-Ox which indicates that the
red color is a result of oxidative weathering of olivine.
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Figure 4.4: Mössbauer spectra from a slab of the Martian meteorite Sayh al
Uhaymir 005, obtained from di�erent spots on its surface. Spectra are o�set
along the y-axis for clarity. The spectrum from dark-colored olivine crys-
tals (sau002) and the spectrum from the predominantly light-toned matrix
(sau003) can be distinguisehd by their olivine/pyroxene ratio. Only the spec-
trum from the dark-toned matrix at the edge of the meteorite slab (sau005)
contains small amounts of octahedral Fe3+.
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Table 4.1: Hyper�ne parameters from Mössbauer spectra of the Martian
meteorite Dar al Gani 476.
Mineral phase Fe ox. and coord. δab (mm/s) ∆EQ (mm/s) Area (%)

dag002
Olivine Oct. Fe2+ 1.15 2.89 22

Pyroxene A Oct. Fe2+ 1.13 2.06 61
Pyroxene B Oct. Fe2+ 1.23 2.18 11
Ilmenite Fe2+ 1.02 0.74 1

Fe3+ phase(s) Oct. Fe3+ 0.38 0.92 5
dag004

Olivine Oct. Fe2+ 1.14 2.89 43
Pyroxene A Oct. Fe2+ 1.14 2.06 34
Pyroxene B Oct. Fe2+ 1.22 2.16 11
Ilmenite Fe2+ 1.08 0.90 1

Fe3+ phase(s) Oct. Fe3+ 0.40 0.80 11
dag005

Olivine Oct. Fe2+ 1.14 2.86 26
Pyroxene A Oct. Fe2+ 1.21 2.05 48
Pyroxene B Oct. Fe2+ 1.22 2.13 17

Fe3+ phase(s) Oct. Fe3+ 0.41 0.77 9
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, and ±2 % for the area.

Hyper�ne parameters are listed in Tables 4.1 and 4.2. Typical uncertainties
are 0.02 mm/s for δ and ∆EQ. Both meteorites contain olivine and pyroxene
in variable amounts. The relative intensity of olivine lines increases with the
presence of large, dark-colored olivine crystals in the analyzed spots. DaG
also contains minor amounts of ilmenite. DaG is strongly altered as indicated
by a - compared to other SNC meteorites [e.g., Dyar, 2003] - very high con-
tent of ferric iron present in all spectra shown here. As expected, the ferric
iron content is particularly high on spots along the calcite veins. However,
large amounts in comparison to SaU are also found in the center far away
from these veins (dag002). Apparently water penetrated DaG deeper than
the visible carbonate veins suggest. SaU shows measurable amounts of ferric
iron only along the rim (sau004). Assuming a close relationship between
the two meteorites [Zipfel, 2000] and considering the fractures in DaG, the
high ferric iron contents in DaG can be attributed to alteration by terrestrial
�uids from which the carbonate precipitated. Some olivine crystals in DaG
show a brownish-red color, in particular in the center of the analyzed spots
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Table 4.2: Hyper�ne parameters from Mössbauer spectra of the Martian
meteorite Sayh al Uhaymir 005.
Mineral phase Fe ox. and coord. δab (mm/s) ∆EQ (mm/s) Area (%)

sau002
Olivine Oct. Fe2+ 1.16 2.90 42

Pyroxene A Oct. Fe2+ 1.13 2.06 49
Pyroxene B Oct. Fe2+ 1.24 2.24 9

sau003
Olivine Oct. Fe2+ 1.16 2.88 36

Pyroxene A Oct. Fe2+ 1.11 2.01 36
Pyroxene B Oct. Fe2+ 1.19 2.15 28

sau004
Olivine Oct. Fe2+ 1.15 2.92 38

Pyroxene A Oct. Fe2+ 1.11 2.08 47
Pyroxene B Oct. Fe2+ 1.26 2.17 13

Fe3+ phase(s) Oct. Fe3+ 0.51 0.68 2
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, and ±2 % for the area.

dag004 and dag005 (Figure 4.1). The Mössbauer spectra suggest that this
color results from ferric alteration products of olivine.

4.2 Nakhla
An irregular-shaped piece of the clinopyroxenite Nakhla was also investigated
with MIMOS II. The results shown here were initially published by Schröder
et al. [2004]. The piece of Nakhla shows remnants of the fusion crust on one
side (Figure 4.5).

Figure 4.6 shows the Mössbauer spectrum of the interior of the Nakhla
sample and Table 4.3 contains the respective hyper�ne parameters. Typical
uncertainties are 0.02 mm/s for δ and ∆EQ. The Fe-bearing phases in Nakhla
are reported as 78 % modal pyroxene and 15 % olivine, respectively [Meyer,
2006]. Harvey and McSween [1991] describe the composition of olivine in
Nakhla as fayalitic (fa65-75). The ∆EQ values of olivine decrease with in-
creasing Fe content [e.g., Morris et al., 2004]. Although Solberg and Burns
[1989] report a ∆EQ value as low as 2.78 mm/s for olivine in Nakhla, the
value obtained from the MIMOS II measurement of the interior of Nakhla,
∆EQ of 2.71 mm/s (Table 4.6), was considered too low to be attributed to



60 CHAPTER 4. MARTIAN METEORITES

Figure 4.5: A piece of the Martian meteorite Nakhla (scale bar in cm) showing
the interior (a) and part of the dark fusion crust (b).

Figure 4.6: Mössbauer spectra of the Martian meteorite Nakhla. Spectra
are o�set along the y-axis for clarity. The fusion crust is highly oxidized
compared to the interior of the the meteorite.
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Table 4.3: Hyper�ne parameters from Mössbauer spectra of the Martian
meteorite Nakhla.
Mineral phase Fe ox. and coord. δab (mm/s) ∆EQ (mm/s) Area (%)

Interior
Pyroxene A Oct. Fe2+ 1.16 1.97 70
Pyroxene B Oct. Fe2+ 1.17 2.71 25

Fe3+ phase(s) Oct. Fe3+ 0.47 0.66 5
Fusion crust

Pyroxene A Oct. Fe2+ 1.13 1.92 39
Oct. Fe2+ 1.06 2.75 25Laihunite Oct. Fe3+ 0.43 0.99 36

aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, and ±2 % for the area.

olivine. Mössbauer spectra and hyper�ne parameters in Figure 4.6 and Ta-
ble 4.3 match the spectrum and hyper�ne parameters Dyar [2003] obtained
from a pyroxene separate of Nakhla. Therefore the doublet with ∆EQ = 2.71
mm/s was assigned to an Fe2+ pyroxene phase. The other two Fe-bearing
phases identi�ed are a second Fe2+ pyroxene phase and an Fe3+ phase,
whose assignment is uncertain. It has previously been assigned to Fe3+ in
pyroxene [Vieira et al., 1986; Vistisen et al., 1990], and also to a hydrated
alteration phase resembling iddingsite [Burns and Martinez, 1990; Burns,
1991], a common weathering product of olivine. The iddingsite is thought
to be an alteration phase of Martian origin [Reid and Bunch, 1975]. The
absence of olivine in the analyzed spot of the interior is unusual and shows
the inhomogeneity of Nakhla on the scale of the �eld of view of MIMOS II.

The Mössbauer spectrum of the fusion crust shows a strong increase in
Fe3+ (Figure 4.6 and Table 4.3). The fusion crust is a thin alteration rind
which formed by frictional heating during the meteorite's descent through
Earth's atmosphere. In this case the Fe3+ cannot be simply assigned to
pyroxene or iddingsite. In fact, the hyper�ne parameters obtained from the
spectrum of the fusion crust for the Fe2+ phase with ∆EQ equal to 2.75 and
the Fe3+ phase are in the range of hyper�ne parameters reported for the
mineral laihunite (Fe2+Fe3+

2 (SiO4)2, also referred to as ferrifayalite) [Schae-
fer, 1983; Kan and Coey, 1985]. The visual appearance of the fusion crust
supports this assignment. Laihunite is described as an opaque, dark brown or
black mineral. Kondoh et al., [1985] obtained laihunite by heating synthetic
fayalite crystals in air at 400, 600, and 700◦C. The fusion crust formed at
similar conditions.
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4.3 ALH84001
The orthopyroxenite ALH84001 gained notoriety after McKay et al. [1996]
announced to have found evidence for possible Martian relic biogenic activity
in it. His claims were partly linked to the presence of Fe-rich carbonate
globules, typically 50 µm in diameter. A mm-sized piece of ALH84001 was
investigated with MIMOS II.

Electron microscopy and energy-dispersive X-ray (EDX) analyses con-
�rmed the presence of at least one carbonate globule on the surface of this
piece. However, the abundance of carbonate globules was too low within
the MIMOS II �eld of view. Spectral features of the carbonate could not
be resolved in the Mössbauer spectrum against the overwhelming pyroxene
background, although the measurement was running for several weeks (Fig-
ure 4.7). Mössbauer parameters are listed in Table 4.4.

4.4 Bounce Rock and basaltic shergottites
The Mars Exploration Rover Opportunity landed in 22 m diameter Eagle
crater on Meridiani Planum. After leaving Eagle crater, the rover approached
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Figure 4.7: Mössbauer spectrum of the Martian meteorite ALH84001, an
orthopyroxenite.
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Table 4.4: Hyper�ne parameters from a Mössbauer spectrum of the Martian
meteorite ALH84001.
Mineral phase Fe ox. and coord. δab (mm/s) ∆EQ (mm/s) Area (%)
Pyroxene A Oct. Fe2+ 1.12 2.03 77
Pyroxene B Oct. Fe2+ 1.17 2.28 23
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, and ±2 % for the area.

an isolated rock, approximately 40 cm by 20 cm in size. Since it was close to a
bounce mark from the airbag shell and may have been hit during the landing,
the rock was dubbed Bounce Rock (Figure 4.8). No other rock this large was
found in the vicinity of Bounce Rock. It lies on top of the �ne-grained soil.

Opportunity's Mössbauer spectrometer was the �rst in situ instrument
applied to Bounce Rock. Spectra were taken from a RAT-ground target and
from eight di�erent target spots of the undisturbed, dust-covered, and poten-
tially coated surface of the rock. All but one spectrum were acquired using
the standard maximum drive velocity of about 12 mm/s, because Bounce
Rock was initially characterized by remote sensing instruments as hematite-
rich. The absence of the typical sextet feature in these Mössbauer spec-
tra excludes the presence of hematite and other magnetically split Fe oxide
phases in Bounce Rock. One spectrum from an undisturbed rock target was
acquired with a reduced drive velocity range of about 4 mm/s to allow for a
better resolution of the doublet lines.

Bounce Rock appears remarkably homogeneous in the Mössbauer spectra.
Spectra of undisturbed and abraded surfaces show no marked di�erences, im-
plying that surface dust and any potential coatings are absent or too thin to
contribute to spectra. Fe is exclusively distributed between pyroxene phases,
represented by two doublets in the Mössbauer spectra (Figure 4.9). Bounce
Rock shows no signs of chemical alteration as indicated by the lack of Fe3+,
and is thus distinguished from the surrounding soil and the sulfate-rich out-
crop rocks. There is no evidence for the presence of olivine, which further
distinguishes Bounce Rock from basaltic soils at Meridiani Planum [Klingel-
höfer et al., 2004] and from basaltic rocks and soils investigated by the rover
Spirit in Gusev crater [Morris et al., 2004, 2006a]. In addition, the Möss-
bauer parameters of pyroxene phases in Bounce Rock di�er from those of
basaltic soils at Meridiani Planum [Klingelhöfer et al., 2004] and of basaltic
rocks and soils in Gusev crater. Although spectra from Bounce Rock are
unique among Martian surface samples to date, they are similar to spectra
from Martian meteorites. Data from the whole instrument suite onboard
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Figure 4.8: False color image of Bounce Rock after grinding with the Rock
Abrasion Tool (RAT). Mössbauer spectra were obtained prior to and after
RAT-grinding. The photo is an enhanced color composite generated from
Pancam's 600, 530, and 480 nm �lters (NASA/JPL/Cornell).

the rover con�rm that Bounce Rock is closely related to basaltic shergottites
[Christensen et al., 2004; Klingelhöfer et al., 2004; Rieder et al., 2004; Squyres
et al., 2004b], a subgroup of the Martian meteorites. Figure 4.9 compares a
Mössbauer spectrum of Bounce Rock to Mössbauer spectra of other basaltic
shergottites, EETA79001 B, Shergotty, and Zagami, which were obtained
with a laboratory MIMOS II setup. The intensity of the Mössbauer signal
decreases from Bounce to EETA79001 B to Shergotty to Zagami. The de-
crease correlates with the decrease in the total Fe content of these meteorites.
Table 4.5 lists the respective Mössbauer parameters.

Because the composition of Bounce Rock is di�erent from the underlying
soil and the sedimentary outcrop rocks at Meridiani Planum, the rock must
have been transported from elsewhere on Mars to its current location. An
impact-related origin is likely. A relatively fresh 25-km crater located 75
km southwest of Eagle crater has been identi�ed as a possible source region
[Squyres et al., 2004b]. A detailed integration of the observations from all
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Figure 4.9: Mössbauer spectra of Bounce Rock (after RAT-grinding, target
Case) and other basaltic shergottites. The spectrum of Bounce Rock was
obtained over a temperature range from 201-255 K, the spectra of the other
basaltic shergottites were obtained at room temperature. Spectra are o�set
along the y-axis for clarity.
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Table 4.5: Pyroxene Mössbauer parameters from whole rock analyses of
Bounce Rock and selected Martian meteorites.

Pyroxene A Pyroxene B
δa ∆EQ Ab δ ∆EQ AName (mm/s) (mm/s) (%) (mm/s) (mm/s) (%) Ref.

Bounce Rockc 1.17 2.01 74 1.20 2.63 26 [1]
Basaltic
shergottitesd
QUE94201 1.14 2.01 52 1.16 2.64 24.1 [2]
EETA79001 B 1.14 2.03 73 1.17 2.52 27 [3]
Shergotty 1.13 1.97 66 1.19 2.44 34 [3]
Zagami 1.15 2.00 73 1.20 2.50 27 [3]
Los Angeles 1.14 1.96 42.7 1.17 2.54 43.3 [2]
[1]: Klingelhöfer et al. [2004]; [2]: Dyar [2003]; [3]: This work.
aAll δ values relative to α-Fe
bIf sum of areas <100 %, other Fe-bearing were present.
cMössbauer parameter values extrapolated to room temperature
dMössbauer spectra acquired at room temperature

instruments on the rover is in preparation (Zipfel, Schröder, et al., manuscript
in preparation).

4.4.1 Constraints on the pyroxene composition in Bounce
Rock

Pyroxenes are single-chain silicates with either orthorhombic (orthopyrox-
enes) or monoclinic (clinopyroxenes) structure. Orthopyroxenes range com-
positionally between the endmembers Mg2Si2O6 (enstatite) to Fe2Si2O6

(ferrosilite). Clinopyroxenes range between the four-component endmember
system CaMgSi2O6 (diopside) - CaFeSi2O6 (Hedenbergite) - Mg2Si2O6 -
Fe2Si2O6 and are divided into low-Ca pyroxenes and high-Ca pyroxenes.
Pigeonite [e.g., Cax(Mg, Fe)2−xSi2O6] is common in Martian meteorites.
Augite [e.g., (Ca,Na)(Mg, Fe, Al)(Si, Al)2O6] is another pyroxene found in
Martian meteorites, which contains additional cations such as Na.

The generic formula of pyroxene can be written as M1M2T2O6, where
M1 and M2 represent two distinct octahedrally coordinated crystallographic
sites, and T represents tetrahedrally coordinated crystallographic sites. The
larger M2 octahedra accommodate Ca, whereby Mg and Fe2+ cations occupy
M1 and M2 sites. The Fe3+ cation may be present in the tetrahedral as well
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as the octahedral sites. Mössbauer spectra of pyroxenes may thus be resolved
into two doublets resulting from Fe2+ in M1 and M2 sites, respectively, or
more doublets resulting from next nearest neighbor e�ects [e.g., Dyar et al.,
1989], and distinct doublets for Fe3+ in either octahedral or tetrahedral sites
(doublets resulting from Fe3+ in distinct octahedrally coordinated sites over-
lap strongly and can generally not be resolved). In Mössbauer spectra M1
and M2 sites are distinguished on the base of their ∆EQ values. M1 sites are
generally attributed to larger ∆EQ values than the M2 sites. However, the
range of ∆EQ values reported for M1 sites overlaps the entire range of ∆EQ

values reported for M2 sites. Distinguishing between ortho- and clinopyrox-
enes, or high-Ca and low-Ca clinopyroxenes, is di�cult based on Mössbauer
parameters alone [compare Bancroft, 1973, p. 169; Mitra, 1992, p. 158]. A
natural rock may contain a mixture of several chemically distinct pyroxene
crystals. Hence, Mössbauer spectra may be resolved into distinct doublets
attributable to pyroxene phases, but it cannot be inferred, whether the di�er-
ent doublets represent di�erent crystallographical sites in one pyroxene, the
same crystallographic site in di�erent pyroxenes, or any combination of those
possibilities. Therefore, no attempt was made here or in previous paragraphs
to assign individual doublets corresponding to pyroxene to either M1 or M2
sites. Rather, distinct pyroxene doublets were simply labeled 'pyroxene A'
and 'pyroxene B'.

Nevertheless, to put some constraints on the pyroxene composition in
Bounce Rock, one may compare it to the basaltic shergottites which are
well-characterized by many di�erent techniques. The best match for the
pyroxene Mössbauer parameters in Bounce Rock (Table 4.5) comes from
pyroxene parameters reported for the meteorite QUE94201 by Dyar, [2003].
QUE94201 contains complex zoned pyroxenes with Mg-rich pigeonite cores
mantled by Mg-rich augite followed by Fe-rich pigeonite [Mikouchi et al.,
1998]. Pyroxenes in lithology B of EETA79001 show similar compositional
zoning [Mikouchi et al., 1998]. Thus, one feasible interpretation of the two
doublets used in the �tting model for Bounce Rock is that the larger split
doublet (∆EQ = 2.63 mm/s) may be a combination of Fe2+ in M1 sites of
augite and pigeonite. The lower split doublet (∆EQ = 2.01 mm/s) may be
a combination of Fe2+ in M1 and M2 sites in augite and pigeonite.

4.5 Conclusions
The Martian meteorites are the only rocks believed to be from Mars which
are available for detailed analyses in terrestrial laboratories. Bounce Rock
adds evidence for their origin. Bounce Rock was discovered by the Mars
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Exploration Rover on Meridiani Planum and is similar in chemical and min-
eralogical composition to basaltic shergottites, a subgroup of the Martian
meteorites.

MIMOS II allows non-destructive analysis of these meteorites. Mössbauer
spectra show that the olivine-phyric shergottite Dar al Gani 476 contains
Fe3+ throughout its interior structure, whereas the closely related meteorite
Sayh al Uhaymir 005 has no Fe3+ in its interior and only small amounts close
to the rim. The Fe3+ in Dar al Gani 476 stems from the oxidative alteration
of olivine by terrestrial water, which percolated the whole rock along factures
and veins.

Mössbauer spectra from the clinopyroxenite Nakhla revealed an inhomo-
geneous composition on the scale of the MIMOS II �eld of view (1.4 cm).
Whereas olivine was not identi�ed in a spectrum obtained from the interior
of Nakhla, Mössbauer parameters derived for components in the fusion crust
are consistent with laihunite, an oxidized form of olivine.



Chapter 5

Weathering Experiments

Natural weathering processes are slow and often yield measurable e�ects only
over many years. The challenge for the study of weathering processes in the
lab is to reduce these long timescales to a suitable experimental time frame.
Because liquid water is directly involved in almost all chemical weathering
processes on Earth, most laboratory studies have been performed in aqueous
solutions [e.g., Colman and Dethier, 1986; White and Brantley, 1995]. To
speed up reactions, solutions are often high or low in pH compared to the
near-neutral conditions found in most natural environments.

Liquid water may not have been present or was only intermittently present
in small quantities on most parts of the surface of Mars for millions or even
billions of years. Nevertheless, weathering experiments under Martian condi-
tions were also done under aqueous conditions [e.g., Burns, 1993b; Banin et
al., 1997; Baker et al., 2000; Tosca et al., 2004; Golden et al., 2005], because
chemical weathering processes in solutions happen magnitudes faster than
gas-solid reactions. However, over the long timescales available on Mars, gas-
solid reactions may have been e�ective. Gooding [1978] investigated chemical
weathering on Mars theoretically from the standpoint of heterogeneous equi-
librium between solid mineral phases and the Martian atmosphere. Based on
his theory, experiments were carried out to investigate the interactions be-
tween individual minerals and components of the Martian atmosphere. Some
of the results presented in this chapter were initially published by Schröder
et al. [2004].

69
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5.1 Experimental design
5.1.1 Reaction kinetics
The challenge for laboratory weathering studies lies in adjusting reaction
kinetics to a suitable time frame (days to weeks rather than multitudes of
years) in such a way that one can still compare them to natural environ-
ments. In a system involving solid reagents, reactions can only proceed at
the surface of the solid compound. To increase the surface available to re-
actions, �ne-grained powders of the solid reagents can be used. In reactions
involving gaseous reagents, collision theory becomes important. E�ective
collisions between reagent molecules need to overcome an energetic barrier.
This activation energy Ea must be provided in the form of kinetic energy by
the collision. The ratio of e�ective collisions and hence the reaction rate can
be increased by raising the temperature according to the Arrhenius equation

k = Aexp
−Ea

RT
, (5.1)

where k is the rate constant, A is the frequency factor, R is the gas constant,
and T is the absolute temperature. The upper limit for the temperature in
the experiment is the melting point of the solid reagent. Reagents should
remain stable at elevated temperatures; solids must not change into di�erent
structures, gases should not dissociate.

Thermodynamic calculations can tell us, whether a reaction occurring at
elevated temperatures in the experiment will also occur at the low temper-
ature prevailing on the Martian surface and vice versa. Spontaneous Reac-
tions are generally exothermic. According to Le Chatelier's principle, a rise
in temperature results in a lower yield of reaction products in an exothermic
reaction. Note that Le Chatelier's principle assumes equilibrium conditions,
but does not make any assumptions on how fast that equilibrium is reached.
Thus, by raising the temperature one trades in some yield of reaction prod-
ucts for reaching equilibrium faster. This trade pays o� especially for reac-
tions with large equilibrium constants K, i.e. when the equilibrium lies to a
large degree on the side of the products.

Spontaneous reactions occur when the change in Gibbs free energy ∆G
is negative. According to the equation

∆G = ∆H − T∆S, (5.2)

where T is the absolute temperature and ∆S is the change in entropy, this
requires a negative value for ∆H (exothermic reaction) and a positive value
for ∆S (increase of entropy), or an appropriate combination of the two. If,
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for example, the exothermic reaction between two gases produces a liquid or
a solid, entropy would decrease (∆S < 0). If the temperature is chosen too
high ∆G may become positive and the reaction, which would occur at lower
temperatures, does not proceed any more. Gibbs free energies depend on
temperature. Gibbs free energies of formation ∆Gf at di�erent temperatures
are available from compilations of thermodynamic data [e.g., Robie et al.,
1978]. Values of ∆Gf at di�erent temperatures for compounds appearing in
this chapter are listed in Table 5.1.

The equilibrium constant K for a reaction is linked to the Gibbs free
energy by the equation

∆G = −RTln(K), (5.3)
where R is the gas constant, and T is the absolute temperature. In gas-solid
reactions such as

aS1 + bG1 + cG2 + ... ⇀↽ kS2 + lS3 + ... + xGn + yGn+1 + ..., (5.4)

one solid mineral S1 reacts with one or more gases G1, G2, ..., to form
solid alteration products S2, S3, ..., and residual gases Gn, Gn+1, ... The
equilibrium constant can be evaluated from equation 5.4 as

K =
[PGn ]x[PGn+1 ]

y...

[PG1 ]
b[PG2 ]

c...
, (5.5)

where [PGn ], for example, is the partial pressure per pressure unit of gas n.
The activities of solids are taken as unity, as are the activities of gases at

Table 5.1: Gibbs free energies of formation ∆Gf from the elements at di�er-
ent temperatures for selected compounds [Robie et al., 1978]).

∆Gf (kJ mol−1)
Compound 298 K 600 K 1100 K

FeS2(s) -160.229 -143.551 n.a.
Fe2SiO4(s) -1379.375 -1279.627 -1118.527
Fe3O4(s) -1012.566 -911.679 -759.427
Fe2O3(s) -742.683 -661.886 -536.201
SiO2(s)

a -850.559 -797.063 -710.402
H2O(l) -237.141 -213.987 -186.985
H2O(g) -228.569 -213.981 -186.989
CO2(g) -394.375 -395.149 -395.936
CO(g) -137.171 -164.473 -209.024

aSilica glass
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low pressures such as in the atmospheres of Earth and Mars. Substituting
(5.5) into (5.3), boundaries for reaction (5.4) can be calculated and shown
in a partial pressure stability diagram [e.g., Garrels and Christ, 1965, pp.
144-171].

The boundaries calculated for experiments at elevated temperatures have
to be compared to the boundaries calculated for the low temperatures pre-
vailing on Mars. Gooding [1978] chose a temperature of 240 K for his calcu-
lations. This temperature is close to the average temperature encountered
by the Mars Exploration Rovers. Values of ∆Gf for temperatures below
room temperature are not as readily available. However, Gooding [1978] ar-
gues that changes in ∆G over the temperature range from 240 K to 298 K
are negligible. Therefore, equilibrium constants K can be calculated with
equation 5.3 using room temperature values for ∆G and substituting the
temperature T accordingly.

5.1.2 Experimental setup
Powders of minerals occurring on Mars were exposed to gases which are
components of the Martian atmosphere. Figure 5.1 shows a sketch of the
experimental setup. A mineral powder in a corundum crucible was placed
into a glass tube which was situated inside a Carbolite MTF tube furnace.
The mineral powder was heated to a speci�c temperature. Gas release from
a bottle was controlled by a pressure reducer. After passing through a wash
bottle which was optionally �lled with deionized water or left empty, the gas
�ow was split. Each of the two new lines of the gas �ow was led through a
glass tube within a tube furnace. The gas could be directed through both
furnaces in parallel or just through one furnace at a time. Behind the furnaces
the gas �ow was reunited and entered two subsequent wash bottles. The �rst
wash bottle was left empty to catch any accidental back �ow from the second
wash bottle which was �lled with water. Finally the gas �ow was released to
the waste air system.

5.1.3 Choice of gases
The major constituents of the Martian atmosphere are CO2 (95.32 %), N2

(2.7 %), 40Ar (1.6 %), O2 (0.13 %), CO (0.07 %), and H2O (0.03 %) [Owen,
1992]. The mean pressure of the atmosphere at the Martian surface is 6
mbar. CO2 is rather inert. On Earth, carbonates form from CO2 dissolved
in water which produces carbonic acid (H2CO3), not from reactions with CO2

in the atmosphere. On Mars, photo-dissociation of CO2 in the atmosphere
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Figure 5.1: This collage shows the arrangement of the weathering experiment.
Mineral powders in corundum crucibles were placed inside a glass tube which
is situated in a tube furnace. In one set of experiments argon was bubbled
through deionized water and then led past pyrite powder at 300◦C. In another
set of experiments CO2 was led past olivine or pyroxene powders at 800◦C.

results in the more reactive species CO and O2. Partial pressures for selected
components of the Martian atmosphere are listed in Table 5.2.

Reactions between minerals and water vapor in the Martian atmosphere
were investigated in a �rst set of experiments. Ar gas was bubbled through
deionized water to take up water vapor. The gas mixture was then led

Table 5.2: Partial pressures of selected components of the Martian atmo-
sphere.

Component Abundance (%) log Pa

CO2 95.32 -2.2
O2 0.13 -5.1
CO 0.07 -5.4
H2O 0.03 -5.7

aP is given in partial pressure per millibar
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through the tube furnaces to react with the mineral powders. Reactions
between minerals and CO2 were investigated in a second set of experiments.
CO2 was led through the tube furnace without prior contact with water.

5.1.4 Choice of minerals
The weathering experiments were performed with three di�erent minerals:
Pyrite, olivine, and pyroxene. Pyrite (FeS2) is by far the most common
sul�de mineral on Earth. Pyrite has not been identi�ed on Mars to date, but
levels of S are generally enhanced in Martian soils [e.g., Clark et al., 1976;
Toulmin et al., 1977; Rieder et al., 1997, 2004; Gellert et al., 2004, 2006],
inferring the presence of sul�de ore bodies. The Tinto river, an acidic mine
drainage system, has its source region in the Iberian pyrite belt. From the
oxidation of pyrite ore bodies it produces sediments rich in Fe-sulfates and Fe-
oxyhydroxides, which provide an Earth analogue for the sulfate-rich outcrop
rocks identi�ed by the Mars Exploration Rover Opportunity at Meridiani
Planum on Mars [Fernández-Remolar et al., 2004, 2005; Klingelhöfer et al.,
2004].

Pyrite was synthesized by adding stoichiometric amounts of Fe and S into
a quartz glass ampulla. The ampulla was subsequently evacuated, sealed, and
heated to 370◦C. The reaction products had a �aky appearance. Mössbauer
spectroscopy (Figure 5.2) and X-ray di�raction (XRD) con�rmed the forma-
tion of pyrite. No other compounds were identi�ed, albeit Mössbauer spectra
revealed relatively large line widths for the pyrite doublet (Figure 5.2, Table
5.3). The broad lines indicate a low level of crystallinity. Figure 5.2 compares
MB spectra of synthetic and natural pyrite. The natural pyrite was obtained
from Ward's (now Sargent Welch) and originally collected at Zacatecas, Mex-

Table 5.3: Mössbauer parameters of synthetic and natural pyrite.
δab ∆EQ Lorentzc Gaussd AreaSample (mm/s) (mm/s) (mm/s) (mm/s) (%)

Synthetic pyrite 0.31 0.63 0.18 0.15 100
Natural pyrite 0.31 0.62 0.16 0.01 100
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, ±0.01 mm/s for

Lorentz and Gauss, and ±2 % for the area.
cHalf width at half maximum. Spectra were �tted with Voigt line shapes,

a convolution of Lorentzian and Gaussian line shapes. Gauss = 0 results in
pure Lorentzians, Lorentz = 0 in pure Gaussians.

dSee footnote b.
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Figure 5.2: Mössbauer spectra of synthetic and natural pyrite samples. The
pyrite doublet of the synthetic sample shows a broader line width which
implies a lower crystallinity than in the natural pyrite. Spectra are o�set
along the y-axis for clarity.

ico. The chemical composition of the natural pyrite was investigated by ion
microprobe analysis. Ten spots each on four di�erent centmeter-sized min-
eral specimen were investigated. The averaged results are listed in Table 5.4.
They show negligible amounts of impurities.

The nesosilicate olivine [(Mg,Fe)2SiO4] with its Mg-rich and Fe-rich end-
members forsterite (Mg2SiO4) and fayalite (Fe2SiO4), respectively, occurs
in many of the Martian meteorites. It has been identi�ed on Mars from orbit
[e.g., Band�eld, 2002; Hoefen et al., 2003; Bibring et al., 2005; Mustard et al.,
2005], and in situ in many Martian rocks and soils by the Mössbauer spec-
trometers on the Mars Exploration Rovers [Klingelhöfer et al., 2004; Morris
et al., 2004, 2006a]. Natural forsteritic olivine, originally collected at Twin
Sisters Range, Washington, USA, was obtained from Ward's (now Sargent-
Welch). Its chemical composition was investigated by ion microprobe analy-
ses, analogous to the natural pyrite samples described above. The averaged
composition is given in Table 5.5. The Mg/(Mg+Fe) elemental ratio is 0.93
, i.e. the composition of the olivine is Fo93. The analysis revealed Ni and
Mn impurities, which are common in natural olivines.

Pyroxenes (see discussion on pyroxenes in Chapter 4.4.1) were identi�ed
on Mars from orbit [e.g., Band�eld, 2002; Hoefen et al., 2003; Bibring et al.,
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Table 5.4: Average elemental composition in wt% of natural pyrite samples
from ion microprobe analyses.

Minimum Maximum Averagea Sigma
As 0.00 0.34 0.06 0.09
S 52.50 53.51 52.92 0.22
Cu 0.00 0.07 0.02 0.02
Fe 45.71 46.61 46.24 0.28
Si 0.01 0.05 0.03 0.01
Ni 0.00 0.06 0.02 0.02
Zn 0.00 0.03 0.00 0.01
Co 0.00 0.00 0.00 0.00

Total 98.39 100.09 99.29 0.46
aFrom 40 data sets.

2005; Mustard et al., 2005], and in situ in many Martian rocks and soils by
the Mössbauer spectrometers on the Mars Exploration Rovers [Klingelhöfer
et al., 2004; Morris et al., 2004, 2006a]. They have not been constrained to
a particular composition. Augite originally collected at Harcourt Township,
Ontario, Canada, was obtained from Ward's (now Sargent-Welch). Augite
has been identi�ed in Martian meteorites. Pigeonite is more common in
Martian meteorites but was not commercially available. The chemical com-
position of the augite was investigated by ion microprobe analyses, analogous
to the natural pyrite samples described above. The averaged composition is
given in Table 5.6. From stoichiometric considerations Al3+ must be in tetra-
hedral positions substituting for Si4+, whereas Fe3+ resides in octahedral
positions as suggested by the corresponding Mössbauer parameters (Table
5.10). Because the sum of Ca and Na �ll all available M2 sites, all Fe must
reside in M1 sites and one can only observe one Fe2+ doublet (Figure 5.6).

5.2 Results and discussion
5.2.1 Pyrite
In a �rst set of experiments the synthetic pyrite �akes were crushed in a
mortar. The resulting powder was then �lled into corundum crucibles which
in turn were placed inside the tube furnaces. Argon was bubbled through
deionized water before �owing past the pyrite. Fresh pyrite powder was ex-
posed for three days at 150◦C, three days at 250◦C, and 12 days at 300◦C,
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Table 5.5: Average elemental composition in oxide wt% of olivine samples
from ion microprobe analyses.

Minimum Maximum Averagea Sigma
Al2O3 0.00 0.02 0.01 0.01
SiO2 40.95 41.99 41.33 0.22
CaO 0.00 0.01 0.01 0.00
FeO 5.98 7.85 7.11 0.63
NiO 0.34 0.44 0.38 0.03
MgO 51.23 53.44 52.24 0.67
Cr2O3 0.01 0.03 0.02 0.01
MnO 0.08 0.16 0.11 0.02
Na2O 0.00 0.00 0.00 0.00
K2O 0.00 0.00 0.00 0.00
TiO2 0.00 0.00 0.00 0.00
Total 100.12 102.37 101.20 0.49
afrom 40 data sets.

Table 5.6: Average elemental composition in oxide wt% of augite samples
from ion microprobe analyses.

Minimum Maximum Average Sigma
Al2O3 0.63 1.05 0.85 0.13
SiO2 51.42 52.95 52.42 0.38
CaO 23.27 24.20 23.73 0.23
FeO 9.68 10.48 10.02 0.16
NiO 0.00 0.00 0.00 0.00
MgO 11.80 12.44 12.12 0.18
Cr2O3 0.00 0.17 0.06 0.05
MnO 0.20 0.38 0.28 0.04
Na2O 0.43 0.76 0.59 0.09
K2O 0.00 0.03 0.00 0.01
TiO2 0.00 0.09 0.02 0.03
Total 100.12 102.37 101.20 0.49
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respectively. Temperatures were chosen to be above the boiling point of
water to avoid water condensation on the pyrite powder, and below the tem-
perature which the pyrite was synthesized at. Changes were only observed
in the third run. Mössbauer spectroscopy identi�ed magnetite and hematite
as the alteration products (Figure 5.3). Table 5.7 lists the reactions used
to calculate a partial pressure stability diagram (Figure 5.4). According
to that stability diagram pyrite would eventually decompose to hematite at
240 K and logPO2 = −5.1, approximating the present conditions on Mars.
Both magnetite and hematite were observed in Mössbauer spectra from the
experimentally weathered material. Equilibrium constants for the produc-
tion of magnetite and hematite (Table 5.7) are of similar magnitude, but
eventually the magnetite should also be oxidized to hematite.

The altered material was unstable with respect to the oxygen-rich at-
mosphere encountered when stored in the o�ce. Water vapor apparently
condensed from moisture in the o�ce air onto the stored pyrite powder. Fig-
ure 5.3 shows Mössbauer spectra obtained from the experimentally altered
sample after storage for 4 days, one month, and two months in the o�ce.
During storage time magnetite was further oxidized which is suggested by
a change in area ratios for the two sextets due to Fe3+ in tetrahedral sites,
and mixed Fe3+ and Fe2+ in octahedral sites (Table 5.8). The crystallinity
of hematite increased which was indicated by its decreasing line width. An
Fe2+-sulfate, szomolnokite (FeSO4 ·H2O), appeared alongside a sul�de with
higher stoichiometric Fe/S ratio than pyrite. The Mössbauer parameters of
that sul�de are consistent with pentlandite (Fe9S8). The pyrite line widths
decreased which suggests that less well-crystalline pyrite was preferably al-
tered.

The successful alteration experiment was repeated with the natural pyrite.
The natural pyrite was crushed into a powder with the help of a ball mill.
The crushed pyrite was then sieved into several grain-size fractions: < 45
µm, 45-63 µm, 63-250 µm, and > 250 µm. Pyrite powder with a grain size

Table 5.7: Pyrite weathering reactions and logarithms of equilibrium con-
stants at di�erent temperatures.

log K log K log KReaction (600 K) (298 K) (240 K)
H2O(l) ⇀↽ H2(g) + 1

2
O2(g) -18.6 -40.1 -49.7

3FeS2(s) + 2O2(g) ⇀↽ Fe3O4(s) + 3S2(g) 41.9 93.2 115.7
2FeS2(s) + 3

2
O2(g) ⇀↽ Fe2O3(s) + 2S2(g) 32.6 74.0 91.9

2Fe3O4(s) + 1
2
O2(g) ⇀↽ 3Fe2O3(s) 14.1 35.6 44.2
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Figure 5.3: Mössbauer spectra of synthetic pyrite before and after alteration
experiments. Iron oxides were produced during the experiment in which
elevated temperatures prevented water from condensing. Szomolnokite, a
hydrous ferrous sulfate, formed during subsequent storage of the altered sam-
ples in the apparently moist o�ce atmosphere. Spectra are o�set along the
y-axis for clarity.
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Table 5.8: Mössbauer parameters of fresh and weathered synthetic pyrite
samples.

Fe ox. and δab ∆EQ Bhf Lorentzc Gaussd AreaMineral coord. (mm/s) (mm/s) (T) (mm/s) (mm/s) (%)
Synthetic pyrite, unaltered

Pyrite Fe2+ 0.31 0.63 - 0.18 0.15 100
Synthetic pyrite, Ar + H2O, 300◦C

Pyrite Fe2+ 0.30 0.62 - 0.16 0.15 66
Tet. Fe3+ 0.34 0.00 48.1 0.11 0.17 6Magnetite

Fe2.5+ 0.58 -0.01 45.4 0.37 0.00 11
Hematite Oct. Fe3+ 0.37 -0.17 50.9 0.11 0.19 17

Synthetic pyrite, Earth atmosphere, 4 days
Pyrite Fe2+ 0.30 0.62 - 0.17 0.15 66

Tet. Fe3+ 0.32 -0.05 49.1 0.11 0.16 9Magnetite
Fe2.5+ 0.61 -0.06 45.7 0.37 0.20 13

Hematite Oct. Fe3+ 0.38 -0.21 51.3 0.11 0.14 12
Synthetic pyrite, Earth atmosphere, 1 month

Pyrite Fe2+ 0.31 0.61 - 0.17 0.02 54
Szomolnokite Fe2+ 1.27 2.64 - 0.16 0.00 11
Pentlandite Tet. Fe2+ 0.62 0.00 - 0.11 0.00 2

Tet. Fe3+ 0.34 -0.07 48.7 0.12 0.12 10Magnetite
Fe2.5+ 0.56 0.06 44.8 0.40 0.00 13

Hematite Fe3+ 0.38 -0.20 50.5 0.11 0.06 10
Synthetic pyrite, Earth atmosphere, 2 months

Pyrite Fe2+ 0.32 0.61 - 0.16 0.02 52
Szomolnokite Fe2+ 1.28 2.73 - 0.16 0.01 17
Pentlandite Tet. Fe2+ 0.65 0.00 - 0.13 0.01 3

Tet. Fe3+ 0.35 -0.07 49.7 0.13 0.18 12Magnetite
Fe2.5+ 0.59 -0.03 45.6 0.11 0.20 5

Hematite Oct. Fe3+ 0.37 -0.22 51.8 0.12 0.06 11
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, ±0.1 T for Bhf , ±0.01

mm/s for Lorentz and Gauss, and ±2 % for the area.
cHalf width at half maximum. Spectra were �tted with Voigt line shapes, a convo-

lution of Lorentzian and Gaussian line shapes. Gauss = 0 results in pure Lorentzians,
Lorentz = 0 in pure Gaussians.

dSee footnote b.
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Figure 5.4: Partial pressure diagram for an FeS2(s)-O2(g)-S2(g) system cal-
culated from values given in Table 5.1. On Mars (log PO2 = -5.1) pyrite
should decompose to hematite.

below 45 µm was used in the experiment. Fresh powders were exposed to
the Ar + H2O vapor at 300◦C for 1 day, 3, 4, 9, and 16 days. No alteration
was observed by Mössbauer spectroscopy in the natural pyrite powders. One
sample, however, when investigated by Mössbauer spectroscopy after storage
in the o�ce for more than one month, had developed small amounts of the
Fe2+-sulfate szomolnokite again (Figure 5.5, Table 5.9).

Taking the results from the synthetic and the natural pyrite together, the
susceptibility to alteration under the conditions described above increases
with decreasing crystallinity. The water-bearing iron sulfate szomolnokite
only formed after temperatures were low enough to allow the condensation
of water. Adsorption of atmospheric water on pyrite crystal surfaces is a
possible scenario on Mars under the current environmental conditions. How-
ever, ferrous sulfates have not been observed on Mars to date. Conditions
on Mars are thus more oxidizing and/or sulfate ions preferentially combine
with other doubly-charged cations such as Mg, whereas iron is altered into
oxides. Mg-sulfates such as kieserite were observed from orbit [Bibring et al.,
2005] and inferred from APXS results on MER [e.g., Ming et al., 2006]. In
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Figure 5.5: Mössbauer spectra of natural pyrite before and after alteration
experiments. The well-crystalline natural pyrite was not altered during the
experiments in which liquid water was prevented from condensing through
elevated temperatures. However, szomolnokite, a hydrous ferrous sulfate,
formed during storage of the sample in the apparently moist o�ce atmo-
sphere. Spectra are o�set along the y-axis for clarity.

Table 5.9: Mössbauer parameters of fresh and weathered natural pyrite sam-
ples.

Fe ox. and δab ∆EQ Bhf Lorentzc Gaussd AreaMineral coord. (mm/s) (mm/s) (T) (mm/s) (mm/s) (%)
Natural pyrite, Ar + H2O, 300◦C

Pyrite Fe2+ 0.31 0.62 - 0.16 0.01 100
Natural pyrite, Earth atmosphere

Pyrite Fe2+ 0.31 0.62 - 0.14 0.03 97
Szomolnokite Fe2+ 1.27 2.73 - 0.17 0.00 3
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, ±0.01 mm/s for Lorentz

and Gauss, and ±2 % for the area.
cHalf width at half maximum. Spectra were �tted with Voigt line shapes, a convo-

lution of Lorentzian and Gaussian line shapes. Gauss = 0 results in pure Lorentzians,
Lorentz = 0 in pure Gaussians.

dSee footnote b.
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experiments by Tosca et al. [2004] the formation of ferrous sulfates was only
observed at low pH (< 4), whereas Mg sulfates and Fe oxides formed at pH
levels between 4 and 7.

5.2.2 Olivine and pyroxene
Olivine and pyroxene powder samples were exposed to an Ar gas �ow bub-
bled trough water in the same way as described above. No alteration was
observed in either mineral. In another experiment, the minerals olivine and
pyroxene were exposed to a dry CO2 gas �ow. The wash bottle between
gas bottle and tube furnaces remained empty. The experiments were carried
out at a temperature of 800◦C. This temperature is high considering that
it approaches the temperature of some alkaline melts. The melting points
of ma�c minerals, such as olivines and pyroxenes, however, are considerably
larger. Melting points for olivine range from 1205◦C (fayalite) to 1890◦C
(forsterite), melting points for pyroxenes are > 1543◦C [Matthes, 2001].

Mössbauer spectra of the powders were taken at room temperature prior
to and after these weathering experiments. Standard Mössbauer transmis-
sion setups were used for these analyses. The spectra are shown in Figures
5.6 (augite) and 5.7 (olivine). Hyper�ne parameters are listed in Tables
5.10 and 5.11. While pyroxene developed no Fe-bearing alteration other
than an increase in ferric iron, olivine was altered signi�cantly. Olivine was
oxidized to hematite of varying degrees of crystallinity. Next to the changes
determined by Mössbauer spectroscopy a color change was observed in the
weathered samples. Augite powder changed slightly from light greyish green
into a greenish yellow, olivine powder changed from light grey to rusty red.

A sextet was attributed to poorly-crystalline hematite in the Mössbauer
spectrum of altered olivine powder (grainsize < 45 µm). Its Mössbauer pa-
rameters could also be reconciled with maghemite. Maghemite is isostruc-
tural to magnetite, but has all Fe as Fe3+. However, maghemite restructures
to hematite at temperatures above 600◦C. Olivine is given as fayalite here
because the Mössbauer results allow only conclusions on the iron-bearing al-
teration reactions. At the ∼ 1100 K of the experiment fayalite is altered to
magnetite at logPO2 = −14.3 (-99.2 at 240 K, respectively) and to hematite
at logPO2 = −12.4 (-95.6 at 240 K, respectively).

5.3 Conclusions
The experimental results highlight the increasing susceptibility to weather-
ing with decreasing crystallinity and particle size. An important component
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Figure 5.6: Mössbauer spectra of augite before and after alteration experi-
ments. The experiment resulted in an increase of the octahedral Fe3+ com-
ponent. Spectra are o�set along the y-axis for clarity.

Table 5.10: Mössbauer parameters of fresh and weathered augite samples.
Fe ox. and δab ∆EQ Bhf Lorentzc Gaussd AreaMineral coord. (mm/s) (mm/s) (T) (mm/s) (mm/s) (%)

Fresh augite
Augite Oct. Fe2+ 1.19 2.01 - 0.18 0.02 93

Oct. Fe3+ 0.30 0.96 - 0.11 0.11 7
Weathered augite, CO2 at 800◦C

Augite Oct. Fe2+ 1.19 2.00 - 0.18 0.04 85
Oct. Fe3+ 0.35 0.91 - 0.16 0.12 15

aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, ±0.01 mm/s for Lorentz

and Gauss, and ±2 % for the area.
cHalf width at half maximum. Spectra were �tted with Voigt line shapes, a convo-

lution of Lorentzian and Gaussian line shapes. Gauss = 0 results in pure Lorentzians,
Lorentz = 0 in pure Gaussians.

dSee footnote b.
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Figure 5.7: Mössbauer spectra of olivine before and after alteration experi-
ments. The experiment resulted in the formation of hematite with varying
degrees of crystallinity. The amount of alteration increased with decreasing
particle size. Spectra are o�set along the y-axis for clarity.
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Table 5.11: Mössbauer parameters of fresh and weathered olivine samples.
Fe ox. and δab ∆EQ Bhf Lorentzc Gaussd AreaMineral coord. (mm/s) (mm/s) (T) (mm/s) (mm/s) (%)

Fresh olivine
Olivine Oct. Fe2+ 1.15 3.00 - 0.14 0.03 94

Oct. Fe3+ [0.39]e [0.59] - 0.40 0.20 6
Weathered olivine, CO2 at 800◦C, 63-250 µm grainsize

Olivine Oct. Fe2+ 1.15 3.00 - 0.14 0.05 61
Oct. Fe3+ 0.40 0.55 - 0.32 0.00 14

p.c. Hem.f Oct. Fe3+ 0.36 -0.14 47.7 0.40 0.20 18
Hematite Oct. Fe3+ 0.37 -0.19 51.2 0.11 0.12 7

Weathered olivine, CO2 at 800◦C, <45 µm grainsize
Olivine Oct. Fe2+ 1.14 3.02 - 0.12 0.07 21

Oct. Fe3+ 0.39 0.59 - 0.31 0.00 23
p.c. Hem. Oct. Fe3+ 0.33 -0.16 47.5 0.40 0.19 34
Hematite Oct. Fe3+ 0.39 -0.17 51.2 0.11 0.10 22
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, ±0.1 T for Bhf , ±0.01

mm/s for Lorentz and Gauss, and ±2 % for the area.
cHalf width at half maximum. Spectra were �tted with Voigt line shapes, a convo-

lution of Lorentzian and Gaussian line shapes. Gauss = 0 results in pure Lorentzians,
Lorentz = 0 in pure Gaussians.

dSee footnote b.
eValues in square brackets were �xed during the �tting procedure.
fPoorly crystallized hematite

Table 5.12: Olivine weathering reactions and logarithms of equilibrium con-
stants at di�erent temperatures.

log K log K log KReaction (1100 K) (298 K) (240 K)
CO2(g) ⇀↽ CO(g) + 1

2
O2(g) -8.9 -45.1 -56.0

3Fe2SiO4(s) + O2(g) ⇀↽ 2Fe3O4(s) + 3SiO2(s) 14.3 79.9 99.2
Fe2SiO4(s) + 1

2
O2(g) ⇀↽ Fe2O3(s) + SiO2(s) 6.2 38.5 47.8

2Fe3O4(s) + 1
2
O2(g) ⇀↽ 3Fe2O3(s) 4.3 35.6 44.2
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of the Martian surface and atmosphere is �ne-grained dust. From atmo-
spheric observations during the Mars Exploration Rover mission, Lemmon et
al. [2004] estimated a mean grain size of 1.5 µm for dust particles suspended
in the Martian atmosphere.The powders used in the experiments had grain-
sizes < 45 µm. Aeolian dust is a global component of the Martian soil. It has
accumulated as bright layers in favorable locations on the surface [Yen et al.,
2005a] so that a Mössbauer spectrum could be obtained. This component of
the soil is generally more oxidized [Morris et al., 2004, 2006a; Klingelhöfer et
al., 2004] than darker-toned soil material. Mössbauer spectra obtained from
atmospheric dust collected by magnets on the Mars Exploration Rovers con-
�rm this observation [Goetz et al., 2005]. The experimental results described
in this chapter suggest that the oxidation of Martian �ne-grained dust is to
a large degree the result of oxidative alteration of olivine by the atmosphere.

Well-crystalline pyrite appeared to be stable in the experiments as long
as liquid water was prevented from condensing on mineral surfaces through
elevated temperatures. In the case of poorly-crystallized pyrite ferric oxides
formed as reaction products in the absence of liquid water. A ferrous sul-
fate, szomolnokite, formed from both poorly-crystallized and well-crystallized
pyrite when liquid water was allowed to condensate. Basaltic soil has been
identi�ed at both Mars Exploration Rover landing sites. It is very similar in
elemental and mineralogical composition at both landing sites and may thus
be a global unit [Yen et al., 2005a; Morris et al., 2006a]. Ferrous sulfates
have not been identi�ed in this unit, but iron oxides were observed [Klingel-
höfer et al., 2004; Morris et al., 2006a]. If one assumes pyrite ore bodies as a
source of the elevated sulfur levels in Martian basaltic soils, the experimen-
tal results suggest mainly dry conditions on Mars since the formation of the
global basaltic soil unit.
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Chapter 6

Weathering on Mars

All chemical weathering processes on Earth are driven by the water cycle. On
Mars, however, the role of liquid water is not yet well understood. While there
are many signatures attributable to the actions of liquid water on the surface
of Mars [e.g., Carr, 1996], the environmental conditions today, i.e., cold
temperatures and low atmospheric pressures, do not allow for the existence
of liquid water on its surface. Hence, Mars apparently experienced a period
of a warmer and wetter climate in the past and conditions were more Earth-
like. When the climate on Mars changed, water may have remained in the
subsurface largely in the form of ice [Squyres et al., 1992]. Some water may
have been lost to space [e.g., Luhmann et al., 1992].

Water ice is abundant in the Martian polar caps, as observed, e.g., by the
NASA Mars Global Surveyor (MGS) orbiter's Thermal Emission Imaging
System (THEMIS) [Titus et al., 2003] or the ESA Mars Express orbiter's
Observatoire pour la Minéralogie, l'Eau, les Glaces, et l'Activité (OMEGA)
[Bibring et al., 2005; Langevin et al., 2005]. Recent glacial activity has also
been observed at lower latitudes by Mars Express' High Resolution Stereo
Camera (HRSC) [Neukum et al., 2004]. The distribution of hydrogen in the
near surface as evidence for subsurface ice deposits has been mapped by the
NASA Mars Odyssee orbiter's Gamma-ray Spectrometer (GRS) [Boynton
et al., 2002], and evidence for subsurface ice deposits have been discovered
in a buried crater by Mars Express' Mars Advanced Radar for Subsurface
and Ionospheric Sounding (MARSIS) [Picardi et al., 2005]. The atmosphere
is composed of 95 % CO2, but contains amounts of water vapor which are
su�cient to produce frost veneers on the surface as observed on cold mornings
during the Viking and MER missions. Whether these ice deposits together
with undiscovered deposits mount up to Mars original water inventory or
whether they are just fractional remnants is not known.

Mars lacks the extensive plate tectonism known on Earth. E�ective burial

89



90 CHAPTER 6. WEATHERING ON MARS

mechanisms for rocks are reduced to fresh lava �ows and sand and dust sheets
moved around by aeolian activity. Seasonal dust storms frequently engulf the
entire planet. Thus, rocks whose weathering patterns recorded the ancient
wetter period, and younger rocks whose weathering patterns record more
modern climates, are all accessible on the Martian surface. The in situ study
of such diverse rocks will add important pieces to the Martian climate puz-
zle. Gooding et al. [1992] summarized possible weathering scenarios for the
surface of Mars (Table 6.1). As they noted, intact pro�les of rocks of similar
composition, but with the widest possible range of ages, should be miner-
alogically analyzed to determine how surface weathering processes might have
changed through Martian history. Comparable analyses would be desirable
for soil pro�les so that pedogenic weathering could be compared with sur-
face weathering. Such a dataset is now available from the Mars Exploration
Rover Spirit's investigation in Gusev Crater.

Table 6.1: Possible attributes of weathering on Mars [Gooding et al., 1992].
Physical weathering processes
• Frost riving
• Secondary mineral(oid) riving
• Wind abrasion (dust or ice projectiles)
Chemical weathering processes
• Oxidation: uptake of oxygen to form oxides or more highly oxidized

silicates
• Hydration: uptake of water to form minerals with structural OH− or

H2O
• Carbonation: uptake of CO2 to form carbonate minerals
• Solution: dissolving of mineral in water
Styles that vary with environmental conditions
• Surface weathering (controlled by mineral surfaces exposed to atmo-

sphere)
◦ Gas-solid (present climate, +/- UV photocatalysis)
◦ Liquid-solid (ancient climates with liquid water)

• Pedogenic weathering (within soil pro�le below free surface)
◦ Liquid-like �lms of unfrozen water
◦ Pore-gas pressures higher than atmospheric pressure
◦ Brines

• Hydrothermal alteration (groundwater circulation driven by transient
heat source)
◦ Meteorite impact crater
◦ Volcanic eruption
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The Mars Exploration Rovers (Figure B.1) are equipped with the Athena
Science Payload [Squyres et al., 2003]. In situ instruments on the rovers'
robotic arm (IDD - Instrument Deployment Device) other than the Möss-
bauer spectrometer MIMOS II include the Alpha Particle X-ray Spectrometer
(APXS) [Rieder et al., 2003] providing information on elemental chemistry,
the Microscopic Imager (MI) [Herkenho� et al., 2003] providing small-scale
visual context, and the Rock Abrasion Tool (RAT) [Gorevan et al., 2003]
providing access to dust-free and fresh rock surfaces through brushing and
grinding actions. Trenching with the rovers' wheels provides access to sub-
surface soils1 and soil pro�les. Remote sensing instruments mounted on top
of the Pancam Mast Assembly (PMA) include a multispectral Panorama
Camera (Pancam) [Bell et al., 2003] and a Miniaturized Thermal Emission
Spectrometer (Mini-TES) [Christensen et al., 2003], providing mineralogical
information and macroscopic context. Further insight into weathering phe-
nomena can be gained by the analysis of aeolian dust collected by magnet
arrays on the rovers [Madsen et al., 2003].

The primary MER objective is to explore two sites on the Martian surface
where water may once have been present, and to assess past environmental
conditions at those sites and their suitability for life [Squyres et al., 2003].
Spirit landed in Gusev crater on 4 January 2004 UTC. Located at the outlet
of Ma'adim Vallis and 250 km south of the volcano Apollinaris Patera, the
crater could have collected sediments from a variety of sources during its 3.9
Ga history, including �uvial, lacustrine, volcanic, glacial, impact, regional
and local aeolian, and global air falls [Cabrol et al., 2003]. Results from
Spirit's primary 90 sol mission were summarized by Squyres et al. [2004a].
Arvidson et al. [2006] give an overview of the extended mission up until sol
512. Spirit found little evidence for aqueous alteration of rocks and soils
during its traverse from the landing site across the Gusev plains towards
the Columbia Hills [e.g., Morris et al., 2004; Haskin et al., 2005; Wang et
al., 2006]. The Columbia Hills are embayed by and therefore older than
the Hesperian age Gusev plains basalt �ow (Figure 6.1) [Golombek et al.,
2006]. They contain morphological [Cabrol et al., 2006] as well as substantial
geochemical and mineralogical indicators for aqueous processes [Ming et al.,
2006] such as the identi�cation of the iron oxyhydroxide goethite (α-FeOOH)
[Morris et al., 2006a].

Rocks investigated until sol 512 (Figure 6.2) have been divided into six
rock classes [Squyres et al., 2006] based on their chemical composition [Gellert

1The term 'Martian soil' is used here to denote any loose unconsolidated materials that
can be distinguished from rocks, bedrock, or strongly cohesive sediments. No implication
of the presence or absence of organic materials or living matter is intended. For a discussion
of 'soil' versus 'regolith' on Mars see Banin et al. [1992] or Banin [2005].
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Figure 6.1: THEMIS-based mosaic showing the Spirit landing site in cratered
plains in Gusev Crater. The Columbia Hills to the east of the landing site
and the dissected terrain to the southeast are older deposits embayed by the
plains materials. Dark streaks extending from plains craters are interpreted
to be tracks of dust devils, where high winds eroded surface dust and exposed
underlying materials.

et al., 2006; Ming et al., 2006], and several subclasses based on their Fe-
bearing mineralogy from MB spectroscopy (Figure 6.3) [Morris et al., 2006a].
Rock classes range from weakly altered olivine basalt on the plains to perva-
sively altered basalt in the Columbia Hills. Varying degrees of alteration are
also apparent among di�erent rocks within individual rock classes. Here we
take a detailed look at the relationship between primary and secondary Fe-
bearing minerals within individual rock classes and subclasses as reported by
Morris et al. [2006a], and how they relate to di�erent hypothesized weath-
ering scenarios such as gas-solid weathering [Gooding, 1978; Gooding et al.,
1992], the acid-fog model [Banin et al., 1997; Tosca et al., 2004], or weath-
ering in acidic solutions [e.g., Burns, 1993b].
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Figure 6.2: Perspective view of Columbia Hills looking to the southeast with
Spirit's traverses from the plains to the Hills shown. Key features, measure-
ment campaigns, and the ground track of the rover are identi�ed. Numbers
show rover locations on speci�c sols. Generated from stereogrammetric re-
duction of MOC (Mars Orbital Camera) NA frames R0200357 and E0300012.

6.1 Data set
Rocks in Gusev crater encountered by Spirit until sol 512 of its mission
have been divided into six di�erent rock classes: Adirondack class in the
Gusev crater plains [McSween et al., 2004, 2006]; Clovis class, Wishstone
class, Peace class, Watchtower class, and Backstay class in the Columbia
Hills [Squyres et al., 2006]. The rock classes are named after individual rock
targets representative to that class, usually the �rst rock of its class encoun-
tered by Spirit. The classi�cation is based on the chemical composition of
RAT-ground rock surfaces, i.e., rock surfaces ideally representing the fresh,
unweathered interior of the particular rock [Ming et al., 2006]. Based on
signi�cant di�erences in the Fe-bearing mineralogy, Morris et al. [2006a]
divided two of the rock classes into several subclasses (Figure 6.3): Clovis
class into Wooly Patch subclass and Clovis subclass; Watchtower class into
Watchtower subclass, Keystone subclass, and Keel subclass. Several rocks
had distinct chemical and mineralogical signatures, but were not classi�ed
because no clean RAT-ground surfaces had been investigated. Morris et al.
[2006a] put these rocks down under Other Rock classes, divided into Joshua



94 CHAPTER 6. WEATHERING ON MARS

Figure 6.3: Classi�cation scheme for Gusev crater rocks and soils through
sol 510 of Spirit's mission. Classes for rocks [after Squyres et al., 2006]
and soils were formed on the basis of elemental composition, and subclasses
were formed on the basis of mineralogical composition. Location names are
underlined, and outcrop rocks are in italics.
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subclass and Pot of Gold subclass. Joshua subclass rocks were encountered
on the Gusev plains. Pot of Gold subclass rocks were encountered on the base
of the West Spur of the Columbia Hills, close to the Clovis class rocks. Their
elemental composition is similar to Clovis class rocks [Ming et al., 2006].
Morris et al. [2006a] also divide soils into Laguna class, Paso Robles class,
and Other Soils classes. Rock and soil classes and subclasses can be grouped
according to the locations they were encountered at: Adirondack class and
Other Rock classes (Joshua subclass) in the Gusev plains; Other Rock classes
(Pot of Gold subclass) and Clovis class (Watchtower subclass and Clovis sub-
class) on the West Spur of the Columbia Hills; Wishstone class, Peace class,
Watchtower class (Watchtower subclass, Keystone subclass, and Keel sub-
class), and Backstay class on Husband Hill in the Columbia Hills (Figure
6.2). Laguna class soils are found throughout Gusev Crater, Paso Robles
class soils were encountered only on Husband Hill, and Other Soils class
soil only adjacent to a Watchtower class (Watchtower subclass) rock. Clovis
class, Peace class, and Watchtower class contain outcrop rocks which show
layering and bedding [Squyres et al., 2006], whereas all other rock classes
contain �oat rocks.

Primary iron-bearing minerals, i.e. minerals crystallized from a parent
melt, which were identi�ed in Gusev rocks and soils are the ferrous ma�c sil-
icates olivine ((Mg, Fe)2SiO40) and pyroxene ((Mg, Fe, Ca)SiO3), the fer-
rous iron titanium oxide ilmenite (FeT iO3), and the mixed-valence iron oxide
magnetite (Fe3O4). Secondary iron-bearing minerals, i.e. minerals formed
from primary minerals via alteration processes, which were identi�ed in Gu-
sev rocks and soils are the ferric iron oxide hematite (α-Fe2O3), the ferric iron
oxyhydroxide goethite (α-FeOOH), a ferric iron sulfate, and nanophase fer-
ric oxide (np-Ox), which is generally a poorly-crystalline product of oxidative
weathering that contains nanometer-sized particles of Fe3+-bearing material.
Nanophase ferric oxides on Mars could result, either singly or in combina-
tion, from a number of phases, including superparamagnetic hematite and
goethite, lepidocrocite (γ-FeOOH), akaganeite (β-FeOOH), schwertman-
nite (∼ Fe8O8(OH)6SO4 · nH2O), iddingsite, ferrihydrite, and palagonite
(altered basaltic glass) [Morris et al., 1989a, 1993, 2000, 2001, 2004; Bishop
and Murad, 1996]. For an in depth discussion of the properties of np-Ox, see
Morris et al. [2006a, p. 15�].

This assignment of primary and secondary mineral phases may be am-
biguous in some cases. Magnetite is also known to form as an alteration prod-
uct, e.g., during the serpentinization of olivine. However, primary magnetite
has been recently identi�ed by MB spectroscopy in the Martian meteorite
MIL03346 in amounts comparable to the magnetite abundance in Adiron-
dack class rocks [Morris et al., 2006b]. Pyroxene can accommodate Fe3+
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in its structure to variable extents [e.g., Rossman, 1980], which cannot be
distinguished from np-Ox as described above in Mössbauer spectra. There
is, however, a negative trend between the abundance of pyroxene and np-Ox
in the MB data from Gusev rocks and soils (Figure 6.7a and [Morris et al.,
2006a, Figure 6c]). A MB study of pyroxene separates of Martian meteorites
found only minute amounts of Fe3+ associated with pyroxene [Dyar, 2003].
Hence, counting all magnetite as primary and all np-Ox as secondary, Mor-
ris et al. [2006a] calculated a Mineral Alteration Index (MAI) as the sum of
all secondary mineral phases. The higher the MAI the more weathered is a
particular rock or soil target.

The aim of the work presented in this chapter is to look at the re-
lationships between individual primary and secondary iron-bearing miner-
als. Based on many indications such as the red color of the Martian sur-
face, weathering processes on Mars are generally oxidizing. Therefore the
Fe3+/FeTotal ratio is adopted here as a measure for the degree of weather-
ing.

Morris et al. [2006a] evaluated Mössbauer spectra acquired from rock
and soil targets until sol 511 as described in Chapter 3.7. They list min-
eral subspectral areas (A) for all targets. Thes areas are proportional to
the distribution of Fe among oxidation and coordination states and among
iron-bearing phases in the target (Chapter 2.1.3). AOlivine for example is the
relative amount of Fe in olivine. Subspectral areas do not provide informa-
tion about the proportion of the iron-bearing phases themselves, unless the
concentration of Fe (e.g., relative to Mg in olivine, or relative to Mg and Ca
in pyroxene) in those phases is independently known or modeled. For olivine
with its endmembers forsterite (Fo, Mg2SiO4) and fayalite (Fa, Fe2SiO4)
this concentration has been estimated to Fo60 based on olivine MB parame-
ters [Morris et al., 2004], Fo45-52 based on normative calculations [McSween
et al., 2006], and Fo35-60 based on Mini-TES spectral analyses [Christensen
et al., 2004]. Comparable estimates for other iron-bearing minerals are not
available.

6.2 Results
To understand which of the iron-bearing minerals listed in the previous para-
graph undergo weathering and which minerals are more resistant, relative
abundances of Fe in the primary minerals were plotted against Fe3+/FeTotal

ratios in Figure 6.5. Rocks and soils are labeled according to their classes,
subclasses, and locations. A good correlation between the decreasing abun-
dance of a certain mineral and increasing Fe3+/FeTotal ratios, overall or
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Gusev Plains Columbia Hills, Husband Hill

Adirondack class Wishstone class
Adirondack class, Mazatzal coatings Peace class
Other rock classes, Joshua subclass Watchtower class, Watchtower subclass

Columbia Hills, West Spur Watchtower class, Keystone subclass

Other rock classes, Pot of Gold subclass Watchtower class, Keel subclass
Clovis class, Wooly Patch subclass Backstay class
Clovis class, Clovis subclass Soils

Laguna class
Other soils classes, Doubloon subclass
Paso Robles class

Figure 6.4: Legend to Figures 6.5 to 6.9

within a certain rock class, indicates that the respective mineral underwent
some form of oxidative weathering. Mineral abundances which remain stable
or scatter randomly suggest that the mineral is obviously not a�ected by
weathering processes. A correlation between increasing abundance of a cer-
tain mineral and increasing Fe3+/FeTotal ratios indicates mineral formation
as an alteration product, or alternatively, such as in the case of magnetite,
changes in oxygen fugacity fO2 during crystallization of the primary melt.
The minerals olivine and magnetite, in particular, can be linked by either
weathering processes such as serpentinization or changes in fO2 in the vicin-
ity of the Quartz-Fayalite-Magnetite (QFM) bu�er.

In order to �nd out which secondary phases are forming by the alter-
ation of particular primary minerals, abundances of olivine, pyroxene, and
magnetite were each plotted against abundances of np-Ox, hematite, and
goethite, respectively (Figures 6.6 - 6.8). Ilmenite was not investigated
further, because it shows no apparent alteration (Figure 6.5c). Olivine and
Pyroxene were also plotted against magnetite (Figures 2d and 3d, respec-
tively). An Fe3+ sulfate occurred only in two Paso Robles class soil targets.
It was not investigated further.

Secondary phases may evolve with time. Nanophase ferric oxides may in-
crease in particle size and/or crystallinity, such as changing from superparam-
agnetic hematite into well-crystalline hematite. Goethite may de-hydroxilate
and transfer into hematite with time. To investigate these options np-Ox was
plotted against hematite and goethite; goethite was plotted against hematite
(Figure 6.9).

Linear regressions were �t to the data points of each rock and soil class or
subclass in Figures 6.5-6.9. The resulting correlation coe�cients R, standard
deviations SD, probabilities P that R is zero, and slopes S are listed in Tables
6.2 and 6.3. Some rock or soil classes or subclasses contain only one
target, and thus neither slopes nor correlation coe�cients can be calculated.
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Figure 6.5: The plots show the relationships between primary minerals olivine
(a), pyroxene (b), ilmenite (c), and magnetite (d) and the Fe3+/FeTotal ratio
in di�erent rock and soil classes. The good correlation between olivine and
the Fe3+/FeTotal ratio suggests alteration of that mineral. Pyroxene is only
altered in rocks with large Fe3+/FeTotal ratios. Ilmenite does not appear to
be altered. Alteration of magnetite is not apparent. The legend is shown in
Figure 6.4. Errors are as reported by Morris et al., [2006a].
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Figure 6.6: The plots show relationships between olivine and the secondary
minerals a) nanophase ferric oxides (np-Ox), b) hematite, c) goethite, and d)
magnetite in di�erent rock and soil classes. Good correlations exist between
olivine and np-Ox in Laguna class soils (a) and for olivine and hematite in
Pot of Gold class rocks (b). The legend is shown in Figure 6.4. Errors are as
reported by Morris et al., [2006a].
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Figure 6.7: The plots show relationships between pyroxene and the secondary
minerals a) nanophase ferric oxides (np-Ox), b) hematite, c) goethite, and d)
magnetite in di�erent rock and soil classes. Good correlations exist between
pyroxene and np-Ox in Wooly Patch subclass, Clovis subclass and Watch-
tower subclass rocks (a). The legend is shown in Figure 6.4. Errors are as
reported by Morris et al., [2006a].
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Figure 6.8: The plots show relationships between magnetite and the sec-
ondary minerals a) nanophase ferric oxides (np-Ox), b) hematite, and c)
goethite in di�erent rock and soil classes. Good correlations exist between
magnetite and goethite in Clovis subclass rocks (c). The legend is shown in
Figure 6.4. Errors are as reported by Morris et al., [2006a].
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Figure 6.9: The plots show relationships between secondary minerals and
their possible evolution products: (a) nanophase ferric oxides (np-Ox) versus
hematite, b) np-Ox versus goethite, and c) goethite versus hematite. The
lack of good correlations suggests that such evolution did not take place.
The legend is shown in Figure 6.4. Errors are as reported by Morris et al.,
[2006a].
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Table 6.2: Correlation coe�cients R, standard deviations SD, probabilities
P that R is zero, and slopes S between primary and secondary minerals in
Gusev Crater rock classes encountered in the plains and at the West Spur
of the Columbia Hills. The number N of targets in each class or subclass is
given. Ad: Adirondack class; Mz: Mazatzal coatings; Jo: Other Rocks class,
Joshua subclass; Pg: Other Rocks class, Pot of Gold subclass; Wp: Clovis
class, Wooly Patch subclass; Cl: Clovis class, Clovis subclass.

Ad Mz Jo Pg Wp Cl
N 11 3 2 7 4 12
R -0.94541 -0.93462 -1 -0.98424 -0.31055 -0.58709
SD 0.92928 1.51585 0 0.63131 1.29071 0.92889Ol/Fe3+

P <0.0001 0.23148 <0.0001 <0.0001 0.68945 0.04476
S -1.1(1) -0.7(2) -0.29 -0.9(1) -0.1(2) -0.16(8)
R -0.16605 -0.71247 -1 -0.50647 -0.97536 -0.94686
SD 1.09244 1.51585 0 0.60094 1.11607 0.85732Px/Fe3+

P 0.62559 0.49515 <0.0001 0.24608 0.02464 <0.0001
S -0.1(1) -0.3(2) -0.82 -0.1(1) -1.2(2) -0.70(9)
R 0.46653 0.99795 1 -0.71269 0.93322 -0.64917
SD 2.29155 0.02614 0 0.62179 0.47532 3.15977Mt/Fe3+

P 0.14803 0.04078 <0.0001 0.07228 0.06678 0.02236
S 0.5(1) 0.1(2) 0.53 -0.2(1) 0.3(2) -0.66(8)
R -0.48498 -0.93851 -1 -0.50558 -0.09417 -0.13762
SD 2.49375 1.47153 0 3.07989 1.35181 1.13654Ol/np-Ox P 0.13054 0.22441 <0.0001 0.24706 0.90583 0.66974
S -0.7(2) -0.8(2) -0.63 -1.0(2) -0.0(2) -0.1(1)
R -0.55448 -0.90993 -1 -0.90876 -0.64044 -0.25358
SD 2.37304 1.76777 0 1.48968 1.04283 1.10996Ol/Hm P 0.07669 0.27226 <0.0001 0.0046 0.35956 0.42646
S -3.0(6) -5(1) -2.5 -0.8(1) -0.4(3) -0.1(1)
R - - - - 0.03158 -0.43266
SD - - - - 1.35717 1.0345Ol/Gt P - - - - 0.96842 0.16008
S - - - - 0.0(5) -0.10(7)
R -0.49666 -0.90993 -1 0.6569 0.06959 0.15734
SD 2.47498 1.76777 0 2.69148 1.35456 1.13317Ol/Mt P 0.12017 0.27226 <0.0001 0.10893 0.93041 0.62529
S -0.5(1) -10(2) -0.56 2.6(5) 0.1(5) 0.04(8)
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Table 6.2: Continued
Ad Mz Jo Pg Wp Cl

N 11 3 2 7 4 12
R 0.35963 -0.70463 -1 -0.23233 -0.96241 -0.60859
SD 1.0337 1.53285 0 0.67786 1.37396 2.11491Px/np-Ox P 0.27734 0.50222 <0.0001 0.61615 0.03759 0.03573
S 0.2(2) -0.3(2) -1.75 -0.1(2) -1.5(2) -0.6(1)
R -0.23787 -0.75593 -1 -0.50054 -0.11981 -0.28834
SD 1.07602 1.41421 0 0.60335 5.02259 2.55215Px/Hm P 0.48122 0.45437 <0.0001 0.25258 0.88019 0.36342
S -0.5(6) -2(1) -7 -0.1(1) -0.3(3) -0.4(2)
R - - - - -0.50002 -0.51614
SD - - - - 4.38119 2.28289Px/Gt P - - - - 0.49998 0.08582
S - - - - -1.7(5) -0.32(7)
R -0.57542 -0.75593 -1 0.4625 -0.97124 0.47843
SD 0.90605 1.41421 0 0.61791 1.20453 2.47983Px/Mt P 0.064 0.45437 <0.0001 0.29605 0.02876 0.11563
S -0.2(1) -4(2) -1.56 0.4(5) -3.7(5) -0.33(8)
R -0.45386 0.99718 1 -0.40097 0.98172 0.01022
SD 2.30857 0.03066 0 0.81203 0.25179 4.15385Mt/np-Ox P 0.16085 0.04785 <0.0001 0.37267 0.01828 0.97485
S -0.6(2) 0.1(2) 1.125 -0.2(2) -0.4(2) 0.0(1)
R 0.58995 1 1 -0.75712 -0.15883 -0.53811
SD 2.09189 0 0 0.57906 1.30608 3.50135Mt/Hm P 0.05607 <0.0001 <0.0001 0.04875 0.84117 0.07111
S 2.9(6) 0.5 4.5 -0.2(1) -0.1(4) -1.1(1)
R - - - - 0.74217 -0.9348
SD - - - - 0.88661 1.47545Mt/Gt P - - - - 0.25783 <0.0001
S - - - - 0.8(6) -0.82(7)
R -0.12637 0.99718 1 0.1958 -0.09124 -0.48009
SD 2.06858 0.35355 0 1.7737 3.16381 2.45354np-Ox/Hm P 0.7112 0.04785 <0.0001 0.67393 0.90876 0.11419
S -0.5(6) 6(1) 4 0.1(1) -0.1(3) -0.6(1)
R - - - - 0.71524 -0.02219
SD - - - - 2.22039 2.79626np-Ox/Gt P - - - - 0.28476 0.94543
S - - - - 1.6(5) -0.01(7)
R - - - - -0.65079 0.55613
SD - - - - 1.1068 3.58055Gt/Hm P - - - - 0.34921 0.06043
S - - - - -0.4(3) 1.2(2)
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Table 6.3: Correlation coe�cients R, standard deviations SD, probabilities
P that R is zero, and slopes S between primary and secondary minerals
in Gusev Crater rock classes encountered on the northwest �ank and at
Columbia Ridge of Husband Hill in the Columbia Hills, and Laguna class
soils encountered throughout Gusev Crater. The number N of targets in
each class or subclass is given. Ws: Wishstone class; Pc: Peace class; Wt:
Watchtower class, Watchtower subclass; Kl: Watchtower class, Keel subclass;
Lg: Laguna class soils; Pr: Paso Robles class soils.

Ws Pc Wt Kl Lg Pr
N 4 3 4 2 25 2
R -0.53371 -0.99779 -0.96279 -1 -0.84781 -1
SD 2.46435 0.26726 0.34116 0 1.32733 0Ol/Fe3+

P 0.46629 0.04235 0.03721 <0.0001 <0.0001 <0.0001
S -0.8(3) -1.2(3) -0.4(2) -1.22 -0.64(6) -1
R 0.14752 -1 -0.88583 -1 -0.58022 1
SD 1.3048 0 0.78247 0 1.64966 0Px/Fe3+

P 0.85248 <0.0001 0.11417 <0.0001 0.00236 <0.0001
S 0.1(4) -0.33 -0.4(2) -0.56 -0.35(6) 0.29
R -0.28939 - -0.52182 1 - -
SD 1.39537 - 1.07693 0 - -Ilm/Fe3+

P 0.71061 - 0.47818 <0.0001 - -
S -0.2(3) - -0.2(2) 0.78 - -
R -0.56356 0.98432 -0.45455 -1 0.30438 -1
SD 0.63653 0.80178 0.27273 0 1.54165 0Mt/Fe3+

P 0.43644 0.11287 0.54545 <0.0001 0,13905 <0.0001
S -0.2(3) 1.4(3) -0.0(2) -0.11 0.15(6) -0.14
R 0.64822 -0.71074 -0.83546 -1 -0.7989 -
SD 2.21893 2.82843 0.69377 0 1.50545 -Ol/np-Ox P 0.35178 0.49672 0.16454 <0.0001 <0.0001 -
S 1.1(4) -4(1) -0.1(1) -5.5 -0.63(7) -
R 0.62323 - 0.60547 -1 0.11001 -1
SD 2.27894 - 1.00473 0 2.48779 0Ol/Hm P 0.37677 - 0.39453 <0.0001 0.60063 <0.0001
S 1.2(4) - 0.2(2) -1.22 0.4(3) -0.54
R -0.62362 - -0.343 - - -
SD 2.27802 - 1.18585 - - -Ol/Gt P 0.37638 - 0.657 - - -
S -0.4(2) - -0.5(8) - - -
R -0.12444 -0.99387 0.56592 1 -0.18536 1
SD 2.89144 0.4445 1.04083 0 2.4596 0Ol/Mt P 0.87556 0.07052 0.43408 <0.0001 0.37504 <0.0001
S -0.5(9) -0.9(2) 2(2) 11 -0.3(1) 7
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Table 6.3: Continued
Ws Pc Wt Kl Lg Pr

N 4 3 4 2 25 2
R -0.46107 -0.75593 -0.96105 -1 -0.47885 -
SD 1.17064 0.70711 0.46605 0 1.77815 -Px/np-Ox P 0.53893 0.45437 0.03895 <0.0001 0.01545 -
S -0.3(4) -1(1) -0.2(1) -2.5 -0.31(7) -
R -0.29976 - 0.80446 -1 0.13673 1
SD 1.25857 - 1.00171 0 2.00645 0Px/Hm P 0.70024 - 0.19554 <0.0001 0.51459 <0.0001
S -0.3(5) - 0.3(2) -0.56 -0.4(3) 0.15
R 0.23701 - -0.08559 - - -
SD 1.28165 - 1.68015 - - -Px/Gt P 0.76299 - 0.91441 - - -
S 0.1(2) - -0.2(8) - - -
R 0.51391 -0.98432 0.7868 1 -0.51455 -1
SD 1.1317 0.1905 1.04083 0 1.73676 0Px/Mt P 0.48609 0.11287 0.2132 <0.0001 0.0085 <0.0001
S 0.9(9) -0.2(2) 4(2) 5 -0.6(1) -2
R 0.35994 0.62862 -0.92418 -1 0.01896 -
SD 0.71891 3.53553 0.11695 0 1.61816 -Mt/np-Ox P 0.64006 0.56724 0.07582 <0.0001 0.92834 -
S 0.2(4) 4(1) -0.0(1) -0.5 -0.01(7) -
R 0.4393 - 0.96709 -1 -0.22821 -1
SD 0.69222 - 0.07791 0 1.57574 0Mt/Hm P 0.5607 - 0.03291 <0.0001 0.27256 <0.0001
S 0.2(3) - 0.1(2) -11 -0.6(3) -0.08
R -0.63403 - 0.4714 - - -
SD 0.59587 - 0.27003 - - -Mt/Gt P 0.36597 - 0.5286 - - -
S -0.1(1) - 0.2(8) - - -
R 0.1707 - -0.92097 1 -0.25065 -
SD 1.77632 - 2.83932 0 3.07236 -np-Ox/Hm P 0.8293 - 0.07903 <0.0001 0.22686 -
S 0.2(3) - -1.5(2) 0.22 -1.2(3) -
R -0.48178 - -0.25306 - - -
SD 1.57976 - 7.05011 - - -np-Ox/Gt P 0.51822 - 0.74694 - - -
S -0.2(1) - -3(1) - - -
R -0.9248 - 0.28626 - - -
SD 1.72971 - 0.82979 - - -Gt/Hm P 0.0752 - 0.71374 - - -
S -2.7(4) - 0.1(2) - - -
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Some rock or soil classes or subclasses contain only two targets. Correlation
coe�cients are then equal to 1 by default and meaningless. The calculated
slopes on the other hand may retain some meaning. Tables 6.2 and 6.3
therefore contain also the number of samples, N.

Areas of primary minerals were plotted along the y-axis and areas of sec-
ondary minerals were plotted along the x-axis. A slope value of -1 means,
that the loss of Fe in the primary mineral matches the gain of Fe in the sec-
ondary mineral. This suggests a direct transformation from one mineral into
another albeit caution is necessary, because several secondary phases may
result from the alteration of one mineral. Likewise, the alteration of di�erent
primary minerals may add to the abundance of one secondary mineral.

6.3 Discussion
At �rst glance, Figure 6.5 resembles the classic observation by Goldich [1938]
that mineral susceptibility to weathering is generally similar to Bowen's se-
quence of minerals crystallizing from a melt [Bowen, 1928]. Even the least al-
tered rocks of the Adirondack class show evidence that olivine has weathered
(Figure 6.5a), whereas only the most altered rocks of the Clovis and Watch-
tower classes show evidence for the alteration of pyroxene (Figure 6.5b).
There is no evidence of any alteration of ilmenite (Figure 6.5c), and evidence
of alteration of magnetite is not immediately apparent (Figure 6.5d). When
put in order of decreasing stability towards weathering, the sequence ilmenite
- magnetite - pyroxene - olivine also agrees with a sequence of mineral per-
sistence based on mineral frequency in sedimentary rocks of increasing age
[Pettijohn, 1941]. The adherence to Goldich`s sequence points towards acidic
conditions [Wasklewicz, 1994], which agrees with evidence for acid weather-
ing inferred from the presence of Cl and S in Martian �nes at all sites of
successful landings, i.e. Viking [Clark et al., 1976; Toulmin et al., 1977],
Path�nder [Rieder et al., 1997], and MER [Gellert et al., 2004, 2006; Rieder
et al., 2004].

The secondary Fe-bearing mineralogy lacks carbonates and clay minerals
[Morris et al., 2006c], although small amounts of clay minerals may be present
in iddingsite-like assemblages among the np-Ox. Ferric Sulfates may also be
present among the np-Ox phases [Morris et al., 2005]. They have been
unequivocally identi�ed in Paso Robles class soils. However, the evidence
of well-crystalline secondary minerals identi�ed in rocks suggests that the
np-Ox phase is mainly made up of iron oxides. The observed Fe-bearing
secondary mineralogy points to pH values between 4 and 7 when compared
to weathering experiments conducted by Tosca et al. [2004]. Tosca et al.
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[2004] observed the dissolution of ilmenite only at lower pH levels. At such
low pH levels ferrous sulfates formed rather than oxides, because of slower
oxidation rates of dissolved Fe2+.

Olivine has been identi�ed by MB spectroscopy in targets from all rock
and soil classes in variable amounts[Morris et al., 2004, 2006a]. Individ-
ual rock and soil targets which contain little or no olivine generally plot to
the right of the interception of the overall trend with the x-axis in Figure
6.5a. That suggests that olivine was present in the unweathered precur-
sor rocks. Oxidative weathering continued after all olivine was consumed.
Normative calculations assuming isochemical weathering yielded olivine in
Clovis class and Watchtower class rocks. Amounts of olivine for Clovis class
rocks range up to values comparable to the high-olivine Adirondack class
rocks [Ming et al., 2006]. Olivine has been identi�ed by Mössbauer spec-
tra in basaltic (dark) soils at both MER landing sites, Gusev crater [Morris
et al., 2004, 2006a] and Meridiani Planum [Klingelhöfer et al., 2004]. The
dark soils at Gusev and Meridiani are similar in composition and may rep-
resent a distinct global unit, or given the apparent uniformity of basaltic
terrains mapped from orbit, the connection between these dark soils may
be a result of the general similarity in the rocks from which they originated
[Yen et al., 2005a]. The earliest evidence for olivine on the Martian surface
[Adams, 1968], although not conclusive, was derived from Earth-based spec-
troscopic measurements [Tull, 1966]. It has been unequivocally identi�ed as
a major mineral phase in the so-called Martian meteorites, particularly in
the subgroups (in order of decreasing olivine abundance) dunites, lherzolitic
shergottites, olivine-phyric shergottites and the clinopyroxenites [e.g., Meyer,
2006, and references therein]. Occurrences of olivine on Mars have been iden-
ti�ed by orbiting spacecraft using visible/near-infrared spectroscopy through
Mars Global Surveyor's (MGS) Thermal Emission Spectrometer (TES) [e.g.,
Band�eld, 2002; Hoefen et al., 2003], and Mars Express' Observatoire pour la
Minéralogie, l'Eau, les Glaces, et l'Activité (OMEGA) [Bibring et al., 2005;
Mustard et al., 2005].

The distribution of secondary minerals derived from olivine, based on cal-
culated correlation coe�cients and slopes (Tables 6.2 and 6.3), varies between
di�erent rock and soil classes (Figure 6.6) which suggests di�erent weathering
scenarios. The same is true for the distribution of secondary minerals derived
from pyroxene and magnetite (Figures 6.7 and 6.8, respectively). Therefore
individual rock and soil classes are discussed in more detail in the following
paragraphs.
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6.3.1 Adirondack class
Adirondack class rocks are the least oxidized rocks in Gusev crater, They are
the least altered rocks based on MAI [Morris et al. 2006a] and combined
S, Cl, and Br content [Ming et al., 2006]. Nevertheless, they plot along the
general trend for oxidative olivine alteration (Figure 6.5a) with good negative
correlation (-0.95) and a slope of -1.1. Pyroxene in Adirondack class rocks
is not a�ected by oxidative weathering (R = -0.2; slope = -0.1). There is a
positive slope between magnetite and the Fe3+/FeTotal ratio. In fact, Fe3+

in magnetite accounts for up to ∼ 50 % of the total Fe3+ in Adirondack
class rocks. At the same time, a negative slope exists between Olivine and
magnetite (Figure 6.6d). Based on comparison with comparable amounts of
magnetite found in the Martian meteorite MIL03346, this may result from
variation in the oxidation state of the lavas from which the rocks crystallized
[Morris et al., 2006b].

There appears to be evidence for the formation of np-Ox (Figure 6.6a)
and hematite (Figure 6.6b) from olivine, though correlations are only weak.
Iddingsite, a badly constrained mixture of iron oxides and clay minerals, is
a common terrestrial weathering product of olivine. It is also present in a
number of Martian meteorites, including MIL03346 [Dyar et al., 2005]. Id-
dingsite in Martian meteorites has been shown to be of pre-terrestrial origin
and formed within the last one billion years [e.g., Bridges et al., 2001]. Mor-
ris et al. [2006a] listed iddingsite as one of the possible phases for np-Ox.
McSween et al. [2006] noted patches of light-colored material in abraded
surfaces of Adirondack class rocks, which may be an alteration product of
olivine. Two Adirondack class rocks (Adirondack and Humphrey) have been
investigated on 'as is', brushed and RAT-ground surfaces, whereby np-Ox
and the Fe3+/FeTotal ratio are lowest per individual rock in the abraded
surface where olivine abundances are highest. A third rock (Mazatzal) in-
vestigated in the same way revealed several layers of a coating, which will
be the topic of the next paragraph. It is important to note that Adirondack
class rock targets associated with the highest abundances of np-Ox in Figure
6.6a (and Figures 6.7a, 6.8a, and 6.9a and b) may have had additional exter-
nal sources of np-Ox: A076RU0 Paperback_Appendix2 (19 % np-Ox) was
an 'as is' target on a low-lying, light-toned (i.e. dust-covered) rock, and the
same is true for the target A094RU0 Route66_Candidate7 (10 %); A082RR0

2Target naming convention: Awwwxyz Feature-name_Target-name. A = MER-A (Gu-
sev crater); www = Gusev crater sol number; x = R (rock) or S (soil); y = U (undisturbed),
D (disturbed), T (trench), B (RAT-brushed surface), R (RAT-ground surface), or G (RAT
grindings); z = 0 by default; z = 1, 2, 3. . . for multiple analyses of the same target on
the same sol. See Morris et al. [2006a] for details.
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Mazatzal_NewYork (12 %) was a RAT-ground target, where the RAT oper-
ation left a considerable area of a dark smooth coating associated with high
np-Ox untouched.

The observations presented above are consistent with a weathering sce-
nario at low pH and low water/rock ratios derived by Hurowitz et al. [2006]
from reduced Fe and Mg abundances in brushed as opposed to RAT-ground
surfaces. In a scenario proposed by Yen et al. [2005a, 2005b] and derived
from the distribution of bromine in soils, frost deposited at night may rapidly
sublime in the morning and condense in cold traps. Condensation in excess
of a single molecular monolayer allows the H2O molecules to behave as a
liquid. Diurnal, or perhaps seasonal, cycling of these thin �lms of water over
geologic timescales may be su�cient to account for the observed alteration
of olivine.

Adirondack class rocks represent the Hesperian age Gusev plains lava �ow
[Golombek et al., 2006], which engulfs and hence postdates the formation of
the Columbia Hills. Alteration observed in Adirondack class rocks are thus
representative of the more recent and probably currently active weathering
phenomena in Gusev crater.

6.3.2 Mazatzal coatings
Mazatzal has a complex multilayer surface coating [Haskin et al., 2005]. Ma-
terials encountered as brushing and abrasion proceeded were: (1) loose dust
cover, (2) an outer light-toned soft coating (removed by brushing), (3) a
dark-toned hard coating (partially removed by abrasion), (4) an inner light-
toned coating, and (5) the basaltic interior matrix with �lled vugs and veins.
The coatings are associated with high S, Cl and Br levels as well as high
Fe3+/FeTotal ratios.

Data derived from 'as is' surfaces and brushed surfaces of Mazatzal are
indicated separately in Figures 6.5-6.9. They do not follow the trends appar-
ent for other Adirondack class rocks. The coatings contain more Fe3+ than
other targets with comparable amounts of olivine (Figures 6.5a and 6.6a).
Figures 6.5b and 6.7a suggest, that pyroxene abundances are reduced accord-
ingly to yield the necessary levels of Fe3+. This would, however, imply that
for the formation of the Mazatzal coatings olivine and pyroxene weathered
at approximately the same rates, contrary to the observations for all other
rock and soil targets. The results can be explained alternatively with the
MB sampling depth (see Chapter 2.2.3). The sampling depth of the 14.4
keV radiation likely exceeds the thickness of the coatings. The simultaneous
sampling of coating and subsurface is indicated in Figure 6.10. In the 14.4
KeV spectra, olivine and pyroxene decrease while np-Ox increases in spectra
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Figure 6.10: The plots show 14.4 keV (left column) and 6.4 keV (right column)
Mössbauer spectra of di�erent targets on the rock Mazatzal. Mazatzal has a
multilayer coating. Spectra of the undisturbed (e and f) and brushed surface
(c and d) are enriched in nanophase ferric oxides (np-Ox) compared to the
abraded surface. The 14.4 keV radiation has a larger sampling depth than
the 6.4 keV radiation. The amount of np-Ox in undisturbed and brushed
surfaces is higher in the 6.4 keV spectra compared to the 14.4 keV spectra.
The sampling depths of both energies may exceed the thickness of the coating.
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of the brushed and 'as is' surfaces (Figures 6.10c and e, respectively) relative
to the spectrum of the abraded surface (Figure 6.10a). The ratio of olivine
to pyroxene stays approximately the same in all three spectra. The 6.4 keV
spectra where the ratio of sampled coating to subsurface increases, were also
evaluated. The np-Ox phases become yet more abundant in spectra of the
brushed and as is surfaces (Figures 6.10d and f) while olivine and pyroxene
become less abundant. The olivine to pyroxene ratio remains approximately
the same. Hence the coatings alone are more oxidized than indicated in Fig-
ures 6.5 to 6.9. It can be inferred from Figure 6.10, that Fe in the coatings
occurs to a large extent in the form of np-Ox with possible minor contribu-
tions from hematite and magnetite. Olivine and pyroxene in the spectra are
mostly a contribution from the underlying rock.

Weathering mechanisms described in the previous paragraph for Adiron-
dack class rocks may be enhanced in the near-subsurface to produce the
coatings observed on Mazatzal [Yen et al., 2005a, 2005b]. Enhanced np-Ox
abundances combined with high S, Cl and Br have also been observed in
subsurface soils which were revealed by trenches into mature regolith in the
inter-crater plains [Haskin et al., 2005; Wang et al., 2006].

Another low-lying, light-toned rock target in the vicinity of Mazatzal, but
not investigated by brushing and grinding, is Paperback-Appendix [Arvidson
et al., 2006]. Its np-Ox abundance (19 %) is highest among Adirondack class
rocks and it plots generally close to the Mazatzal coatings (Figures 6.5a and
d, 6.6a and d, and 6.8a).

6.3.3 Laguna class soils
Laguna class soils [Morris et al., 2006a] are present in the Gusev plains as
well as the Columbia Hills, and soils of similar composition have also been
observed at Meridiani Planum [Klingelhöfer et al., 2004]. They are thus im-
portant on a global scale [Yen et al., 2005a]. The ubiquitous presence of
olivine in these soils suggests that physical rather than chemical weather-
ing processes currently dominate at Gusev crater [Morris et al., 2004] and
beyond.

Olivine is the only primary Fe-bearing mineral in Laguna class soils whose
alteration is of signi�cance (Figure 6.5). Olivine oxidation results mainly in
the formation of np-Ox (Figure 6.6a). The concentration of iron associated
with this phase has a positive correlation with S (slope = Fe/S = 0.57),
implying a sulfate or formation in direct proportion to sulfates [Morris et al.,
2005; Yen et al., 2005a]. Normative calculations done for subsurface regolith
exposed in trenches and enriched in both np-Ox and S, suggest mainly Mg
and Ca sulfates and only minor contributions from Fe sulfate [Haskin et al.,
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2005; Wang et al., 2006]. Hence, np-Ox may be Fe oxides associated with
Mg sulfates.

The observed alteration trends of laguna class soils are consistent with
weathering scenarios described in previous paragraphs for Adirondack class
rocks and the Mazatzal coatings. Endmembers of Laguna class soils are
bright dust and dark soil [Yen et al., 2005a]. The bright dust contains higher
amounts of np-Ox compared to the dark soil, when the drak soil is not associ-
ated with the enhanced S, Cl and Br levels as encountered in the inter-crater
plains trenches. Experiments by Schröder et al. [2004] (Chapter 5) with
�ne-grained olivine showed, that interaction with the Martian atmosphere
can alter olivine to np-Ox and hematite without invoking transient or thin
�lms of water. MB investigation of �ne-grained aeolian dust adhering to the
capture magnet showed higher Fe3+/FeTotal than for average Martian soil
[Goetz et al., 2005].

6.3.4 Clovis class and Pot of Gold subclass
Clovis class rocks (Wooly patch subclass and Clovis subclass) and the associ-
ated Pot of Gold subclass rocks range from intermediate degrees of alteration
to pervasively altered rocks. Amongst this subset of rock targets Pot of Gold
subclass contains the least altered rocks. In many ways they continue the
trends which Adirondack class rocks followed. Olivine is the primary mineral
undergoing weathering, whereas pyroxene levels remain constant (Figures
6.5a and b). Pot of Gold rocks were encountered at the base of the West
Spur, i.e. at the boundary between the Gusev plains and the Columbia Hills
[Arvidson et al., 2006]. They show visible signs of alteration in the form of
cavernous weathering and case-hardening [Cabrol et al., 2006; Arvidson et
al., 2006], implying higher water/rock ratios or water available over longer
timespans than required for the weathering observed in Adirondack class
rocks. Water must have been available long enough or in su�cient amounts
to allow well-crystalline hematite rather than np-Ox to form from olivine
(Figure 6.6b). However, water availability was not as high as to also a�ect
pyroxene. There is no evidence that the hematite evolved from intermediate
np-Ox over time (Figure 6.9a). Wooly Patch subclass rock targets link Pot
of Gold subclass rocks in several ways to Clovis subclass rocks. The physi-
cal location of the outcrop rock Wooly Patch is above Pot of Gold subclass
rocks and below Clovis subclass rocks on the West Spur of the Columbia
Hills [Arvidson et al., 2006]. The Fe3+/FeTotal ratio of Wooly patch targets
matches the most oxidized Pot of Gold subclass rock targets and the least
oxidized Clovis subclass rock targets. Wooly Patch targets plot at the in-
tersection of the olivine trend in Figure 6.5a with the x-axis, i.e. where all
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olivine has been transformed into Fe3+-bearing phases. The Clovis subclass
targets start to trail o� from that point. Wooly Patch targets plot also at
the intersection of the constant pyroxene trend of Pot of Gold class rock tar-
gets and the pyroxene weathering trend de�ned by Clovis subclass targets
in Figure 6.5b. On a �rst glance Mössbauer spectra obtained from Wooly
Patch targets look like the end product of Pot of Gold subclass weathering
[Schröder et al., 2005]: They have the same abundance of pyroxene and no
olivine. However, hematite abundances in Wooly Patch targets are lower
than in Pot of Gold targets (Figures 6.6b and 6.11). In a similar manner it
could be at the beginning of the Clovis subclass weathering trends (Figure
6.12) which begin with a high abundance of pyroxene and little goethite. The
magnetite abundance in Wooly Patch targets is lower compared to the least
oxidized Clovis subclass targets, though (Figures 6.5d and 6.8c).

Pot of Gold subclass targets and Wooly patch subclass targets fall along
an elemental abundance mixing line between Adirondack class rocks and The
Boroughs trench data (Laguna class soil) [Arvidson et al., 2006, Figure 12a].
This suggests that the rocks at the base of the West Spur have compositions
matched by combining Adirondack class rocks and alteration phases, but they
have rather di�erent modi�cation histories than Adirondack class rocks, given
the distinctive mineralogy. Clovis class rocks have compositions similar to
basaltic soils (Laguna class) on the Gusev plains with the exception of higher
Mg, Cl, and Br and lower Ca and Zn [Ming et al., 2006].

Clovis subclass rock targets contain little or no olivine. Figure 6.5a and
normative calculations indicate that all olivine from the proposed protolith
has been consumed by oxidative weathering. Since olivine is absent, no trends
are available to show which secondary phases formed from the alteration of
olivine, however, based on the Wooly Patch mineralogy and the bad corre-
lation between pyroxene and hematite (Figure 6.7b), hematite was probably
derived from olivine together with some np-Ox and goethite. The alteration
of pyroxene added more np-Ox and goethite. The bulk amount of goethite
however seems to come from the oxidation and hydroxilation of magnetite
(Figure 6.8c), judging by the good correlation (R = -0.93) and a slope close
to -1 (-0.82). There is no evidence for any further evolution of goethite such
as dehydroxilation and the subsequent formation of hematite (Figure 6.9c).
The obvious alteration of pyroxene and magnetite in addition to olivine in-
creases the necessary amounts of water and the timespan of availability of
water relative to Pot of Gold subclass rocks.
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Figure 6.11: The plot shows Mössbauer spectra obtained from rock
targets in the Gusev Crater plains and on the foot of the West
Spur of the Columbia Hills. The spectra are arranged in the or-
der of increasing Fe3+/FeTotal ratios, starting from the top: A100RB0
Route66_SoHo; A060RR0 Humphrey_Heyworth2; A150RU0 Mojave_Joshua;
A176RU0 Breadbox_Sourdough; A171RR0 PotOfGold_FoolsGold; A200RR0
WoolyPatch_Mastadon. The targets A100RB0, A060RR0 (both Adirondack
class), and A150RU0 (Other Rock class, Joshua subclass) were encountered in the
Gusev plains; targets A176RU0, A171RR0 (both Other Rock class, Pot of Gold
subclass), and A200RR0 (Clovis class, Wooly Patch subclass) were encountered on
the foot of the West Spur of the Columbia Hills. This stack of Mössbauer spectra
exempli�es the general olivine weathering trend apparent in Figure 6.5a. Spectra
are o�set along the y-axis for clarity.
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Figure 6.12: The plot shows Mössbauer spectra of Clovis class rock
targets encountered at the West Spur of the Columbia Hills. The
spectra are arranged in the order of increasing Fe3+/FeTotal ratios,
starting from the top: A200RR0 WoolyPatch_Mastadon; A303RB0
Lute�sk_Roe; A275RU0 Tetl_Clump; A269RU0 Temples_Dwarf; A288RR0
Uchben_Koolik; A233RR0 Ebenezer_Ratchit2; A218RR0 Clovis_Plano.
This stack of Mössbauer spectra exempli�es the pyroxene weathering trend
in Clovis class rocks apparent in Figure 6.5b. Spectra are o�set along the
y-axis for clarity.
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6.3.5 Wishstone class and Watchtower class
Watchtower class rocks have been found on Husband Hill in the Columbia
Hills. These rocks are diverse in their alteration state based on Fe3+/FeTotal

ratios and Fe-bearing mineralogy. On that basis Morris et al. [2006a] divided
Watchtower class rocks into Watchtower subclass, Keystone subclass, and
Keel subclass. This division also re�ects morphological di�erences [Squyres
et al., 2006]. Wishstone class rocks are geochemically similar to Watchtower
class rocks [Ming et al., 2006]. The major element compositional variabil-
ity evident for Watchtower Class rocks is consistent with mixing between
two end-member rocks in varying relative proportions. A Wishstone-like
end-member dominates the mix, while the other endmember is richer in fer-
romagnesian elements than Wishstone class rocks (Hurowitz et al., Mixing
relationships among Husband Hill lithologies, manuscript submitted to JGR).

Keystone subclass is the least oxidized and Watchtower subclass the most
oxidized, with the target A493RB0 LarrysLookout_Paros having the highest
Fe3+/FeTotal (0.94) of all rock and soil targets in the data set investigated
in this chapter. Keystone contains pyroxene, magnetite, and ilmenite as
primary minerals (in order of abundance), but no olivine. Wishstone class
rocks show a similar degree of oxidation as Keystone subclass. They contain
pyroxene, olivine, ilmenite, and magnetite as primary minerals. All three
Watchtower class subclasses plot distinct from each other in Figures 6.5-6.9.
The only apparent trend followed by all three subclasses is the oxidation
of pyroxene (Figure 6.5b). Keel subclass rock targets as well as Watchtower
subclass rock targets contain varying levels of olivine, whereas Keystone sub-
class contains no olivine. Wishstone class rock targets therefore often appear
to combine for a better trend with Keel subclass and Watchtower subclass
targets (Figure 6.13b) than Keystone subclass (Figure 6.13a). This is evi-
dent for the oxidation of olivine (Figure 6.5a) and the formation of np-Ox
from olivine and pyroxene (Figures 6.6a and 6.7a). The similarity between
the Wishstone MB spectrum and Keel subclass MB spectra is striking. The
absence of a clear alteration trend suggests that alteration processes var-
ied over short spatial scales or may alternatively be a consequence of the
compositional di�erences.

6.4 Conclusions
The mineral mainly undergoing weathering processes in Gusev rocks and soils
is olivine. Olivine is generally the most susceptible to weathering among the
common rock forming minerals [e.g., Goldich, 1938; Pettijohn, 1941]. Because
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Figure 6.13: The plot shows Mössbauer spectra of Watchtower class
rock targets encountered at Cumberland Ridge in the Columbia Hills.
The spectra are arranged in the order of increasing Fe3+/FeTotal ratios,
starting from the top: A472RB0 Keystone_Haunch in (a) or A336RR0
Wishstone_Chisel in (b); A483RU0 Keel_Reef; A486RB0 Keel_Davis;
A501RU0 Pequod_MobyDick; A418RR0 Watchtower_Joker; A498RU0
Pequod_Ahab; A493RB0 LarrysLookout_Paros. Wishstone class rocks are
geochemically similar to Watchtower class rocks. Spectra are o�set along the
y-axis for clarity.

of its wide-spread occurrence on Mars, the study of the relation between
olivine and secondary iron-bearing minerals in Gusev crater has implications
on a planet-wide scale.

The limited alteration of minerals other than olivine argues for a reduced
availability of water. The adherence to Goldich's sequence of mineral sus-
ceptibility to weathering suggests generally acidic conditions. The observed
secondary mineralogy, i.e., ferric oxides rather than ferrous sulfates, and the
stability of ilmenite suggest pH levels between 4-6. Di�erences in alteration
patterns seem to result mainly from varying availability of liquid water both
in abundance and in time. The variation of alteration patterns over short
spatial scales supports volcanic or impact origin of Columbia Hills. Water
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may have been present as hydrothermal springs or ice melted by volcanic
activity or impact. These sources would make for a transient availability of
water.

The low degree of alteration of Adirondack class rocks are representative
of the sparsity of water under the present climatic conditions on Mars.
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Chapter 7

Astrobiological Applications

The �eld of astrobiology includes the study of the origin, evolution and dis-
tribution of life in the universe [Des Marais and Walter, 1999]. Research in
the Solar System concentrates on the planet Mars, followed by Europa and
Titan, moons of Jupiter and Saturn, respectively. On Earth much of the re-
search concentrates on the study of so-called extreme environments that can
serve as analogues for possible habitats on the planets and moons mentioned
above, and on extremophiles - mostly microbial life-forms that thrive in these
environments [e.g., Rothschild and Mancinelli, 2001]. Introductory texts to
the �eld of astrobiology are available by, e.g., Des Marais and Walter [1999],
Brack et al. [2001], Gee et al. [2001], Gilmour and Sephton [2003], and Knoll
[2003].

The element Fe and Fe-bearing minerals occur ubiquitously throughout
the �eld of astrobiology. The formation of pyrite at hydrothermal vents, for
example, may have played a crucial role at the origin of life, providing energy
for the �xation of carbon as well as mineral binding surfaces for organic con-
stituents [Wächtershäuser, 1988, 1992]. Banded iron formations (BIFs) are
among the oldest rocks on Earth. Layers of ferric iron in BIFs may record
the evolution of oxygenic photosynthesis [Walker, 1979]. Fe-rich carbonate
globules and magnetite particles resembling those found in terrestrial mag-
netotactic bacteria in the Martian meteorite ALH84001 were interpreted to
great controversy as evidence for possible relic biogenic activity by McKay et
al. [1996]. This re-energized the discussion about life on Mars. Environments
on the young Earth as well as present day Mars, Saturnian Titan, or Jovian
Europa have a lack of free oxygen in common. In anaerobic environments
iron can act as both an electron donor in its ferrous form and a terminal
electron acceptor in its ferric form to support metabolism [e.g., Megonigal
et al., 2003, and references therein]. Furthermore, Fe oxide and hydroxide
minerals have the potential to preserve microfossils and physical biomarkers
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[e.g., Allen et al., 2004].
The following paragraphs summarize Mössbauer results with respect to

astrobiology. Samples exhibiting morphological biosignatures as well as basaltic
glass samples exposed at the Loihi deep sea hydrothermal vent system were
investigated. The MER Mössbauer results were evaluated from an astrobio-
logical perspective. The results from the basaltic glass samples and the MER
results were published by Schröder et al. [2006].

7.1 Morphological biosignature samples
The interaction of living organisms with their environment leaves biosig-
natures behind such as [Des Marais and Walker, 1999]: Cellular remains;
textural fabrics in sediments that record structure and/or function of bio-
logical communities (e.g. stromatolites); biogenic organic matter, including
hydrocarbons; minerals whose deposition has been a�ected by biological pro-
cesses; stable isotopic patterns that re�ect biological activity; atmospheric
constituents whose concentrations require a biological source. Biosignatures
are not necessarily conclusive evidence for biologic activity. They must pass
the Knoll criterium (Knoll, 2006, private communication): "While we can't
be certain that life elsewhere in the universe will have the same features as
the life we know on Earth, physics and chemistry will be the same. Thus, as
a practical guide to exploration, we should become interested in observations
as being potentially biological if we can't understand them in terms of purely
physical/chemical processes".

A set of rock samples exhibiting morphological features related to or
potentially mediated by biology was analyzed with a suite of instruments
designed for robotic planetary surface operations. The aim of this study
was to investigate if and how such biosignatures and associated sedimentary
structures can be identi�ed during remote robotic exploration. This work
forms part of a wider programme of integrated and multi-disciplinary studies
that address the practicalities of in situ measurements at planetary surfaces
(PAFS-net1). Selected results obtained with MIMOS II are reported here.

All samples were obtained from planetary (Martian) analogue �eld sites
on Earth, including modern high latitude extreme environments, Tertiary
( 10-39 Ma) crater lake/hydrothermal deposits and Archaean ( 3.45 Ga)
volcaniclastic sediments. Samples broadly fall into three morphological cat-
egories: fossilized microbial �laments, endolithic microbial communities and

1The Planetary Analogue Field Studies Network (PAFS-net) is a multi-disciplinary
group of scientists and engineers with a generic interest in planetary exploration and
thematic studies incorporating terrestrial analogues in the lab and in the �eld.
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ancient relict sedimentary structures containing microbial fossils. The sam-
ples are archived in the Geological Specimen Archive (GSPARC2). Mössbauer
parameters from selected samples are summarized in Table 7.1 and discussed
below.

Table 7.1: Mössbauer parameters from samples exhibiting morphological
biosignatures.

Mineral δab ∆EQ Bhf ASamplec Fp. phase (mm/s) (mm/s) (T) (%) Fe3+/FeT

A Oct. Fe3+ 0.35 0.55 - 100 1.00140 B Oct. Fe3+ 0.36 0.56 - 100 1.00
Hematite 0.39 -0.24 50.6 25A Goethite [0.37]d [-0.26] 7.3-36.6 75 1.00

45 Hematite 0.40 -0.26 50.3 31B Goethite [0.37] [-0.26] 7.9-36.6 69 1.00

Goethite [0.37] [-0.26] 17.1-28.9 80A Oct. Fe3+ 0.38 0.59 - 20 1.00
179 Goethite [0.37] [-0.26] 17.0-33.8 64B Oct. Fe3+ 0.38 0.58 - 36 1.00

A Oct. Fe3+ 0.33 0.89 - 100 1.00114 B Signal too low - no reasonable �t possible
A Signal too low - no reasonable �t possible159 B Oct. Fe3+ 0.33 0.53 - 100 1.00

Hematite [0.37] [-0.20] 51.5 26
163 A Goethite [0.37] [-0.26] 26.0-35.9 74 1.00

B Goethite [0.37] [-0.26] 13.3-38.0 100 1.00
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, ±0.8 T for Bhf , ±2 % for

the area, and ±0.02 for Fe3+/FeT .
cGSPARC ID.
dValues in square brackets were used as constraints during �tting procedures.

7.1.1 Microbial �laments
Specimens containing fossilized microbial �laments all exhibit microscopic
morphology (isolated individuals) and/or macroscopic morphology (commu-

2The Geological Specimen Archive (GSPARC) is an expanding repository of physical
specimens (including planetary analogues) and associated on-line database of experimen-
tal results accumulated from PAFS-net topic studies. All samples referred to here are
identi�ed by a GSPARC ID (for more details visit www.gsparc.com).
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nities/assemblages). Three modes of preservation are represented: calci�-
cation (freshwater limestone), silici�cation (opaline sinter and chalcedony),
and heavy metal precipitation (goethite).

Freshwater limestone, Hainsfarth, Ries Crater, Germany (GSPARC
140)

The Ries and Steinheim craters of the Jurassic Alb plateau in Southern Ger-
many represent well-studied examples of terrestrial impact structures [Pohl
et al., 1977; Pache et al., 2001]. Near-shore crater lake carbonates are well
exposed at Büschelberg near Hainsfarth (48◦ 57.15' N, 10◦ 38.1' E), 2.5 km
east of Öttingen and have been extensively studied [Arp, 1995]. The site (a
former quarry) is the highest elevation above the eroded �at plains of the
inner basin which lies 60 m below. The carbonate sequence is thick (>8 m)
and consists of extensive bioherms of cladophorites (green algae) with minor
stromatolites and carbonate sands composed of gastropods and ostracods.
The carbonates lie directly on basal suevite.

The specimens represent a combination of well-preserved (fresh) and
weathered calci�ed remnants of cladophorites cemented in a dolomite ma-
trix. The tubular morphology is due to an accumulation of carbonate veneers
around the original cladophorites threads, completely oxidizing the remains
and leaving a void. Although the visible calci�ed tubes are abiogenic, their
morphology which results from mineralization over a cladophorites substrate,
classi�es these features as a biosignature.

Figure 7.1 shows the sample and Mössbauer spectra acquired from two
di�erent positions. Orange-colored areas suggest the presence of Fe-oxide,
and Mössbauer spectra show a doublet resulting from octahedral Fe3+. Iron
oxides also partook in the preservation of the �laments. The iron oxide may
be superparamagnetic or contain substantial impurities. The signal in the
Mössbauer spectra increases when looking down into the exposed tubes (foot-
print B). A greater volume of the iron oxide is within the instrument's �eld
of view. The Fe oxide may be nanophase or superparamagnetic material or
exhibit low crystallinity. The Mössbauer spectrum does not add much to the
understanding of this rock while it is available for detailed investigations in
a terrestrial laboratory. However, if the spectra shown in Figure 7.1 were ob-
tained remotely from an otherwise uncharacterized rock on Mars, they would
initiate a detailed investigation of that rock. The low bulk iron content indi-
cated by the low signal to noise ratios together with the pure Fe3+ signature
show that this rock was chemically altered to a large extent, most likely in
the presence of water.
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Figure 7.1: A freshwater limestone from Hainsfarth, Nördlinger Ries, Ger-
many. The sample contains microbial �laments. Mössbauer spectra were
obtained from two di�erent positions labeled footprint A and B. The foot-
prints shown are approximately 1.4 cm in diameter.

Chalcedony, Cady Mountains, California, USA (GSPARC 45)

The Lower Miocene volcanic and sedimentary sequence of the Sleeping Beauty
Ridge region of the Cady Mountains (34◦ 46' N, 116◦ 17' W) has been ex-
tensively studied [Glazner, 1988]. Veining within the dacites and basalts
extends to over 2 km and is up to 50 cm thick. Veins containing subsurface
�lamentous fabric (SFF) are mainly composed of chalcedony, Fe-hydroxides
and calcite and are strongly enriched in trace elements Sb, As, Mo, Pb, Be
and Ag. The study specimens were collected from a well preserved silica-rich
vein within weathered volcanic country rock [Hofmann and Farmer, 2000].

The �laments were formed within a hydrothermal regime a few hundred
meters below the palaeosurface. The �lament bearing zones were originally
porous and served by nutrient-rich �uids providing a suitable subterranean
habitat. Late stage in�lling of these voids with chalcedony and calcite pre-
served the �laments. The oldest �lamentous fabric is heavily Fe-encrusted
and macroscopically preserved but no individual �lament details are dis-
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cernible [Hofmann et al., 2002]. Subsequent generations of �laments exhibit
less Fe-cementation and show preserved individual morphology including vis-
ible cores.

Mössbauer spectra of an irregular sample surface (footprint A) and a sawn
sample surface (footprint B) identify hematite and goethite (Figure 7.2). The
well resolved goethite sextet suggests a high degree of crystallinity and/or
only minor impurities in the goethite phase. The hematite to goethite ratio
in footprint B is higher than in footprint A (Table 7.1) which correlates with
a higher ratio of red to yellow area in the �eld of view. On Mars, for example,
the simultaneous occurrence of hematite and goethite would be unequivocal
evidence for the alteration of that rock by water and merit a full investigation
with the available instrument payload.The color/mineral correlation can be
used to track mineralogical changes in photos of the vicinity of the rock.

Figure 7.2: A chalcedony vein from Cady Mountains, Mojave Desert, Cal-
ifornia. The sample contains microbial �laments. Mössbauer spectra were
obtained from two di�erent positions. Dotted circles indicate the 1.4 cm
diameter �eld of view of the MIMOS II instrument.
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Goethite, Cerro de Pasco, Peru (GSPARC 179)

The Matagente orebody is part of the magmatic-hydrothermal Zn-Pb-Ag-
Bi-(Cu) ore complex of Cerro de Pasco situated 170 km NNE of Lima (10◦
38.5' S, 76◦ 10.5' W). Prior to exploitation the maximum lateral extent of
the orebody was 480 m × 200 m. Mining of the Pb-Ag deposit took place
predominantly within the oxidation zone [Sangameshwar and Barnes, 1983]
which reached approximately 100 m depth.

Oxidation zones of sulphide ore bodies commonly contain �lamentous fab-
rics originally formed below a palaeosurface [Hofmann and Farmer, 2000].
Such an environment provides an energy source (usually from pyrite) for
chemosynthetic organisms [Melchiorre and Williams, 2001]. These Fe-
hydroxide �lamentous fabrics potentially act as substrates for subsequent
growth of oxidation zone minerals.

The study specimens exhibit externally linear texture similar in appear-
ance to "fossilized wood" (Figure 7.3) and have a high porosity (> 50 %).

Figure 7.3: In this sample from Cerro de Pasco, Peru, goethite was preserving
�lamentous fabric . Mössbauer spectra were obtained from two di�erent
positions. Dotted circles indicate the 1.4 cm diameter �eld of view of the
MIMOS II instrument.
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Fe-hydroxides drape the surface in curtain-like laminae approximately 1-3
mm thick. The surface is festooned with macroscopic �lamentous assem-
blages. Individual �laments are also preserved with core diameters of about
0.3 µm when observed by SEM.

Mössbauer spectra of the goethite (Figure 7.3, Table 7.1) show a large
distribution of sextets overlapping to form a lump and an octahedral Fe3+

doublet. Both features can be attributed to poorly crystallized goethite.
Because of the large size of the goethite particles impurities are favored as
the reason rather than superparamagnetism. As for the previous two rock
samples, if discovered on Mars, the identi�cation of goethite and the high
ferric iron content would be strong evidence of chemical alteration by water
and single this rock out for detailed investigation.

7.1.2 Endoliths
Specimens containing endolithic microbial colonies were sourced from the
extreme environments of two high latitude sites on Earth (McMurdo dry
valleys, Antarctica [Friedmann, 1982] and Haughton Crater, Devon Island,
Canada [Cockell et al., 2002]). Only an orthoquartzite sample from McMurdo
was analyzed by Mössbauer spectroscopy.

Orthoquartzite, McMurdo, Victoria Land, Antarctica (GSPARC
114)
The dry valleys of Southern Victoria Land, Antarctica, extend across an
area of 5000 km2 and lie between 76◦ 30' S and 78◦ 30' S and 160◦ E and
164◦ E. Geomorphologically they are a system of gouged glacial valleys with
a predominant east-west trend. During the summer air temperatures range
between -15◦C and 0◦C and can fall to almost -60◦ C in the winter. Less than
10 mm water equivalent of precipitation occurs annually. The Upper Devo-
nian orthoquartzites of the Beacon Sandstone Formation outcrop throughout
the dry valleys and contain well-studied examples of cryptoendolithic lichens
and micro-algal communities [Friedmann, 1982; Friedmann et al., 1988].

Specimens of exfoliated orthoquartzite containing cryptoendoliths were
collected by the British Antarctic Survey (BAS) in 1995 from the Ross Desert
McMurdo Dry Valleys at Linnaeus Terrace (77◦ 36' S, 161◦ 05' E, elevation
1600 m). Much research has already been done on these and other rocks of the
region [Friedmann, 1982; Edwards et al., 1997, 2004; Wierzchos et al., 2003;
Blackhurst et al., 2005]. As such these specimens provide an appropriate
benchmark from which to draw comparison with other types of endolithic
biosignatures.
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Figure 7.4: This orthoquartzite from McMurdo, Victoria Land, Antarctica,
contains cryptoendolithic lichens and micro-algal communities. Mössbauer
spectra were obtained from two di�erent positions. Dotted circles indicate
the 1.4 cm diameter �eld of view of the MIMOS II instrument. The spectrum
obtained from footprint B showed only a baseline and is not shown here.

The rocks are colonized by photosynthesizing cryptoendolithic lichens
that form by symbiotic association between unicellular green algae (phy-
cobionts) and �lamentous fungi (mycobionts). The physical makeup of the
fresh orthoquartzite (translucency and porosity) provides a favorable protec-
tive environment for these organisms. The outer surface is case hardened and
oxidized. Over time, oxalic acid secretions from the lichens dissolve the inter-
granular cement of the host rock leading to bioweathering and exfoliation of
the rock surface [Sun and Friedmann, 1999]. The lichens have mobilized iron
compounds and leached the rock of iron bearing minerals in a zone between
1 mm and 4 mm thick [Sun and Friedmann, 1999], concentrating them in a
red zone at the base of the white zone.

Mössbauer spectroscopy shows a low signal attributed to octahedral Fe3+

correlating with the orange color in footprint A (Figure 7.4). As expected, no
discernible signal was detected from the white surface in footprint B. X-ray
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di�raction (XRD) analyses on the same sample picked up quartz and calcite,
but no iron oxide. The iron oxide is present as a thin veneer on quartz
grains and highlights the di�erence between surface and volume sampling.
Visible wavelength do net penetrate the orange surface to any depth, while
the Mössbauer γ-radiation samples a volume of the magnitude of 100 µm
depth [Klingelhöfer et al., 2003]. The low bulk Fe content in contrast with
the orange coloration provides valuable surface to volume information from
a remote sensing point of view. Low bulk Fe exclusively present as Fe3+

again suggest extensive chemical alteration and trigger detailed examination
if discovered on Mars.

7.1.3 Relict sedimentary structures
The Early-Mid Archaean samples ( 3.45 Ga volcaniclastic sediments from the
Pilbara, Western Australia and a 3.2 Ga Banded Iron Formation (BIF) from
the Barberton Greenstone Belt, South Africa) represent an epoch when Earth
and Mars possibly experienced similar conditions [Westall, 2005]. These low
grade metamorphosed rocks (prehnite-pumpellyite to lower greenschist), al-
though highly silici�ed, exhibit well-preserved sedimentary structures, such
as laminations, cross-bedding, �aser-linsen bedding and load structures. They
also contain traces of microbial life and activity in the form of microfossils,
stromatolites and chemical signatures [Westall and Southam, 2006], although
there is some debate concerning the biogenic interpretations of these signa-
tures.

Stromatolitic chert, North Pole Dome, Pilbara, Australia (GSPARC
159)
Well-preserved coniform and columnar stromatolites in silici�ed carbonate
Panorama Formation sediments (3.446 Ga) occur in the North Pole Dome
area [Hofmann et al., 1999]. Allwood et al. [2005a,b] suggest microbial medi-
ation in their formation and Westall (unpublished data) has observed micro-
fossils in these rocks. Specimens of domical stromatolites were acquired from
the Panorama Formation near North Pole Dome (undisclosed coordinates)
in 2000. The sample displays stromatolitic texture in cross section on both
natural and sawn surfaces (Figure 7.5).

There is no discernible signal in Mössbauer spectra from the sawn surface
(footprint A, Figure 7.5) and only a very weak signal from the orange-colored
natural surface (footprint B). Its Mössbauer parameters suggest an octahe-
dral Fe3+ phase of possible nanophase/superparamagnetic material. XRD
analyses picked up quartz in both footrpints but failed to detect any iron
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Figure 7.5: The pictures show a stromatolitic chert from North Pole Dome,
Pilbara, Australia. Mössbauer spectra were obtained from two di�erent posi-
tions. Dotted circles indicate the 1.4 cm diameter �eld of view of the MIMOS
II instrument. The spectrum obtained from footprint A showed only a base-
line and is not shown here.

oxide in either of them. Again there is a discrepancy between optical wave-
length sampling the very surface and the Mössbauer γ-radiation sampling to
a depth of ∼ 100 µm. The low Mössbauer signal indicates a thickness of
the orange-colored veneer of not more than several micrometers. On Mars,
the low bulk iron content present exclusively as Fe3+ would once more indi-
cate extensive chemical alteration. The presence of a coating can be inferred
from the discrepancy between optical and Mössbauer data alone and would
demand a grinding or drilling action.

Banded Iron Formation (BIF), Barberton, South Africa (GSPARC
163)

The Barberton Greenstone Belt (BGB) is a remnant of an Early Archaean
orogenic belt [de Wit et al., 1982; de Ronde et al., 1994] located near the
Transvaal-Swaziland border (25◦ 30' to 26◦ 15' S, 30◦ 30' to 31◦ 30' E). The
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Figure 7.6: The picture shows a piece from a Banded Iron Formation (BIF)
from the Fig Tree Group, Barberton Greenstone Belt, South Africa. Möss-
bauer spectra were obtained from two di�erent positions. Dotted circles
indicate the 1.4 cm diameter �eld of view of the MIMOS II instrument.

Swaziland Supergroup sequence in the BGB consists of mainly ma�c and
ultrama�c rocks of the Onerwacht Group ( 3.45 Ga), overlain by pyroclastic
and epiclastic sediments of the Fig Tree Group ( 3.2 Ga) followed by con-
glomerates and siltstones of the Moodies Group (3.22 Ga to 3.1 Ga). Low
grade regional metamorphism (lower greenschist facies) has had no e�ect
on the preserved textures, especially within the older units of the sequence
(Onerwacht and Fig Tree Groups) where preservation is exceptional. This
has lead to much interest in the search for evidence of endogenous early life
within these rocks [Byerly et al., 1986; Walsh, 1992, 2004; Westall et al.,
2001; Tice and Lowe, 2004].

Specimens of Banded Iron Formation (BIF) from the Fig Tree Group were
collected in 1999 from the Msauli River. The sample investigated here has a
particularly prominent siliceous band exhibiting a well-de�ned linear contact
with a massive Fe-oxide layer (Figure 7.6).

Mössbauer spectra show that the Fe-oxide layer consists of well-crystalline
goethite. Although XRD analyses identi�ed only quartz in the siliceous band,
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it is not totally free of iron oxides as the Mössbauer spectrum reveals. A
low signal from footprint A shows the spectral signatures of goethite and
hematite. The hematite is not seen in the oxide layer and the goethite iden-
ti�ed in the siliceous band has di�erent Bhf values (Table 7.1). Hence, nei-
ther hematite nor goethite identi�ed in the siliceous band are a result from
a misplaced footprint overlapping the oxide layer. Naturally, on Mars the
Mössbauer spectra would again attract considerable attention to the rock
they were acquired from.

7.2 Loihi deep sea mount
Deep sea hydrothermal vents and the surrounding oceanic basaltic crust have
been hypothesized as the possible origin of life on the prebiotic Earth and
provide Earth-bound analogues to possible subsurface biospheres on Mars
and Europa. The pressure, temperature, temperature gradients, lack of sun-
light and oligotrophic nature of these surroundings are extreme in nature and
force life to incorporate alternate methods of metabolism for survival. It is
thermodynamically possible for chemolithotrophs and chemolithoautotrophs
to utilize the large energy potential found in the form of Fe2+ to Fe3+ tran-
sitions within the basaltic glass found in oceanic crust and seamount pillow
basalts. Iron is the leading nutrient candidate in the basaltic glass as an
electron donor due to its relative abundance (∼12 wt% FeTotal), high degree
of reduced iron (∼90 % Fe2+) and energy yield per reaction. Thus, the use
of Mössbauer spectroscopy as a tool to measure this potential yield can ulti-
mately lead to an upper limit on energy available for biomass production in
a particular environment.

Weathering rates of basaltic glass in seawater have been an ongoing study
with early work done byMoore [1966] describing the palagonitization of pillow
basalts taken o�shore near Hawaii. However, continued laboratory studies
of the weathering rinds on both natural and synthetic basalts have produced
a wide array of rates of palagonitization varying from 10−4 to 70 µm/1000
years [Techer et al., 2001]. Numerous experiments [e.g., Advocat et al., 1991]
have shown that dissolution of natural and synthetic glasses depends on three
main factors: 1) temperature and pH of the surrounding solution, 2) hydrol-
ysis of the glass matrix, and 3) the secondary mineral phases generated by
the weathering eventually sealing the fresh glass o� from further weather-
ing. One can argue that over the past several decades, a fourth method of
dissolution/alteration has been discovered in the form of microbiology [e.g.,
Ross and Fisher, 1986; Thorseth et al., 1992, 1995; Furnes et al., 1996, 2001;
Giovannoni et al., 1996; Torsvik et al., 1998; Furnes and Staudigel, 1999].
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Daughney et al. (2004) report microbiota enhanced removal of Mn and Fe
from natural basalt when compared to abiotic controls, furthering the the-
ory that microbes play an important role in chemical cycling between the
oceanic basalt crust and seawater [Staudigel and Hart, 1983]. Agresti et al.
[1994], using Mössbauer spectroscopy, identi�ed superparamagnetic Fe ox-
ide material at deep sea smoker vents, which is correlated with anaerobic
bacteria found to thrive there. Bailey et al. [2004] have cultured several
strains of Fe-oxidizing bacteria from various basalt surfaces with SEM data
showing signi�cant colonization of fresh basalt after a one year exposure to
hydrothermal vent water in Hawaii.

Biotic alteration of basaltic glass competes with abiotic alteration in the
deep biosphere as bottom seawater interacts with the glass to form palag-
onite, an oxidized, hydrated form of basaltic glass [Thorseth et al., 1991].
Numerous researchers have shown that photomicrographs of pillow basalt
thin sections allow for quanti�cation and identi�cation of various types of
alteration [e.g., Torsvik et al., 1998; Furnes and Staudigel, 1999; Fisk et al.,
1998]. Furnes and Staudigel [1999] took several samples from DSDP/ODP
drill holes and quanti�ed the amount of abiotic vs biotic alteration in glass
margins from pillow basalts. Their results show that 60-85 % of total al-
teration in the upper 250 m of oceanic crust can be attributed to biological
alteration. This trend gradually decreases to approximately 10 % biologi-
cal alteration at 550 m depth where temperature, oxygen availability and
porosity limit biological growth and e�ects.

To study the e�ects of iron in basaltic glass on microbial communities,
several synthetic basalt glasses of varying composition and oxidation states
were created in platinum crucibles in a molybdenum heating element furnace.
The raw starting material for the synthetic glasses was quenched tholeiitic
basalt glass taken from an active lava �ow from the Pu'u O'o vent, Kilauea
Volcano, Hawaii, USA. The raw material was then powdered in a disc mill
and remelted at 1450◦C to achieve homogeneity and lack of crystal struc-
ture. Some glass samples were also amended with other nutrients necessary
for survival such as apatite (a phosphate rich mineral) and reduced man-
ganese, another potential electron donor, but these fall outside the realm
of this study. The iron oxidation state of each glass substrate was either
unaltered from its natural state or oxidized by �ring at sub-solidus tempera-
tures (700◦C) for four hours prior to remelting, yielding samples containing
primarily reduced and oxidized iron, respectively.

The substrates were again powdered and sewn into sachets with 50 µm
mesh and housed in open 4� PVC tubes. Each di�erent type of glass was
exposed for one year on Loihi Seamount, Hawaii in a di�use hydrothermal
vent �eld at the base of the Tower Vents inside Pele's Pit (water temp 10◦C,
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ambient 3◦C). The PVC tubes were placed into active hydrothermal vents
using the Pisces V submersibles operated by the Hawaii Undersea Research
Laboratory (HURL). The samples were collected in the following year after
a 13 month deployment. Upon retrieval, �ne grained sediment in the sam-
ple, predominately composed of starting material but enriched in secondary
mineral phases (iron oxyhydroxides and clays) and altered glass (palagonite)
created in the weathering process of the fresh glass, was separated from the
bulk sample by immersion in distilled, deionized (DDI) water, sonicated to
separate secondary mineral phases from nucleation sites on the glass and
suspending the �nes in DDI water followed by suction �ltration through 0.22
µm Te�on �lters.

The iron oxidation state of the �ne fraction of glass was analyzed via
Mössbauer spectroscopy using a common laboratory transmission setup, and
compared to the bulk oxidation state of the coarse remaining material, which
is believed to have negligible amounts of weathering due to large grain size to
gauge reaction rates and weathering over a one year time period. The Möss-
bauer spectra were evaluated �tting ferric and ferrous-bearing phases with
Voigt line shapes. In accordance with De Grave and van Alboom [1991] and
Morris et al. [1995] the ratio f(Fe3+)/f(Fe2+) = 1.21 was used. Figure 7.7
and Table 7.2 show an initial Fe3+/FeTotal ratio of 0.13 (Sample 2) and 0.70
(Sample 4) percent in the bulk natural and oxidized glasses, respectively.
The �ne fraction, representing a higher degree of alteration/weathering,

shows an increase of the Fe3+/FeTotal ratio to 0.17 in the natural glass (Sam-
ple 1) and 0.72 in the oxidized glass (Sample 3). The increase of Fe3+ by
4 % over one year in the bulk natural sample is in good agreement with
theoretical estimates (see below), but the change is low in comparison to the
errors for relative line areas, usually quoted as ±2 % absolute. The observed
increase of Fe3+ in the oxidized glass (2 %) is smaller than in the natural
glass, which is as expected from the reduced availability of Fe2+ to start
with. Repeated measurements with di�erent velocity settings on the same
samples con�rm the observed trends.

Calculating potential biomass yields from chemolithoautotrophic growth
is an extremely di�cult and complex problem. Several papers aimed at quan-
tifying this type of biomass production have been generated [e.g., Battley,
1998]. Bach and Edwards [2003] used results from Heijnen and Van Dijken
[1992] to estimate that up to 48± 21× 1010 g cellular C per year are created
through aerobic and anaerobic iron and sulphur oxidation. Building upon
this previous work, initial estimates of the rate of iron oxidation on Loihi
within our crushed synthetic basaltic glasses have been shown to be about 3
% per year. Using this oxidation rate and the aerobic Fe oxidation values set
forth by Bach and Edwards [2003] (292± 117 kJ/g C produced, ∆G of 66.2
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Figure 7.7: The graph shows Mössbauer spectra of basaltic glass samples
exposed for 1 year at the Loihi seamount. From the top: Sample 1, natural
glass, �ne fraction; sample 2, natural glass, coarse fraction; sample 3, oxidized
glass, �ne fraction; sample 4, oxidized glass, coarse fraction. Spectra are
o�set for clarity.
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Table 7.2: Mössbauer parameters from basaltic glass samples at the Loihi
deep sea hydrothermal vent. Sample 1: Natural glass, �ne fraction; 2: Nat-
ural glass, coarse fraction; 3: Oxidized glass, �ne fraction; 4: Oxidized glass,
coarse fraction.

Phase MB parameter 1 2 3 4
δab (mm/s) [0.31]c [0.31] 0.30 0.31

Fe3+ ∆EQ (mm/s) [1.23] [1.23] 1.25 1.25
Aread (%) 17 13 72 70
δ (mm/s) [1.05] 1.05 [1.05] [1.05]

Fe2+ A ∆EQ (mm/s) [1.92] 1.92 [1.92] [1.92]
Area (%) 74 71 28 27
δ (mm/s) [1.13] 1.13 [1.13] [1.13]

Fe2+ B ∆EQ (mm/s) [2.89] 2.89 [2.89] [2.89]
Area (%) 8 15 1 3

Fe3+/FeTotal 0.17 0.13 0.72 0.70
aRelative to α-Fe.
bTypical uncertainties are ±0.02 mm/s for δ and ∆EQ, ±2 %

for the area.
cValues in square brackets were kept as constraints during �t-

ting procedures.
dArea ratios are f-factor corrected using f(Fe3+)/f(Fe2+) =

1.21.

kJ/mole Fe oxidized, a factor of 1:2.2 in g C biomass:g dry weight of cells),
a total of approximately 3± 1× 10−2 g cellular weight/kg fresh basalt glass
can be produced per year. Approximately 2.5 km2 of new oceanic crust/year
are generated at spreading ridges and if the upper 5 m of this new crust
is about 10 % basalt glass, the total potential biomass production per year
over the spreading ridges alone is about 3 × 107 g cellular weight! This is
only the maximum upper bound on biomass production, however, from an
astrobiology perspective, it shows that there indeed exists energy available
from iron oxidation wherever water and Fe-rich rock interact that life can
harness for growth and proliferation.

7.3 Mars
According to the objectives of the Mars Exploration Rover mission, the land-
ing sites of both Spirit and Opportunity have been assessed for their past
environmental conditions and their suitability for life. The contributions in-
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ferred from the Mössbauer results to the assessments of Gusev Crater [Des
Marais et al., 2005] and Meridiani Planum [Knoll et al., 2005] are summa-
rized below.

7.3.1 Gusev Crater
Gusev Crater was selected as the landing site for the Mars Exploration Rover
(MER) Spirit mission, because the crater could have collected sediments from
a variety of sources during its 3.9 Ga history, including �uvial, lacustrine,
volcanic, glacial, impact, regional and local aeolian, and global air falls. It
may thus be a unique site to investigate the past history of water on Mars,
climate and geological changes, and the potential habitability of the planet
[Cabrol et al., 2003].

During its primary mission Spirit found no evidence for lacustrine sedi-
mentation in the plains surrounding its landing site [Squyres et al., 2004a].
Instead Spirit's Mössbauer spectrometer identi�ed olivine, pyroxene, non-
stoichiometric magnetite, and unspeci�ed nanophase iron oxide in rocks and
soils. Olivine is usually the �rst mineral to weather away in aqueous environ-
ments [e.g., Eggleton, 1986]. The ubiquitous presence of olivine in soil sug-
gests that physical rather than chemical weathering processes currently dom-
inate at Gusev crater [Morris et al., 2004]. However, water probably has been
involved to a limited degree in the formation of veins, �lled vugs, and surface
coatings that are associated with rocks at the Spirit landing site [Squyres
et al., 2004a; Haskin et al., 2005]. Spirit's Mössbauer spectrometer iden-
ti�ed crystalline hematite and elevated Fe3+/FeTotal ratios associated with
a multilayered coating on a basaltic olivine-bearing rock dubbed Mazatzal
(compare chapter 6.3.2) and provided part of the evidence. In that coating,
Fe2+ in olivine is negatively correlated with Fe3+ in nanophase ferric oxides,
requiring alteration of adhering soil or the underlying rock itself [Haskin et
al., 2005]. E�ects of aqueous activity are also seen in subsurface soils ex-
posed in trenches dug using the rover wheels in the intercrater plains. These
e�ects include the oxidation of Fe2+ as indicated by elevated Fe3+/FeTotal

ratios measured in the subsurface soils compared to the topmost soil layer
[Haskin et al., 2005; Wang et al., 2006]. The combined evidence implicates
interaction with liquid water, but not pools of surface or ground water, nor
hydrothermal conditions [Haskin et al., 2005]. Possible sources of water in-
clude precipitation and condensation from the atmosphere (e.g., acid fog) or
melting of ground ice during episodes of higher obliquity [Arvidson et al.,
2004].

Des Marais et al. [2005] assessed the availability of nutrient elements,
energy and liquid water on the Gusev plains. Energy and reducing power
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to sustain microbial synthesis can be provided by reduced minerals such as
olivine, when altered by water. Serpentinization of ultrama�c rocks at tem-
peratures < 300◦C would end in the production of magnetite and H2 [Sleep
et al., 2004]. Molecular hydrogen acts as a near-universal source of energy
and reducing power for microorganisms. Chapelle et al. [2002] describe
a subsurface hydrogen-based methanogenic microbial community in deeply
buried igneous rocks on Earth. The Fe-bearing mineralogy of dark soils de-
rived from Mössbauer spectra from both MER landing sites, Gusev Crater
and Meridiani Planum, is essentially identical and contains olivine, pyroxene,
nanophase iron oxide and non-stoichiometric magnetite as described above.
From that evidence Yen et al. [2005a] conclude that olivine-bearing precur-
sor rocks may be wide-spread on the surface of Mars. Magnetite forms also
by solely igneous processes and its presence alongside olivine does not nec-
essarily infer that it was formed by serpentinization processes as described
above [Schröder et al., 2005]. Des Marais et al. [2005] conclude, that, de-
spite the current sparsity of water at the surface, because of the potential of
ma�c and ultrama�c terrains to sustain chemosynthetic microorganisms in
subsurface environments, the Gusev Crater plains and related terrains merit
closer scrutiny in future orbiter and lander missions.

On sol 156 after landing at Gusev Crater MER Spirit left the plains and
started ascending into the Columbia Hills, rising about 90 m above the sur-
rounding plains [Arvidson et al., 2006]. The Columbia Hills are composed
of older material than the surrounding plains. Rocks in the Columbia Hills
are diverse in composition, some outcrop rocks exhibit layered structures
[Squyres et al., 2006]. Iron oxidation ratios Fe3+/FeTotal of rocks in the
Columbia Hills range from 0.2 to 0.9, i.e. from little alteration compara-
ble to rocks encountered in the plains, to highly altered. Well-crystalline
hematite and goethite were identi�ed by Mössbauer spectroscopy in perva-
sively altered rocks, providing evidence for aqueous processes. Goethite in
particular provides unequivocal mineralogical evidence for aqueous processes
because it has structural hydroxide and is formed under aqueous conditions
[Morris et al., 2006a]. However, Columbia Hills outcrops and rocks do not
represent lacustrine sediments [Squyres et al., 2006]. They may have formed
by the aqueous alteration of basaltic rocks, volcaniclastic materials, and/or
impact ejecta by solutions that were rich in acid-volatile elements [Ming et
al., 2006].

7.3.2 Meridiani Planum
Meridiani Planum was selected as the landing site for the MER Opportunity
mission because of the detection of hematite from orbital observations by
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the Mars Global Surveyor TES [Christensen et al., 2000; Christensen et al.,
2001]. Hematite formation in most cases involves aqueous processes.

At its landing site in 22 m diameter Eagle crater, Opportunity discovered
�at-lying, �nely laminated sedimentary rocks which contained abundant sul-
fate salts [Squyres et al., 2004b]. These rocks provide in situ evidence for an
ancient aqueous environment at Meridiani Planum, where conditions were
suitable for biological activity for some time in Martian history [Squyres et
al., 2004c]. A key to these �ndings is the identi�cation of jarosite within the
sedimentary rocks by Opportunity's Mössbauer spectrometer [Klingelhöfer
et al., 2004]. Jarosite is an iron hydroxide sulfate mineral, whose general
formula can be written (K,Na,H3O)(Fe3−xAlx)(SO4)2(OH)6, where x < 1.
Other cations such as Pb are possible. Jarosite provides mineralogical in
situ evidence for the presence of water on Mars and for aqueous acid sulfate
processes under oxidizing conditions. The average outcrop matrix contains
2 wt% H2O within the jarosite alone [Klingelhöfer et al., 2004]. Jarosite
forms only under low pH conditions (5 or less) [e.g., Catling, 2004] and puts
thus strong constraints on the chemistry and mineralogy of sedimentary out-
crop material at Meridiani Planum [Clark et al., 2005], the diagenesis of the
sedimentary outcrop formations [McLennan et al., 2005], and the geochem-
ical modeling of evaporation processes on Mars [Tosca et al., 2005]. Knoll
et al. [2005] give an astrobiological perspective on Meridiani Planum. Al-
though the high levels of acidity inferred from the presence of jarosite would
have challenged prebiotic chemical reactions thought to have played a role
in the origin of life on Earth, microbial populations on Earth have adapted
to low pH levels and episodic water limitation. Fe2+ is soluble under low
pH and thus would have been available as an electron donor for microbial
metabolism. Hence, the Meridiani plain may have been habitable during the
time that the deposition of the outcrop material took place.

Dispersed throughout the sedimentary rocks are mm-sized spherules, which
are interpreted to be concretions formed by post-depositional diagenesis,
again involving liquid water [Squyres et al., 2004c]. The spherules are eroded
from the rocks and cover large parts of the Meridiani plains [Soderblom et al.,
2004]. Measurements with Opportunity's Mössbauer spectrometer showed
that the spherules are hematite-rich [Klingelhöfer et al., 2004] and are thus
the source for the hematite observed from orbit. The occurrence of sulfates
and iron oxides, both of which can preserve chemical, textural and microfos-
sil signatures [e.g., Allen et al., 2004; Fernández-Remolar et al., 2005], make
Meridiani Planum a prime candidate for a Mars sample return mission [Knoll
et al., 2005].

Based on mineralogy and jarosite occurrence, the Tinto river system in
Spain, an extreme acidic environment under the control of iron, provides an
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analogous habitat for Meridiani Planum on Earth [Fernández-Remolar et al.,
2004]. The site may facilitate the understanding of Meridiani mineral precip-
itation and diagenesis. At Rio Tinto a microbial ecosystem is sustained by
the iron cycle [González-Toril et al., 2003]. Biosignature and microfossils are
preserved in iron oxides in the sedimentary rocks. The site has been exten-
sively studied by Mössbauer spectroscopy to allow for comparison with data
obtained from Meridiani Planum [Fernández-Remolar et al., 2005). Jarosite
also forms during acid-sulfate alteration of volcanic rocks. Jarositic tephra on
Mauna Kea, Hawaii, are also well-studied by Mössbauer spectroscopy [Morris
et al., 1996].

The composition of Bounce Rock (Chapter 4.4) adds further evidence to
the origin of Martian meteorites. The Martian meteorites show that exchange
of matter - and possibly life or prebiotic chemical compounds - between Mars
and Earth occurred.

The recent �ndings from MER and the European orbiter Mars Express
[e.g., Formisano et al., 2004] combined, prompted one commentator to say:
"Given what we now know about Mars, planetary protection considerations
require the assumption that Martian life exists, until we learn otherwise"
[Kargel et al., 2004].

7.4 Conclusions
Samples collected from Mars analogue �eld sites on Earth which contain
morphological biosignatures were investigated with MIMOS II as part of a
suite of instruments designed for robotic planetary surface operations. The
Mössbauer results indicated, for example, impurities in the goethite in sam-
ple GSPARC 179 and detected hematite and goethite in the siliceous layer of
a BIF sample, which were not picked up by XRD analyses. The results could
not add much to the understanding of the biosignatures in those samples
which had been already well-studied in terrestrial laboratories. From the
viewpoint of robotic planetary operations, however, the Mössbauer spectra
from each rock indicated a high degree of chemical alteration in the pres-
ence of liquid water. Based on the experience from MER, each spectrum
would have led to the investigation of that rock with the full rover payload.
Correlations between color and mineral abundance from Mössbauer spectra
can be used to track changes in mineral composition in color photographs.
Discrepancies between orange surfaces indicating abundant iron oxides and
low bulk iron contents inferred from Mössbauer spectra help to identify rock
coatings and veneers.

Results from Mössbauer spectroscopy con�rm estimates of biomass yield
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from the utilization of the Fe2+/Fe3+ redox potential in basaltic glass by
chemolithoautotrophs at deep sea hydrothermal vent systems. While not all
aqueous oxidation of iron within basaltic glass is evidence for life, the iron
does present an energy source for chemolithoautotrophic growth and relative
proportions of Fe2+/Fe3+ allow for a measure of potential energy for use by
a microbial community. Such measurements are just one example of how the
technique can help to understand habitats, which are possibly analogous to
sub-ice environments on Europa and Jupiter's other icy moons Ganymede
and Callisto.

The Mössbauer spectrometers on the Mars Exploration Rovers identi�ed
aqueous minerals such as jarosite and hematite [Klingelhöfer et al., 2004].
The identi�cation of jarosite was crucial to evaluate the habitability of Op-
portunity's landing site at Meridiani Planum during the formation of the
sedimentary outcrop rocks, because jarosite puts strong constraints on pH
levels [Knoll et al., 2005]. Its identi�cation is also crucial for the evaluation
of analogous habitats that can be studied on Earth such as the Rio Tinto
system in Spain [Fernández-Remolar et al., 2004 2005]. Fe oxidation states
and Fe3+/FeTotal ratios provide further evidence for aqueous processes on
Mars [Haskin et al., 2005]. In contrast, the identi�cation of olivine in rocks
and soils on the Gusev crater plains provide evidence for the long term spar-
sity of water in that area on Mars [Morris et al., 2004]. Aqueous alteration
of olivine may provide an energy source for microbial metabolism, however
[Des Marais et al., 2005].

Mössbauer spectroscopy supported the identi�cation of the �rst rock on
Mars, which is actually similar in elemental and mineralogical composition to
Martian meteorites discovered on Earth (Zipfel, Schröder et al., manuscript
in preparation).

Although Mössbauer spectroscopy cannot detect life directly, the iden-
ti�cation of Fe-bearing minerals can aid the search. Iron oxides such as
hematite and Fe-bearing sulfates can preserve microfossils [e.g., Allen et al.,
2004; Fernández-Remolar et al., 2005]. So-called biominerals comprise Fe
oxides such as magnetite, as well as sul�des, carbonates, and phosphates of
iron [Cornell and Schwertmann, 1996]. Mössbauer spectroscopy thus remains
an important contact instrument to choose rocks in situ that merit further
analysis in sophisticated laboratories inside future rovers or on Earth after a
Mars Sample Return mission.



Chapter 8

Summary and Conclusions

The weathering of Fe-bearing minerals under extraterrestrial conditions was
investigated by Mössbauer spectroscopy to gain insights into weathering pro-
cesses and the role of water on the planet Mars. The NASA Mars Exploration
Rovers Spirit and Opportunity each carry a miniaturized Mössbauer spec-
trometer MIMOS II for the in situ investigation of Martian soils and rocks
as part of their payload.

The MER �ight instruments had to be especially modi�ed in order to
work over the Martian diurnal temperature range (180 K - 290K) and within
the unique electronic environment of the rovers. As a result, a decrease in the
velocity linearity of the drive system had to be compensated for by software.
Fit routines were adjusted to calculate velocity scales taking the di�erential
signal (drive error signal) into account. Velocity calibration of the MIMOS II
�ight instruments was more di�cult than anticipated, because the velocity
output of the drive systems also depended on their temperature. Calibrated,
temperature-dependent velocity scales were produced and released to the
international scienti�c community. The integration time necessary to obtain
a good quality Mössbauer spectrum with the MIMOS II �ight instruments
was reduced by 30 % through the design of a new collimator.

The in situ investigation of rocks along the Rover Spirit's traverse in Gu-
sev crater revealed weakly altered olivine basalt on the plains and pervasively
altered basalt in the Columbia Hills. Olivine is the mineral which is primar-
ily involved in weathering reactions. This argues for a reduced availability of
water. The obvious adherence to Goldich's sequence of mineral susceptibility
to weathering suggests generally acidic conditions. The observed secondary
mineralogy, i.e., ferric oxides rather than ferrous sulfates, and the stability of
ilmenite suggest pH levels between 4-6. Goethite is proof for the involvement
of liquid water in the weathering of rocks in the Columbia Hills. Di�erences
in alteration patterns seem to result mainly from varying availability of liquid
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water, both in abundance and in time. The variation of alteration patterns
over short spatial scales supports a volcanic or impact origin of Columbia
Hills. Water may have been present as hydrothermal springs or ice melted
by volcanic activity or impact. These sources would make for a transient
availability of water.

The Columbia Hills are older than the embaying plains. The weak alter-
ation of olivine basalt in the plains is evidence that the presence of liquid
water is severely limited under current conditions. Although there is evidence
for the action of thin �lms of liquid water, the observed alteration may in
large part result from gas-solid reactions with the atmosphere, in particular
for the �ne-grained soil component. Experiments in which mineral powders
were exposed to components of the Martian atmosphere showed that inter-
action with the atmosphere alone, in the absence of liquid water, is su�cient
to oxidize Martian surface materials. The �ne-grained dust suspended in the
Martian atmosphere may have been altered solely by gas-solid reactions.

Fresh and altered specimens of Martian meteorites were investigated with
MIMOS II. The study of Martian meteorites in the lab helped to identify in
Bounce Rock the �rst rock on Mars which is similar in composition to basaltic
shergottites, a subgroup of the Martian meteorites.

The �eld of astrobiology includes the study of the origin, evolution and
distribution of life in the universe. Water is a prerequisite for life. The MER
Mössbauer spectrometers identi�ed aqueous minerals such as jarosite and
goethite. The identi�cation of jarosite was crucial to evaluate the habitabil-
ity of Opportunity's landing site at Meridiani Planum during the formation
of the sedimentary outcrop rocks, because jarosite puts strong constrains on
pH levels. The identi�cation of olivine in rocks and soils on the Gusev crater
plains provide evidence for the long term sparsity of water in that area on
Mars. However, subsurface aqueous alteration of olivine may provide an en-
ergy source for microbial metabolism. Indeed, in a related study Fe2+/Fe3+

ratios were obtained with Mössbauer spectroscopy from basaltic glass sam-
ples which were exposed at a deep sea hydrothermal vent. The ratios were
used as a measure of potential energy for use by a microbial community.
Although Mössbauer spectroscopy does not detect biosignatures, it was able
to identify chemically altered rocks as a �rst step towards their detection.

The MER Mössbauer spectrometers provided evidence for weathering un-
der aqueous conditions in the past and at dry conditions in the current cli-
mate. Mössbauer spectroscopy can be a valuable tool in future missions to
Mars with an astrobiological emphasis.
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Appendix A

Mars

Mars is the fourth planet from the Sun. Its diameter is about half of Earth's
diameters (Table A.1). Gravity on the Martian surface is about 1/3 of the
gravity on the surface of Earth. The surface area of Mars is comparable in
size to all land surface on Earth. Among the many distinguishing features
on the surface of Mars (Figure A.1) are its polar caps containing water ice
and seasonal CO2 ice, the Tharsis bulge including Olympus Mons, the Solar
System's highest mountain; Valles Marineris, a canyon system that would
span the entire USA from West coast to East coast; large impact craters
such as Hellas Planitia; and the enigma of the Martian dichotomy, i.e. the
old cratered terrain of the southern highlands and the low, uncratered plains
of the north. Due to a currently almost identical tilt of Mars' rotational axis
when compared to Earth's, the Red Planet experiences similar seasons. The
atmosphere of Mars is thin - 6 mbars on average at the surface compared
to 1013 mbar on Earth - and mainly composed of CO2 (95 %). Surface
temperatures can vary from -120◦C to +20◦C. In today's climate water can

Table A.1: Comparison of selected properties of Earth and Mars [Lodders
and Fegley, 1998].

Property Earth Mars
Mean distance to Sun (AU) 1.000 1.5236
Sidereal revolution period (d) 365.256 686.980
Sidereal rotational period (h) 23.9345 24.6230

Obliquity to orbit 23.45◦ 25.29◦
Mass (1024 kg) 5.9736 0.6418

Mean radius (km) 6371.01 3389.92
Mean obs. density (g cm−3) 5.515 3.934
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Figure A.1: The picture shows the Mars Orbital Laser Altimeter (MOLA)
topographical map of the surface of Mars [e.g., Smith et al., 1999]. The
landing sites of the NASA Mars Exploration Rovers Spirit and Opportunity
- Gusev Crater and Meridiani Planum, respectively - are indicated by arrows
(NASA, Mars Global Surveyor, MOLA team).



191

only exist as ice or vapor. However, many erosional features suggest that
liquid water once ran over the Martian surface.

The Red Planet has inspired humanity for generations and a vast amount
of literature is available on the subject, ranging from fact to �ction. A concise
collection of reviews of the scienti�c literature before 1992 was assembled by
Kie�er et al. [1992]. Hartmann [2003] wrote an entertaining but scienti�cally
accurate description of the distinguishing features of Mars' surface. The
many features attributed to the presence of liquid water on the surface of
Mars in the past are summarized by Carr [1996].
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Appendix B

Mars Exploration Rover

The NASA Mars Exploration Rover twins Spirit and Opportunity landed
successfully on Mars in Gusev Crater on January 4, 2004, and at Meridiani
Planum on January 24, 2004, respectively. They each carry the Athena in-
strument payload [Squyres et al., 2003] (Figure B.1), including the Mössbauer
spectrometer MIMOS II [Klingelhöfer et al., 2003].

The intended mission duration of 90 sols (1 sol = 1 Martian day ∼ 24
h 39 min) has been exceeded more than tenfold. By the time of writing,
more than two and a half years after landing, both rovers are still operating.
Most of the many scienti�c �ndings have been published as coordinated arti-
cles in dedicated journal issues, namely the Journal of Geophysical Research
(volumes 108 [2003] and 111 [2006]), Science (volumes 305 and 306 [2004]),
Nature (volume 436 [2005]), and Earth and Planetary Science Letters (vol-
ume 240 [2005]). The results were voted the scienti�c 'Breakthrough of the
Year' 2004 by the journal Science [Kerr, 2004]. The daily progress of Spirit
and Opportunity can be followed at http://marsrovers.jpl.nasa.gov/.

Serving as Payload Uplink Lead (PUL) and Payload Downlink Lead
(PDL) for the Mössbauer spectrometers, and Science Theme Group (STG)
member at the mission control center at NASA's Jet Propulsion Laboratory
(JPL), California Institute of Technology in Pasadena/California was very
intensive at the beginning of the mission, as the meeting schedule in Table
B.1 shows. Working at mission control produced many memorable anecdotes
[e.g., Schröder, 2004].

The journey of Spirit and Opportunity has also entered the public con-
sciousness. The Principal Investigator (PI) of the mission, Steve Squyres,
wrote a book describing the highs and lows from conceiving the mission until
�nally roving on Mars [Squyres, 2005]. Two documentaries were televised
and the Disney company released an IMAX movie �Roving Mars� about the
mission. A poem by John Updike captures the essence of the mission:
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DUET ON MARS
Said Spirit to Opportunity,
�I'm feeling rather frail,
With too much in my memory,
Plus barrels of e-mail.�
Responded Opportunity,
�My bounce was not so bad,
But now they send me out to see
These dreary rocks, bedad!�
�It's cold up here, and rather red,�
Sighed Spirit. �I feel faint.�
Good Opportunity then said,
�Crawl on, without complaint!
�This planet needs our shovels' bite
And treadmarks in the dust
To tell if life and hematite
Pervade its arid crust.�
�There's life, by all the stars above,
On Mars - it's you and I!�
Blithe Spirit cried. �Let's rove, my love,
And meet before we die!�

With increasing experience this schedule was relaxed signi�cantly (Table
2) and the mission was supported remotely from scientists' home institutions.
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Figure B.1: An artist's impression of one of the Mars Exploration Rovers
carrying the Athena science payload. The remote sensing package is sup-
ported by the Pancam Mast Assembly (PMA), which provides pointing ca-
pability for the Panoramic Camera (Pancam) and the Miniature Thermal
Emission Spectrometer (Mini-TES). The in situ package is supported by the
Instrument Deployment Device (IDD), which is a �ve degree-of-freedom ma-
nipulator for placement of the Microscopic Imager (MI), the Alpha Particle
X-Ray Spectrometer (APXS), the Mössbauer Spectrometer (MB), and the
Rock Abrasion Tool (RAT). A Magnetic Properties Experiment is enabled
by magnets mounted near the base of the PMA and elsewhere on the rover
[Squyres et al., 2003].
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Table B.1: Meeting schedule from the early stages of the Mars Exploration
Rover mission (February 2004). Times are indicated in Martian Local Solar
Time (MLST) and are translated into Earth time in the bottom two rows.
Meetings to be attended by the science team members are indicated in green.
The duration of PUL, PDL and STG shifts are indicated as magenta-colored
bars.
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Table B.2: Planning schedule for Spirit in January 2006.

----------------------------------------------------------------------
SPIRIT Thursday ( 1/19/06 -- DOY = 019 ) Schedule (all times PST)

*** Note: We have just completed a single-sol planning session *** 1

Flight Director: Jones
----------------------------------------------------------------------
01/18/2006 - 08:50 downlink <======= 47270 MRA_ODY_DOY018_3 ERT
01/18/2006 16:50:00 (UTC) 256000 bps

01/18/2006 - 15:28 UPLINK =======> SOL 727 CONTINGENCY ONLY - YES,
data management bundle needed

01/18/2006 - 21:55 downlink <======= 47273 MRA_ODY_DOY019_2 ERT
01/19/2006 05:55:00 (UTC) 256000 bps

Flight Director: Eldeeb
---------------------------------------------------------------------
01/19/2006 - 06:30 SOWG-MM-TUL-TDL Tag up (Meet me number :
###-###-####)

01/19/2006 - 07:00 MER-A -- Uplink kick off, Sol 728/729 (Meet me
number: ###-###-####)

01/19/2006 - 07:30 POWER INCONS DUE for SOL 728

01/19/2006 - 08:00 MER-A -- Subsystem poll - current Sol 727
data, issues, eng requests for sol 728/729

01/19/2006 - 10:00 MER-A -- Activity Plan Approval Meeting Sol
728/729

01/19/2006 - 11:00 MER-A -- Master/Submaster walk through Sol
728/729

01/19/2006 - 14:00 MER-A -- CAM Sol 728/729

01/19/2006 - 16:08 UPLINK ===> SOL 728/729 Nominal Bundles --
YES, data management bundle needed
---------------------------------------------------------------------
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