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Abstract Two miniaturized Mössbauer spectrometers are part of the Athena
instrument package of the NASA Mars Exploration Rovers, Spirit and Opportunity.
The primary objectives of their science investigation are to explore two sites on the
surface of Mars where water may once have been present, and to assess past
environmental conditions at those sites and their suitability for life. Aqueous
minerals – jarosite at Meridiani Planum, Opportunity_s landing site, and goethite
in the Columbia Hills in Gusev Crater, Spirit_s landing site – were identified by
Mössbauer spectroscopy, thus providing in situ proof of water being present at those
sites in the past. The formation of jarosite in particular puts strong constraints on
environmental conditions during the time of formation and hence on the evaluation
of potential habitability. On Earth Mössbauer spectroscopy was used to investigate
microbially induced changes in Fe oxidation states and mineralogy at the Loihi deep
sea mount, a hydrothermal vent system, which might serve as an analogue for
potential habitats in the Martian subsurface and the sub-ice ocean of Jupiter_s icy
moon Europa.
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1 Introduction

The field of astrobiology includes the study of the origin, evolution and distribution
of life in the universe. Liquid water is the fundamental ingredient without which no
life-form on Earth could exist. Mars is a prime target for the search for extinct or
extant extraterrestrial life because its surface exhibits abundant evidence for the
presence of liquid water in the past [1]. The NASA Mars Exploration Rover (MER)
twins, Spirit and Opportunity, each carry an integrated suite of scientific instruments
and tools called the Athena science payload. The primary objective of the Athena
science investigation 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 [2]. Part of that instrument suite are two miniaturized
Mössbauer spectrometers MIMOS II [3], one on each rover. Fe-bearing minerals
identified by Mössbauer spectroscopy help to classify rocks as either igneous,
sedimentary, or metamorphic. The degree of oxidation, i.e. the Fe3+/FeTotal ratio
measured by Mössbauer spectroscopy, as well as changes in the degree of oxidation
and/or in Fe-bearing mineralogy between a rock’s unaltered interior and its possibly
weathered surface, offer clues on past and present environmental conditions [4].

The surface of Jupiter_s moon Europa is covered by a thick ice sheet, which is
underlain by a globe-spanning ocean. Because this ocean environment is isolated
from sunlight as an energy source, deep sea hydrothermal vent systems on Earth –
such as the Loihi Seamount – might serve as an analogue for possible habitats. Fe
redox reactions can be utilized by chemolithotrophic and chemolithoautotrophic
bacteria as an energy source. Mössbauer spectroscopy was used to investigate Fe
oxidation states in basaltic glass exposed at the Loihi Seamount [5]. In an earlier
study, Agresti et al. [6], investigating material from deep-sea smoker vents by
Mössbauer spectroscopy, reported superparamagnetic material correlated with
anaerobic bacteria found to thrive there.

2 Results and discussion

Gusev Crater was chosen as the landing site for MER Spirit, because the inflow
channel Ma_adim Vallis entering the crater from the South suggests that it may
once have contained a lake. However, Mössbauer spectra of angular-shaped rocks
strewn across the plains surrounding the landing sites did not show a sedimentary
signature. Instead, spectra of rocks and soil were dominated by a ferrous doublet
whose hyperfine parameters are characteristic of the mineral olivine (Figure 1).
Olivine shows the least resistance to chemical weathering of the common rock-
forming minerals. Based on the ubiquitous presence of olivine in soil, Morris et al.
[7] concluded that physical (i.e., non-aqueous) rather than chemical (i.e., aqueous)
weathering processes currently dominate at Gusev Crater. Des Marais et al. [8]
evaluated the potential for habitable environments in the Gusev Crater plains.
Aqueous alteration of minerals in ultramafic rocks, such as olivine, can produce H2,
a near-universal source of energy and reducing power for microorganisms. Such
reactions would also produce magnetite. Magnetite was identified in Mössbauer
spectra of rocks and soils from the Gusev Crater plains (Figure 1). However,
magnetite is also produced in the formation of igneous rocks. Des Marais et al. [8]
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conclude, that although the sparsity of water puts up a barrier for life today, aquifers
that were periodically recharged, for example during times of higher obliquity,
might have sustained habitable conditions for geologically long periods of time.
After traversing the plains surrounding its landing site, Spirit started ascending the
Columbia Hills inside Gusev Crater on sol 157 of its mission. The Columbia Hills
represent older terrain than the surrounding plains. Rocks encountered at the foot
of the hills showed visible signs of physical and chemical weathering. In Mössbauer
spectra of these rocks the mineral haematite was identified [9]. Haematite forms
usually, though not exclusively, in the presence of water. In rocks showing a layered
appearance further into the hills the mineral goethite was identified in Mössbauer
spectra (Figure 1) [10], the first unequivocal in situ proof for the interaction of rocks
and water in Gusev Crater. However, despite their layered appearance the goethite
containing rocks do not represent sought-after lacustrine sediments [11].

Meridiani Planum was chosen as the landing site for MER Opportunity, because
the area showed a clear signature of haematite in thermal emission spectra obtained
from orbital observations [12]. The area surrounding the landing site is made up
of basaltic soil underlain by finely layered outcrop rocks. Mössbauer spectra of the
basaltic soil show the presence of olivine, and are identical to spectra obtained from
soil in Gusev Crater [13, 14]. Contrary to the soil, Mössbauer spectra from the

Figure 1 Typical Mössbauer
spectra of basaltic soil at
Gusev Crater (top), and of the
rock Clovis in the Columbia
Hills in Gusev Crater showing
the highest abundance of goe-
thite to date (bottom).
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outcrop are dominated by a ferric doublet, whose hyperfine parameters are
characteristic of the iron hydroxy sulfate mineral jarosite (Figure 2) [13]. That
identification provided the first in situ proof, that these outcrop rocks formed in
interaction with water. The uppermost layer of soil and outcrop is covered by mm-
sized spherules, which appear to be weathering out of the outcrop. Mössbauer
spectra of spherule-rich spots show, that they are composed mainly of haematite
[13] and are thus the source of the haematite observed from orbit. The spherules
likely formed diagenetically after deposition of the evaporite. Their spherical shape
advocates another episode of water interaction during their formation. Based on the
combined evidence from all MER instruments, Squyres et al. [15] concluded that
the environmental conditions under which these sediments were laid down included
episodic inundation by shallow surface water, evaporation, and desiccation, and that
they were suitable for biological activity for some period of time in Martian history.
Knoll et al. [16] provide an astrobiological perspective on Meridiani Planum. While
Meridiani Planum may indeed have been a habitable place, high levels of acidity
inferred from the presence of jarosite – jarosite forms at pH < 3.5 – would have
posed a challenge for prebiotic chemical reactions thought to have played a role in
the origin of life on Earth. Because sulfates and iron oxides can preserve detailed
geochemical records of environmental history as well as chemical, textural and
microfossil signatures of biological activity, Meridiani Planum is an attractive
candidate for Mars sample return [16].

Several basaltic glass samples with varying Fe oxidation states were produced in
order to detect the ability of microbial life to preferentially colonize chemically
different substrates and subsequently metabolize the glass for various nutrients
needed for survival. The Fe3+/Fe2+ ratios were evaluated using Mössbauer
spectroscopy [5]. Some of these basaltic glass samples were exposed to the iron-
rich microbial mats and hydrothermal vent complexes at the Loihi Seamount for
õone year. Fe oxidation states were again evaluated after the exposure, showing a
slight increase in Fe3+/Fe2+ ratios. This increase may at least in part be due to strains
of Fe-oxidizing bacteria that have been found on the exposed samples and have

Figure 2 Typical Mössbauer
spectrum of outcrop rocks at
Meridiani Planum.
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demonstrated their ability to use the basaltic glass as their only source of iron for
growth [5].

3 Conclusion

Water is the most important requirement for all known life-forms. Fe-bearing
minerals, goethite and jarosite in particular, identified by Mössbauer spectrometers
onboard the Mars Exploration Rovers, Spirit and Opportunity, provided in situ
proof for ancient aqueous and thus potentially habitable environments on Mars.
Jarosite in particular adds acidity as a constraint to environmental conditions, which
may have precluded prebiotic chemistry playing a role in the origin of life on Earth.
Other minerals identified by Mössbauer spectroscopy such as olivine are a possible
source of nutrients and energy.

Iron oxides can preserve signatures of biological activity, making Mössbauer
spectroscopy an important tool to identify promising rocks for closer scrutiny by
future dedicated biology missions to Mars, such as the planned European lander
Exomars, or a Mars sample return mission.

Fe2+–Fe3+ redox potentials are an energy source available to microorganisms at
deep sea hydrothermal vent systems, which may be analogous environments com-
pared to possible habitats in sub-ice oceans on the Jovian moon Europa. Monitoring
changes in Fe3+/Fe2+ ratios of basaltic glass samples exposed in such environments
using Mössbauer spectroscopy can be used to determine the proportion of mi-
crobially induced redox reactions in such environments. The results discussed above
show that Mössbauer spectroscopy is an important tool in the field of astrobiology.
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Mössbauer spectroscopy as a tool in astrobiology 571

10.1029/2003JE002121
10.1029/2003JE002138
10.1029/2005JE002584
10.1029/2005JE002562
10.1038/nature03637
10.1016/j.epsl.2005.09.045

	Mossbauer spectroscopy as a tool in astrobiology
	Abstract
	Introduction
	Results and discussion
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


