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Introduction: Basaltic shergottites such as Sher-
gotty, Zagami and EET79001 contain impact melt
glass pockets that are rich in Martian atmospheric gas-
es [1] and are known as gas-rich impact-melt (GRIM)
glasses. These glasses show evidence for the presence
of a Martian regolith component based on Sm and Kr
isotopic studies [2]. The GRIM glasses are sometimes
embedded with clusters of innumerable micron-sized
iron-sulfide blebs associated with minor amounts of
iron sulfate particles [3, 4]. These sulfide blebs are
secondary in origin and are not related to the primary
igneous sulfides occurring in Martian meteorites. The
material comprising these glasses arises from the high-
ly oxidizing Martian surface and sulfur is unlikely to
occur as sulfide in the Martian regoilith. Instead, sul-
fur is shown to occur as sulfate based on APXS and
Mossbauer results obtained by the Opportunity and
Spirit rovers at Meridiani and Gusev [5]. We have
earlier suggested that the micron-sized iron sulfide
globules in GRIM glasses were likely produced by
shock-reduction of iron sulfate occurring in the regolith
at the time when the GRIM glasses were produced by
the meteoroid impact that launched the Martian mete-
orites into space [6]. As a result of high energy deposi-
tion by shock (~ 40-60 GPa), the iron sulfate bearing
phases are likely to melt along with other regolith
components and will get reduced to immiscible sulfide
fluid under reducing conditions. On quenching, this
generates a dispersion of micron-scale sulfide blebs.
The reducing agents in our case are likely to be H, and
CO which were shock-implanted from the Martian at-
mosphere into these glasses along with the noble gases.
We conducted lab simulation experiments in the Lind-
hurst Laboratory of Experimental Geophysics at Cal-
tech and the Experimental Impact Laboratory at JSC to
test whether iron sulfide globules can be produced by
impact-driven reduction of iron sulfate by subjecting
Columbia River Basalt (CRB) and ferric sulfate mix-
tures to shock pressures between 40 and 50 GPa under
reducing conditions. The experimental products from
the recovered samples were analyzed by SEM and mi-
croprobe techniques at JSC.

Experimental: About 50 mg of Columbia River
Basalt (~65 pm dia average) plus ferric sulfate (powder
and chips up to Imm dia) were mixed and heated to
110 °C in vacuum for few hrs at the Lindhurst Lab at
Caltech. This mix was pressed at 2200 psi into a pel-

let of 5 mm dia and 1.17 mm thick having an estimated
porosity of 28%. This CRB + ferric sulfate pellet was
loaded into the cavity of stainless steel 304 sample
retainer within a vented sample housing. The target
assembly was placed in the target chamber of a 20 mm
bore single stage gun, pumped to vacuum through the
vent port and refilled with lab grade CO (used as re-
ducing agent in this experiment). The pore space in the
sample contained ~ 0.8 bars of CO gas at ambient tem-
perature. A 2.5 mm thick SS 304 flyer was launched at
a measured pre-impact velocity of 2.04 km/sec and
impacted the surface of the sample holder generating a
shock wave with a final reverberation pressure of 49
GPa after the estimated first two shock conditions of
14.4 GPa at 1350 K and the reshock of ~35 GPa at
2500 K. The recovered sample holder had a well de-
fined crater with no evidence for the failure of the
sample chamber or loss of sample.

The chamber was sawn open and one half of the
shocked sample was impregnated with epoxy preserv-
ing in-situ spatial distribution of the reaction products
and machined to fit into the FE - SEM sample holder at
JSC. The top surface of the sample was then gently
polished to remove epoxy and expose the shocked
sample. The polished surfaces of this sample were
examined under FE-SEM at JSC and the results are
given below.

We carried out additional shock experiments on the
same basalt plus ferric sulfate mixture at 12 GPa and
40 GPa shock pressures without purging the sample
with CO to examine whether a reducing agent is re-
quired to produce iron sulfide blebs from iron sulfate
during shock-melting. These samples are being
processed and examined at this time.

Results: The sulfide content of CRB is low (0.05
—0.2% S) [7]. The starting material consists of CRB
dry powder mixed with an inhomogeneous distribution
of powder and chunks of ferric sulfate in 2:1 overall
proportion. From visual as well as SEM examination,
one finds a lot of molten material in the recovered
charge. In some regions of the recovered sample, how-
ever, angular and unmolten ferric sulfate crystals are
found mixed with parent basalt particulates. In the
case of granulated lunar basalt 75035 (45-75 microns
and 40% porosity), Schaal et al. [8] showed that shock
melting of basalt material at 50 GPa transforms ~ 35 -
40% of the parental material into glass.



The FE-SEM BSE images and the corresponding
EDS spectra for the sulfide blebs in a molten region
and unmelted ferric sulfate particulates mixed with
basalt fragments are shown in Figs. 1 & 3 (images) and
Figs.2 & 4 (spectra) respectively. In many areas of the
recovered basalt charge, we noticed only a small num-
ber (~2-8 per image) of sulfide blebs along with some
amount of unmelted ferric sulfate and basalt particu-
lates. But, in a few locations, we found clusters of ab-
undant micron-sized sulfide blebs. A typical example is
shown in Fig.1. This observation suggests that the
shock wave might have propagated non-uniformly in
the sample volume, with presence or absence of sulfide
in an area controlled by whether the sample locally
melted. However, the CO that is filling the pore vo-
lume in the sample might also have been inhomoge-
neously distributed during shock and this might explain
the final distribution of observed sulfide. In areas
where CO is available, the molten sulfate will be re-
duced to sulfide generating immiscible sulfide fluid
that, on quenching, forms innumerable sulfide blebs.
That is, reduction of sulfate may require both local
high energy deposition and local availability of CO
reducing agent. The significance of the local availabil-
ity of CO as the controlling factor in th reduction of
locally melted sulfate could be understood by searching
for sulfide-free, sulfate-bearing regions with molten
texture in the shocked samples from the experiments
conducted at JSC without CO in the pore space.

Minitti et al. [9] carried out shock experiments at
Ames gun lab on kaersutitic amphiboles at ~30-35 GPa
in connection with Martian water in SNCs and showed
using Mossbauer measurements that Fe*" in hornblende
was reduced to Fe*" during shock. Also, Sutton et al.
[6] studied vanadium valence states in EET79001
GRIM glasses containing micron-sized sulfide blebs
and showed using micro-XANES measurements that
V* in Martian basalt was reduced to V>* during shock.

In conclusion, our laboratory shock experiments on
basalt plus iron sulfate mixtures demonstrate the plau-
sibility of formation of secondary micron-sized sulfide
blebs from sulfate-bearing Martian regolith material in
shergottite GRIM glasses by shock-induced reduction.
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Fig.1. BSE image of the area in the recovered sample show-
ing abundant iron sulfide blebs along with molten iron sul-
fate globules.

Full scale counts: 3595 caltech-1(18)

keV/
Fig.2. Typical EDS spectrum of the iron sulfide blebs. Note
the very small oxygen peak.

Fig.3. BSE image of the area in the recovered sample show-
ing angular iron sulfate crystals mixed with basalt particles.

Full scale counts: 3295 caltech-1(39)

keV

Fig.4. Typical EDS spectrum of the iron sulfate par-
ticles remaining unmolten in the recovered sample.
Note the large oxygen peak.




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /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 ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



