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Introduction. The Mars Exploration Rover Spirit Normalized to SO4=CI=0
ended its mission in Gusev crater on sol 2210 after it had (1a) ' HGS0; @ HghSO, A\ whymper (Brght Basalic Soi

become stuck in a deposit of fined-grained and sulfate o 02 2 <50 %ox
rich soil with dust covered solar panels unfavorably o§ ) ) %

. . . .. & 60 Basaltic Rock/Soil k)
pointed toward the sun [1]. Final analysis of remaining 9 I 40 %
data from Spirit’s Mdssbauer spectrometer (Fe redox and éo
mineralogy) for sols 1529 through 2071 is now complete &£ 8 2 3q
[2]. We focus here on chemical (APXS) and MB data for & %
targets having high-SiO, or high-SO; and process link the 100 Martian lgneous Crust @,é%
targets through mixing and geochemical modelling to an J 2 P A A %"
acid-sulfate system centered at Home Plate, which is con- Fe,05+Fe0 (wi%)
sidered to be a hydrovolcanic complex [3,4]. Soil-Free Chemistry & Normalized to SO,=CI=0

Methods. Weighted least squares mixing calculations (1b) M HighSi0, @ High-50; A Whymper (Bright Basaltic Soi)
[5,6] on APXS chemistry were performed using 9 litho- RS 20 0z

logic endmembers: KenoshaComets (KC) and Penn2*
(P2; Ca-apatite-free Penn2) as high SiO, compositions;
basaltic soil Whymper; anhydrous binary sulfates of Fe'"
(Fe2+ sulfate not detected by MB), Mg, Ca, and Al; Fe,0s;
and Ca-apatite. Geochemical modelling of acid-sulfate
weathering of Adirondack-composition basalt was done
with Geochemist’s Workbench (v. 9.0.9) [7]. Select fluid
oxidation and evaporation calculations were performed
using a Pitzer-style activity model. All calculations were (1e)
done at 25°C because reliable thermodynamic data for
requisite phases are available only at this temperature.
Mixing Model. The APXS compositions (normalized
to SO;=CI=0 wt.%) of high-SiO, and high-SOj; targets are
plotted in Fig. 1a. Also plotted are compositions for aver-
age upper martian igneous crust [8], bright soil Whymper,
and the region (ellipse) for Gusev crater basaltic rocks

L4 7 7 7 7 7
0 20 40 60 80 100
B High-SiO, @ Sulfate Precipitate /\ Whymper
40 0 20 40

and soils. Virtually all analyses are “contaminated” by ¥ ” / y , >0
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admixtures of basaltic soil, and this component was math- Anoxic Residue 0 01=WR A o
ematically removed using the results of the chemical mix- | - Anosic Leachate 100 m Highsio,
ing model in Fig 1b. Note that the high-SiO, and high- [ - Oric Leachate : Sulate Prechtate
SO; targets plot outside the ellipse and are thus not iso- (1d) o 80 WR= Water-
chemical alteration products of basaltic progenitors and s %q to-Rock Ratio

that the high-SiO, targets fall into a group spatially asso-
ciated with Home Plate (HP) and a group having higher
Al,O; concentrations associated with Husband Hill (HH).
The chemical mixing model also shows that the high-
SO; targets are chemical mixtures of mixed cation sul-
fates and a high-SiO, components (KC or P2*). In Fig.
lc, the high-SiO, component was mathematically re-
moved from the soil-free high-SO; composition to give X
the Fe’"-rich sulfate precipitates (>50 wt% Fe,05). O e
Geochemical Models. The plots in Fig. 2 show model  jpitial pH=1. At low W/R (<20) basalt dissolution
solution pH and residue oxide concentration as a function  controls pH, and leachate solutions are alkaline (>8).

of water-to-rock ratio (W/R) for Adirondack composition At high W/R (>100) the initial solution pH dominates,
basalt and for anoxic and oxic acid-sulfate solutions with and leachate solutions remain strongly acidic (<2).
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The residue chemical composition is strongly depend-
ent on redox state because of differences in the solubility
of Fe’" and Fe’" in sulfate solutions. For anoxic leaching
(Fe2+), the residue compositions has SiO, > Al,0; > Fe,0;
only for the interval defined by 3.6<pH<5.0 and
30<W/R<90 (Fig. 2b). For oxic leaching, SiO, > Fe,0; >
Al,O; for all pH and W/R (Fig. 2¢). Comparison with Fig.
1c shows that the compositions for both HP and HH com-
positions are accommodated by the anoxic leaching mod-
el with physical separation of residue and leachate solu-
tions. However, precipitated leachate solutions (by evapo-
ration or freezing) are not compatible with this simple
model (Fig. 2¢).
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The observed precipitate compositions are modelled
(Fig. 3) by incomplete precipitation (concentration factor
CF ~2 to ~200) of solutions with initial chemical compo-
sitions equivalent to the anoxic leachates for W/R = 70,
100, and 200 (Fig. 2b) but are now oxic (i.e., all Fe as
Fe’") after physical separation from their corresponding
residues. The red lines (Fig. 3) denote precipitate compo-
sitions as a function of CF for these three oxic solutions,
and the mixed-cation sulfate precipitates are Fe’'-rich
(Fe,O5 >50 wt.%). Movement of Fe'-depleted residual
solutions to different locations and subsequent precipita-
tion there produces sulfate precipitates and residual solu-
tions whose compositions depend on CF and prevailing
environmental conditions. Precipitation will continue

(with or without movement of residual solutions) until
no fluid remains.

To explain the SiO, component (chemically equiv-
alent to HP or HH high-SiO, targets) of the soil-free
compositions of high-SO; targets (Fig. 1b), the onset
of oxic sulfate precipitation took place as solutions
moved through pre-existing (and chemically inert)
high-SiO, material. That is, the compositions of the
high-SO; targets are on mixing lines between the pre-
cipitate and HP or HH compositions (compare Figs 1b
and Ic).
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Acid Sulfate Alteration Across Mars. Geochem-
ical calculations reported here and by [9] provide a
model basis that martian aqueous alteration by acid-
sulfate process was widespread in space and time. The
alteration assemblage at Gusev is consistent with this
view and so are many rover- and orbital-based obser-
vations across Mars. The high-SO; outcrop at Meridi-
ani Planum has precipitated jarosite and a SiO, com-
ponent [10,11], and HH-like high-SiO, material has
also been reported [12]. Jarosite and high-SiO, depos-
its are detected at Gale crater [13,14] and Valles Mar-
ineris [15]. Orbital detections of high-SiO, deposits
with and without sulfates or clay minerals are summa-
rized by [16]. Circum-neutral to alkaline pH, condu-
cive to clay mineral precipitation, is consistent with
Noachian acid-sulfate processes both theoretically
(Fig. 2a and [9]) and experimentally [17].

References: [1] Arvidson et al. (2010) JGR 115, EOOF03.
[2] Morris et al. (2017) to be submitted. [3] Yen et al.
(2008) JGR 113, E06S10. [4] Squyres et al. (2008) Science
320, 1063. [5] Korotev (1981) PLPSC12, 557. [6] Korotev
et al. (1995) JGR 100, 144,403. [7]Bethke (2007).
[8] McLennan (2012) Sed. Geol Mars, 102, 119. [9] Zolotov
and Mironenko (2016) Icarus 275, 203. [10] Morris et al.
(2008) JGR 111, E12815. [11] Clark ef al. (2006) EPSL
240, 73. [12]Clark et al. (2016) AmMin 101, 1515.
[13] Rampe et al., (2017) in revision EPSL. [14] Frydenvang
et al. (2016) LPSC47, #2349. [15] Milliken et al. (2008)
Geology 36, 847. [16] Ehlmann and Edwards (2014)
AnRevEPS 42, 291. [17] Peretyashko et al. (2017) This Vol-
ume, 2017.




<<

  /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 1.7

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /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 false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 2400

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages false

  /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 false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 2400

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages false

  /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 false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 2400

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages false

  /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



  /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



