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ABSTRACT

Where Martian rocks have been exposed to liquid water, chemistry vershgpodpes
could elucidate both Martian climate history and potential for life. The pemsistof primary
minerals in weathered profiles constrains the exposure time to liquid waterrtbpriaeral
persistence times range from ~10 ka (olivine) to ~250 ka (glass) to ~1Madpg)dr ~5Ma
(plagioclase). Such persistence times suggest mineral persistenteammMars. However,
Martian solutions may have been more acidic than on Earth. Relative minefarieptates
observed for basalt in Svalbard (Norway) and Costa Rica demonstrate thablgtyoiratrends
can be used to estimate exposure to liquid water both qualitatively (minenat@losgresence)
and quantitatively (using reactive transport models). Qualitatively, if dugidh solution pH >
~2, glass should persist longer than olivine; therefore, persistence of ghase ra pH-
indicator. With evidence for the pH of weathering, the reactive transport cadeh®tow can
guantitatively calculate the minimum duration of exposure to liquid water consigtbra
chemical profile. For the profile measured on the surface of Humphrey in Gudex, Gra
minimum exposure time is 22 E If correct, this estimate is consisténshatt-term, episodic
alteration accompanied by ongomg surface erosion. More of these deptlssiodied be
measured to illuminate the weathering history of Mars.
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INTRODUCTION

To understand whether life could have existed or still exists on Mars, we need to be able
to use data such as that from the Mars Exploration Rovers (Herkenhoff et al., 200és®quy
al., 2004; Haskin et al., 2005), the Mars Express satellite (Poulet et al., 2008g Bibal.,
2006), and meteorites (Gooding et al., 1991; Treiman et al., 1993; Treiman, 2005) to constrain
the duration and distribution of liquid water. Such data document the presence of primary
silicates such as olivine (Hoefen et al., 2003), pyroxene (Mustard et al., 199i0¢|pksa
(Bandfield, 2002) and glass (Bandfield et al., 2000; Ruff et al., 2006) that may batreeved to
secondary minerals (Christensen et al., 2000; Poulet et al., 2005; Bibring et gl., 266§ we
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use both qualitative (mineral absence or presence) and quantitative (reacspett modeling)
approaches to interpret basalt weathering on Earth and on Mars.

Mineral Persistence

Minerals persist for different lengths of time in terrestrial we@thgeenvironments
(Goldich, 1938). To quantify how long a mineral persists before it is solubilizee (@hi
persistence time) on Earth, we examined the lengths of time that minesds ipedated soils
and chronosequences (Fig. 1; Appendix 1). We observed that persistence times varied from
~10ka (olivine) to ~250ka (glass) to ~1Ma (pyroxene) to ~5Ma (plagioclase)storisvith
Goldich. The relative order of these mineral persistences is largelyteohswth dissolution
experiments (Fig. 2) at pH ~5.5—7. Mineral composition affects the observestqrarsitimes:
for example, relative persistence times for plagioclase in Figure 1 widlcldes all
compositions are longer than in Figure 2, where only bytownite is represented.

Given the higher water fluxes, erosion rates, and tectonic activity on Eartliaimine
persistence times depicted in Figure 1 are probably minimum estiofdétstian mineral
persistence. However, such extrapolations depend upon the pH of weathering (Figu2hand s
pH is poorly constrained on Mars: weathering pH may have been very acidao(EMadden et
al., 2004; Klingelhofer et al., 2004; Tosca et al., 2004; Hurowitz et al., 2006) or @losattal
(Poulet et al., 2005; Bibring et al., 2006). The pH of a weathering solution stroregtisaff
relative mineral persistences (Fig. 2). For example, at extrdavelgH, laboratory experiments
(Fig. 2) predict dissolution rates of basalt glass > olivine. For 2 < pH < 8, howevigr ol
dissolves more quickly than basalt glass.

Persistence times of diopside and bytownite should also be lower than gtagphit |
but roughly the same at pHl—6. Plagioclase dissolution rates increase with increasing Ca
content (Blum and Stillings, 1995), but reported rates for pyroxene do not vary ptnotig|
composition.

To determine if a diagram such as Figure 2 is useful to predict Martian Wwas#itering,
we first compare its predictions to basalt weathering in Costa Rica andi@vadib&osta Rica
pyroxene alters before plagioclase, which is consistent with the megedief porewaters
(~4.7) (Fig. 2). On weathered surfaces in Svalbard, Na-containing glasatiereel to depths
of ~250um (Figs. 3, 4). Olivine phenocrysts intersecting the surface do not protrude
significantly nor show embayment (Fig. 3b). Smoothing of ~2@®f the phenocryst
roughness at the rock surface yields a minimum estimate of the wegtaévience distance due
to free-face dissolution. The observation that glass is dissolving deeper (nuobig)gban
olivine is consistent with the measured porefluid pH range for Svalbard ((Fig92).

Since relative mineral weathering in Costa Rica and Svalbard followsepEstr
documented by dissolution experiments, extrapolation of these trends to the Maftiaa s
should reveal pH conditions of Martian weathering. Mineral compositions on Marsfrange
intermediate to ferroan olivine (McSween et al., 2006) and intermediate to gialgioclase
(Bandfield, 2002; McSween et al., 2004). Both high and low Ca pyroxenes have been detected
(Mustard et al., 1997; Hamilton et al., 2003; Bibring et al., 2005; McSween et al., 20@8s Gl
of a basaltic andesite composition, documented in a Martian meteoritbdiczes al., 2004),
would dissolve only slightly more slowly than the basalt glass dissolution line ore RZgtlihe
diopside dissolution line represents a good estimate for dissolution of MartiarepgsoX he
plagioclase dissolution rate may be up to one order of magnitude lower than the jpletted |
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bytownite. At the low pH values suggested for Mars, relative weathering sfagidsolivine
may Yyield constraints on pH. For example, Mangold et al. (2007) propose that Iselative
unaltered olivine may be found with altered glass in the Nili Fossae region &f 8arh
dissolution of glass without alteration of olivine is consistent (Fig. 2) witleeitery low or
high pH

Reactive Transport Modeling

Where concentration-depth data is available such as on the rock Humphrey in Gusev
Crater on Mars (Gellert et al., 2006), it is possible to calculate weaghduration using reactive
transport codes. We used CrunchFlow (Maher et al., 2006) to forward model weathelsng r
from Costa Rica, Svalbard, and Humphrey (Fig. 4) in one dimension using laboratorydates a
diffusivities (Appendix 1). For the Costa Rica basalt, dissolution of plagioatas@yroxene
and precipitation of Fe and Al oxides in the reaction front were modeled (Fig. 4a). The
weathering rock was modeled as 66% plagioclase + 26% pyroxene+2.6%quartzlkdli8%a
feldspar +1%magnetite +1.5%ilmenite + 1% porosity. Secondary minerals éitoypeecipitate
include kaolinite, Fe(OH) gibbsite, and siderite. CrunchFlow was similarly used to fit
dissolution of Na-containing glass in Svalbard where the weathering roakedeed as 25%
glass + 73% inert mineral + 2% porosity because only glass was observeoliedippendix
1). No secondary minerals were included since few were observed. This isnpsiimes that
while olivine dissolves by free-face dissolution at the surface, its dissohati® within the rock
is negligible relative to glass. The model fit to the glass dissolution isstemiswith an inferred
surface retreat of ~0.4 mm (Fig. 4b), consistent with petrographic observationtinfjspa
(Appendix 1).

The Alpha Particle X-ray Spectrometers on the Mars Exploration Rovers hasenee
chemistry with depth in drilled holes for many rocks (Gellert et al., 2006). Wioéiteprare
normalized to Ti, negative values of the dimensionless mass-elemenéttreesficientrr;
(Appendix 1) for elements such as Mg, Fe, Ca and P are observed. Mg and Fe loss from the
inferred weathering rind on Mars rock Humphrey is consistent with oligsse(Hurowitz et al.,
2006). Humphrey is inferred to contain plagioclase, pyroxene, and Fo52 with up to 10% high-
silica glass (Ruff et al., 2006). The weathering rind on Humphrey (McSween22@; Gellert
et al., 2006) (Fig. 3) is modeled here because abrasion reached unaltered pheene(Gk,

2006), and forward modeling relies upon knowledge of parent material.

All Fe and Mg loss was attributed to olivine dissolution, similar to our earkeingstion
of Na loss due to glass dissolution for Svalbard. Fe and Mg (McSween et al., 2004) were
assigned to Fo84 and Fo25, the two probable end members of zoning in Humphrey (McSween et
al., 2006). The olivine is probably zoned; this simplification facilitates modeling. The
assumption of Fo84 (14%) and F025(11%) results in a rock that is 25% olivine (McSween et al.,
2004; McSween et al., 2006). Following our approach to Svalbard, the rest of the rocky(72%) i
assumed to be inert.

The shortest time that allowed a fit to the reaction front was 22 ka with a modeled
weathering advance rate of ¥@n yr'. In contrast to Svalbard, the front was fit without surface
retreat. However, Mars experiences physical erosion at rates of 0.0%(&admbek and
Bridges, 2000) to 3 x I&m yr! (Sagan, 1973). Since the chemical weathering advance rate is
within the range of physical erosion rates, the profile could represent statalthgckness
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(weathering rate = erosion rate). In any case, it is likely thatoerosmoved some of the
surface of Humphrey, implying that the calculated 22 ka is a minimum WeatlulelriatjprE

This 22ka weathering duration is within a factor of ~10 of the olivine persistenes itim
terrestrial and laboratory environments (Fig. 1), as well as the sitimeates by Stopar et al.
(2006) for similar conditions on Mars (1.6-1.9 E 22 ka is much shorter than the age of the
Adirondack rocks in Gusev Crater, suggestingurat the presence of water inahloas
extremely brief, or that physical weathering is occurring at clofieet same rates as chemical
weathering. The 22ka time of weathering may also represent summation dicpaettime
periods interspersed with much longer dry periods as inferred for meteoritésgiengn et al.,
1993). Such shortlived and episodic alteration may be more consistent with alteratias suc
that resulting from impacts, rather than more long-lived aqueous alteration sucfaes s
oceans. The weathering duration inferred for diffusion-dominated transport usedrindarirs
also consistent with low water-rock ratios inferred for Adirondack rocks in Guatsr such as
acid-sulfate weathering or thin films of water under snow or frost (Hiza@tial., 2006).

The hole on Humphrey is one of the shallowest drilled by the Spirit Rover (Arvidson et
al, 2006). A number of studies (Ming et al., 2006; Morris et al., 2006) have found that while the
Adirondack rocks (which include Humphrey), are minimally weathered, weagherColumbia
Hills was much more intensive. Satellite data document phyllosilicategetra al., 2005;

Bibring et al., 2006), hematite and sulfate (Christensen et al., 2000; Bandfield G@izin et
al., 2005). Depth profiles in such areas might yield more information regarding gwuaqu
history of Mars.

CONCLUSIONS

Terrestrial mineral persistence data suggest minimum persistensedimadivine
(10ka), glass (250 ka), pyroxene (~1Ma), plagioclase (~5Ma) on Mars. Theise meiaeral
weathering rates and relative mineral weathering rates in Seégldarway) and Costa Rica are
consistent with pH values of weathering solutions. This suggests that relatistgueres on
Mars (particularly olivine and glass) may be used to constrain the pH of theeveg fluid.
The successful use of reactive transport modeling to match reaction frontalts bagarth
lends confidence to the utility of using reactive transport modeling for Mars. fTimet@-low fit
of the weathering rind on Humphrey requires 22 ka of weathering, and could repteadut
state thickness (weathering rate = erosion rate). In any case, the 22kanimum time of
exposure to liquid water for this Mars rock due to the presence of physichkvwegt and
suggests short-term and episodic aqueous alteration in this location. This inierpofta
weathering profiles on Mars suggests the type of depth profiles that coulddmterbto further
interpret the aqueous history of Mars.
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Figure 1. Mineral persistence times define@®®£%6 abundance (closed symbols) of silicates in A and B
horizons of modern, dated soils and weathering rinds versus soil age. Opelssypiiase is no longer
present within a chronosequence. Gray bars = lifetimes of 1mm silicatesgh&ulated from

laboratory rate laws at pH = 5; pairs of gray bars = end member caimpssData compilation

described in Appendix 1.
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Figure 2. Log dissolution rates of silicates versus pH. Forsteritet lgkessd, and diopside rates from
Bandstra and Brantley (in press). Bytownite is estimated from albiefagalite from forsterite
(Bandstra and Brantley, in press) (Appendix 1). Ranges labeled Svalba Rixasand Mars represent
estimated pH from soil measurements (Svalbard and Costa Rica) ofiligy dield of jarosite (Mars;
Elwood Madden et al., 2004).
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Figure 3. Weathering rinds on basalt samples from a) Costa Rica b)r8\aidaec) Mars. Figure 3a is a
computed tomography image of a 1.2 cm-thick weathering rind developed over 35ka dhcddshsa
Costa Rica (Sak et al., 2004). Unweathered core (gray) is rimmedevithd=Al oxides of the
weathering rind (dark material). Weathering increases poroségi(lalreas). The large olivine grain
imaged by back-scattered electron micrography in Figure 3b disptageahed outer surface (letter a)
without a zoned rim (letter b) (see text). Black areas prese2b@um (white line) are pore space
created by glass dissolution. The double headed arrow indicates anerémphineral aggregate used
to estimate surface area (Appendix 1). Figure 3c is a Microscopie lofam inferred weathering rind
(dashed white line (McSween et al., 2004)) on abraded rock Humphrey on Mars.
(http://marsrovers.jpl.nasa.gov/gallery/all/spirit_p060.html). The arrowatescan inferred
olivine grain (McSween et al. (2006)). Figure 3c is ~2cm across.
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Figure 4. Plots of the dimensionless element-mass-transfer caftigig = O for average parent,<1

for 100% depletion) versus depth for weathered basalt from a) CastdRbvalbard, and c) Mars
(Humphrey; Gellert et al., 2006). Profiles are normalized to Ti and efaregitrepresent the average of 9
or more profiles. Data symbols shown with CrunchFlow model output lines. Daguire$ida and 4b
are smoothed with a 3-point and 5-point moving average respectively, antirpaternals represent
average compositions. In Figure 4a Na is in plagioclase, and Mg in pyroxeémarant and rind
analyses are extended for effect. In Figure 4b Na is in glass. In Figwy4md Fe are in olivine. The
Mars profile was first corrected for dust (Appendix 1). The weathedivgnce distance for the Costa
Rican weathering rind is easily interpreted because, protected isaiggphas not eroded (Sak et al.,
2004). In contrast, the ~0.3 mm of glass dissolved on the basalt weatheredar®igabnly an apparent
distance because the surface has retreated due to erosion.

'GSA Data Repository item 2007xxx, supplementary methods and description, is available

online at www.geosociety.org/pubs/ft2007.htm, or on request from editing@gegpsrgier
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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