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Abstract

If water was ever present on Mars, as suggested by geomorphological features, then much of the surface and subsurface may have
experienced chemical weathering. Among those materials most readily altered is olivine, which has been identified on the Martian surface
with IR spectroscopy and Mossbauer techniques and occurs in Martian meteorites. We use geochemical models of olivine dissolution
kinetics to constrain the residence time of olivine on the surface of Mars in the presence of liquid water. From these models, we have
calculated maximum dissolution rates and minimum residence times for olivine as a function of temperature, pH, Fe-composition,
and particle size. In general, the most favorable conditions for olivine dissolution are fayalite-rich compositions, small particle sizes, high
temperatures, and acidic solutions that are far from equilibrium. The least favorable conditions for olivine dissolution are forsterite-rich
compositions, large particle sizes, ultra-low temperatures, and a neutral pH solution near equilibrium. By using kinetic models of olivine
dissolution to bound dissolution rates and residence times, we can make inferences about the temporal extent of aqueous alteration on
the surface of Mars. Under favorable conditions (pH 2, 5 °C, and far from equilibrium) a relatively large 0.1 cm (radius) particle of Fogs
composition can completely dissolve in 370 years. Particles may last 10>-10* times longer under less favorable conditions. However, res-
idence times of a few million years or less are small compared to the age of most of the Martian surface. The survival of olivine on the
surface of Mars, especially in older terrains, implies that contact with aqueous solutions has been limited and wet periods on Mars have
been short-lived.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Aqueous alteration affects mineralogy through leaching,
adsorption, dissolution, and formation of secondary phas-
es. Therefore, it is important to understand the kinetics of
aqueous alteration and mineral dissolution because they
can provide information about the duration of aqueous
processes and climate history. Morphological features on
Mars such as gullies, valley networks, and outflow channels
suggest at least the past presence of liquid water at the sur-
face (e.g., Carr, 1996). Furthermore, an abundance of
hydrogen in the subsurface detected by the Mars Odyssey
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Gamma Ray Spectrometer (GRS) suggests extant water
ice in the upper half meter above ~60° latitude as well as
hydrous minerals in equatorial regions (e.g., Boynton
et al., 2002). If water was ever abundant for a significant
time, then we might expect much of the surface to be chem-
ically altered.

By studying the dissolution of primary minerals under
simulated Martian conditions, we can begin to quantify
the extent and duration of aqueous alteration. In particu-
lar, olivine is notorious for altering quickly in olivine-bear-
ing basalts and is, therefore, a sensitive indicator of
moderate amounts of aqueous alteration. Dissolution rates
for olivine derived from laboratory experiments can be
found in the literature (e.g., Wogelius and Walther, 1991,
1992; Pokrovsky and Schott, 2000a; Rosso and Rimstidt,
2000; Oelkers, 2001a). These experiments try to account
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for various environmental factors such as pH, temperature,
and atmospheric pressure. In this study, we use kinetic
models derived from the laboratory experiments of Woge-
lius and Walther (1991, 1992) to constrain the residence
time of olivine on Mars. By bounding dissolution rates
and residence times, we can make inferences about the tem-
poral extent of aqueous alteration. If olivine can be shown
to alter quickly under Martian conditions, then the occur-
rence and preservation of olivine on the surface of Mars
suggest limited interaction with water, at least locally.

2. Martian olivine

Olivine has been identified in varying abundances across
the Martian surface (Christensen et al., 2000a; Hamilton
and Christensen, 2003; Hoefen et al., 2003; Mustard
et al., 2005; Koeppen and Hamilton, 2006) and is a minor
component (~12% or less) of the basalt surface type iden-
tified by Christensen et al. (2000a). These basalts are ob-
served over a widespread area but are concentrated
mainly in the equatorial regions and Syrtis Major (Band-
field et al., 2000). In support of widespread, low-concentra-
tion olivine, the Mars Exploration Rover (MER) “Spirit”
Mossbauer spectrometer and Mini-Thermal Emission
Spectrometer (Mini-TES) at Gusev Crater identified olivine
as a soil component (~15%, from Mini-TES) and as a
component of the in situ rocks (Christensen et al., 2004a;
Morris et al., 2004). The surface rocks are likely olivine
basalts, some with light coatings and possible alteration
rinds (e.g., Christensen et al., 2004a), and the Gusev soil
is considered as being primarily derived from local oliv-
ine-basaltic rocks (e.g., Morris et al., 2004). The underlying
mineralogy of rocks at Gusev Crater is modeled from
Spirit’s Alpha Particle X-Ray Spectrometer (APXS) to be
26-31 wt% olivine (McSween et al., 2004). Olivine was also
identified by MER “Opportunity” in Meridiani Planum
soil (Christensen et al., 2004b; Klingelhofer et al., 2004),
illustrating that olivine can be a fairly common surface
component (at low concentrations) probably due to the
presence of olivine-bearing basalts and a basaltic compo-
nent in the soil.

Although there is evidence to suggest the global distri-
bution of olivine in relatively low concentrations on the
surface of Mars, a few areas appear to contain higher oliv-
ine concentrations. Hoefen et al. (2003), Hamilton et al.
(2003), and Koeppen and Hamilton (2006) used different
methods to identify materials of higher olivine content
(concentrations up to 30%) from Mars Global Surveyor
Thermal Emission Spectrometer (TES) spectra. Hoefen
and Clark (2001) estimate that ~3% of the Martian surface
is covered with this olivine-rich material. The largest
olivine-rich deposit (by area) is located near Nili Fossae
northeast of Syrtis Major (Hamilton et al., 2003; Hoefen
et al., 2003). Other “high” concentrations of olivine identi-
fied in TES data include (but are not limited to) the follow-
ing locales: near the rims of Argyre and Hellas basins, on
the southwest rim of Isidis Planitia, in southern Acidalia

Planitia, near Terra Meridiani, in Aurorae Planum craters
near Ganges Chasma, and in Ganges and Eos Chasmata
(Hamilton et al., 2003; Hoefen et al., 2003). Olivine-rich
materials were also identified with OMEGA in a wide vari-
ety of geologic units that include ancient terrains and youn-
ger terrains (Mustard et al., 2005).

Some Martian meteorites also contain substantial
amounts of olivine. Olivine-bearing shergottites contain
7-29 vol % olivine, and lherzolitic shergottites contain
40-60 vol % olivine (Goodrich, 2002, and the references
therein). The nakhlite meteorites generally contain 9-
17 vol % olivine, except for MIL 03346 which contains
~3vol % olivine (Treiman, 2005). The two chassignites,
Chassigny and NWA 2737, are classified as dunites and
contain ~90 vol % olivine (e.g., McSween and Treiman,
1998; Beck et al., 2006). While the Martian meteorites are
not representative of the bulk of the observed Martian sur-
face, the parent regions of these meteorites must also be
olivine-bearing, and depending on the extent of their con-
tact with liquid water, the olivine in these regions has expe-
rienced varying degrees of dissolution.

3. Dissolution processes and reactions

Olivine is a common anhydrous, rock-forming mineral
with an isolated tetrahedral silicate structure (Deer et al.,
1992). Fe** and Mg?" cations are found in M1 and M2
sites within the olivine structure (e.g., Klein and Hurlbut,
1993). Six oxygen atoms surround each M-site cation,
forming octahedra. The silica tetrahedra are isolated from
each other by the surrounding M-site cations and are not
linked together in chains, a characteristic of nesosilicate
minerals. This allows the olivine structure to break down
readily during dissolution. M1 sites, due to the increased
deformation of their octahedral structure, are the most eas-
ily liberated during dissolution (Welch and Banfield, 2002).
Olivine dissolves in water to release its components (Fe>",
Mg?*, and silica), which may precipitate in secondary min-
erals such as iddingsite (saponite and goethite), serpentine,
smectite, goethite, maghemite, hematite, chlorides, sulfates,
carbonates, or amorphous silica (Eggleton, 1986; Tosca
et al., 2004).

In general, silicate dissolution is controlled by reactions
at the mineral surface, but the mechanism of olivine disso-
lution remains a matter of current research (e.g., Pokrov-
sky and Schott, 2000a,b; Rosso and Rimstidt, 2000;
Oelkers, 2001a; Welch and Banfield, 2002). Chemical alter-
ation and dissolution usually occurs along crack bound-
aries and at defect sites in the crystal structure that can
be accessed by aqueous solutions. Welch and Banfield
(2002) found that dissolution of olivine always occurs in
channels with orientation dependent on crystal axes, fol-
lowing the M-site cations.

The rate of dissolution can be limited in two general
ways as described by Sak et al. (2004): (1) the availability
of mineral surfaces at the water interface (“interface-limit-
ed”) or (2) the availability of reactant (or product) to be
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transported to/from the interface (“transport-limited”). If
the alteration regime is transport-limited, dissolution is
dependent on fluid flow (or diffusion), which might be
restricted within channels or pore spaces.

Because olivine dissolution rates increase at low pH, it is
likely that dissolution is controlled by the adsorption of
protons onto the mineral surface, breaking cation—oxygen
bonds and liberating silica tetrahedra (a process known
as a protonation) (e.g., Oelkers, 2001b; Sak et al., 2004).
Protonation between the mineral surface and the aqueous
solution must occur before dissolution can proceed. The
occurrence of this chemical interaction determines the loca-
tions of reactive surface sites and when dissolution can oc-
cur in the mineral structure. The number of reactive surface
sites will limit dissolution.

4. Methodology

Due to the difficulty in observing dissolution mecha-
nisms in action, mineral dissolution rates are determined
from laboratory experiments and field data, or are inferred
from microscopic observations. Rate equations are then fit
to the data, taking into account as many environmental
variables as possible (e.g., pH, temperature, atmospheric
pressure, etc.). Here, we use dissolution rate equations de-
rived from the laboratory experiments of Wogelius and
Walther (1991, 1992) and extrapolate to Martian condi-
tions. From the dissolution rates, we determine the mini-
mum time needed to dissolve one olivine particle in each
dissolution reaction as a function of particle size. This is
similar to the mean lifetime calculations of Lasaga (1984)
and Lasaga et al. (1994), except we consider the calculated
residence times to represent minima instead of means, due
to the numerous factors that can work to slow dissolution
in natural environments (discussed in Sections 6.1-6.3).
These calculated minimum residence times can then be
compared to the estimated duration of aqueous processes
on the surface of Mars to determine the likelihood of oliv-
ine survival in each situation.

4.1. Dissolution rates: the effects of pH, Pco,, temperature,
and composition

The rate equations (Egs. (1), (3)—(5) below) of Wogelius
and Walther (1991, 1992) include the effects of tempera-
ture, pH, Pco,, and olivine composition. Wogelius and
Walther used H,O-HCI solutions in their experiments,
and the influence of changing solution chemistry is ignored.
The following equations were derived for low Pco, atmo-
spheres (~3 x 107> bar). For forsterite (Mg,SiO,) dissolu-
tion at pH 2-12, the rate constant (molcm s ') at
standard temperature (25 °C) is:

Rro = 9.07(1072a%3*) + 5.25(107"%) 4 2.33(10 g, 2)

(1)
ay- =107 (2)

For fayalite (Fe,SiO4) dissolution at pH 2-7, the rate con-
stant at standard temperature is:

Rp, = 1.1(107%%) + 3.22(1071) (3)

For fayalite dissolution at higher pH (8-12), the rate con-
stant at standard temperature is:

Re, = 1.1(107°a0%%) +3.22(107) + 1.2(10 a2)  (4)

For intermediate compositions along the fayalite—forsterite
solid solution, the rate constant of dissolution at standard
temperature can be obtained by summing the products of
the mole fraction and the rate of dissolution of each
endmember:

Roi = XraRpa + XpoREo (5)

where Xg, is the mole fraction fayalite, R, is the fayalite
rate constant (molcm 2s™'), Xg, is the mole fraction
forsterite, and Rp, 1s the forsterite rate constant
(molcm ?s™1).

For non-standard temperatures, we can calculate the
rate constant of dissolution by rearranging the Arrhenius
relationship:

logR, = log Ry + E,(T;' — T5')(2.303R)™" (6)

where is the R gas constant (1.987216 cal/K/mol), T} is the
standard temperature (273.15 K), 7, is the non-standard
temperature (K), E, is the activation energy (cal/mol),
and R; is the rate constant of olivine dissolution at stan-
dard temperature (from Egs. (1)«(5)), molem s~ !, and
R5 is the rate constant of olivine dissolution at non-stan-
dard temperature (mol cm 2s™').

Wogelius and Walther (1992) calculated an activation
energy (E,) of ~19,000 cal/mol. In order to calculate
dissolution rates for Martian olivine from Egs. (1)-(6),
we need to determine reasonable values for pH, tempera-
ture, and olivine composition on Mars.

Determining a valid pH range for Mars is important be-
cause pH has a strong effect on olivine dissolution rates.
Olivine of any composition dissolves more readily under
very acidic conditions and more slowly at near-neutral
pH (Wogelius and Walther, 1992). In low Pco, atmosphere,
olivine of any composition also dissolves more readily at
basic pH than near pH 7 (Wogelius and Walther, 1991).
Aqueous solutions are generally considered to be acidic
on Mars (e.g., Burns, 1993), and jarosite, an iron-sulfate
stable between approximately pH 2-4 (Langmuir, 1997),
is predicted as a potential alteration product on the surface
of Mars (e.g., Burns, 1993; Newsom et al., 1999). Jarosite
detected by the Mossbauer spectrometer onboard the
2004 Mars Exploration Rover “Opportunity” (Klingelho-
fer et al., 2004) is good evidence for the presence of some
very low pH aqueous solutions. Here we consider a wider
range of pH; however, we generally assume that a pH of
2-4 is most representative of Martian aqueous solutions.

Thus far, we have only discussed dissolution rates and
residence times calculated from deoxygenated (low Pco,)
experiments. However, Wogelius and Walther (1991) ob-
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served dissolved CO, reacting with surface Mg in forsteritic
olivine studies. They witnessed a slowing of the overall dis-
solution rate during this process for pH > 7. Egs. (1)-(3),
presented above, apply only to low Pco, < 3.2 x 107> bar
(vs. terrestrial Pco, ~ 3.5 X 1074 bar). At terrestrial Pco,
and pH >7, forsterite dissolution rates appear to be inde-
pendent of pH and remain approximately equal to the dis-
solution rate at pH 7 (Wogelius and Walther, 1991).
Experimental data are not available for olivine dissolution
at Martian Pco,, and we do not attempt to adjust the rate
equations for the even higher Pco, on Mars
(~5 x 1072 bar). However, we might assume that the disso-
lution trends are better represented by the terrestrial Pco,
experiments of Wogelius and Walther (1991) than their
deoxygenated, low Pco, experiments (1991, 1992). None-
theless, since Martian aqueous environments are expected
to be acidic, the effects of Pco, in basic solutions are of less
importance to our calculations.

Surface temperatures during the Viking missions were
observed between 17 °C and —143 °C (Kieffer et al., 1977),
and a standard temperature of 25 °C is not unreasonable
as a maximum surface temperature near the equator. There-
fore, low-temperature aqueous processes can be estimated as
occurring between 0 and 25 °C. Brine solutions can remain
liquid at even lower temperatures due to the addition of salts
(or other dissolved species), which lower the freezing point of
solution. The stability of liquid brine at low temperatures
depends on its composition. Antarctic brines can form
springs at temperatures below 0 °C (Andersen et al., 2002),
and Antarctic CaCl, brines proposed by Burt and Knauth
(2003) as an analog for Mars can remain liquid below
—50 °C. Brines can also affect species activity coefficients,
thereby influencing dissolution behavior. On the other hand,
the addition of impact- or magmatically generated heat to
subsurface water or ice could raise the temperature of the
liquid until it vaporizes. Here, we consider a wide range of
possible temperatures to model a variety of temperature
regimes and geologic processes.

There are three sources of data on Martian olivine com-
position currently available: (1) compositions derived from
orbital spectral features, (2) compositions of olivine in
Martian meteorites, and (3) compositions derived from
MER instruments. Hoefen et al. (2003) compared the ther-
mal IR spectral features of terrestrial olivine to the olivine
component in TES spectra in order to infer an olivine com-
position of ~Fogy—Fo07o for most of the olivine near the Nili
Fossae region, while some olivine (concentrated in the
northeast portion of the deposit) appears to have higher
iron compositions (<Fogp). The southwest portion of this
region is more magnesian. More recently, Koeppen and
Hamilton (2006) matched spectral features of several ter-
restrial olivine compositions (including Fog;, Fogy_gs,
and Fosg) to TES features across the surface of Mars. Pre-
liminary results indicate that more magnesian olivine
(Fog) is found in the oldest terrains while younger oliv-
ine-bearing materials are more iron-rich. The Martian
meteorite Chassigny has olivine with a composition

~Fogs (Banin et al., 1992); NWA 2737 has olivine
~Fo79, and shergottite meteorites known to date have a
wide range of olivine compositions (Fo,s—Fog;), with most
being ~Fog,—Fo75 (Goodrich, 2002 , and references there-
in). Olivine-bearing basaltic rocks in Gusev Crater are
measured as ~Fosp—¢9 by the Mossbauer spectrometer
(Morris et al., 2004). At Meridiani Planum the olivine soil
component is estimated as Fogo (Klingelhofer et al., 2004).
The olivine is ~Foy5 in the subsurface soil and dark rocks
as determined from TES spectra (Christensen et al., 2004b).
Here, we use Fogs to represent an average Martian olivine
composition. Eq. (5) is used to calculate the dissolution
rate for this composition.

4.2. Residence times, particle size, and surface area

From the rates of dissolution, we calculate the minimum
time needed to dissolve one spherical particle of olivine (of
varying particle sizes) not in contact with any others. We
make a few additional simplifying assumptions: (1) the
composition of the aqueous solution does not change with
time, (2) surface coatings do not form (no precipitation of
secondary minerals on olivine surfaces), (3) pH and tem-
perature do not change with time, (4) the solution is dilute
and far from equilibrium, and (5) water can react with all
geometric surface area. In general, these assumptions tend
to enhance dissolution (with the exception that decreasing
temperatures or increasing pH over time would slow disso-
lution). “Real” dissolution conditions are likely to differ
from these assumptions, and this is in part why we consider
our residence times to be minima. The effects of these and
other factors that influence dissolution rates and times will
be discussed in later sections.

Dissolution rate constants are converted to residence
times (seconds) by:

t= MOI(ROI * SA % th01)71 (7)

where Mo, is the mass of one particle of olivine (or mass of
olivine dissolved) calculated from the density and the vol-
ume of the particle, grams (g), Roy is the rate constant of
olivine dissolution (mol cm > s~ '), SA4 is the geometric sur-
face area of the particle (cmz), and wt,,.; is the molecular
weight of olivine (g/mol).

To account for the change in particle size as dissolution
progresses, we integrate over time. After integration, Eq.
(7) simplifies to:

t=pxr*(Rol* Wtmol) (8)

where p is the density of olivine particle (g/cm?) and r is the
radius of the olivine particle (cm).

Thus, the residence time of a spherical olivine particle is
dependent on composition, radius, and the calculated rate
of dissolution (from Egs. (1)—(6)).

Determination of an average particle size for olivine on
Mars is necessary in order to use Eq. (8). Hamilton and
Christensen (2004, 2005) reported that a few of the stron-
gest olivine thermal IR features in the Nili Fossae lie in
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areas not dominated by bedrock and that these deposits
have a thermal inertia of ~310J/m*/K/s"?. Using the
methods of Presley and Christensen (1997) to estimate par-
ticle size from thermal inertia and thermal conductivity, the
particle size of olivine-rich materials is estimated as ~1 to
2 mm in diameter (Hamilton and Christensen, 2005). While
these particles may not consist of pure olivine, they do pro-
vide a reasonable upper limit on Martian olivine particle
sizes.

The MI (Microscopic Imager) onboard the Spirit Rover
provided grain sizes of soils from Gusev Crater. The fine
soil sediments, which are typically basaltic in composition
and thus partially composed of olivine or olivine-bearing
particles, consist of both coarse, rounded particles 1-
2 mm in diameter and finer particles <0.5 mm in diameter
(Grant et al., 2004). However, even finer particles are pres-
ent below the resolution of the MI (<100 pm) (Herkenhoff
et al., 2004a). Some “‘megacrysts” are seen in MI frames of
a rock nicknamed ‘“Mazatzal” after exposure of the rock
interior by the Rock Abrasion Tool (RAT) (McSween
et al., 2004). These megacrysts are hypothesized to be oliv-
ine, and from McSween et al.’s Figure 3, particle sizes can
be roughly approximated as ~0.75 mm, which is consistent
with olivine grain sizes in shergottite meteorites. Goodrich
(2002) estimates that olivine grains in two olivine-bearing
shergottites are typically ~1 mm (for EETA 79001) and
~0.25 mm (for SaU 005) in length. At Meridiani Planum,
both sand-size particles and lithic fragments (1-3 mm in
size) are basaltic components of the soil (Soderblom
et al., 2004). Here, we consider a wide range of olivine par-
ticle sizes from 2 cm to 2 um in diameter; however, we gen-
erally provide calculations for 2 mm and 0.2 mm diameter
particle sizes in the figures and tables presented below.

There are two generally accepted ways of calculating
surface area from particle diameter: geometrically and by
the Brunauer, Emmett, and Teller (BET) method. The
BET method uses gas absorption to measure a complex
surface area including etch pits and defects, etc. (e.g.,
Brantley, 2003). BET surface areas better account for nat-
ural features in olivine particles than geometric surface
areas do. However, much of the BET surface area may
not actually be involved in the reaction (especially near
saturation where transport is limited), and the geometric
surface area may better represent the reactive surface
(White and Brantley, 2003). White and Brantley hypothe-
size that short-term experiments may be dominated by
crystal defects, both naturally and mechanically created,
and that these would be best quantified by BET surface
areas. In longer duration reactions, deeper layers are ex-
posed, which theoretically should contain fewer defects,
and surface areas would be better represented geometrical-
ly. However, during the course of White and Brantley’s six-
year dissolution experiments, BET surface areas were ob-
served to increase with time, translating to a decrease in
dissolution rate over time (because dissolution rates are
normalized to surface area). This potential change in rate
with time, as well as ways to reconcile field (long-term)

and laboratory (short-term) dissolution rates, is further dis-
cussed in Section 6 below. Unfortunately, study of the dif-
ferences between reactive, geometric, and BET surface
areas is difficult, and the duration of dissolution may affect
the surface features of mineral particles. In Eq. (7) (above),
surface area is assumed to be geometric and particles are
defined as spheres because we do not currently have mea-
surements of the BET surface area or the surface roughness
of Martian olivine to estimate the BET surface area or how
it changes over time.

5. Results: effects of pH, composition, temperature, and
particle size

Our results suggest that even large particles (2 mm diam-
eter) of olivine can weather quickly, especially at high tem-
peratures and low pH. Calculated rates and residence times
for various hypothetical Martian conditions are shown in
Table 1.

Residence times are strongly affected by pH, which is an
important control on dissolution rates. Fig. 1 shows the
variation in minimum residence time with changing pH
at a constant temperature. The difference between the cal-
culated minimum residence times for relatively large olivine
particles (radius = 0.1 cm) at pH of 2 and 7 is approximate-
ly a factor of 100 (with some variation depending on com-
position, temperature, and particle size discussed below).
Lower pH solutions cause more rapid dissolution and,
thus, result in shorter residence times. Relatively longer
times are needed to dissolve an olivine particle at neutral
pH than at either acidic or basic pH (except for olivine at
terrestrial Pco, and basic pH, as discussed below).

Solution pH on Mars is not well constrained, but a sen-
sitivity analysis (Table 2) indicates that a small uncertainty
in pH (£1 pH unit) will not produce a large uncertainty in
calculated residence times. The largest uncertainties in
calculated residence times result from large under- or
over-estimates of solution pH (42 or more pH units). As
an example, olivine of Fogs composition at 25 °C with a
0.1 cm radius and an uncertainty in pH of £2 pH units
results in residence times that differ by a factor of <107
(at pH 2 the calculated residence time is ~40 years, whereas
at pH 6 the calculated residence time is ~3500 years). This
uncertainty is large compared to the effects of reasonable
uncertainties in olivine composition and reaction tempera-
ture, but small compared to other uncertainties (below).

The effect of composition is also shown in Fig. 1. From
the difference in the three curves for fayalite (Foy), forste-
rite (Foyg9), and Fogs olivine, it is apparent that relatively
longer times are needed to dissolve an olivine particle with
a given composition at neutral pH than at either low or
high pHs (except at high Pco,, discussed below). Fe-rich
olivine particles require less time to completely dissolve
than Mg-rich particles of the same size at the same temper-
ature and pH. Fayalite particles can dissolve approximate-
ly 10 times faster than forsterite particles under the same
conditions.
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Table 1

Selected maximum dissolution rates and minimum dissolution times for
hypothetical Martian conditions (from the deoxygenated rate equations of
Wogelius and Walther, 1992)

Composition pH Radius T Max. rate Min. time
(cm) (°C) (mol cm~? s") (yrs)
Faig0 2 0.1 —50  9.65x 107" 52x10°
5 461x10718 110
100 291x107° 0.02
5 0.1 —50 1.49x107'8 3.4x107
5 7.10x107V 7100
100 4.48x 107! 1.1
Foi00 2 0.1 -50 1.59x107" 6.2 x 10°
5 7.58x107 1300
100  4.78x 10710 0.21
5 0.1 —50 5.05x107Y 2.0x%10°
5 241x107P 4.1x%10*
100 1.52x10° ! 6.5
Fogs 2 0.1 —50 441x107" 1.8x 10°
5 2.10x10718 370
100 1.33x107° 0.06
0.01 —50 441x107" 1.8x10°
5 210x1071 37
100 1.33x107° 6.0 x1073
3 0.1 -50 1.01x107" 7.7 % 10°
—25  7.57x107'6 1.0x 10°
5  483x107™ 1600
25  484x1071 160
100 3.04x 10710 0.26
0.01 -50 1.01x107" 7.7%10°
5 483x107™ 160
100 3.04x 10710 0.03
5 0.1 —50 8.49x107" 9.1x 107
-25  636x107" 1.2x10°
5 405x1071 1.9 x 10*
25 4.06x107' 1900
100 2.56x 107" 3.0
0.01 —50 849x107°" 9.1x10°
5 405x1071 1900
100 2.56x 107! 0.30
7 0.1 —50 3.86x107" 2.0x10°
5 1.84x1071 4.2 % 10*
100 1.16x107" 6.7
0.01 -50 3.86x107" 2.0x 107
5 1.84x107" 4200
100 1.16x107! 0.67

As composition has a smaller effect on residence times
than pH, it follows that the calculations are less sensitive
to uncertainties in olivine composition. Table 3 presents
our sensitivity analysis for compositions between Fo,q
and Fogg. There is less than a factor of two difference in
residence times between particles of Fo,g and Fogy with
0.1 cm radii at pH 4 and 25 °C.

An increase in temperature decreases the amount of time
necessary to completely dissolve an olivine particle (Fig. 2).
For example, the residence time of a Fogs particle at 5 °C is
~6000 times longer than for the same particle at 100 °C. At
high temperatures, such as those found in hydrothermal
systems, an olivine particle can dissolve in a few years. Rel-
atively large particles (of intermediate composition, Fogs)
with a 0.1 cm radius can dissolve in fewer than 50,000 years
at low temperatures (5 °C) and neutral pH, where rates are
slowest. From Fig. 2, temperature is expected to have a
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' —=—F0100
’ —2—F065
. - -Fo0

time to complete dissolution (yrs)

Fig. 1. Minimum time for complete dissolution of a single olivine particle
at 25°C. Residence time depends on pH, composition, Pco, (low
CO, < 3.2x 107 bars shown here), and particle size (only 0.1 cm radius
particles are shown here).

large effect on dissolution rates and residence times. How-
ever, the sensitivity analysis for the effects of temperature
variation given in Table 4 illustrates the relatively minor ef-
fect of temperature uncertainties on the overall predicted
residence times. For a Fogs olivine particle (radius
0.1 cm) at pH 4, there is a factor of ~10 difference in
calculated minimum residence times between the same par-
ticle at 15 °C and 35 °C.

In general, olivine of Martian composition as modeled
here is predicted to dissolve fairly rapidly at all tempera-
tures above the freezing point of pure H,O and should
not last over geologic times if exposed to the liquid phase.
The exception to this rapid dissolution may occur in ultra-
low temperature brines. At such low temperatures, dissolu-
tion rates are very slow, and olivine particles can persist for
several million years at neutral to slightly acidic pH.

Residence times for olivine particles at ultra-low temper-
atures (—50° and —25°C) were extrapolated using the
experimentally determined activation energy of Wogelius
and Walther (1992). It is not clear that such an extrapola-
tion is valid, but to our knowledge, no activation energy
data are available for brine solutions at ultra-low tempera-
tures. Experimentally determined activation energies for
olivine vary in the literature (e.g., Grandstaff, 1986; Woge-
lius and Walther, 1992; Rosso and Rimstidt, 2000). Here
we have used Wogelius and Walther’s value of
19,000 cal/mol.  Grandstaff published a value of
~9100 cal/mol, and Rosso and Rimstidt calculated a value
of ~10,180 cal/mol. The reason for the variation between
experiments is uncertain. Casey et al. (1993) suggested that
solution pH during dissolution might affect activation ener-
gy. The activation energy used in our calculations affects
dissolution rates at non-standard temperatures. Fig. 3
shows the variability in calculated dissolution rates and res-
idence times for Martian olivine (Fogs) as activation energy
is altered. At the highest and lowest temperatures, resi-
dence times (and dissolution rates) have the largest depen-
dence on the value of activation energy, thus extrapolation
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Table 2
Sensitivity analysis’ of pH for an olivine particle of Fogs at 25 °C with radius = 0.1 cm
Estimated pH* “Actual” pr Calculated residence time® (yrs) A Residence time? (yrs) Coefficient® (y)
4 (Calculated residence time 632 yrs) 2 37 —595 17.08
3 160 —472 3.95
5 1906 1274 0.33
6 3528 2896 0.18
7 4195 4563 0.15

% The assumed or estimated pH. An estimated pH of 4 has a calculated residence time of 632 years under the given conditions.

® The hypothetical “actual” pH (e.g., the pH at a specific locale).

¢ The residence times (years) calculated at each “actual” pH. When the “actual” pH differs from the estimated pH, the calculated residence time will be
accordingly longer or shorter than the residence time at the estimated pH (632 years at pH 4 under the given conditions).

4" A residence time (years) is the difference between the calculated residence time at pH 4 (632 years) and the calculated residence time at the “actual” pH.

¢ The coefficient (y) is the calculated residence time at pH 4 divided by the calculated residence time at the “actual”” pH. For example, the difference (y) in
calculated residence times for the same particle at pH 4 and pH 2 under the given conditions is a factor of ~17.

' This table compares the calculated residence time for an assumed or estimated pH with the residence times calculated for a range of hypothetical

“actual” pH values in order to show how uncertainty in pH affects the calculated residence times.

Table 3

Sensitivity analysis’ of composition for an olivine particle at 25 °C and pH 4 with radius = 0.1 cm

Estimated Fo#* “Actual” Fo#t®

Calculated residence time® (yrs)

A Residence time? (yrs) Coefficient® (y)

65 (Calculated residence time 632 yrs) 80 864
75 775
70 698
60 574
55 524
50 480
40 464
30 453
20 447

232 0.73
143 0.82
66 0.91
—58 1.10
—108 1.21
—152 1.32
—168 1.36
—179 1.39
—185 1.42

* The assumed or estimated Fo#. An estimated olivine composition of Fogs has a calculated residence time of 632 years under the given conditions.

® The hypothetical “actual” Fo# (e.g., the olivine composition at a specific locale).

¢ The residence times (years) calculated at each “actual” Fo#. When the “actual” Fo# differs from the estimated olivine composition, the calculated
residence time will be accordingly longer or shorter than the residence time at the estimated Fo# (632 years for Fogs under the given conditions).

9 A residence time (years) is the difference between the calculated residence time for Fogs (632 years) and the calculated residence time for the “actual”

Fo#.

¢ The coefficient (y) is the calculated residence time at Fogs divided by the calculated residence time at the “actual” Fo#. For example, the difference (y)
in calculated residence times for a Fogq particle and a Fogs particle under the given conditions is a factor of ~1.4.

! This table compares the calculated residence times for an assumed or estimated Fo# with the residence times calculated for a range of hypothetical
“actual” Fo#s in order to show how uncertainty in olivine composition affects the calculated residence times.

to sub-zero temperatures from activation energies based on
standard temperature carries the largest amount of uncer-
tainty and potential error. At —50 °C, more than 2 orders
of magnitude change in residence time can be due to the
uncertainty in value of activation energy alone.

Particle size is the factor that ultimately determines how
long an olivine grain can survive in an aqueous environ-
ment. As expected, smaller particles dissolve in less time
than larger particles because they have a higher surface
to volume ratio, or “effective” surface area. Fig. 4 shows
that for every factor of 10 increase in particle radius, the
residence time also increases by a factor of 10 (as expected
from Eq. (8)). However, one factor not quantitatively ex-
plored here is the effect of ““reactive” surface area. It is pos-
sible that in many cases the surface area involved in
dissolution is less than geometric (and BET) surface area.
Velbel (1993) estimated that as little as 10% or less of the
available surface area may actually be involved in dissolu-
tion reactions at any given time due to low porosity, low

permeability, or a low water/rock ratio. For example, if
dissolution only occurs at specific sites on the mineral sur-
face, in channels or pore spaces, or if precipitates block
reactive sites (potentially decreasing porosity), then not
all geometric surface area may be available for reaction.
This is one reason why the residence times we calculate
are only minima. Even so, calculated olivine residence
times only increase by a factor of 10 when reactive surface
area is reduced to 10% of its original value (Fig. 5). Further
discussion of natural vs. ideal conditions is provided in Sec-
tion 6.3 below.

5.1. Total uncertainty

While there are numerous uncertainties about the pro-
cess of olivine dissolution on Mars, conditions are not
completely unconstrained. As discussed above, we can
approximate olivine composition fairly well based on re-
mote sensing data and meteorite studies. Furthermore,
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Fig. 2. Minimum time for complete dissolution of a single Fogs particle at
—50°C, =25°C, 5 °C, 25 °C, and 100 °C. Residence time depends on pH,
Pco, (low Pco, <3.2 % 10~ bars shown here), and particle size (only
0.1 cm radius particles are shown here).

there are several lines of evidence for acidic pH solutions
on Mars (also discussed above). The exact pH is likely to
be site-specific and will vary depending on local environ-
mental factors. Temperature is more difficult to estimate,
especially since it usually varies over time (daily, yearly,
and longer periods of time). Knowing grain size is also
important, and in site-specific determination of residence
times, especially if microscopic images are available as they
are for the Guseyv site, the determination of accurate modal
particle size should not be difficult. Regional and local par-
ticle sizes can also be determined remotely from thermal
inertia values. The shergottite and nakhlite meteorites are
samples of surface and near-surface lava flows, and their
ages indicate that they represent only younger terrain.

Table 4

1E+8

K —*%—19,000 (cal/mol)
1E+7 —=—10,180
1E+6 ¢ -9,100

1E+5 ¢
1E+4

1000

residence time (yrs)
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Fig. 3. Effect of activation energy on residence time calculations as a
function of temperature. Activation energy values: 19,000 cal/mol
(Wogelius and Walther, 1992), 10,180 cal/mol (Rosso and Rimstidt,
2000), and 9100 cal/mol (Grandstaff, 1986). At the highest and lowest
temperatures, residence times (and dissolution rates) experience the largest
dependence on activation energy.

While the Martian meteorites do not represent the bulk
of the Martian surface (e.g., Hamilton et al., 2003), the
shergottites and nakhlites must have once been part of
the surface but were more recently eroded or covered by
dust and other deposits. Modal particle sizes are available
for Martian meteorites, and while not linked to a specific
locale on Mars, meteorites theoretically represent a ran-
dom sampling of part of the Martian surface.

6. Discussion

Comparison of the estimated minimum residence times
of olivine particles to the hypothetical durations of various
Martian aqueous processes provides a method of evaluat-
ing the likelihood of olivine survival in each situation. It
is important to keep in mind that times calculated by our

Sensitivity analysis’ of temperature effects for an olivine particle (Fogs) at pH 4 with radius = 0.1 cm

Estimated 7¢ “Actual” T° Calculated residence time® (yrs) A Residence time? (yrs) Coefficient® (y,)
25 °C (Calculated residence time 632 yrs) 5 6336 5704 0.10

15 1922 1290 0.33

20 1091 459 0.58

30 372 -305 1.70

35 223 —409 2.83

50 53 -579 11.92

% The assumed or estimated temperature. An estimated temperature of 25 °C has a calculated residence time of 632 years under the given conditions.

® The hypothetical “actual” temperature (e.g., at a specific locale).

¢ The residence times (years) calculated at each “actual” temperature. When the “actual” temperature differs from the estimated temperature, the
calculated residence time will be accordingly longer or shorter than the residence time at the estimated temperature of 25 °C (632 years at 25 °C under the
given conditions).

4 A residence time (years) is the difference between the calculated residence time at 25 °C (632 years) and the calculated residence time at the “actual”
temperature.

¢ The coefficient (p) is the calculated residence time at 25 °C divided by the calculated residence time at the “actual” temperature. For example, the
difference (y) in calculated residence times for the same particle at 5 °C and 25 °C under the given conditions is a factor of ~10.

" This table compares the calculated residence time for an assumed or estimated temperature with the residence times calculated for a range of
hypothetical “actual” temperatures in order to show how uncertainty in temperature affects calculated residence times.
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Fig. 4. Minimum time for complete dissolution of a single Fogs particle at
25 °C. Time required depends on the particle radius (given in legend), Pco,
(also given in legend, terrestrial (Terr.) Pco, = 3.5 x 107 bar, and low
Pco, <32 x 107°"7), and pH.
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Fig. 5. Olivine residence times calculated for various reactive surface areas
(100, 50, 10, and 1% of total surface area). Residence times are calculated
for Fogs olivine (radius = 0.1 cm) at pH 3 and 25 °C.

method will be minima, and actual times may be consider-
ably longer (due to factors discussed above). Many aque-
ous processes are suggested to have occurred or be
occurring on Mars, and the temporal duration of each is
estimated in the literature (Table 5). Commonly cited
low-temperature aqueous processes include outflow chan-
nel floods, valley network flows, gully formation, lakes,
and oceans (e.g., Baker et al., 1991, 1992; McKay and Da-
vis, 1991; Parker et al., 1993; Carr, 1996; Head et al., 1999;
Malin and Edgett, 2000; Gulick, 2001; Kreslavsky and
Head, 2002; Segura et al., 2002; Christensen, 2003).
High-temperature hydrothermal systems can form due to
impact heating or magmatic interactions (e.g., Gulick,
1998; Daubar and Kring, 2001; Abramov and Kring,
2005).

Fig. 6 compares calculated minimum residence times of
Fogs particles with radii 0.1 and 0.01 cm at 5 °C and pH 5
to the estimated duration of several low-temperature aque-
ous processes. Olivine is more likely to survive processes
that fall near or below the plotted minimum residence

times. Fogs olivine particles at pH 5 (0.1 cm radii) can sur-
vive for ~20,000 years, and they may be able to survive
short duration or intermittent, low-temperature aqueous
processes such as melting ice or snow. However, long-last-
ing lakes and oceans can completely dissolve olivine parti-
cles of these (or smaller) sizes, except perhaps in the case of
ultra-low temperature brines. Limited alteration of olivine
is consistent with basalt dissolution experiments conducted
by Baker et al. (2000) who concluded that the secondary
mineral assemblages observed in most Martian meteorites
are not consistent with long-term aqueous processes.

The dark solid line in Fig. 6 represents olivine dissolu-
tion under the least favorable conditions (not accounting
for field vs. lab differences, which are discussed in Section
6.3 below). In Fig. 6, unfavorable dissolution conditions
for a Fogs particle are large size (0.1 cm radius), ultra-low
temperature brine solution (—50 °C), and neutral pH. In
this case, olivine particles might last over 200 Myr in a
briny lake or ocean environment. For contrast, the
speckled grey line in Fig. 6 represents olivine dissolution
under more favorable conditions: small radius (0.01 cm),
pH 2, and 25°C. In this case, dissolution is much faster
and olivine particles may survive only a few years in aque-
ous environments. At high (100 °C) temperatures, olivine
particles can completely dissolve in a few years (Fig. 7).
Thus, olivine is not likely to survive prolonged high-tem-
perature hydrothermal activity, which may last 10,000
years or more (Gulick, 1998; Daubar and Kring, 2001).

Actual residence times may be somewhat longer than
those calculated here due to surface coatings, saturated
aqueous fluids, or changes in dissolution environment.
Furthermore, quantification of the difference between
experimental dissolution rates and those occurring in the
field is difficult, and reactions in natural settings may pro-
ceed much more slowly than laboratory experiments sug-
gest (e.g., Casey et al., 1993; White and Brantley, 2003).
These potential factors are discussed below.

It is also important to remember that the residence times
calculated here are for individual (or disconnected) spheri-
cal particles with ample fluid flow around all geometric sur-
face area. These residence times do not represent olivine
dissolution from basaltic rock. In the case of olivine dis-
solving from a rock matrix, rates will depend on porosity
and permeability of the rock—both of which affect the
accessibility of minerals to water. Cracks can greatly in-
crease the permeability of bedrock. On Mars, much of
the surface has probably experienced extensive impact
events, forming a thick and fractured megaregolith (Hart-
mann et al., 2001). In unfractured rock, permeability is
dominated by pore space and interconnectivity of voids
(e.g., volcanic vesicles). If pore spaces and cracks can re-
main relatively free of precipitates and are large enough
to allow ample fluid flow such that solutions do not become
saturated, then these voids become transport channels for
the products of dissolution. The rate at which the olivine
in a rock matrix will dissolve depends on how much of
the mineral surface area is in contact with unsaturated
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Table 5
Possible timescales of aqueous processes on Mars

Aqueous process

Duration

Low T:

Outflow channels formed by periodic flooding through catastrophic release of water

Valley networks formed by release of groundwater during impact
Gullies formed by melting snow
Lakes and lacustrine deposition
Oceans and marine deposition
High T:
Hydrothermal activity from impact
Hydrothermal activity from magmatic interactions

Short-lived, <1 yr* over a period of several months®
Few 100 years® over a period of several 100,000 years®
~5,000 years®

Up to several 100 million years’
10,000-billions of years™&"

10,000-10 million yearsi’j
Few 100,000 years or more®

& Carr (1996).

° Baker et al. (1991).

¢ Segura et al. (2002).

4 Gulick (2001).

¢ Christensen (2003).

' Kreslavsky and Head (2002).
& McKay and Davis (1991).

b Parker et al. (1993).

! Daubar and Kring (2001).

3 Abramov and Kring (2005).
X Gulick (1998).
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Fig. 6. Estimated duration of low temperature aqueous processes on Mars
(for references see Table 1 caption) compared to calculated minimum
residence times of a Fogs particle at 5 °C and pH 5. An olivine particle
with radius 0.01 cm will endure for ~2,000 years under these conditions
(lower dashed line), and a particle with radius 0.1 cm will endure for
~20,000 years (upper dashed line). Olivine might survive processes that
fall near or below the dashed lines (minimum residence times for Fogs at
5 °C at different particle sizes). However, long-lasting lakes and oceans can
completely weather olivine particles except perhaps in the case of ultra-low
temperature brines. The grey line “Slow Fogs at ~200 Myr represents
olivine dissolution under the least favorable conditions (not accounting for
field vs. lab differences), which is a brine at —50 °C, radius = 0.1 cm, and
pH 7. The grey line “Fast Fogs™ at ~4 years represents olivine dissolution
under the most favorable conditions: radius = 0.01 cm, pH 2, and 25 °C.

solutions. The effects of reduced reactive surface area may
increase residence times by approximately a factor of 10
(discussed above), and increased saturation in transport-
limited regimes such as small cracks or pore spaces in rock
matrix (discussed below in Section 6.2) may only increase
residence times by a factor of 3.3. Therefore, even olivine
in bedrock can dissolve under the right conditions, and it
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Fig. 7. Estimated duration of high temperature aqueous processes on
Mars (for references see Table 1 caption) compared to calculated
minimum residence times of a Fogs olivine particle at 100 °C and pH 5.
An olivine particle with radius 0.01 cm will endure for ~0.3 years under
these conditions (lower dashed line), and a particle with radius 0.1 cm will
endure for ~3 years (upper dashed line). The grey line “Slow Fogs™” at
~368 years represents olivine dissolution under the least favorable (high
temperature) conditions (not accounting for field vs. lab differences),
which are 100 °C, radius =0.1 cm, and pH 7. Due to the very quick
dissolution rates of olivine at high temperatures, particles are unlikely to
survive hydrothermal processes.

may take only a factor of 33 times longer than the dissolu-
tion of isolated olivine particles (such as sand). The depth
and extent of subsurface dissolution will depend on how
deeply water can penetrate and how well ions can be trans-
ported out of the rock. More connectivity and larger voids
allow better access to minerals at depth and help prevent
solution saturation. At the surface-rock interface, if
mechanical weathering can loosen olivine grains from the
rock matrix, then water will more readily react with the en-
tire surface area, leaving olivine more susceptible to disso-
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lution. Fine particulate material created by mechanical ero-
sion can be either altered in situ or transported and depos-
ited elsewhere (where it may experience different
environmental conditions). In situ dissolution of fine, erod-
ed olivine particles will proceed more rapidly than for oliv-
ine grains within the host rock.

6.1. Effect of oxidation, Po,, and surface coatings

We have largely ignored the formation of secondary
phases on mineral surfaces (or on the surface of the host-
rock). It is possible that the formation of coatings on rock
and mineral surfaces can prevent dissolution by prohibiting
the access of water to olivine grains, and these coatings
may persist until geochemical instability or mechanical ero-
sion can remove (or bypass) them. Oxidation due to the
presence of atmospheric O, can lead to the formation of
such surface coatings on fayalitic olivine particles, thus
reducing the rate of olivine dissolution over time. However,
Wogelius and Walther (1992) estimate that terrestrial rates
of olivine oxidation are ~2 orders of magnitude slower
than dissolution rates; therefore, under favorable condi-
tions olivine dissolution should outpace oxidation and
the formation of surface coatings. In studies of forsterite
dissolution, Tosca et al. (2004) did not observe the forma-
tion of any surface coatings. Thus, the extent of surface
coatings on olivine may be a function of Fe*" availability
as well as Pg,. Oxidation has also been observed to vary
with pH. For example, Santelli et al. (2001) observed faster
oxidation at pH 3 than at pH 2.

While Py, on Mars is relatively low (especially com-
pared to that on the earth), the surface is notorious for
its red, oxidized color. Nonetheless, based solely on the
Po, of Mars, we would infer that oxidation should not have
as large of an effect on surface/subsurface dissolution reac-
tions as it does on Earth. Burns (1993), who considered
Po,, temperature, pH, and ionic strength of solution, calcu-
lated that oxidation rates should be several orders of mag-
nitude lower on Mars than on Earth, which implies that
dissolution on Mars should proceed virtually unhindered
by oxidized surface coatings.

6.2. Effect of cations in solution and saturation

As a mineral dissolves, it will increase the local concen-
tration of aqueous species, especially in transport-limited
regimes. In our model, we did not consider the effects of
changing solution chemistry over time. However, an in-
crease in the concentration of aqueous species can decrease
the dissolution of some minerals (Sak et al., 2004). In gen-
eral, dissolution of olivine appears to be independent of
dissolved species such as Mg2+, Fe?t, AI*", and silica
(Chen and Brantley, 2000; Oelkers, 2001a; Santelli et al.,
2001). However, Pokrovsky and Schott (2000b) observed
changes in the dissolution rate of olivine as a function of
aqueous silica concentration at high pH. Conversely, stud-
ies thus far have not shown a correlation between olivine

dissolution and concentration of dissolved species in acidic
solutions (Chen and Brantley, 2000; Oelkers, 2001a; Santel-
li et al., 2001), which is the pH-regime most relevant to
Mars.

The saturation state of aqueous solutions can also affect
dissolution, and natural solutions are typically closer to
equilibrium than laboratory solutions (Brantley, 2003). It
is generally agreed that the abundance of etch pits decreas-
es as solutions near equilibrium (e.g., Sak et al., 2004). Etch
pits are one potential site where dissolution may begin, and
their evolution also depends on saturation state. Lasaga
and Luttge (2001) observed the formation of globally-ad-
vancing ‘“‘stepwaves” that emanate from etch pits at far-
from-equilibrium conditions. When the solution is more
saturated (and closer to equilibrium) dissolution is slower
because these stepwaves do not form. Dissolution rates de-
crease non-linearly as solutions become less dilute and
move toward saturation, and even if rates are reduced by
70%, calculated residence times for olivine are increased
only by a factor of ~3.3. If dissolution rates are reduced
by 90%, calculated residence times are only increased by
a factor of 10 (Table 6).

6.3. Experimental vs. field rates

It is difficult to account for all natural variables in a lab-
oratory setting; therefore, differences between experimental
and field dissolution rates should be expected. However,
White and Brantley (2003) report that the differences may
be between two and four orders of magnitude. One impor-
tant difference between laboratory and field rates is the
length of time over which the material has experienced
alteration. In the lab, experiments are usually conducted
on short time scales (hours to years), whereas in the field,
rocks and minerals have been exposed to the elements
much longer (years to millions of years). Furthermore, nat-
ural environments are likely to change with time, and aque-
ous solutions may be present only intermittently. Cycles of
wet and dry periods are generally thought to decrease sur-
face reactions due to several factors: formation of second-
ary phases, condensation of species onto mineral surfaces,
or saturation of solution (Blum and Stillings, 1995; White
and Brantley, 2003).

White and Brantley (2003) observed a decrease in dissolu-
tion rates of various silicate minerals (olivine was not studied) over
a period of several years in a laboratory environment. They
suggest that dissolution rate constants (mol cm 2 s~ ') may
decrease as a power function of time (seconds):

Rsilicate = 3.1 x 10_17(170'61) (9)

Part of this difference may be due to a decrease in surface de-
fects on grains with time or normalization to BET-calculated
surface area. Lasaga and Luttge (2001) proposed that slower
dissolution in more saturated solutions may explain part of
the difference between lab and field rates, because in natural
environments, solutions tend toward equilibrium conditions
and, therefore, dissolution rates are likely to be slower. Fig. 8
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Table 6

Effect of near-equilibrium conditions on olivine dissolution rates and residence times, calculated for Fogs olivine at 25 °C

pH Dissolution rate (mol cm™2s™!) Rate reduction (%) Reduced Time to complete dissolution (yrs)
rate

3 (radius 0.01 cm) 484x10° 13 0 484x10° 13 16
10 436x 1071 18
20 3.87x10713 20
30 3.39% 10713 23
40 29%10713 27
50 242%x10718 32
60 1.94x 10713 40
70 1.45% 1071 53
80 9.68x 10714 80
90 4.84x1071 160

5 (radius 0.1 cm) 4.06x 1074 0 4.06x 1074 1900
10 3.66x 10714 2100
20 3.25% 1071 2400
30 2.85x 10714 2700
40 2.44%x1074 3200
50 2.03x1074 3800
60 1.63x 10714 4800
70 1.22x 1074 6400
80 8.13x 10715 9500
90 406x 1071 19,000

illustrates the difference in residence time between an olivine
particle in our model, and a generalized silicate particle fol-
lowing the average silicate time-dependent rate expression
(from White and Brantley, 2003). Much of this difference is
due to the overall slower dissolution of other silicates com-
pared to olivine. In a simpler approach, we apply a 10>-10*
correction factor in the following sections as an estimate of
how much longer our modeled dissolution would take in a
natural environment on Mars. This approach tries to ac-
count for changing pH, solution composition, decreasing
dissolution rates with time, as well as other natural processes
that might slow dissolution rates on Mars, and it also pro-
vides an upper limit on residence times to compliment our
calculated minimum times.
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Fig. 8. Residence time of a mineral following the average silicate time-
dependent expression for dissolution rate (from White and Brantley, 2003)
compared to olivine at pH 3 and 25 °C. Particle size of both minerals is
assumed to be 0.1 cm (radius). Much of the difference in residence times is
due to the overall slower rate of silicates in general compared to olivine.

6.4. Early Mars and maximum residence times

The numerous morphological features resembling flu-
vially carved valleys and channels suggest that liquids must
have once flowed over the surface of Mars. It is possible
that different climatic conditions once existed such as a
“warm, wet” Mars (e.g., Pollack et al., 1987), a time when
long-term temperatures were warmer (above 0 °C). How
would a fairly large, though not unlikely size for Martian
olivine, 0.5 mm (radius) olivine (Fogs) particle fare in such
an environment (7= 5 °C) at pH 7, where dissolution rates
are slowest? Strictly following the rate equations outlined
above, such a particle would last at least 2100 years. As a
rough estimate of the maximum residence time of such a
particle, we multiply our calculated minimum residence
time by 10% and 10*, assuming that this correction factor
will account for all differences between lab and field rates.
After the correction factor is applied, we estimate a maxi-
mum residence time of olivine on a “warm, wet” Mars to
be ~210,000 to 21 Myr. If pH is acidic (pH 3 instead of
neutral as assumed in this example) olivine particles should
dissolve more readily and maximum residence times will be
even shorter (~8000-800,000 years). If we assume brine-
free conditions, then temperatures must be >0 °C in order
for chemical reactions with water to occur. If temperatures
were higher than 5 °C, then olivine will dissolve faster and
maximum residence times will again be shortened. If oliv-
ine was more iron-rich, as seen in various Martian meteor-
ites, maximum residence times would be further reduced.
Taking all of these factors into account, the kinetics of oliv-
ine dissolution suggest that if an early ““warm, wet” period
did occur, olivine present in the basaltic crust at the time
would not survive long-term in the presence of liquid
water: ~21 Myr in the worst-case scenario, which is much



6148 J.D. Stopar et al. 70 (2006) 6136-6152

less than the duration of the putative early “warm, wet”
Mars. However, olivine may survive longer if dissolution
is inhibited, for example, during long intermittent dry
periods.

Although we cannot date the TES olivine-rich areas using
geochemical models, Hoefen et al. (2003) bounded the upper
limit of olivine exposure in the Nili Fossae region to be 3.8-
3.6 Ga based on the crater counts of Hiesinger and Head
(2002). If indeed the olivine-rich surface in the Nili Fossae re-
gion is billions of years old, then our ~21 Myr maximum res-
idence time and minimum residence times on the order of a
few years suggest that the olivine has only had brief or inter-
mittent exposure to aqueous solutions and that the climate in
this region has been either too cold or too dry to allow signif-
icant olivine dissolution over most of its history. Based on
studies of thermal inertia, Hamilton and Christensen
(2005) have suggested that much of the olivine in this region
isin the form of bedrock overlain by varying amounts of finer
particles. In bedrock, olivine exposure to liquids can be pro-
hibited by protective coatings, very low porosity, and/or
very low permeability of the rocks. Also, physical erosion,
if proceeding at a rate greater than aqueous alteration, might
continuously expose fresh olivine-bearing rocks at the sur-
face. However, the finer eroded material should dissolve
quickly if exposed to aqueous solution.

If early olivine is more magnesian (Foy;) as suggested by
Koeppen and Hamilton (2006), then the maximum resi-
dence time of a 0.5 mm (radius) olivine particles at 5 °C
and pH 7 is ~380,000 to 38 Myr. Further investigation is
required to explain the observed correlation between oliv-
ine iron content and surface age. However, if mantle evolu-
tion and igneous processes cannot alone account for this
correlation, then the kinetics of olivine dissolution can offer
several hypotheses to explain the observation. First, Mg-
rich olivine dissolves approximately 10 times slower than
fayalite and may resist dissolution longer under hydrated
conditions. Thus, it may be possible that Fe-rich olivine
grains have been selectively removed by dissolution during
a wet clime that did not persist long enough to remove the
magnesian olivine grains. Alternatively, Fe-rich olivine
rims are more susceptible to dissolution than Mg-rich
cores, which might survive longer in aqueous conditions,
thereby explaining the observed olivine trend as the surviv-
al of Mg-rich cores but the dissolution of Fe-rich rims. A
third possibility is that iron is selectively removed in solu-
tion without much loss of surface area, as seen in the nakh-
lite MIL 03346 (Stopar et al., 2005) where olivine veins are
enriched in Fe while olivine along the veins has lost Fe. In
this scenario, older olivine has undergone more alteration
because it has experienced more hydration events and has
lost more of its iron.

6.5. Recent Mars
Gusev Crater, formed in the Noachian, was selected as a

MER landing site chosen for its potential lacustrine depos-
its (e.g., Grant et al., 2004; Squyres et al., 2004a). However,

younger basalts (3.65 Ga) appear to have invaded the cra-
ter (Greeley et al., 2005) and no unequivocal evidence re-
mains available for the Spirit Rover to indicate the
presence of ancient aqueous sedimentation (Squyres
et al., 2004a). There is, however, definitive evidence for
more recent aqueous alteration of rocks and soils at Gusev
Crater (Haskin et al., 2005) where olivine is found as fine
grains in the soil as well as in surface rocks. The presence
of veins and filled voids in the interior of some basaltic sur-
face rocks suggests some aqueous processes have occurred.
However, the overall unaltered nature of olivine in the fine
soil and in rocks suggests that little dissolution has oc-
curred since deposition of the basaltic rocks. According
to kinetic models, fine particles, such as those in the soil,
with diameters <0.5 mm will dissolve quickly (few thou-
sand years) in dilute aqueous solutions at 5 °C and slightly
acidic pH. The survival of these tiny olivine particles sug-
gests that the availability of liquid water at the Gusev site
has been very limited since the deposition of the basaltic
soil component.

Meridiani Planum was selected as a MER landing site
(Squyres et al., 2004b) because of the unusual coarse-grained
hematite signature observed in orbital thermal IR spectra
(Christensen et al., 2000b, 2001). At Meridiani there is chem-
ical evidence from the Alpha-Proton X-ray Spectrometer
(APXS) for silicate dissolution (presumably olivine) of the
original basaltic surface (Rieder et al., 2004) and deposition
of sulfates and chemically-altered sediments in water during
episodic inundation events (Squyres et al., 2004b). The fluid
from which the evaporites have precipitated is thought to be
composed of ions derived from olivine-bearing basalts
(McLennan et al., 2005). However, since the formation of
the sulfur-rich bedrock, little chemical alteration has oc-
curred. There has been some cementation of sand grains
(Squyres et al., 2004b), but since the deposition of the oliv-
ine-bearing basaltic sands, physical weathering and aeolian
transport of basaltic materials has prevailed (Christensen
et al., 2004b). Chemical data (APXS) indicate that there is
a weathering profile in the soils at both MER landing sites
where olivine, Fe?", and Br concentration increase while S,
Cl, and Fe’* concentration decrease with depth in the soil
(Yenetal., 2005). The presence of olivine at depth in the soils
suggests that little alteration has occurred. Yen et al. (2005)
hypothesize that ephemeral, reoccurring, thin films of liquid
water could condense from the atmosphere and, given en-
ough time, alter the upper soil layers to create the observed
weathering gradient. The finest fraction of olivine particles
~0.1 mm in diameter (Herkenhoff et al., 2004b) would cer-
tainly dissolve extremely fast under favorable conditions.
A Fogs particle 0.1 mm in diameter can completely dissolve
in ~80 years in dilute solutions of pH 3 (calculated at
25°C). Even if dissolution rates are 10* times slower due to
solution saturation, low water/rock ratio, or decreased
reactive surface area, the same particle would completely dis-
solve in 80,000 years, suggesting that the basaltic sands on
the Meridiani surface have had limited exposure to liquid
water.
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7. Summary and conclusions

We have calculated minimum residence times, and our
calculations show that when dissolution progresses at its
fullest capacity olivine particles can completely dissolve
within a few years. The most favorable conditions for oliv-
ine dissolution are fayalite-rich compositions, small parti-
cle sizes (e.g., <1 mm radius), high temperatures (e.g.,
>25°C), and acidic solutions (e.g., pH <3) that are far
from equilibrium. The least favorable conditions for olivine
dissolution are forsterite-rich compositions, large particle
sizes (e.g., >1 cm radius), ultra-low temperatures (e.g.,
<0 °C), and a neutral pH solution that is near equilibrium.

By bounding dissolution rates and residence times, we
can make inferences about the temporal extent of aqueous
alteration on the surface of Mars. Hypothesized aqueous
processes were compared to the calculated duration of
0.1 and 0.01 cm (radius) olivine particles under various
conditions (Figs. 6 and 7). Our results confirm that dissolu-
tion times for olivine are generally rapid and that fayalitic
particles dissolve ~10 times faster than forsteritic ones. At
standard temperature (25 °C), the residence time of a
0.1 cm (radius) particle of Fogs composition ranges from
~37 years at pH 2 to ~4200 years at pH 7. At lower tem-
perature (5 °C), dissolution of the same particle will take
~10 times longer.

‘While we have focused on minimum residence times, an
estimate of maximum residence times can be made by
assuming a factor of 10>-10* difference between minimum
residence times and maximum residence times. Fogs olivine
particles at 5 °C and pH 7 with 0.5 mm radii, have a tenta-
tive maximum residence time of ~21 Myr, and Fog; parti-
cles of the same size and under the same conditions have a
tentative maximum residence time of ~38 Myr. However,
care should be taken when using this maximum estimate
as many of the underlying factors involved in the 10* and
10* modifications are poorly constrained at present.

This work is a first step in constraining olivine dissolu-
tion rates on Mars. In spite of all the complications and
uncertainties involved in extrapolating experimental miner-
al rates to another planet, it is apparent that olivine is gen-
erally not stable in contact with aqueous fluids over
geologic time periods, with the possible exception of briny
solutions at ultra-low temperatures and solutions at or very
near equilibrium. The survival of olivine on the surface of
Mars (especially in older terrains) implies that contact with
aqueous solutions has been limited.
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