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Abstract

Acid weathering of plagioclase–pyroxene mixtures has been investigated with an open system kinetic dissolution model. The modeling reveals
that elevated plagioclase/pyroxene ratios observed in some low-albedo martian regions and atmospheric dust could be partially caused by pref-
erential dissolution of pyroxenes at pHs below ∼3–4. Surface materials with smaller grain sizes, affected by lower pH fluids, and/or exposed to
longer durations of acid weathering would be enriched in plagioclase. If preferential dissolution is responsible for the observed mineral ratios, the
dissolution process likely occurred on a large scale, such as weathering by acid atmospheric precipitates. If dissolution was continuous, modeled
timeframes required to produce a high plagioclase/pyroxene ratio are short on geologic timescales; however, it is likely that acid weathering on
Mars was episodic, possibly occurring over a longer period of time.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The principal rock type on the surface of Mars is basalt,
in which the major minerals are pyroxenes and plagioclase
feldspars. Labradorite and augite (and/or pigeonite) are likely
the most common feldspars and pyroxenes, respectively, in
martian surface materials, based on information from analyses
of martian basaltic meteorites (McSween and Treiman, 1998),
normative calculations for martian rocks (e.g., McSween et al.,
1999), and thermal infrared (TIR) (e.g., Bandfield et al., 2000)
and near-infrared (NIR) (Mustard et al., 2005) spectra of low-
albedo regions (generally sand and/or rock covered surfaces).

TIR and NIR spectral data indicate variations in the plagio-
clase/pyroxene (pl/px) ratio of surface materials. Mars Global
Surveyor Thermal Emission Spectrometer (MGS-TES) TIR
data have been used to group martian low-albedo regions into
two global spectral surface types, Surface Type 1 (ST1) and
Surface Type 2 (ST2), which are abundant in near-equatorial
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regions of the southern highlands and the southern and north-
ern mid- and high-latitude regions, respectively (e.g., Bandfield
et al., 2000; Wyatt et al., 2004). In general, TES data indi-
cate that the volumetric pl/px ratio is higher in ST2 (reported
values range from 2.25 to 6.1) than ST1 (values range from
0.8 to 3.8) (e.g., Bandfield et al., 2000; Hamilton et al., 2001;
Wyatt and McSween, 2002; McSween et al., 2003; Michalski
et al., 2006). Recent work by Rogers and Christensen (2007)
has revisited spectral classification of low-albedo regions, to
determine regional differences from the two global spectral sur-
face types. That study also found elevated pl/px ratios in several
low-albedo regions, such as northern Acidalia Planitia, as com-
pared to other low-albedo regions. NIR data obtained with the
Imaging Spectrometer for Mars (ISM) and Observatoire pour
la Minéralogie, l’Eau, les Glaces et l’Activité (OMEGA) or-
bital instruments also indicate a strong deficiency of pyrox-
enes in areas of the northern martian lowlands (Mustard and
Cooper, 2005; Mustard et al., 2005). Observed variations in
pl/px ratios on martian surfaces could reflect differences in pri-
mary mineralogy (e.g., Bandfield et al., 2000), complications
with deriving primary mineral abundances from TIR spectra
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caused by the presence of secondary phases (Kraft et al., 2003;
Rampe et al., 2007), and/or preferential alteration of minerals.

We pose the hypothesis that aqueous weathering of basalt
under low temperature acidic conditions could lead to in-
creases in pl/px ratios. Indeed, many chemical and miner-
alogical characteristics of martian surface materials are con-
sistent with exposure to acidic solutions, such as: jarosite at
Meridiani Planum (Klingelhofer et al., 2004), high P and Al
abundances, and ferric sulfates observed in some areas of the
Columbia Hills in Gusev crater (Ming et al., 2006), P corre-
lations with S and Cl at both Mars Exploration Rover (MER)
landing sites (Greenwood and Blake, 2006), and evidence of
thin leached rinds on rocks at Gusev crater (Haskin et al., 2005;
Hurowitz et al., 2006). Recent detection of amorphous silica
deposits in Gusev crater (Squyres et al., 2007) is also consis-
tent with low-pH processes (Schiffman et al., 2006; Zolotov and
Mironenko, 2007; McAdam et al., 2007). High-silica phase en-
richment, which could also be due to weathering (Wyatt and
McSween, 2002; Kraft et al., 2003; Michalski et al., 2005), in
the same (ST2) regions where pyroxene is comparatively de-
pleted is consistent with the weathering hypothesis. We test our
hypothesis here using theoretical modeling of mineral dissolu-
tion kinetics.

2. Approach

The two most abundant minerals in mafic rocks, labradorite
and augite, were chosen for investigation of dissolution in
acidic solutions. We used the linear regression of published
dissolution data at ∼25 ◦C (Table 1) in order to obtain the de-
pendence of the rate constant (k) on pH via the equation

(1)logR = −n · pH + logk,

where R is the dissolution rate and n is the apparent reaction
order with respect to H+ (Brantley and Chen, 1995; Brantley,
2004).

Equation (1) is commonly used to describe mineral dis-
solution rates in acidic conditions below the pH of mineral-
surface neutrality (from 5.9 to 8.5 for single chain silicates,
such as augite, Kump et al., 2000; from 5.2 to 5.6 for feldspars,
Brantley, 2004). The value of logk obtained from Eq. (1) was
then evaluated for 0 ◦C using the Arrhenius equation

(2)k = Ae−[Ea/RT ],
where A (mol mineral/m2/s) is the temperature-independent
pre-exponential factor, Ea is the pH-independent activation en-
ergy, R is the gas constant, and T is the absolute temper-
ature (Kump et al., 2000; Brantley, 2004). For labradorite,
we used an Ea of 59 kJ/mol (Brantley, 2004). The Ea value
used for augite was the estimated value for single chain sil-
icates, 88 kJ/mol (Kump et al., 2000). Since the tempera-
ture dependence of n is not well known (Kump et al., 2000;
Brantley, 2004), it is not considered here. Kinetic parameters
for mineral dissolution and calculated rates at 0 ◦C are shown
in Table 2 and Fig. 1.

Kinetic modeling was performed under open system condi-
tions in which solution is constantly flowing through spherical
Table 1
Mineral dissolution rates

pH T

(◦C)
Log Rate
(mol m−2 s−1)

Augite

Na0.1Ca0.6Mg0.4Fe0.77Al0.05Si1.8O6
a

4.1 22 −12.1

Ca0.55Fe0.55Mg0.90Si2O6
b

2.5 25 −9.9
3.1 25 −10.2
3.4 25 −10.4
3.4 25 −10.5
5.6 25 −12.8

Mg1.02Ca0.88Fe0.10Si2O6
b

3.1 25 −10.3
4.8 25 −11.6

Labradorite

Na0.4Ca0.6Al1.6Si2.4O8
c

1 25 −9.7
2 25 −9.8
2 25 −9.9
3 25 −10.2
3 25 −10.4
4 25 −10.85
4 25 −11
5 25 −11.4

K0.05Na0.48Ca0.49Al1.46Si2.54O8
d

3.1 20–22 −9.78
3.8 20–22 −10.12
5.7 20–22 −10.78
5.8 20–22 −10.74

K0.06Na0.46Ca0.49Al1.49Si2.55O8
d

3.1 20–22 −9.27
4.1 20–22 −9.81
5.3 20–22 −10.47
5.6 20–22 −10.51

a Siegel and Pfannkuch (1984).
b Sverdrup (1990).
c Sjoberg (1989), detailed composition not given.
d Welch and Ullman (1993).

Fig. 1. Mineral dissolution rates as functions of pH at 0 ◦C. Shaded areas are
bound by lines obtained by linear regression of published data and represent
variation in experimental rates (see Tables 1 and 2). The lines within the ranges
correspond to the equation chosen for dissolution modeling.
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Table 2
Rate parameters for Eq. (1)

∼25 ◦C 0 ◦C 0 ◦C used here

Mineral Augite Labradorite Augite Labradorite Augite Labradorite

n 0.85a to 0.97b 0.43c to 0.46d 0.85a to 0.97b 0.43c to 0.46d 0.85 0.48
logkH

(mol m−2 s−1)

−6.7a to −7.3b −8.2c to −9.0d −8.1 to −8.7 −9.2 to −10 −8.1 −9.6

a Brantley (2004).
b Linear regression of data from Siegel and Pfannkuch (1984) and Sverdrup (1990) at pH < 6 (similar to values cited in Brantley and Chen, 1995, their Table 5).
c Linear regression of data from Welch and Ullman (1993).
d Linear regression of data from Sjoberg (1989).
Fig. 2. Change in the plagioclase/pyroxene ratio of a 100 µm grain mixture with
time during mineral dissolution at different pHs in the open system. Surface
Type 1 and Surface Type 2 ranges represent the range of reported values for
those low-albedo regions (see text).

mineral grains without changing pH. For each successive time
step, mineral surface area is calculated by considering the grain
size decrease from dissolution in the previous time step. We
evaluated temporal changes in the amount of material remain-
ing under different pH conditions (0–5) and for different grain
sizes (0.001–10 mm). These grain sizes represent dust (Morris
et al., 2001), fine sand particles and larger soil grains observed
by MER (e.g., Fergason et al., 2006). This study is a contin-
uation of our work (McAdam et al., 2006), with the major
difference being the use of augite instead of diopside. Aque-
ous dissolution was modeled to occur in a mixture consisting of
equal volumes of labradorite and augite grains of the same size,
which corresponds to a molar ratio of 0.68. The dissolution of
each mineral is considered separately. This mixture is compa-
rable to several estimates of the pl/px ratio in ST1, which may
represent chemically unaltered or slightly altered basaltic mate-
rial (e.g., Bandfield et al., 2000). Also, a starting pl/px volume
ratio of 1 allows trends to be observed most easily.

3. Results

Augite and labradorite show an increase in dissolution rates
at lower pH, but this trend is steeper for augite (Fig. 1). At pH
values less than approximately 3–4, augite dissolves faster than
labradorite. The effects of these differences on the pl/px volume
ratio during weathering are shown in Fig. 2 for a 100 µm grain
mixture. For pH � 3–4, the pl/px ratio increases from the ini-
tial value of 1, as pyroxene preferentially dissolves. The ratio
Fig. 3. Lifetimes of 1 mm and 100 µm mineral grains as a function of pH in
the open system. The crossover of the lines at a given grain size corresponds
approximately to equal dissolution rates shown in Fig. 1. The slight difference
between the crossover of the lines and the crossover representing equal dis-
solution rates in Fig. 1 is because in Fig. 3 mineral grains of plagioclase and
pyroxene have the same original volume. Because the minerals have different
densities and molecular weights, the number of moles input was different for
each mineral.

increases faster at lower pH. For pH values of above ∼3–4, the
pl/px ratio decreases, as plagioclase preferentially dissolves.

Dissolution times are proportional to grain diameter, there-
fore smaller grains dissolve faster. The amount of time required
to increase the pl/px ratio from 1 (approximate lower ST1
value) to 6 (approximate upper ST2 value) in coarse sand with
1 mm grains is on the order of 102–104 years, for pH 1 and 3,
respectively. The amount of time needed to increase the pl/px
ratio from 1 to 6 in fine sand, consisting of 100 µm grains, is
∼10 years at pH 1 and ∼103 years at pH 3. The amount of
time needed to increase the pl/px ratio from 1 to 6 in a mixture
consisting of 1 µm particles, similar to the size of martian dust
(∼0.2–10 µm; Morris et al., 2001), is shorter still, <1 year at
pH 1 and ∼10 years at pH 3. The lifetimes of 1 µm particles
are also very short. These model timeframes represent an upper
limit because they are the times required to change the pl/px
ratio from approximately the minimum value reported for ST1
to approximately the maximum value reported for ST2. Shorter
dissolution times would be needed to produce a smaller differ-
ence in pl/px ratios. If modeling is performed with a different
initial pl/px ratio, the timescales for changing the pl/px ratio are
different, but pl/px still increases with acid weathering from it’s
initial value.

The changes in grain lifetime, or total dissolution time, of
1 mm and 100 µm grains of labradorite and augite are shown in
Fig. 3. The lifetimes of plagioclase and pyroxene grains differ
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Fig. 4. Lifetimes of (a) labradorite and (b) augite particles as a function of
grain size for a given pH. “Martian dust” shows the approximate range of
sizes (Morris et al., 2001). “Silt and fine sand” shows the approximate range
of fine grains observed with the MER microscopic imager or inferred from
Mini-TES-derived thermal inertia (e.g., Fergason et al., 2006). “Pebble-sized
grains” shows the approximate range of larger soil grains observed by MER
(e.g., Fergason et al., 2006).

by approximately an order of magnitude at pH values near 0,
and by approximately half an order of magnitude at pH values
near 5 (Fig. 3). The minerals have equal lifetimes at pH 3.7,
which corresponds approximately to equal dissolution rates.
The lifetime of mineral grains depends on the grain size at a
given pH (Fig. 4), with lifetimes decreasing by an order of mag-
nitude for an order of magnitude decrease in grain diameter. At
pH 1, the lifetimes of 1 µm particles are ∼2 and ∼0.2 years for
labradorite and augite, respectively. Lifetimes of 100 µm parti-
cles are ∼200 years for labradorite and ∼20 years for augite.

4. Discussion

Changes in the pl/px ratio with pH (Fig. 2) demonstrate
that dissolution in acidic fluids can lead to an enhancement
in the plagioclase content of a weathered basaltic rock or soil.
The larger proportion of plagioclase inferred for ST2 could be
due in part to preferential chemical weathering of pyroxenes
in basaltic materials. The pl/px ratio in ST1 materials could
also be a result of acid weathering of a more mafic composi-
tion with an even lower pl/px ratio. If both ST1 and ST2 were
affected by acid weathering, the difference between the two
lithologies could be a result of either different degrees of acid
weathering, different pH conditions during weathering, differ-
ent starting compositions or some combination of these factors.

Several observations of martian materials are consistent with
some preferential pyroxene dissolution at low pHs. The obser-
vation of plagioclase, but not pyroxene, in Meridiani bedrock
(Glotch et al., 2006) which also contains independent evidence
of acidic conditions (e.g., jarosite; Klingelhofer et al., 2004)
is consistent with preferential dissolution of pyroxene from
basaltic materials at low pH (Zolotov and Mironenko, 2007).
In addition, the higher abundance of low-Ca pyroxene than
high-Ca pyroxene (Rogers and Christensen, 2007) in northern
Acidalia Planitia is consistent with faster low-pH dissolution of
the high-Ca pyroxene augite compared to the low-Ca pyroxene
enstatite (e.g., Schott et al., 1981; Oelkers and Schott, 2001).
Acid weathering of basaltic material could also be partially
responsible for the dominance of framework silicates, likely
consisting mainly of plagioclase, in atmospheric dust reported
by Bandfield and Smith (2003) and Hamilton et al. (2005). Al-
though we expect small particles to dissolve rapidly (Fig. 4), the
evidence for plagioclase in martian dust implies a short duration
of acid attack(s) and/or production of basalt-derived dust since
the last acid weathering episode. In addition, new plagioclase-
rich dust could be produced by abrasion of weathered rinds on
coarser basaltic materials that have undergone preferential low-
pH pyroxene dissolution.

Though several studies of acid–material interaction in terres-
trial field sites and laboratory experiments discuss dissolution
of plagioclase and pyroxene, many do not discuss their rela-
tive dissolution from a starting material, often because they are
mainly focused on secondary weathering products (e.g., Golden
et al., 2005; Tosca et al., 2004). However, a study of mineral
dissolution in a flank aquifer of an andesitic volcano carried out
by Rowe and Brantley (1993) investigated the relative dissolu-
tion of plagioclase and pyroxene under acidic conditions. This
study estimated that pyroxene dissolved faster than plagioclase
at pH ∼ 2 in their system, consistent with our modeling results.
In contrast, Hurowitz et al. (2005) performed experiments in
which plagioclase was observed to dissolve from crushed basalt
faster than pyroxene under low pH, epithermal (∼75 ◦C) condi-
tions. This is different from our modeling results. A change in
the value of n (Eq. (1)) with temperature could contribute to this
difference, but changes in n are difficult to address in our mod-
eling because they are not well understood (Kump et al., 2000;
Brantley, 2004). Also, if n changes with temperature, the Ea
(Eq. (2)) becomes pH-dependent, but the dependence of Ea on
pH is poorly known (Kump et al., 2000; Brantley, 2004). In
addition, the augite dissolution rate observed in their exper-
iments could be low because Fe from Fe–Ti oxides and Ca
from labradorite could have partially inhibited augite dissolu-
tion (Hurowitz et al., 2005).

If differential dissolution rates are partially responsible for
the elevated pl/px ratios in some martian lithologies, the dis-
solution mechanism would likely be regional in scale, such as
weathering by acid atmospheric precipitates. Acidic aerosols,
rains and snows may have formed and been deposited on a
global scale during episodes of volcanic degassing (e.g., Settle,
1979) or large impacts (Zolotov and Mironenko, 2007). Scav-
enging of acidic aerosols by dust, ice or water particles in
the atmosphere would result in increased settling velocity of
the particles (Settle, 1979) and subsequent interactions with
atmospheric dust and surface materials. This type of process
would have been more widespread during periods of high obliq-
uity when seasonal water ice condensates extended to lower
latitudes (e.g., Jakosky and Carr, 1985). Acid aerosols, de-
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posited in snow/frost or as aerosol particles and then mobilized
by small amounts of ice melt, could produce acidic thin water
films capable of more pervasive alteration of surface materi-
als than acid aerosol droplets alone. Small amounts of ice/snow
melting could occur under snowpacks, for example (e.g., Clow,
1987). In particular, isolation from the atmosphere would pre-
vent evaporation of extremely low-temperature acid eutectics
(Zolotov and Mironenko, 2007; Kreslavsky and Head, 2007),
allowing more time for rock–solution interaction. A long-term
accumulation of atmospheric acid precipitates on ice-covered
northern lowlands at high obliquity could be responsible for the
mineral characteristics observed with TIR in ST2 regions (e.g.,
Northern Acidalia) (Zolotov and Mironenko, 2007).

If modeled dissolution timeframes were continuous, materi-
als with relatively high pl/px ratios could be produced over ge-
ologically short timescales. However, it is probable that acidic
weathering on Mars would be the cumulative effect of an
episodic process. For example, for 100 µm particles, increas-
ing the pl/px ratio from 1 to 6 required ∼1 year of alteration
at pH 0 (Fig. 2), a reasonable pH for martian sulfate aerosols
(Settle, 1979). Individual episodes of weathering by acid pre-
cipitates are unlikely to weather materials at very low pHs for
periods of time on the scale of a year or more. Large scale acid
weathering on Mars likely resulted from multiple interactions
between acid aerosols, rains or snows and surface materials.

Differences between model timescales and those in natural
systems could result from variations in the crystal sizes or ex-
posed surface areas of pyroxene and plagioclase in natural ma-
terials. In a basaltic sediment, one would expect polymineralic
fragments for the sand sized particles rather than monominer-
alic spheres as in our models. However, the reactivity of the
natural material would be dependent on the surface area of
each mineral exposed at the surface. For a basaltic ground-
mass with pyroxene and plagioclase crystals of nearly equal
size, our model is a reasonable approximation. However, if min-
eral grains started with substantial initial size differences, the
larger grains would dissolve more slowly, because dissolution
rates depend on exposed surface area (e.g., Fig. 4). If size dif-
ferences were large enough, they could play a larger role than
differential dissolution rates. While natural basaltic rocks have
variable textures, the relative crystal sizes in martian surface
materials are poorly constrained. Many variations in plagio-
clase and pyroxene crystal sizes are observed in the basaltic
shergottite martian meteorites (e.g., Lentz and McSween, 2000;
Xirouchakis et al., 2002; C. Meyer, Mars Meteorite Com-
pendium, 2005, http://www-curator.jsc.nasa.gov/antmet/mmc/
index.cfm), though these samples are likely not representative
of most of the martian surface (McSween, 2002). Plagioclase
and pyroxene crystals sizes can also vary significantly between
different terrestrial basalts (e.g., Blatt and Tracy, 1995). Al-
though the complexity of igneous textures in martian surface
materials would play a role in their reactivity, our model is
a reasonable first-order approximation for basaltic materials
with equidimensional pyroxene and plagioclase in the ground-
mass.

Timescales of mineral dissolution in natural systems are ex-
pected to be slower than modeled timescales. This is because of
likely neutralization of solutions (cf. Zolotov and Mironenko,
2007), slower dissolution of minerals in nature compared to lab-
oratory data (discrepancies are generally ∼1–2 orders of mag-
nitude when starting materials are identical; Brantley, 2004),
and the potential formation of secondary coatings. Iron oxide
coatings would likely not severely inhibit dissolution below
pH ∼ 4, because of slow Fe2+ oxidation, especially in so-
lutions equilibrated with an O2-deficient martian atmosphere
(Burns, 1993; Zolotov and Mironenko, 2007), and the high sol-
ubility of ferric iron species (e.g., Stumm and Morgan, 1996;
Hurowitz et al., 2006). Experiments in flow reactors, under a
terrestrial atmosphere, have demonstrated that iron oxide pre-
cipitation does not inhibit dissolution of fayalite at pH < ∼5
(Wogelius and Walther, 1992). However, the low solubility and
slow dissolution rate of silica in acidic solutions (e.g., Dove
and Rimstidt, 1994; Dove, 1995) would favor formation of sil-
ica coatings.

In low-albedo regions rich in basaltic fragments, an elevated
pl/px ratio could partially reflect the composition of weathering
rinds on rocks or particles, which could have formed rapidly
through only a few episodes of acid weathering. This is con-
sistent with the fact that NIR and TIR spectral observations of
martian surface materials access the outer layers of materials,
the upper tens of microns to upper few hundred microns, as op-
posed to bulk composition. Indeed, alteration of rock surfaces
and preferential removal of Fe and Mg is observed in Gusev
crater (Haskin et al., 2005; Hurowitz et al., 2006). It is im-
portant to note, however, that dissolution of enough pyroxene
to attain the maximum ST2 pl/px ratio of 6 is unlikely in a
weathering rind because in this case so much of the total vol-
ume of the rind would be removed that it may be difficult to
maintain a competent rock surface. In weathering rinds, large
apparent pl/px ratios could also represent some preferential dis-
solution of pyroxene in the rind combined with masking of
the pyroxene spectral signature by secondary phases (Rampe et
al., 2007). This is likely, as intimate mixtures of primary min-
erals and secondary products are often observed in terrestrial
rock rinds (Colman, 1982; Kraft et al., 2005). For example, the
presence of silica in rock rinds and/or coatings could partially
mask pyroxene signatures in TIR spectra (Kraft et al., 2003;
Rampe et al., 2007) and NIR spectra (if some Fe3+ is incor-
porated into the amorphous silica) (Kraft et al., 2007). Further
in situ mineralogical analysis may reveal different pl/px ratios
than those indicated by TIR and NIR observations.

5. Conclusions

Martian surface materials in some low-albedo regions, and
atmospheric dust, could have experienced preferential dissolu-
tion of pyroxene at pHs below ∼3–4. Materials with high pla-
gioclase/pyroxene ratios could have been affected by lower pH,
longer acid weathering, and/or consist of smaller grains. This
process would imply the dominance of a large scale weathering
mechanism, such as alteration by acid atmospheric precipitates,
as opposed to local scale processes. Modeled dissolution time-
frames needed to produce a high plagioclase/pyroxene ratio are
short on geologic timescales. However, it is probable that the
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process on Mars was episodic and weathering is a cumula-
tive effect of multiple acid-weathering events. Elevated plagio-
clase/pyroxene ratios could also partially reflect a combination
of pyroxene dissolution and masking of pyroxene spectral sig-
natures by secondary phases, for example in rock rinds or coat-
ings.
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