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Abstract

Constraining the rate at which sulfide minerals undergo oxidative weathering at low atmospheric O2 is crucial for under-
standing the evolution of the Archean and Proterozoic biosphere when O2 was a trace atmospheric gas. However, recent stud-
ies attempting to constrain sulfide oxidation rates, atmospheric O2 sinks, and trace metal delivery to seawater under Archean
conditions are limited by the need to extrapolate from experimental pyrite oxidation kinetics determined at much higher O2

levels. Extrapolation of those data sets to Archean levels of O2 (<10
�5 present atmospheric level or PAL prior to 2.4 Ga) leads

to more than an order of magnitude uncertainty in sulfide mineral oxidation rates, hampering efforts to quantify oxidative
weathering under early Earth conditions.

To quantify sulfide oxidation kinetics at low pO2, we conducted aqueous pyrite and molybdenite oxidation experiments at
�2–1200 nM dissolved O2 and pH values 1.83, 5.08, and 8.58. Our experimental approach used LUMOS O2 sensors to extend
the pO2 range explored by oxidation experiments down to 10�5 PAL pO2, the limit of the sensors, which is up to three orders
of magnitude lower than the pO2 range explored in previous work.

From these experiments, we use 28 independent rate measurements to derive a new rate law for the oxidation of pyrite as a
function of pO2:

rpyrite ¼ 10�8:83ð�0:27Þ O2½ �0:50 �0:04ð Þ Hþ½ ��0:25 �0:02ð Þ
;

Where rpyrite is the rate of oxidation in mol/m2 sec, and the activities of dissolved [O2] and [H+] are in (mol/L). Our results
most closely match the previous rate law presented by Williamson and Rimstidt (1994), but indicate a stronger pH dependence
than previous studies. We also present the first kinetic rate law for molybdenite oxidation at low O2, based on 13 independent
rate measurements:

rmolybdenite ¼ 10�8:3ð�2:3Þ O2½ �0:5 �0:3ð Þ
;

Where rmolybdenite is the rate of oxidation in mol/m2 sec, and the activity of dissolved [O2] is in (mol/L). We find molyb-
denite oxidation to be nearly as rapid as pyrite oxidation even at low concentrations of dissolved O2 (equivalent to <10�5

PAL pO2), in contrast to previous work which argued for a threshold effect for molybdenite oxidation. Both pyrite and molyb-
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denite oxidation kinetics exhibit a constant half-order dependence on dissolved O2 down to nanomolar levels of O2. We show
that this behavior is best explained by a reaction mechanism in which O2 undergoes dissociative adsorption to the sulfide min-
eral surface. This mechanism helps to resolve major uncertainties regarding the reaction mechanism of O2 with pyrite and
molybdenite mineral surfaces and provides a strong theoretical basis for the robust extrapolation of present results to higher
and lower O2 concentrations.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Laboratory measurements of pyrite oxidation kinetics
are used to estimate rates of oxidative weathering in a
variety of modern and ancient environments (Bolton
et al., 2006; Reinhard et al., 2009; Konhauser et al.,
2011; Stüeken et al., 2012; Reinhard et al., 2013;
Johnson et al., 2014; Daines et al., 2017). The models
using these rate laws provide quantitative constraints on
Earth’s earliest sulfur and oxygen cycles, with important
implications for the availability of O2, sulfate, and trace
metals for biological processes (Anbar et al., 2007; Scott
et al., 2008; Reinhard et al., 2009; Stüeken et al., 2012;
Gregory et al., 2017). Evidence in the rock record suggests
that transient episodes of oxygenation (‘whiffs of O2’) and
subsequent sulfide oxidation on the continents were
responsible for mobilizing redox-sensitive metals such as
Mo and Re to seawater (Anbar et al., 2007; Kendall
et al., 2015). These episodes of oxidative weathering were
also responsible for expanding the lateral extent of ocean
euxinia prior to the oxygenation of Earth’s atmosphere
through elevated delivery of sulfate to the oceans
(Reinhard et al., 2009; Stüeken et al., 2012).

During oxidative weathering by O2, pyrite reacts with
O2 in the presence of water to produce ferrous iron, sulfate,
and acid:

FeS2 þ 7

2
O2 þH2O ! Fe2þ þ 2SO2�

4 þ 2Hþ; ðlow pHÞ
ð1Þ

FeS2 þ 15

4
O2 þ 7

2
H2O ! Fe OHð Þ3 þ 2SO2�

4 þ 4Hþ;

ðneutral and high pHÞ ð2Þ
The rates of these reactions are determined by the con-

centrations of O2 and pH. Several previous studies have
compiled experimentally determined reaction rates to derive
kinetic rate laws (Smith and Shumate, 1970; McKibben and
Barnes, 1986; Nicholson et al., 1988; Moses and Herman,
1991; Ciminelli and Osseo-Asare, 1995; Gartman and
Luther, 2014). The most widely used rate law is that com-
piled by Williamson & Rimstidt (1994):

r molm�2s�1
� � ¼ 10�8:19 O2½ �0:50 Hþ½ ��0:11 ð3Þ
where the activities of dissolved [O2] and [H+] are in
(mol/L).

Modeling studies exploring the role of sulfide oxidation
on early Earth have traditionally extrapolated these
O2-dependent rate laws to Archean pO2 values
(<10�5 PAL, < 3 nM) (Canfield et al., 2000; Anbar et al.,
2007; Reinhard et al., 2009; Reinhard et al., 2013;
Johnson et al., 2014; Daines et al., 2017). However, this
approach requires extrapolating oxidation kinetics to pO2

values several orders of magnitude below the experimen-
tally determined range (0.001–1 atm pO2). Experiments
have been limited to near-present and greater atmospheric
pO2 because of the difficulty associated with not only
removing, but also precisely measuring, dissolved O2 con-
centrations or the products of pyrite oxidation in the sub-
micromolar range.

Due to these limitations, extrapolation of pyrite oxida-
tion kinetics from different rate laws results in significant
disagreement regarding pyrite oxidation rates at Archean
pO2 (Nicholson et al., 1988; Williamson and Rimstidt,
1994; Bolton et al., 2006). More broadly, without a better
mechanistic understanding of sulfide oxidation kinetics at
low O2, it is not possible to discern which rate laws are
more likely to be correct (Evangelou and Zhang, 1995;
Rimstidt and Vaughan, 2003; Chandra and Gerson, 2010).

Most previous studies of sulfide oxidation focus on pyr-
ite because it is the major sulfide mineral present in Earth’s
upper crust. However, due to our particular interest in the
release of Mo to the oceans during oxidative weathering, we
also examined the oxidation kinetics of molybdenite
(MoS2), which is the major carrier of Mo in igneous sulfides
(Greaney et al., 2016). Molybdenite reacts with O2 and
water to form the soluble molybdate ion, sulfate, and
acidity:

MoS2 þ 9

2
O2 þ 3H2O ! MoO2�

4 þ 2SO2�
4 þ 6Hþ ð4Þ

There are relatively few studies of molybdenite oxida-
tion under natural conditions, and none of these studies
reports a kinetic rate law. Greber et al. (2015) provided
an initial reconnaissance of molybdenite oxidation at nM
concentrations of dissolved O2. Although this study was
able to detect molybdenite oxidation at low O2, it did not
attempt to provide a kinetic rate law or elucidate the reac-
tion mechanism for molybdenite oxidation. As a result,
molybdenite oxidation kinetics in the presence of Archean
and Proterozoic levels of O2 remain poorly understood,
limiting our understanding of molybdenum delivery to the
ancient oceans.

To generate relevant rate laws for pyrite and molybden-
ite oxidation as a function of pO2 under low-O2 conditions,
we performed aqueous pyrite and molybdenite oxidation
experiments at nanomolar O2 concentrations using
luminescence-measuring oxygen sensors (LUMOS, Lehner
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et al., 2015). These sensors are sensitive to dissolved O2 con-
centrations between 1–1200 nM O2, allowing us to measure
sulfide oxidation rates at O2 levels much lower than those
possible in previous studies. Our dataset extends the range
of pO2 explored in sulfide oxidation experiments to �10�5

PAL, allowing us to derive a new rate law and provide
new insights regarding oxidation mechanism. Our experi-
mental results open new opportunities for exploring the
implications of sulfide weathering at varying levels of atmo-
spheric O2.

2. METHODS

We performed a total of nine mixed flow reactor exper-
iments to measure pyrite and molybdenite oxidation rates
as a function of O2 and pH. Pyrite oxidation experiments
were performed in duplicate under three different pH con-
ditions (1.83, 5.03, and 8.58). Molybdenite was explored in
the remaining three experiments at pH 1.83, 5.03, and
9.48.

Pyrite oxidation experiments were performed using trace
metal-grade FeS2 powder from Sigma Aldrich (<0.2% trace
metals, �325 mesh, PN Aldrich-778117) (Fig. S1) to ensure
consistency and minimize effects from impurities. Pyrite
powders were analyzed with XRD to confirm they were
pyrite and not marcasite (Fig. S2). Initial experiments with
molybdenite powder (<2 lm diameter) proved difficult, as
its extreme hydrophobicity, especially as small grains,
resulted in pervasive floating, clumping, and trapped air
bubbles. To avoid these problems, we ultimately used large
flakes of molybdenite, which were prepared by manually
flaking cm-scale molybdenite grains purchased from
Ward’s Science (PN 470178-584). The large molybdenite
flakes limited the surface area available for reaction but
minimized wetting issues, which we viewed to be more
important.

Prior to the experiments, the pyrite powder was repeat-
edly rinsed with methanol in an ultrasonic bath to remove
fine particles following the method reported by
McKibben (1984). Once the methanol rinses no longer con-
tained visible fines, the powder was then rinsed in 2% nitric
acid for 30 seconds to remove oxide coatings. After a final
methanol rinse, the powder was left to dry in an anaerobic
hood (<20 ppm O2) to limit contact with O2 and prevent
unwanted oxidation.

For the molybdenite grains, no methanol rinse was
needed to remove fines because the grains were flaked, so
fines were easily avoided. Instead of rinsing with nitric acid,
the outer layers were manually flaked off to remove poten-
tially oxidized outer layers; only interior layers with fresh
surfaces were used in the experiments. Samples were stored
in an anaerobic hood to prevent oxidation. Any fines pro-
duced by flaking were lost during the filling of the reactors
because small (<1 mm) grains floated out when the reactors
overflowed. Several grams of both pyrite and molybdenite
were prepared for each type of experiment. Splits of each
mineral type were analyzed by N2–BET to determine the
initial specific surface area.

Experimental solutions were prepared at three different
pH values. Titrants were chosen carefully to be analogous
to the solutions of previous experimental studies, and when
possible, to natural conditions. The pH 2 solution was pre-
pared by diluting reagent grade sulfuric acid with 18.2 MX-
cm DI water to a final concentration of 0.01 M. The pH 5
solution consisted of a 0.1 M acetate buffer prepared using
acetic acid and sodium acetate. The pH 8 solution was pre-
pared by dissolving sodium bicarbonate in 18.2 MX-cm DI
water to a final concentration of 0.1 M. Solutions were
autoclaved in loosely capped Pyrex bottles to exclude
microbes and preclude the need for a sterilization agent in
the experiments. Immediately prior to the experiments,
the solutions were vigorously sparged with Ar for 30 min
to remove dissolved O2. We found Ar gas, supplied from
a liquid Ar dewar, to be more effective than N2 gas from
a compressed gas cylinder in avoiding trace O2 gas contam-
ination. The pH of the final solutions was measured after
sparging with Ar, since CO2 loss was expected to increase
the starting pH of the solutions, particularly for the bicar-
bonate solution. Final buffer pH values varied slightly from
targeted values as anticipated (Tables 1 and 2).

Experiments were conducted in custom-made 1100 mL
sealed glass reactors using luminescence-measuring O2 sen-
sors (LUMOS) to optically measure concentrations of dis-
solved O2 to single digit nanomolar concentrations and
thus to monitor reaction progress (Fig. 1) (Lehner et al.,
2015; Garcia-Robledo et al., 2017). The optical sensor on
the outside of the glass wall of the reactor pulses 405 nm
light and monitors the fluorescence of an optode spot
mounted on the inside of the reactor wall. O2 in solution
will quench this fluorescence, and the rate of the quenching
reaction can be calibrated and used to calculate the concen-
tration of dissolved O2 (Lehner et al., 2015).

Prior to each experiment, bottles were rinsed with 0.1 M
HCl, followed by 0.1 M NaOH. These rinses inhibit micro-
bial growth. Sterilization by autoclaving was not performed
because it would have destroyed the optode spots. Steriliza-
tion agents, such as mercuric chloride or formalin, were
avoided as they may have formed complexes with the min-
eral surface. To test if our procedures were sufficient to pre-
vent microbial growth and thus biological consumption of
O2, we conducted a control experiment for each pH condi-
tion in which we measured the dissolved O2 concentrations
of Ar-purged solutions within the reactors for two to three
weeks. We observed no significant changes in O2 concentra-
tions over this time, confirming that there was no significant
consumption of O2 due to microbial growth and no signif-
icant contamination from the atmosphere once the reactors
were sealed.

Mineral powders were removed from the anaerobic
hood and placed into the reactor bottles along with glass-
coated 60 � 8 mm magnetic stir bars (Cowie Technology).
PTFE stir bars and all other plastic and polymer compo-
nents must be strictly avoided since they slowly degas O2,
thereby contaminating low-level O2 experiments. A contin-
uous flow of N2 was maintained while filling the bottles to
limit the introduction of atmospheric O2 to the solutions
during filling. The Ar-purged solutions were siphoned into
the bottles until they overflowed. Siphoning, rather than
pouring, avoids any contact of the solutions with the atmo-
sphere, which could entrain atmospheric O2. Bottles were
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sealed with ground glass stoppers. Putty (Hasbro Inc.) was
wrapped around the outside of the stoppers to prevent the
seals from drying out. Stirring rates were set to >100 rpm to
keep particles suspended in solution and to limit mineral
grinding.

In many studies of sulfide oxidation kinetics, oxidation
rates are determined by monitoring production rates of iron
and sulfate, along with decreases in pH. However, at the
low concentrations of O2 present in the experiments, reac-
tion kinetics are so slow that this approach was not practi-
cal. Instead, reaction kinetics were determined by tracking
the consumption of O2 and by assuming congruent dissolu-
tion. This assumption is evaluated below in Section 4.1.1.

We used three reactors in parallel. During each set of
experiments, we ran two duplicate pyrite experiments and
one molybdenite experiment at a single pH. Each set of
experiments lasted a total of two to five weeks. The
LUMOS O2 sensors were calibrated by allowing the O2

concentration in the reactor to be drawn down by mineral
oxidation to less than 1 nM O2, after which precisely known
volumes of oxygenated (air-equilibrated) deionized water
were injected into the reactor using a syringe (Fig. 2).

Once the sensors on each reactor were calibrated, oxy-
genated water was slowly and continuously injected with
a syringe pump (New Era NE-1600). Steady state was
reached when O2 consumption via mineral oxidation,
together with a nearly negligible solution outflow
(O2-Out), exactly equaled the rate of O2 addition via the
continuous injection of oxygenated water (O2-In). By
increasing the flow rate of the syringe pump (O2-In), the
O2 supply suddenly exceeds consumption, causing the con-
centration of dissolved O2 in the bottle to increase. This in
turn increases the rate of mineral oxidation, which causes a
new steady state to be reached at a higher pO2 (mineral oxi-
dation [O2-Out] matches O2-In). This technique allowed us to
calculate the rate of oxidation for a sample of known sur-
face area at different concentrations of dissolved O2. Pyrite
oxidation experiments containing 1.48–3.33 grams of pyrite
powder were conducted with flow rates of 0.1–9.0 ml/h.
Due to the lower surface area in the molybdenite experi-
ments, flow rates between 0.01 and 0.6 ml/h were used for
experiments containing 1.82–5.60 grams of molybdenite
flakes.

Experiments were run for periods of several weeks each,
with data recorded every 10–30 seconds. The syringe pump
flow was typically set for a period of several days before a
new flow rate was set. Steady states were determined by
analyzing plateaus in the data (Fig. 3) for relative standard
deviation (<10%) and slope (<6% slope change/h).

After each experiment, the glass reactors were moved to
an anaerobic hood. Experimental solutions were filtered
using a bottle-top vacuum filter system to recover the pow-
ders (Millipore Stericup 0.22 lm, catalogue number
SCGPU05RE). Powders were allowed to dry inside the
anaerobic hood and were then subsequently reanalyzed
for surface area using N2-BET. When there were only small
changes in surface area, the post-experiment surface area
was used for the rate calculations. When significant surface
area changes were observed, the average of the pre- and
post- surface areas was used for rate calculations, and error
propagation was used to report the final rate uncertainty
based on the total surface area change.

At steady state, the reactor O2 budget yields:

rO2
¼ �ðmin � moutÞrflow

A
ð5Þ

rpyrite ¼ � 2

7
rO2

ð6Þ

where rO2 and rpyrite are in mol/m2 sec, min and mout are the
dissolved O2 concentrations of the incoming and outgoing
solutions in mol/L, rflow is the flow rate in L/sec, and A is
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Table 1
Results from duplicate pyrite oxidation experiments at a range of
pH’s and dissolved O2.

pH [O2] (nM) rpyrite (mol/m2 sec) � 1013

8.58 14.6 ± 0.9 190 ± 80
43 ± 3 300 ± 100
81 ± 2 400 ± 200
138 ± 2 600 ± 200
42 ± 1 595 ± 680
127 ± 3 1000 ± 1000
282 ± 2 1000 ± 2000

5.08 35 ± 1 70 ± 50
42.6 ± 0.9 90 ± 60
25.7 ± 0.7 60 ± 40
16.5 ± 0.4 40 ± 30
7.5 ± 0.3 30 ± 20
10.3 ± 0.4 24 ± 6
13.5 ± 0.4 28 ± 8
7.6 ± 0.3 20 ± 5
5.1 ± 0.2 12 ± 3
2.0 ± 0.1 10 ± 3

1.83 786 ± 3 40 ± 10
275 ± 2 29 ± 8
134 ± 2 19 ± 5
34.7 ± 0.5 10 ± 3
8.7 ± 0.4 5 ± 1
1234 ± 4 40 ± 9
923 ± 2 32 ± 7
538 ± 2 24 ± 5
286 ± 2 16 ± 3
73.9 ± 0.8 8 ± 2
16.7 ± 0.5 4 ± 1
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the total surface area of the mineral powder in m2. At each
flow rate, the steady state O2 concentration in each reactor
was calculated by averaging the data points of the plateau
of oxygen concentration, with relative standard deviation
from the mean reported as the uncertainty (see Fig. 3 for
examples of plateaus observed). The specific oxidation rate
corresponding to each oxygen concentration plateau was
calculated using the known O2 fluxes, the known mass
and specific surface area of mineral in each experiment,
and the corresponding reaction stoichiometry. Raw data
and rate calculations are presented in Tables S1 and S2.

3. RESULTS

Fig. 3 shows the O2 concentration time series for a typ-
ical experiment (pyrite, pH = 5, bottle 3). Data for each
experiment and accompanying rate data are summarized
in Table 1, with supporting data provided in Table S1.

The calculated O2 consumption rates for all pyrite oxi-
dation experiments are plotted in Fig. 4 as a function of dis-
solved O2 (log mol/L) and atmospheric pO2 (in PAL),
where pO2 is calculated as the equilibrium partial pressure
of O2 for a given O2 concentration in solution (KH = 770
L atm/mol for O2 in non-saline water at 25 �C, Sander,
2015). Our data extend pyrite oxidation rates as a function
of pO2 down to � 10�5 PAL. The slope of each pH dataset
indicates the order of reaction with respect to pO2.

To determine the best-fit parameters in establishing a
kinetic rate law, we performed a multivariate errors-in-
variables regression of the pyrite oxidation dataset (using
a Monte Carlo approach) yielding:

rpyrite ¼ 10�8:83ð�0:27Þ O2½ �0:50 �0:04ð Þ Hþ½ ��0:25 �0:02ð Þ
; ð7Þ

where rpyrite is the oxidation rate in mol/m2 sec, and the
activities of dissolved [O2] and [H+] are in (mol/L). Data
for molybdenite oxidation rates are summarized in Table 2
and Fig. 5, with supporting data presented in Table S2. As
for pyrite, errors in the oxidation rates were calculated from
uncertainties in the surface area measurement. Taking these
uncertainties into account, variations in rate as a function
of pH were not found to be statistically significant. A York
regression of the dataset independent of pH results in the
following rate law:

rmolybdenite ¼ 10�8:3ð�2:3Þ O2½ �0:5 �0:3ð Þ
; ð8Þ

where rmolybdenite is the oxidation rate in mol/m2 sec, and
the activity of dissolved [O2] is in (mol/L).
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Table 2
Results from molybdenite oxidation experiments at a range of pH’s
and dissolved O2.

pH [O2] (nM) rmolybdenite (mol/m2 sec) � 1013

9.48 643 ± 8 80 ± 40
490 ± 3 40 ± 20
4.4 ± 0.4 15 ± 8
230 ± 3 40 ± 20

5.08 32 ± 2 6 ± 5
2.8 ± 0.5 10 ± 10
4.9 ± 0.8 20 ± 20
43 ± 3 30 ± 30
375 ± 3 70 ± 60

1.83 153 ± 1 30 ± 10
41.8 ± 0.7 13 ± 6
655 ± 3 40 ± 20
291.4 ± 0.8 13 ± 6
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4. DISCUSSION

Our oxidation experiments at low O2 allow us to resolve
discrepancies among prior pyrite oxidation rate laws, which
can largely be accounted for by small differences in the
order of reaction with respect to O2 and differences in
experimental pH (see below). In addition, we quantify for
the first time the efficiency of molybdenite oxidation at
low O2 and develop a mechanistic interpretation of sulfide
oxidation that supports a surface-mediated reaction.
Finally, we discuss the implications of these data for global
sulfide weathering models.
4.1. Pyrite Oxidation Rates

4.1.1. Rate vs. [O2]

Our pyrite oxidation rates are generally in good agree-
ment with the rates predicted by the rate law compilation
of Williamson and Rimstidt (1994). The order of reaction
with respect to O2, 0.50 ± 0.04, indicated by our rate law
is the same as the 0.50 order of reaction determined by
Williamson and Rimstidt (1994) (Fig. 3). This half-order
rate law is also consistent with many prior experimental
studies (McKibben and Barnes, 1986; Williamson and
Rimstidt, 1994; Ciminelli and Osseo-Asare, 1995; Liu
et al., 2008a,b).

Furthermore, the pyrite oxidation rates we calculate
using the rates of O2 consumption and the reaction stoi-
chiometry in Eq. (1) are consistent with previous experi-
ments which determined pyrite oxidation kinetics by
tracking the production of sulfate or dissolved Fe
(McKibben and Barnes, 1986; Nicholson et al., 1988;
Moses and Herman, 1991). This finding is important
because it confirms that our approach of measuring O2 con-
sumption is stoichiometrically consistent with approaches
that measure reaction products.

While our rate law agrees with that of Williamson and
Rimstidt (1994), the rate law slopes inferred by Bolton
et al. (2006) and Nicholson et al. (1988) are steeper (0.67
and 1.0, respectively), predicting very different oxidation
rates at low O2. In Bolton et al. (2006), the higher order
dependency of pyrite oxidation rate on oxygen concentra-
tion resulted from a linear regression of the data from
Smith and Shumate (1970), which suffers from the lack of
data at lower O2 concentrations. Nicholson et al. (1988)
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proposed that pyrite oxidation rates were limited by
adsorption of O2 to the pyrite mineral surface. This
mechanism leads to a saturation curve that should display
first-order dependency of pyrite oxidation on oxygen
concentration at nanomolar concentrations of O2 and
fractional-order dependency at higher O2. Our data are
not consistent with this saturation curve model and instead
suggest that the order of reaction with respect to O2 is half-
order at all levels of O2. We discuss the implications of this
observation for oxidation mechanisms in Section 4.3.

4.1.2. Rate vs. [H+]

Our pyrite oxidation kinetics show a pH dependence
that is stronger than reported in previous studies. While
our oxidation rates at pH 5.08 match very well with the pre-
vious literature (the compilation of Williamson and
Rimstidt (1994) in particular), our high pH experiments
yield pyrite oxidation rates that are slightly faster than pre-
dicted by previous work. Likewise, in the low pH range, our
oxidation rates are slower than expected. Our regression
indicates an order of reaction with respect to [H+] of
�0.25 ± 0.02. Experimental values of pH dependency cited
in the literature vary widely from �0.43–0.14, but most
converge on �0.1 (Smith and Shumate, 1970; Williamson
and Rimstidt, 1994; Ciminelli and Osseo-Asare, 1995;
Paschka, 2001; Liu et al., 2008a).

One possible explanation for the stronger pH depen-
dence we observed could be the differences in experimental
design. In previous studies, oxidation rates in low-pH
experiments may have been accelerated by the presence of
dissolved ferric iron produced from pyrite oxidation acting
as an additional oxidant. Oxidation rates in high pH exper-
iments may have been slowed by the secondary precipita-
tion of iron oxides hindering reaction rates through grain
armoring (Evangelou and Zhang, 1995). The design of
our experiments and the very low extent of reaction caused
by nanomolar O2 concentrations limits these effects. For
example, while trace amounts of ferric iron likely con-
tributed to total pyrite oxidation rates in our experiments,
the consumption of O2 from solution is only sensitive to
pyrite oxidation by O2. Likewise, while small amounts of
ferric oxide likely precipitated in our high pH experiments,
the total amount of secondary precipitate is limited to a few
micromoles based on the total moles of O2 delivered to the
system. Assuming monolayer coverage of the mineral sur-
face, the resulting oxide layer would cover on the order of
100–1000 cm2. Compared to the large mineral surface area
present in the experiments (1–10 m2), this mass of iron oxi-
des is negligible. As a result, our experimental design min-
imizes the rate-retarding effect of grain armoring by ferric
oxide at the mineral surface.

The true best estimate for the order of reaction with
respect to [H+] remains a matter of debate (Smith and
Shumate, 1970; McKibben and Barnes, 1986; Williamson
and Rimstidt, 1994; Ciminelli and Osseo-Asare, 1995; Liu
et al., 2008a). This uncertainty is likely because rate depen-
dence of pyrite oxidation on pH acts through several mech-
anisms each of which could enhance or retard bulk mineral
oxidation rates.

For example, electrochemical studies, such as Holmes
and Crundwell (2000) and Liu et al. (2008b), demonstrated
that each site of electron transfer on the pyrite surface has
its own pH dependence, which additionally depends on
which oxidant is acting as the electron acceptor. Holmes
and Crundwell found that while the anodic site has a pH
dependence of �0.5, the cathodic site has a pH dependence
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of 0.14 when O2 was the electron acceptor. However, when
ferric iron was the electron acceptor, no pH dependence
was observed. The ‘‘net” pH dependence then might be
expected to vary with the chosen experimental parameters,
such as the concentrations of dissolved O2 or ferric iron
interacting with the surface. This effect is potentially
demonstrated by Holmes and Crundwell, who found a pyr-
ite oxidation pH dependence of �0.25 to �0.5 in iron-rich
leaching solutions (<21 ppm O2) and �0.18 in oxic leaching
solutions (free of ferric iron). With these observations in
mind, our pH dependence of �0.25 ± 0.02 is more consis-
tent with pyrite oxidation under low O2 conditions. How-
ever, as we were unable to easily monitor oxidation by
ferric iron in our experiments, more research is required
to elucidate the nature of pH dependence in oxic and anoxic
systems.

4.2. Molybdenite Oxidation Rates

4.2.1. Rate vs. [O2]

To the best of our knowledge, we present the first
empirically determined rate law for molybdenite oxidation
at 25 �C as a function of pO2 and pH. We find an order
of reaction with respect to pO2 of 0.5 ± 0.3, consistent with
the half-order kinetics observed in our pyrite oxidation
experiments. Thus, despite having a different crystal struc-
ture, molybdenite and pyrite oxidation by O2 may share a
similar rate-determining reaction mechanism. However,
more experimental data at higher pO2 are needed to reduce
the high degree of uncertainty in the reaction order.

Greber et al. (2015) performed a series of aqueous and
gas-phase molybdenite oxidation experiments at
<9.5 � 10�6–1.5 � 10�3 PAL pO2. During these experi-
ments, the authors were able to measure increasing dis-
solved Mo concentrations in solution over the course of
13–14 days. However, because they did not report a mineral
surface area or a rate law from their study, it is difficult to
quantitatively compare their results with the rates predicted
by our molybdenite oxidation experiments. Nevertheless,
both studies are consistent in indicating that molybdenite
oxidation can proceed at very low pO2 values.

4.2.2. Rate vs. [H+]

We were unable to discern a clear pH dependence given
larger uncertainty of our molybdenite oxidation rates.
Nonetheless, the data suggest that the extent of pH depen-
dence is notably less than we observed for pyrite oxidation.
One possible explanation for this difference is that molyb-
denite grains in solution possess significant surface charge
over a wide range of pH (pH 3–11, Lu et al., 2015). Because
surface charge is thought to influence the strength of min-
eral lattice bonds, and consequently surface reactivity, a
surface charge independent of pH could lead to mineral
oxidation kinetics that are independent of pH.

An electrochemical study of molybdenite oxidation
could provide more insight into the pH dependence of this
reaction. For instance, Cao et al. (2015) observed Mo leach-
ing from molybdenite generally increased with increasing
pH. However, they attribute increased Mo yield to
increased solution concentrations of Cl oxidants at high
pH, rather than increasing oxidation kinetics. Other leach-
ing studies such as Wang et al. (2015) and Liu et al. (2017)
also found that Mo yield from molybdenite leaching
increased with increasing hydroxide concentrations. This
observation suggests that molybdenite oxidation relies on
the availability of hydroxide, and therefore the oxidation
kinetics should be pH dependent. Unfortunately, neither
of these studies directly addressed oxidation kinetics, which
makes direct comparison of our results difficult.

4.3. Pyrite Oxidation Mechanism

Our new experimental results at low concentrations of
O2 provide valuable clues to the reaction mechanism pro-
ducing a fractional-order pyrite oxidation dependence on
O2. In Fig. 6A, we systematically explore scenarios for sim-
ple surface reactions in which the kinetics in each case have
a different rate-determining step. There are three elemen-
tary steps in the reaction involved in the surface-mediated
reduction of an oxidant in solution. These are: (1) adsorp-
tion of oxidant A in solution to a surface site; (2) reaction
of adsorbed species A to produce adsorbed species B; and
(3) desorption of species B into solution, freeing a surface
site for further reaction. Each of these elementary steps is
reversible. For sulfide oxidation, species A is dissolved
O2, and species B includes O2 radicals, H2O2, and eventu-
ally H2O (Schoonen et al., 2006).

Previous predictions of pyrite oxidation kinetics at low
O2 have varied in part because various authors have dif-
fered in their interpretation of the reaction mechanism
responsible for the fractional order kinetics. For example,
Nicholson et al. (1988) proposed that pyrite oxidation
was limited by O2 adsorption to the pyrite surface, and
therefore modeled the rate law using an adsorption iso-
therm. This rate law predicts a saturation-type behavior.
At low O2, this model predicts that pyrite oxidation would
be first-order with respect to O2, as increasing O2 results in
a simple increase in reaction rate. However, at higher O2 the
surface becomes saturated with O2 resulting in fractional
and eventually zero-order dependence on O2 concentrations
(Fig. 6B-1).

Other studies, however, have identified pyrite oxidation
to be a surface-mediated process (Holmes and Crundwell,
2000; Chiriță and Schlegel, 2017). In this case, most elemen-
tary models of pyrite oxidation would either predict a first-
order dependence on O2 assuming rapid detachment of
products (Fig. 6B-2), or a zero-order dependence on O2 in
the case that detachment of the products was the rate lim-
iting step (producing an oxidation rind, Fig. 6B-3). How-
ever, these simple models fail to explain the origin of the
observed half-order kinetic dependence with respect to
O2. Without a correctly identified reaction mechanism,
extrapolation of the observed rates outside the range of
O2 calibrated by experiments is risky.

We can rule out reaction (3) as the rate-limiting process
because it produces a zero-order reaction (Fig. 6B-3). In
this case, the detachment of oxidized products is the rate-
limiting step. Because the surface becomes saturated with
oxidized products, changes in O2 concentration have no
further effect on the rate of dissolution. We can also rule



Fig. 6. (A) Schematic of the three elementary steps in a surface-catalyzed reaction. Reaction (1) is the adsorption of species A (A(ad) denotes
the adsorbed species). Reaction (2) is the conversion of species A(adsorbed) to species B(adsorbed). Reaction (3) is the detachment of species B
from the reaction surface. Each of these elementary steps is reversible. (B) Schematic showing how the rate of pyrite oxidation will vary with
O2 when limited by different elementary reactions in shown in panel A. Limitation by Reaction (1) results in a linear, first-order rate law.
Limitation by Reaction (2) results in a saturation-type rate law. Limitation by Reaction (3) results in a zero-order law which is independent of
O2. Our data follow a half-order dependence with lower slope. Black points are schematic representations of the data presented in this study.
(C) A simple molecular O2 adsorption reaction would predict a first order linear dependence on O2 at low O2 concentrations (6B-1, 6B-2) as
thus cannot explain our data. (D) Our data strongly favor a model where O2 dissociates during adsorption to the pyrite surface, resulting in a
half-order dependence on the dissolved O2 concentration (6B-4).
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out reaction (1) as the rate limiting step, since this would be
expected to produce a first-order dependence of pyrite oxi-
dation rates on the dissolved O2 concentration—increases
in dissolved O2 directly translate to increased reaction rates.

When reaction (2) is limited by the exchange of electrons
at the mineral surface, the reaction rate depends on the pro-
portion of surface sites filled by O2 adsorbed to the pyrite
surface hA. In this case, the rate law takes the form:

r ¼ k2NThA � k�2NThB ð9Þ
where k2 and k-2 are the forward and backward rate con-
stants for the reversible reaction (2); NT is the total number
of reaction sites available on the mineral surface; and hA
and hB are the fractions of sites occupied by O2, ads and
Bads, respectively (the latter of which represents the oxi-
dized species produced by the reaction). When the reaction
is far from equilibrium, the rate of the forward reaction
exceeds the rate of the back reaction, so the first term in
Eq. (9) dominates the rate. For the case where molecular
O2 is adsorbing to the mineral surface (Fig. 6C),hA takes
the form of a simple adsorption isotherm:
hA ¼ KA O2½ �
1þ KA½O2� ð10Þ

As discussed above, Nicholson et al. (1988) invoked this
mechanism to explain the saturation curve response
observed in their data. In the Nicholson et al (1988) model,
oxidation rates are expected to be first order at low O2 and
zero order at high O2 in accordance with Eq. (10). They
hypothesized that the apparent half-order dependence was
an artifact of fitting a log-linear function to the curved por-
tion of the saturation curve. However, our new results
clearly indicate that pyrite oxidation is half-order with
respect to O2, even at very low concentrations.

Instead, our new data provide strong evidence to sup-
port a mechanism where O2 is dissociatively adsorbed to
the pyrite mineral surface during reduction as shown in
Fig. 6D. Previous studies have observed that after O2

adsorbs to a mineral surface, it undergoes reduction by sev-
eral electron transfers and dissociates in the process (Rosso
et al., 1999; Rimstidt and Vaughan, 2003; Schoonen et al.,
2006; Zhang and Anderson, 2007; Dos Santos et al., 2016).
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This scenario is distinct from mono-atomic adsorption
because the dissociated oxygen molecules may occupy two
metal sites, which changes reaction order of surface-
mediated reactions. In this case, Eq. (10) is modified:

h�A ¼ KA O2½ �ð Þ12
1þ KA O2½ �ð Þ12

ð11Þ

Substitution of Eq. (11) back into Eq. (9) produces a
bulk oxidation rate law that is half-order with respect to
O2 over several orders of magnitude of O2 concentration
(Fig. 6B-4). Given the observed half-order dependence in
our experiments, we suggest this surface-mediated mecha-
nism explains the bulk pyrite oxidation kinetics observed
in experimental studies. These results provide experimental
confirmation of the dissociative chemisorption hypothesis
favored by Rosso et al. (1999). Although this rate law even-
tually saturates at high concentrations of O2, existing exper-
imental data suggests that saturation requires >1 atm of
pO2. This mechanism may apply to molybdenite oxidation
as well, but more data are required to more precisely define
the order of reaction for molybdenite oxidation with respect
to O2.
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4.4. Implications for weathering models

The new pyrite oxidation rate law presented here greatly
improves our ability to constrain models of sulfide weather-
ing at Earth’s surface through time, particularly in the
Archean and Proterozoic when O2 levels are thought to
have been much lower than those present today. Our data
show good agreement with extrapolations of the
Williamson and Rimstidt (1994) rate law, lending support
to studies based on their earlier work (Reinhard et al.,
2009; Reinhard et al., 2013; Johnson et al., 2014; Stüeken
et al., 2012), while at the same time suggesting that the
quantitative conclusions of several other studies might need
to be revised to reflect more accurate kinetic models for
pyrite oxidation (Bolton et al., 2006; Daines et al., 2017;
Kanzaki and Kump, 2017).

For example, we observe significant change relative to
the results of Daines et al. (2017) when updated with our
pyrite oxidation kinetics. Daines et al. (2017) quantified
the O2 sink represented by several weathering reactions,
including global sulfide oxidation as a function of pO2, by
modifying an existing reaction-transport model developed
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PAL)

ses

.A.)

tics, geometric S.A.)

n of volcanic gasses (blue), sedimentary organic carbon (green), and
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Table 3
Comparison of geometric surface areas and BET measured surface areas.

Study Grain size (microns) Geometric SA (m2/g) Initial BET SA (m2/g) BET/Geom. Ratio

This work 20–50 0.040 0.363 9.1
Williamson and Rimstidt (1994) 150–250 0.006 0.047 7.8
McKibben and Barnes (1986) 125–250 0.006 0.025 4.2
Moses and Herman (1991) 38–45 0.030 0.071 2.4
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by Bolton et al. (2006). Importantly, the latter uses the pyr-
ite oxidation kinetics of Smith and Shumate (1970) as a
proxy for mineral sulfide oxidation rates. Using the same
model framework updated with our new kinetic data we
find that our new pyrite oxidation rates at low O2 are up
to an order of magnitude faster than the rate law used in
these models (Fig. 5). As a result, when we recalculate the
O2 sink represented by global sulfide oxidation, we find that
sulfide oxidation at low O2 accounts for an order of magni-
tude greater atmospheric O2 consumption than previously
estimated (Fig. 7).

Taken at face value, these updated pyrite oxidation
kinetics increase estimates of sulfate and trace metal deliv-
ery to the oceans during the Archean and Proterozoic,
while potentially shifting the viable regions of atmospheric
O2 stability significantly. For example, at pO2 > 10�4 PAL,
Fig. 7 suggests that global sulfide oxidation would act as a
stronger negative feedback on increasing atmospheric O2

than previously estimated. While this negative feedback
may be offset by the reverse reaction of authigenic pyrite
production in anoxic marine sediments (Daines et al.,
2017), it is nonetheless a significant increase in our esti-
mates of crustal sulfide oxidation.

Another important consideration for future sulfide
weathering models is the treatment of mineral specific sur-
face area. Weathering models commonly use geometric sur-
face areas, which are calculated assuming spherical or cubic
grains of a given diameter. However, most rate laws
reported in the literature are normalized to BET measured
surface areas, which are much greater than geometric sur-
face areas. For instance, the pyrite grains used in this study
initially range in diameter from 10-50 microns. If we
assume an average diameter of 30 microns for cubic grains,
we can calculate a geometric surface area of 0.04 m2/g. This
calculated surface area is an order of magnitude less than
our pre-experiment initial BET measured surface area of
0.363 m2/g (Table 3). It is often the case that geometric sur-
face areas underestimate true surface area in this way, lar-
gely because imperfections on the surfaces of natural
grains dramatically increase reactive surface area. Our
results suggest that these different surface area normaliza-
tion techniques can have a significant impact on weathering
models. Studies which assume geometric grain surface area
while using BET-based kinetics may significantly underesti-
mate both the true surface area of sulfide grains and the
rate of sulfide oxidation (Fig. 7).

An additional implication of our rate law for weathering
models is the importance of solution pH, which is not con-
sidered fully in many published models. For instance, mod-
ern soils are highly oxygenated, and pyrite oxidation occurs
mostly in situ due to the high abundances of O2 and ferric
iron. These reactions produce large amounts of acid, which
is why acid mine drainage is such a concern for natural
modern environments. Pyrite oxidation kinetics are slowest
at these low pH values (compared to high-pH solutions),
although they are still efficient due to the high abundance
of O2 and Fe3+ in modern weathering systems.

Early Earth environments with O2 as a trace atmo-
spheric gas, however, would be expected to behave differ-
ently. Pyrite oxidation rates would be limited by the low
abundance of O2 (Konhauser et al., 2011). Similarly, pro-
duction of ferric iron would be limited. Physical weathering
rates would outpace chemical weathering rates, prohibiting
pyrite from oxidizing in situ—in contrast to what we see
today (Daines et al., 2017). One possible result of these con-
ditions is that pyrite weathering would occur largely in well-
buffered riverine and floodplain/estuarine environments at
potentially much higher pH values compared to those of
modern soils, greatly accelerating its oxidation kinetics.
Fig. 4 predicts that these elevated kinetics, even at low
levels of O2, are nearly as fast as pyrite oxidation kinetics
at modern levels of O2 and low pH solutions. While this
possibility does not include the contribution by ferric iron
or other oxidants, it suggests that pyrite oxidation in early
Earth environments may have been much faster than previ-
ously estimated. Thus, it will be critical for future weather-
ing models calculating sulfide oxidation as a function of
pO2 to consider the role of pH and how it varies along
the transport continuum for crustal sulfides.

5. CONCLUSIONS

We present experimentally constrained pyrite and
molybdenite oxidation rates and accompanying rate laws
as a function of O2 and pH at extremely low levels of O2

(1–1000 nM O2, equivalent to 10�6–10�3 present atmo-
spheric level pO2 at equilibrium). These data were collected
from mixed flow reactor experiments in buffered solutions
over the course of several weeks using the highly sensitive
Luminescence-Measuring Oxygen Sensor (LUMOS) to
monitor consumption rates of dissolved O2.

We extend the range of experimentally constrained pyr-
ite oxidation rates as a function of O2 by up to three orders
of magnitude relative to previous work. We find the order
of reaction to be 0.50 ± 0.04 with respect to O2, in agree-
ment with several previous experiments performed at higher
O2. We find an order of reaction with respect to [H+] of
�0.25 ± 0.02, which is similar to, but greater than, the
majority of previous studies. We also provide the first rate
law for molybdenite oxidation as a function of O2 and find
it to also be half-order and kinetically similar to pyrite,
although no statistically significant pH dependence was
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observed. We hypothesize that this insensitivity to pH is
due to the strong surface potential generated on the face
of molybdenite grains, such that changing pH has little
effect on the surface charge and the resulting dissolution
kinetics.

Based on these results, we present a model that shows
how a surface-mediated reaction mechanism can explain
fractional-order kinetics with respect to O2, consistent with
previous studies that propose a surface-mediated reaction.
Our new kinetic rate laws are most applicable to modeling
sulfide oxidation on the early Earth under low-O2 condi-
tions. We encourage use of our updated kinetic data and
rate laws in future efforts to model sulfide weathering under
such conditions. Importantly, our rate laws identify a sensi-
tive pH dependence that should be considered in future
studies, along with a considerable increase in rate relative
to some previous estimates of sulfide oxidation at low pO2.

ACKNOWLEDGEMENTS

We are grateful for the help of Philipp Lehner and colleagues
from Graz University of Technology who supplied the LUMOS
oxygen sensors. The Aarhus University contribution was sup-
ported by the Poul Due Jensen Foundation. The ASU contribu-
tion was supported by FESD ‘‘Dynamics of Earth System
Oxygenation” (NSF EAR 1338810 to Anbar), NASA Earth and
Space Science Fellowship awarded to Johnson (18-
PLANET18R-0014), and the NASA Astrobiology Institute under
Cooperative Agreement No. NNA15BB03A issued through the
Science Mission Directorate (to Lyons). DEC acknowledges fund-
ing from the Villum Foundation. Conversations with Lars B. Ped-
ersen and Preben Sørensen led to the development of the mixed
flow reactor approach which greatly improved this manuscript,
and conversations with Shuhei Ono improved our thinking on
viable reaction mechanisms and pH dependence. We thank Stuart
J. Daines, Benjamin J. W. Mills, and Timothy M. Lenton for
sharing the oxidative weathering model of Daines et al. (2017).
The NASA astrobiology early career collaboration award to Gre-
gory helped facilitate that aspect of the collaboration. Reviews by
D. Rimstidt and other anonymous reviewers, as well as careful
editorial handling by J. Farquhar greatly improved the manu-
script. ACJ thanks ACE for his support.

APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2019.01.022.

REFERENCES

Anbar A. D., Duan Y., Lyons T. W., Arnold G. L., Kendall B.,
Creaser R. A., Kaufman A. J., Gordon G. W., Scott C., Garvin
J. and Buick R. (2007) A whiff of oxygen before the Great
Oxidation Event? Science 317, 1903–1906.

Bolton E. W., Berner R. A. and Petsch S. T. (2006) The weathering
of sedimentary organic matter as a control on atmospheric O2:
II. Theoretical modeling. Am. J. Sci. 306, 575–615.

Cao Z. F., Wang M. M., Zhong H., Chen N., Xia L. Y., Fan F.,
Liu G. Y. and Wang S. (2015) Purification of bismuthinite
concentrate by selective electro-oxidation of molybdenite.
Hydrometallurgy 154, 95–101.
Canfield D. E., Habicht K. S. and Thamdrup B. O. (2000) The
Archean sulfur cycle and the early history of atmospheric
oxygen. Science 288, 658–661.

Chandra A. P. and Gerson A. R. (2010) The mechanisms of pyrite
oxidation and leaching: a fundamental perspective. Surf. Sci.
Rep. 65, 293–315.
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