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INTRODUCTION: Oxidative weathering of pyrite,
the most abundant sulfide mineral in Earth's
crust, is coupled to the biogeochemical cycles
of sulfur, oxygen, carbon, and iron. Pyrite oxida-
tion is Kkey to these cycles because of its high
reactivity with oxygen. Before the Great Oxi-
dation Event (GOE), atmospheric oxygen con-
centrations were low on early Earth and pyrite
was exposed at Earth’s surface, allowing ero-
sion into sediments that were preserved in river
deposits. Today, it oxidizes at depth in most
rocks and is often not exposed at the land sur-
face. To understand pyrite weathering through
geologic time, researchers extrapolate the reac-
tion Kinetics based on studies from the labora-
tory or in acid mine drainage. Such work has
emphasized the important role of microorga-
nisms in catalyzing pyrite oxidation. But to inter-
pret the oxidation rates of pyrite on early Earth
requires knowledge of the rate-limiting step of
the oxidation as it occurs naturally in rocks.

RATIONALE: We investigated the oxidation of
pyrite in micrometer-sized grains, in centimeter-
sized rock fragments, and in meter-scale bore-
holes at a small, well-studied catchment in a
critical-zone observatory. Our goal was to de-
termine the reaction mechanism of pyrite
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weathering in rocks as it occurs today. The
slow-eroding catchment is underlain by shale,
the most common rock type exposed on Earth.
We determined weathering profiles of pyrite
through chemical and microscopic analysis.

RESULTS: At the ridgelines of the shale water-
shed, most pyrite oxidation occurs within a
1-m-thick reaction zone ~16 m below land sur-
face, just above the depth of water table fluc-
tuation. This is the reaction front at the borehole
scale. Only limited oxidation occurs in halos
around a few fractures at deeper depths. Above
the depth where pyrite is 100% oxidized in all
boreholes, rock fracture density and porosity
are generally higher than below. However,
the narrow parts of pore openings called pore
throats remain small enough in oxidizing shale
to limit access of microorganisms to the pyrite
surface. During oxidation, iron oxides pseudo-
morphically replace the pyrite grains. High-
resolution transmission electron microscopy
(TEM) reveals that the oxidation front at grain
scale is defined by a sharp interface between
pyrite and an iron (oxyhydr)oxide (Fh) that
is either ferrihydrite or feroxyhyte. This Fh
then transforms into a banded structure of
iron oxides that ultimately alter to goethite in
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outer layers. This complex oxidative transfor-
mation progresses inward from fractures when
observed at clast scale.

CONCLUSION: Under today’s atmosphere, pyrite
oxidation, rate-limited by diffusion of oxygen at
the grain scale, is regulated by fracturing at clast
scale. As pyrite is oxidized at borehole scale be-
fore reaching the land surface in most landscapes
today, the oxidation rate is controlled by the
movement of pyrite upward, which is in turn
limited by the rate of erosion. Comparisons of
shale landscapes with different erosion rates
reveal that fracture spacing varies with erosion
rate, so this suggests that fracture spacing may
couple the landscape-scale to grain-scale rates.
Microbial acceleration of oxidation globally today
is unlikely in low-porosity rocks because pyrite
oxidation usually occurs at depth, where pore
throats limit access, as observed here for shales.
Before the GOE, the rate of pyrite oxidation was
instead controlled by the slower reaction Kinetics
in the presence of lower atmospheric oxygen con-
centrations. At that time, therefore, pyrite was
exposed at the land surface, where microbial
interaction could have accelerated the oxidation
and acidified the landscape, as suggested by
others. Our work highlights the importance of
fracturing and erosion in addition to atmo-
spheric oxygen as a control on the reactivity of
this ubiquitous iron sulfide.
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Schematic depiction of oxidative weathering of pyrite in rocks buried at meters depth. Pyrite oxidation was studied from the molecular (TEM) scale of the
pyrite-Fe oxide interface through clast and borehole scales to extrapolate to landscapes. The rate of oxidation of pyrite, limited at grain scale by oxygen diffusion
through the shale matrix, is regulated at larger scales by fracturing and erosion.
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Pyrite is a ubiquitous iron sulfide mineral that is oxidized by trace oxygen. The mineral has been largely
absent from global sediments since the rise in oxygen concentration in Earth’s early atmosphere. We
analyzed weathering in shale, the most common rock exposed at Earth’s surface, with chemical and
microscopic analysis. By looking across scales from 107° to 10? meters, we determined the factors that
control pyrite oxidation. Under the atmosphere today, pyrite oxidation is rate-limited by diffusion of
oxygen to the grain surface and regulated by large-scale erosion and clast-scale fracturing. We determined
that neither iron- nor sulfur-oxidizing microorganisms control global pyrite weathering fluxes despite
their ability to catalyze the reaction. This multiscale picture emphasizes that fracturing and erosion are as
important as atmospheric oxygen in limiting pyrite reactivity over Earth’s history.

yrite is an extremely reactive, abundant

sulfide in Earth’s crust, and its oxidation

is an important regulator of biogeochem-

ical processes (7). Oxidative weathering

of pyrite (OWP) is coupled to the global
budgets of four of the most common redox-
active elements on Earth: sulfur, oxygen, car-
bon, and iron (2-6). OWP releases ~45% of the
world’s freshwater flux of sulfur to the ocean
(7), controls reactivity of iron in some ground-
waters (8, 9), draws oxygen out of the atmo-
sphere (10), and couples with the carbon cycle
i, 12).

OWP is particularly important to our un-
derstanding of Earth’s dynamic oxygenation
history (13, 14). For example, the presence or
absence of detrital pyrite in preserved sedi-
ments reflects the intensity of terrestrial OWP
and can therefore be a record of oxygen in the
early atmosphere (2, 15, 16). In addition, when
terrestrial OWP increased during the Great
Oxidation Event (GOE) at ~2.5 billion years
(Gyr) ago, it likely generated acid that in turn
affected the balance of some nutrients and
trace metals in the ocean (17, 18). Overall, OWP
is an important process in the negative feed-
back that may promote the stabilization of
oxygen partial pressure (pO,) in the atmo-
sphere (19, 20).

Explanations of OWP in Earth’s past rely on
extrapolations of pyrite oxidation Kinetics to
low pO, and on assumptions that the rate of
OWP is proportional to pOy (19, 20). This
latter assumption is key because extrapola-
tion implicitly requires knowledge of rate-
limiting steps. If the mechanism changes,
this extrapolation is no longer valid. Previ-
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ous research on pyrite reactivity focused on
oxidation in the laboratory [e.g., (21-23)] or
in acid mine drainage (24, 25). In acid mine
drainage, the rate-limiting step is oxidation
of aqueous Fe(II) to Fe(III) because Fe(III) is
a more efficient oxidant than O, in acidic con-
ditions (21, 22, 24). In addition, under acidic or
circumneutral pH, OWP can be accelerated by
more than one order of magnitude by some
iron- and sulfur-oxidizing microorganisms
living on or near the mineral surface (26-28).

Owing to the high concentration of O, in the
modern atmosphere and high reactivity of
pyrite, OWP today is suggested to be limited
by erosion (2) rather than interfacial reaction.
This idea is supported by observations show-
ing that the flux of OWP-generated sulfate is
proportional to the rate of erosion in some
catchments (29, 30). In addition, several re-
searchers have documented cases where pyrite
oxidizes to a depth of meters in pyrite-rich black
shales (31-34), pyrite-poor shales (30, 35-38),
and crystalline rocks (39).

Although pyrite has been documented in
isolated occurrences to oxidize at meters to
tens of meters below the land surface, the
controls on deep reactivity are still poorly
understood (40). We do not know if micro-
organisms facilitate oxidation reactions at
these depths, whether the reaction is oxidant-
limited, and how these controls may have
changed through time. To answer these ques-
tions, we integrated observations from pyrite
grains to rock fragments to boreholes in a shale
watershed (Fig. 1). Using images and analyses
from 107 to 10> m, we explore the implications
of multiscale reactivity for the global oxygen
and sulfur cycles (3-5).

We study shales because they are the most
common rock exposed on Earth and because
they are pyrite-containing but low in poros-
ity, like most exposed igneous and metamor-
phic rocks (2, 11). Our focus is a watershed
where erosional and hydrological processes
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are well studied (41). This watershed (Shale
Hills, Pennsylvania, USA) is slow-eroding but
can nonetheless elucidate global OWP be-
cause it exhibits some of the same features
of OWP observed in shales experiencing some
of the highest rainfall and erosion rates in the
world (30).

Pyrite measured in boreholes

At Shale Hills, layers of weathered material
(regolith) overlie the parent shale (protolith).
Regolith consists of a thin soil (0.2 to 3 m)
above tens of meters of weathered and frac-
tured rock (15 to 22 m thick). The protolith, a
gray Silurian shale, contains trace sulfur in the
form of pyrite (30). Pyrite occurs as both single
euhedral crystals and raspberry-like clusters of
euhedral crystals (framboids) disseminated in
a clay + quartz matrix. When considered from
the perspective of the land surface, regolith
forms as protolith is moved up and through
the weathering zone while topsoil is removed
by erosion. The cumulative effect is recorded
over time in regolith as elemental depth pro-
files, which extend from the most highly weath-
ered material at land surface to protolith at
depth (42, 43). We examined weathering pro-
files in material recovered from boreholes under
aridge and a valley (fig. S1).

Like other shales (31-35, 38), the earliest al-
terations observed at Shale Hills are fracturing,
dissolution of carbonate, and OWP (30, 36, 37).
During OWP, iron oxides replace iron sulfide
while retaining the external shape. This phe-
nomenon is called pseudomorphism and is
exemplified by octahedral Fe (oxyhydr)oxide
microcrystals within framboids (Fig. 2). The
Fe oxide phases evolved as the pseudomorphs
moved upward through the zone of oxidation.
We performed transmission electron micros-
copy (TEM) on samples at different depths
and found that ferrihydrite or feroxyhite (Fh)
formed initially at the interface with the oxi-
dizing pyrite (Fig. 3) but then was later re-
placed over time by goethite.

Under the south ridge at Shale Hills (fig. S1),
OWP initiates 16 m below the land surface
(mbls), defining the distance that oxidation
has advanced into the subsurface. We iden-
tify this distance, L, as the thickness of oxi-
dized regolith. We use subscript b to indicate
borehole scale (meters) as a contrast to the
centimeter scale of a clast (¢) or micrometer
scale of a grain (g). Pyrite has completely oxi-
dized throughout the layer of thickness L,
except in the bottom ~1-m-thick depth interval
(%) located about 1.5 to 3.5 m above the water
table, where oxidation and formation of pseudo-
morphs are ongoing (Fig. 1A and fig. S2). We
determined the change in fractional extent of
oxidation versus depth across 4,. We identify 4,
as the reaction front (Fig. 1A) because pyrite
abundance varies generally from deep to shal-
low as the extent of oxidation varies from O
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Fig. 1. Images and schematic depth profiles showing extent of pyrite oxidation at borehole (subscript
b), clast (c), and grain (g) scales. (A) Optical downhole televiewer image of a drilled core showing depth
to rock containing unaltered pyrite, i.e., oxidation advance distance (Ly,) and depth interval across which
pyrite is oxidizing (the thickness of reaction front, I,) for borehole CZMWS8 under south ridge of Shale Hills.
(B) Optical image of a partially oxidized shale clast formed as a fragment between fractures from the
depth shown in (A) (borehole CZMW8, ~25.5 mbls). The small white circles show the locations of pyrite and
Fe oxides pseudomorphs. Distance from fracture into unaltered center of fragment, i.e., oxidation advance
distance (L), is shown with the thickness of oxidation front (I.). Extent of oxidation was determined by sulfur
concentrations in pyrite and oxide framboids (see Fig. 2), semiquantified from EDS. (C) Elemental map
(STEM-EDS) of a partially oxidized pyrite grain (green: sulfur; brown: oxygen) collected from the weathered
clast as in (B). Thickness of the oxidized rim (L, i.e., the oxidation advance distance) and thickness

of oxidation front (Ig) for a partially oxidized pyrite grain. Colors vary with extent of oxidation from green
(unoxidized) to orange (oxidized). Dark horizontal line is a zone with high porosity. Extent of oxidation

was calculated from the mass transfer coefficient 1, as described in materials and methods (0% oxidation
for 1, = 0 to 100% for 1, = -1).

to 100%. We also observed that the advance
distance of oxidation at the clast scale (L) is
a few centimeters with a reaction front thick-
ness /. ~ 2 mm (Fig. 1B), and the advance dis-
tance of oxidation at the grain scale (L) is ~1 um
with [, ~ 0.1 um (Fig. 1C). The magnitudes of
L and [ at all these scales vary with location
of borehole in the landscape, depth of clast

Gu et al., Science 370, eabb8092 (2020)

in the oxidation front, and distance of pyrite
grain from the fractured edge of a clast.

As erosion exhumes the shale, porosity grows
through dissolution and fracturing (fig. S2).
The average fracture density measured by down-
hole televiewer increases from 3.9 + 3.0 frac-
tures per meter below the OWP front to 8.7 +
3.2 fractures per meter (spacing of 5.8 + 2.5 cm)
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above the front (measured under the south
ridge, fig. S2). The effective porosity (porosity
that is open to fluid flow) that we measured by
mercury intrusion also increases from 1.6 +
0.5% of the protolith to 4.5 + 0.3% of the
weathered rock across the front (table S1). The
increase in porosity cannot be explained by
oxidation of the trace pyrite (~0.2 to 0.3 wt % in
protolith). However, as previously documented
(30,44, porosity growth can be largely accounted
for by dissolution of chlorite, the most abun-
dant iron-containing clay (13 to 17 wt % in
protolith). At the same depth that pyrite be-
comes ~100% oxidized, dissolution of chlorite
begins (30, 37, 44). Under the valley, we ob-
served similar increases in porosity, fracture
density, and degree of chlorite dissolution above
the depth that OWP reaches 100% (fig. S3) (44).
Although porosity increases upward, the
width of pore throats in regolith under the
south ridge does not grow larger than 10 to 20 nm
as weathering proceeds (30). These throats, the
narrow parts of pore openings, are important
because they are the most restrictive with respect
to access of fluids (45) and microorganisms (4.6).
By contrast, pore throats under the valley at
some depths grow larger than 400 nm (table
S1). The reason for this larger size is that the
sedimentary strata under the valley initially
contain more abundant carbonate minerals than
under the ridgelines, and the dissolution of these
minerals leaves less-constricted pore throats.

Pyrite weathering in shale fragments

Although we emphasize that most of the OWP
occurs in a meter-wide reaction zone under
ridgelines, the regolith-protolith interface is
not a Euclidean plane but rather a highly rough
interface shaped by faults and fractures. This
geometry has also been suggested for other
low-porosity rocks (39, 47). In our study site,
for example, OWP is observed around a few
fractures beneath the water table under the
ridges (44). In one example from an oxidized
halo around a fracture, we again observed
pyrite + Fe oxides in pseudomorphs (Fig. 2)
where oxidation of pyrite is 100% complete
at the fracture and decreases to undetectable
levels ~3 cm away. This documents the dis-
tance that oxidation advanced from the frac-
ture into the clast, L (Fig. 2). The width of the
reaction front across which pyrite is 100%
oxidized at that scale, /., is constrained by ob-
servation to be ~2 mm (Fig. 1B).

We inferred from these observations that, as
erosion removes topsoil at the land surface and
shale moves closer to the land surface over geologic
time, new fractures form and rock fragments
or clasts between fractures oxidize progressively
inward from their fractured surfaces (fig. S4).

Pyrite weathering in single grains

We measured the oxidation advance distance
L, in grains within partially pseudomorphed
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Fig. 2. Photomicrographs of oxidizing pyrite and its pseudomorphs within one rock fragment shown
in Fig. 1B. (A) X-ray elemental map (SEM-EDS) of framboidal and euhedral Fe oxide pseudomorphs after
pyrite. (B) Back-scattered SEM image of Fe oxide framboid formed in situ in shale as pseudomorph. (C) X-ray
elemental map (SEM-EDS) of partially oxidized pyrite. (D) Back-scattered SEM image of unaltered framboidal
pyrite on an ion-milled section of deep unaltered bedrock. Chl: chlorite; IIt: illite; Py: pyrite; Qz: quartz.

framboids (Fig. 3). Grains (~5 pm in radius)
exhibit pyrite cores surrounded by rims of
Fe oxides. The sulfur in the crystalline and
nonporous pyrite core of grains is progressively
replaced by oxygen to form Fh across a sharp
interface (Fig. 3B). No sulfate mineral phases
are present because sulfur and oxygen are
never observed together. Therefore, the con-
centration profiles of sulfur and oxygen are
reciprocal (Fig. 3B and fig. S5). For one specific
grain, the depth of penetration of oxidation,
Lg, is ~1 um and reaction front thickness, /g, is
~0.1 um (Fig. 3).

Microscopic characterization reveals that Fh
transforms to goethite (Gth) within a complex
banded structure that follows the sequence
pyrite-Fh-Gth-Fh-Gth (Fig. 3B). As we dis-
covered using high-resolution TEM (HRTEM),
unoxidized pyrite is surrounded by a very thin
layer (10 to 20 nm) of Fh (Fig. 3C). This first
transformation to Fh is consistent with lab-
oratory observations that Fh-like iron oxide
patches grow pseudomorphically on pyrite
surfaces when in contact with O, (48-50). Se-
lected area electron diffraction (SAED) and
HRTEM show that Fh in turn is enveloped by
poorly crystalline Gth with a thickness of ~0.1
um (Fig. 3, C and D, and fig. S6). We infer that
Gth was formed directly from Fh because it is
the more thermodynamically stable phase
(51). This inference is consistent with labo-
ratory observations that the initial oxidation
products of pyrite are Fe(OH); (ferrihydrite)

Gu et al., Science 370, eabb8092 (2020)

followed by transformation to FeO(OH) (Gth) +
H,0, or FeO(OH) (feroxyhyte) followed by
transformation to FeO(OH) (Gth) (5I). The
Fh-Gth sequence repeats in the outer layer
(~0.9 um in thickness), which is separated
from the inner Fh-Gth sequence by a zone
with low porosity, which is observed in the
back-scattered electron micrograph as a dark
zone (Fig. 3B).

This layering offers some insights into the
reaction mechanism. Ferrihydrite or ferox-
yhite precipitates at near neutral or slightly
acidic pH (52, 53). This observation is impor-
tant because it implies that the H,SO, released
during OWP does not drive pH far below neu-
tral. We believe that the released acidity was
likely consumed locally by dissolution of
other minerals. Consistent with this inference,
energy-dispersive x-ray spectra (EDS) of the Fe
oxide layers reveal the presence of Si and Al
(fig. S5). Because we observed chlorite dissolu-
tion initiating near OWP in several boreholes
(44), we attribute the Si and Al to H,SO,-driven
dissolution of local chlorite (Fig. 3A). Incorpora-
tion of silica into Fh also retards the trans-
formation to Gth (54).

The mechanism of oxidation is abiotic

Our observations are distinct from observa-
tions for weathering minerals of any compo-
sition in that we reported reaction fronts and
weathering advance distances across scales
from 10~ to 10% m, constraining the rate-limiting
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steps and reaction mechanisms. Furthermore,
these results can probably be generalized be-
cause OWP occurs in rock at depth in very sim-
ilar ways in other watersheds eroding at much
faster rates in other climates (30-35, 38).

The rate of OWP at Shale Hills is limited
by diffusion of oxygen through shale matrix
rather than chemical reaction. At the land-
scape scale, the rate is limited by movement of
pyrite into the weathering zone, as dictated by
the rate of erosion (42, 55). Below the water
table, we observed OWP only in halos around
fractures (e.g., under the ridge) or where po-
rosity is high because of carbonate dissolution
under the valley (44). If transport of oxygen
was not slow below the water table, then OWP
would be extensive throughout the saturated
zone. These observations point toward rate
limitation at the clast scale by transport of
oxygen, which is in turn limited by the for-
mation of fractures and pores.

Oxidation is also not homogeneous at the
grain scale (Fig. 3), suggesting that OWP is
limited by transport of reactants or products
through matrix to the grain surface. Trans-
port cannot occur by advection at this scale
because permeability, effective porosity, and
total porosity are low in the shale matrix: In the
protolith, these values are ~0.25 nanodarcy (56),
1.6 + 0.5% (30), and 4.9 + 0.4% (30), respectively.
For most relatively unfractured low-porosity
shales, reactants move by diffusion (57).

The observation that the rate-limiting step
at the grain scale is diffusion through shale
matrix is consistent with the pseudomorphic
nature of the transformation and the sharp
interface between pyrite and Fe oxide (Fig.
3A). Pseudomorphism is known to occur for
some interfacial dissolution and reprecipita-
tion reactions when the processes are slow
and accompanied by small changes in vol-
ume (58, 59). We calculated the transformation
from Py to Fh to yield a 14% volume decrease
(assuming Fe is immobile). This volume de-
crease could also contribute to the porosity,
which is apparent as darker zones in the
banded layers (Fig. 3B).

To constrain the mechanism, we consider
three possible stoichiometries of OWP:

4FeSy(s) + 1504 (aq) + 14H,0 — 8S0% (aq) +
16H" (aq) + 4Fe(OH),(s) (Eq. 1)

FeS,(s) + 14Fe®" (aq) + 8H,0 — 2502 (aq) +
16H" (aq) + 15Fe®" (aq) (Eq. 2)

4FeS, (s) + 70 (aq) + 10H,0 — 48,03 (aq) +
8H" (aq) + 4Fe(OH),(s) (Eq. 3)

Fe(I1I) is the oxidant when aqueous Fe(III)

is stable at the interface. In that case, the process
is controlled by oxidation-reduction cycling
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Fig. 3. Pyrite oxidation at grain scale. (A) Scanning TEM (STEM, HAADF mode) on a partially
pseudomorphed pyrite grain identified using SEM-EDS (Fig. 2C) and then prepared by FIB. The dark gray rims
are Fe oxides, and lighter gray core is pyrite. (B) STEM image showing the pyrite-Fe oxide interface [zoom-in
view of the dashed box in (A)]. The colored lines show the elemental variations (normalized atomic
percentage) versus distance, extracted from the line scan on the section. Mineral phases were identified from
elemental composition (EDS) and electron diffraction. (C) HRTEM image showing the pyrite—Fe oxide
interface with an inset showing a FFT of the modified pyrite region. (D) Zoomed-in view of modified Py-Fh
interface. Chl: chlorite; Fh: ferrihydrite or feroxyhyte; Gth: goethite; Py: pyrite.

of Fe(II)-Fe(IIT) and can be accelerated by Fe-
oxidizing microorganisms (26, 28). However,
the smallest bacteria reported in the subsur-
face are ~200 nm in nominal diameter (60),
larger than the measured pore throats under
the ridges (10 to 20 nm, table S1). Therefore,
microorganisms are not likely to access the
pyrite surface to accelerate the reactions. Al-
ternatively, if thiosulfate formed as in (3), it
could diffuse through the matrix out to the frac-
tures and if sulfur-oxidizing microorganisms
fit in the large fractures, then OWP could be
mediated by thiosulfate-oxidizing organisms.
This mechanism is also unlikely, however, be-
cause as a highly unstable molecule, thiosulfate
is always observed at extremely low concen-
trations (26, 28). Thus, OWP in this deep, low-
porosity rock was not microbially catalyzed.
The mechanism is thus abiotic and is lim-
ited by diffusion with respect to either reac-
tants or products. Neither diffusion of H" nor

Gu et al., Science 370, eabb8092 (2020)

Fe(III) is likely limiting the rate given the cir-
cumneutral or slightly acidic pH near the Py-
Fh interface. The lack of a sulfur-containing
phase near the oxidized pyrite (Fig. 1C and
fig. S5) also suggests that outward diffusion of
sulfur species is not rate-limiting. Thus, inward
diffusion of the oxidant must limit the rate.

At the near-neutral pH of the interface, aque-
ous Fe(III) is extremely low in concentration,
and the oxidant is likely to be O, or nitrate. The
latter oxidant may oxidize pyrite in nature but
only if microorganisms participate. For ex-
ample, sulfur-oxidizing, nitrate-reducing micro-
organisms are thought to accelerate OWP if
they live directly on pyrite (61):

2FeS,(s) + 6NO; (aq) + 4H,0 — 4803 (aq) +
2H" (aq) + 3N (g) + 2Fe(OH),(s) (Eq. 4)

But nitrate as an oxidant is extremely un-
likely because very little nitrate is observed in
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pore fluids at Shale Hills (62). We therefore con-
clude that OWP is abiotic and rate-limited by
diffusion of oxygen through the shale matrix.

Toward a multiscale model

Our observations show that oxygen, brought
beneath the water table in fractures, diffuses
into the matrix and oxidizes the pyrite. Micro-
organisms could be involved, but only to a very
minor extent and only if they live in fractures
rather than matrix or in a limited depth range
under the valley where pore throats grow larger
than micrometers (table S1). Above the water
table, 100% of the pyrite oxidizes because the
porosity is larger, the spacing between frac-
tures is smaller (fig. S2), the fraction of air in
the pores is higher, and the diffusion of oxygen
is faster (63). Beneath the water table, OWP is
restricted to a few larger, connected fracture
zones under the ridge or to depth ranges where
dissolution of carbonates has interconnected
porosity under the valley (44). These arguments
are consistent with simulations of weathering
that show that a weathering front can locate
either above or below the water table (64, 65).

For the ridge boreholes where the OWP re-
action front thickness 4, is ~1 m (Fig. 1), a simple
one-dimensional model based on water moving
downward and rock moving upward is appli-
cable. The average residence time %, for shale
fragments crossing upward through the reac-
tion front equals 4, divided by the measured
erosion rate of 0.02 + 0.01 m kyr ™ (66): 50 + 30
thousand years (kyr). That is, fragments of shale
(i.e., clasts) move up through the front over a
period of 50 kyr while oxygen diffuses in from
the fragment surface to oxidize the pyrite in the
interior (fig. S4). At the point of exit from the
top of the front after 50 kyr, each clast has
become totally oxidized. At that point, the av-
erage distance that oxidation advances inward
from each fracture, L., equals half the average
fracture spacing d; (i.e., inverse of the fracture
density, fig. S4).

The residence time during which each frag-
ment crosses the front, 50 kyr, constrains the
diffusion-limited oxidation rate of pyrite within
each upward-transiting fragment, allowing pa-
rameterization of a diffusion model based on
fracture spacing. We developed and corrobo-
rated such a model against published proper-
ties of shale and oxidation rates of pyrite (67).
The most important model parameter is the
effective diffusivity, D, which is smaller than
aqueous diffusivity because of the low effec-
tive porosity (¢) and tortuous pore pathways
in the shale matrix (68). The most common
empirical equation for D, is Archie’s law, where
it varies as ¢, m being the cementation ex-
ponent. Using the constraint on D, from
the diffusion model (where shale fragments
completely oxidize within 50 kyr) and this
empirical equation, we discover that the expo-
nent m constrained by our observations equals
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literature values for shale (67). To further cor-
roborate the diffusion model (67), we also cal-
culated the average grain-scale oxidation rate
of pyrite in the field of ~10~** mol m 2 s, This
value is four orders of magnitude smaller than
pyrite oxidation measured in the laboratory
in well-stirred, slightly acidic water (23). This
observation is consistent with rate limitation
by diffusion in the field but interfacial reaction
in the laboratory.

Global implications

Our observations yield global implications for
pyrite oxidation. For example, in some of the
fastest-eroding locations on Earth, shales erode
10 to 100 times faster than at Shale Hills but
still become 100% pyrite-oxidized beneath the
land surface (30). Even in those fast-weathering
shales, pyrite pseudomorphically transforms
to oxide minerals (30). As shown by theoret-
ical models of weathering (10, 42, 55), this ob-
servation implies that erosion limits the rate
of OWP at the borehole scale rather than the
Kkinetics of chemical reaction. In fact, by using
reasonable parameters for average global pyrite
contents and erosion rates, the calculated sul-
fate release rate for Shale Hills, 2.5 + 1.4 mmol
sulfur m2 year’, straightforwardly extrapo-
lates to the total global riverine sulfate flux
from OWP, 1.5 = 0.5 Tmol sulfur year " (67).

But to understand global implications over
geological time, we also need to understand
the mechanisms by which the rate of OWP at
clast and grain scales varies proportionally
with erosion rate. The answer appears to be
that the climate, tectonic, or other drivers that
accelerate the rates of erosion also promote
increased fracturing (69). This in turn decreases
the relevant clast size created between frac-
tures (perhaps also increasing porosity within
clasts) and thus accelerates OWP (30). This
fits our proposed model (fig. S4) in which the
advance of oxidation across each shale frag-
ment between fractures is proportional to the
square root of the residence time it takes for
the fragment itself to cross the oxidation front.
To fully oxidize pyrite in fragments, the frac-
ture half-spacing must be less than the ad-
vance distance of oxidation as the clast crosses
the reaction front at the borehole scale. A
simple equation (eq. S10) predicts the critical
fracture spacing that results in total oxida-
tion of pyrite before it is exposed at the land
surface and presents the spacing as a func-
tion of residence time of shale fragments in
the weathering zone, effective porosity of shale
matrix, pyrite abundance in protolith, and con-
centration of dissolved oxygen in fractures.

We used m calculated from Shale Hills for
three shales (30) for which we know that py-
rite is oxidized before exposure at the land sur-
face to determine the critical fracture spacing
calculated from eq. S10 (Fig. 4). The measured
fracture spacing and effective porosity for each
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of the shales plotted on the figure (symbols)
show that fracture spacing is smaller than the
critical spacing needed for 100% of the pyrite
to be oxidized at the land surface under the
present-day atmospheric level (PAL) of oxygen.
The curves also show that the effect of fracture
spacing is much stronger than that of porosity.
These observations emphasize that the most
convincing explanation for how OWP can be
maintained proportional to erosion is that
fracture spacing decreases to shorten the dif-
fusion distance of oxygen as the erosion rate
increases.

We can also explore conditions other than
those on Earth today. For example, when the
atmospheric oxygen concentration was less
than 107 times PAL, OWP was apparently slow
enough that pyrite was retained in alluvial sedi-
ments, implying that pyrite was exposed at
the land surface [e.g., (15, 16)]. Curves plotted
for dissolved oxygen equilibrated with PO, =
107° PAL (Fig. 4) clearly show that even highly
fractured rocks like those in fast-eroding Taiwan
today would still retain pyrite up to the land
surface at that time. This observation is con-
sistent with a rate-limiting step for OWP be-
fore the GOE that was not erosion but rather
the oxidation reaction at the mineral grain sur-
face. Before the GOE, pyrite absence or pres-
ence in sediments would have been a function
of atmospheric oxygen content, but once the
atmospheric oxygen rose high enough to over-
come chemical reaction limitation, OWP was
limited by erosion and fracturing as it is today.
Therefore, the key time scale for detrital pyrite
preservation in alluvial sediments before the
GOE is that of pyrite oxidation during trans-
port from source to deposition as explored by
Johnson et al. (2014) (16), but after the GOE
the key time scale is the residence time as
clasts transit up through the oxidation zone in
the subsurface. This emphasizes that the rate
of erosion coupled to fracturing in the sub-
surface is as important as atmospheric oxygen
concentration in controlling the presence or
absence of pyrite in alluvial material. Rock
uplift and fracturing history, which has varied
over geologic time (70), therefore must be con-
sidered in determining ancient atmospheric
oxygen content through analyses of pyrite and
models of weathering.

Our observations also emphasize that iron-
and sulfur-oxidizing microorganisms do not
play a dominant role today in OWP globally.
This may explain why landscapes of acidification
are generally limited to mined regions where
pyrite-containing rock is artificially exposed.
The only way microorganisms could play an
important role, given that they need to grow
directly on or near pyrite (26-28), is for pyrite
to be exposed in rock where microorganisms
can enter pores. However, pyrite would have
been present at the land surface during the
late Archaean even for very low erosion rates
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(see Fig. 4). This lends credence to the pos-
sibility that an early period of acidification
at 2.48 Gyr ago was caused by chemolithoau-
totrophic bacteria colonizing the land sur-
face where, unlike today, pyrite was exposed
(18, 71). More attention to estimating erosion
rates and mechanics of subsurface fracturing
is needed to understand limits on C, O, S, and
Fe cycles globally.
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Fig. 4. Model curves showing the critical values
of fracture half-spacing and effective porosity
for pyrite to completely oxidize (symbols

plot below curve) or to remain unoxidized at
Earth’s surface (symbols plot above curve) for
two values of atmospheric oxygen. Squares show
fracture half-spacing and effective porosity
measured from depth at three watersheds (SH:
Shale Hills at Pennsylvania; ER: Eel River at
California; FS: Fushan at Taiwan) with different
erosion rates. Darker symbols and curves indicate
faster erosion rates as labeled: FS (2 m kyr™®) > ER
(03 mkyr™ > SH (0.02 m kyr™). Solid and dashed
curves were calculated for oxygen at present
atmospheric levels (PAL) or levels from before the
GOE (107° PAL), respectively. Consistent with
today’s lack of exposed pyrite at land surface in all
three watersheds and sulfate release rates for the
watersheds that are proportional to erosion rate
(30), symbols all plot below the corresponding
contour for PAL (erosion-limited oxidation). But all
points plot above estimates based on 107> PAL
(dashed lines), suggesting the likelihood of land
surface exposure of pyrite before the GOE (reaction-
limited oxidation). Parameters estimated from

Shale Hills were applied to the other watersheds as
described in the text. Error bars show the range

of erosion rates (horizontal) and fracture half-spacing
(vertical). The contours of different values of erosion
rates (darker for higher erosion rate) are calculated
using eq. S10 for a 10-m-thick oxidized regolith.
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Materials and methods

Geological setting

The Shale Hills catchment (40.6668° N,
77.9028° W) at Susquehanna Shale Hills Crit-
ical Zone Observatory (SSHCZO) is a V-shaped
0.08 km? catchment located in the headwaters
of the Shaver’s Creek watershed in the central
Susquehanna River Basin, Pennsylvania, USA
(fig. S1). The climate at SSHCZO is character-
ized as humid continental, with warm to hot
summers and cold winters (mean annual air
temperature of 10°C), with well-distributed
precipitation throughout the year (mean an-
nual precipitation of 107 cm). Vegetative cover
is dominated by northern hardwoods with in-
terspersed conifers consisting of oak (Quercus
spp.), hickory (Carya spp.), pine (Pinus spp.),
hemlock (Tsuga canadensis), and red maple
(Acer rubrum). The short-term erosion rate
(0.01 to 0.025 mm year ') determined from
meteoric '°Be in this catchment (66) is com-
parable to the long-term erosion rates deter-
mined by low-temperature thermochronometry
(72) across the Valley and Ridge province, in
the Appalachian Mountain region. Both rates
are close to the soil production rate (0.015 to
0.065 mm year ') determined over the 10% to
10%-year time scale from uranium disequilib-
rium isotopes (73). This similarity implies
that the landscape is close to an approximate
steady-state geomorphological shape, i.e., that
erosion roughly balances soil production. This
site is underlain by the Silurian-aged Rose Hill
Formation, which consists primarily of shale
with minor interbedded carbonate-rich and
sandstone layers (37, 74). The shale under the
catchment varies from carbonate-rich near the
outlet to poor through the rest of the catchment.
Carbonate layers in the dipping (and probably
folded) shale intersect boreholes under the
ridges at tens of meters below land surface but
at ~2 mbls under the valley. Although most car-
bonate at depth under the valley was present
in the original shale, some calcite precipitated
near the surface (<3 mbls) shows incorpora-
tion of C from organic carbon in soil, which is
isotopically more depleted (44).

Boreholes

A '7.6-cm-diameter borehole (CZMWS8) was drilled
to 30.8-m depth under the south ridge of the
catchment by HQ wireline coring, and core
materials were recovered. Above depths of
~15.5 m, fractured rock fragments with lengths
smaller than 10 cm were recovered (recovery:
1710 40%). Below ~15.5 m, more continuous core
materials were recovered (recovery: 45 to 90%)
with the exception of the highly fractured zone
from 24.7 to 26.2 m (recovery: 21%).

A '7.6-cm-diameter borehole (CZMW10) was
drilled to 35-m depth under the valley near the
outlet of the catchment by air rotary drilling.
Rock fragments and rock powder were sam-
pled during drilling at ~0.8-m intervals. The
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unconsolidated material in the top 3 m of
the borehole was sampled using a Geoprobe.
The groundwater levels of these two bore-
holes are continuously measured every 30 min
using a pressure transducer after well comple-
tion (75).

The borehole geophysical logs collected in
both borehole CZMW8 and CZMWI10 include
a three-arm caliper, natural gamma, optical
televiewer, acoustic televiewer, full wave-form
sonic, bulk density, neutron porosity, fluid
temperature, fluid conductivity, and normal
resistivity. The logs of the 3-arm caliper and
optical televiewer were collected in several other
boreholes under the ridge (CZMW5, CZMW6,
CZMW?7) and under the valley as well (bore-
holes: CZMW1, CZMW2, CZMW3, CZMW4,
Lynch). The fracture density was estimated
by counting numbers of fractures per 0.5 m
on optical and acoustic borehole images.

Bulk chemistry and minerology

Two types of samples were collected for anal-
ysis: (i) bulk samples (>100 g each), collected
and homogenized over 0.3- to 0.8-m depth
intervals; and (ii) centimeter-sized rock frag-
ments that could be separated, on occasion,
from the bulk samples. Rock fragments ana-
lyzed and discussed in this paper were collected
near the depth where almost all of the pyrite
becomes depleted (the pyrite oxidation front),
or from the fractured zones (3 to 20 g for each
sample). Bulk solid-state elemental composi-
tions were determined by lithium metaborate
fusion followed by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES; Perkin-
Elmer Optima 5300DV ICP-AES) at the Penn
State Laboratory for Isotopes and Metals in
the Environment (LIME). Loss on ignition was
determined by ashing the pulverized samples
(initial mass ~1 g) at 900°C for 1 hour. Con-
centrations of total carbon and sulfur were
determined on pulverized samples with a
combustion-infrared carbon/sulfur determi-
nator (LECO SC632). Bulk compositions are
reported on an “as received” basis.

The loss or gain of component j during weath-
ering was quantified as the mass transfer co-
efficient 1; (76, 77):

_ Cjﬁwci,p

= 2P
C]ﬂpci,w

Here, C; », and C;, are the concentrations of
a mobile element or mineral of interest (7) in
protolith (p) or weathered material (w). When
1= 0, element j is neither enriched nor de-
pleted with respect to immobile element 7 in
protolith; when t < 0, the element has been
lost relative to 7 in protolith; and whent > 0,
the element has been added to the profile
relative to the protolith. In this study, the
protolith is defined as the zone that shows no
pyrite or carbonate depletion and titanium (Ti)
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is chosen as the immobile element because it
is mostly present in an insoluble mineral (30).
The fraction of a mobile element lost from
the protolith is a minimum estimate because
no element is totally immobile (78). The ex-
tent of oxidation was calculated as —ty.

X-ray diffraction was conducted on a
PANalytical Empyrean X-Ray Diffractometer
(PANalytical Ltd., Netherlands) at 45 kV and
40 mA using Cu Ko radiation with a 1/2° di-
vergence and receiving slits. Diffraction pro-
files were collected from 5° to 70° 26 at a rate
of 4° min~". The degree of vermiculitization
of chlorite was semiquantitatively estimated
through the relative intensities of the (002)
reflection at ~7.1 A and (001) reflection at 14.1
to 14.3 A of chlorite (79).

SEM

Eleven centimeter-sized rock fragments from
different depths were selected for microstruc-
ture analysis at the Material Characterization
Laboratory of the Pennsylvania State Univer-
sity. All fragments were cut into thin sections
(~2 mm thick) using a low-speed diamond
saw, polished with sandpaper (600 grid) and
later diamond pastes (6 um and 0.25 pm). Thin
sections from each depth were imaged by scan-
ning electron microscope (SEM). Selected sec-
tions were further polished by an ion beam
milling instrument (Leica EM TIC 3X) to re-
veal the internal structure. Before imaging,
the sections were coated with carbon (~8 nm
thick) to reduce surface charging. The sections
were imaged at low magnification (<10,000x)
using an Environmental SEM (FEI Quanta 250)
in backscattered electron mode with an accel-
erating voltage of 10 to 15 KV. Selected areas
were investigated by EDS on the SEM using
an Oxford EDS detector with an accelerating
voltage of 15 to 20 KV to ensure a minimum
dead time of 15%. The sections were imaged at
high magnification (>10,000x) using a field-
emission SEM (FEI Nova NanoSEM 630) with
an accelerating voltage of 8 to 10 kV, landing
energy of 4 to 5 KV using a vCD detector.

TEM

Specimens for transmission electron micros-
copy (TEM) were prepared by focused ion
beam (FIB) milling on specific sites (e.g., pyrite-
Fe oxide interface pre-identified by SEM-EDS)
with the FEI Helios NanoLab 660 DualBeam
system. A protective carbon layer was deposited
on the region in the shape of a bar and then
milling was performed using gallium ions at
30 keV. The specimen was lifted out, attached
to a TEM grid and thinned to electron trans-
parency. The FIB specimen was then analyzed
on a Talos F200X scanning/transmission elec-
tron microscope (S/TEM) or a FEI Titan3 dual
aberration corrected S/TEM, both operated
at 200 kV and equipped with a SuperX EDS
system. Both high angle annular dark field
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(HAADF) STEM imaging and HRTEM were
completed. Selected areas were examined by
SAED and EDS mapping. Electron diffrac-
tion patterns were also extracted through fast
Fourier transform (FFT) analysis on selected
area of HRTEM images using image process-
ing software Fiji (80). The ion mill curtain-
ing in Fig. 3A is removed by a stripe filtering
plugin in Fiji (81).
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Getting rid of fool's gold

Pyrite, also called fool's gold, is an iron sulfide mineral that is very commonly found in rock but is almost
nonexistent in sediments today. Pyrite oxidizes quickly and is a major source of sulfur to the ocean, but it is also a proxy
for the oxygen content historically in Earth's atmosphere. Gu et al. conducted a set of detailed observations of the pyrite
oxidation process in a shale unit. The authors found that erosion tied to fracturing is just as important as the oxygen
content for the dissolution process. They developed a model that helps determine the conditions in Earth's past for which
pyrite might have been stable and the role of microorganisms in the oxidation process.
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