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Abstract

The variation in the iron isotopic composition (8°°Fe) of sedimentary pyrite is often interpreted to reflect the degree of Fe
redox cycling in modern and ancient environments. However, the degree to which precipitation pathways, isotopic exchange,
and precipitation rates can affect the isotopic fractionation associated with pyrite precipitation from aqueous Fe(II) (Fe(II),q)
is poorly understood. In this study, pyrite is precipitated at 80 °C in batch reactors through the H»S and polysulfide pathways,
in which the precipitation rates and the concurrent formation of a greigite (FesSs) phase is modulated by the amount of
initially added elemental sulfur and aqueous molybdenum. Our results indicate an average apparent isotopic fractionation
(8°°Fepyrite - 8 °Fepesx, where FeS, includes FeS, Fe(Il),,, and greigite) of —0.51 + 0.22%o throughout the experiments irre-
spective of precipitation pathways and greigite formation. Early-stage precipitation is associated with ~0.3%o larger isotopic
fractionation than late-stage precipitation, possibly indicating either a rate-dependent kinetic isotope effect (KIE) or a differ-
ent isotopic fractionation factor for early-stage pyrite nucleation compared to later-stage growth. Overall, the magnitude of
the apparent isotopic fractionation is significantly smaller than the <—2%o isotopic fractionation determined in previous
experiments (Guilbaud et al., 2011b). Numerical models indicate that isotopic exchange between pyrite and Fe(II),q is neces-
sary to explain the experimental data. The inferred rate of isotopic exchange decreases with time in our experiments, likely as a
function of particle size, but shows no clear correlation with temperature across different studies. In the presence of isotopic
exchange, modeling results indicate that pyrite precipitated from Fe(II),q may theoretically have 8%°Fe values ranging from
—3 to + 4%o, which spans nearly the whole 8°°Fe range observed in nature. Negative values reflect the expression of the KIE
when isotopic exchange is slow (relative to net precipitation rate) while positive values reflect the expression of the equilibrium
isotope effect (EIE) when isotopic exchange is relatively fast. We therefore propose that the variation in sedimentary pyrite
3%°Fe can be explained in terms of varying expression of the KIE and the EIE, either during different stages of precipitation
or as controlled by the availability of Fe(Il), sulfide, and oxidants throughout Earth’s history. The predominantly negative
(but highly variable) pyrite §°°Fe values in modern marine sediments suggest a higher expression of the KIE in low temper-
ature systems, but do not rule out the importance of isotopic exchange. The isotopic exchange rate is currently undercon-
strained in low temperature systems with an uncertainty range that spans 8 orders of magnitude. Our work suggests that
isotopic exchange has the potential to affect sedimentary pyrite 5°°Fe unless the current upper limit for isotopic exchange rate
is overestimated by 5 orders of magnitude.
© 2019 Elsevier Ltd. All rights reserved.

keywords: Fe isotopes; pyrite; greigite; numerical modeling; kinetic isotope effect; equilibrium isotope effect

* Corresponding authors at: Department of Geological Sciences, University of Texas at El Paso, El Paso, TX 79968, United States
(M. Mansor).
E-mail addresses: mbmansor@utep.edu (M. Mansor), msfl7@psu.edu (M.S. Fantle).

https://doi.org/10.1016/j.gca.2019.03.017
0016-7037/© 2019 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.gca.2019.03.017
mailto:mbmansor@utep.edu
mailto:msf17@psu.edu
https://doi.org/10.1016/j.gca.2019.03.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2019.03.017&domain=pdf

40 M. Mansor, M.S. Fantle/ Geochimica et Cosmochimica Acta 253 (2019) 39-62

1. INTRODUCTION

Over the past twenty years, advances in mass spectromet-
ric techniques have opened the exciting possibilities of using
Fe isotopes (8°°Fe) to trace Fe cycling in a range of natural
systems. Significant Fe isotopic fractionation is induced by
redox changes between aqueous Fe(II) and Fe(IIl) and
adsorption of Fe(II) onto Fe(III)-oxides, resulting in Fe(1I),q
with 8°°Fe values that are 1-3%o lower than Fe(I1I)-species at
equilibrium (Johnson et al., 2002; Welch et al., 2003; Croal
et al., 2004; Icopini et al., 2004; Teutsch et al., 2005; Balci
et al., 2006; Crosby et al., 2007; Domagal-Goldman and
Kubicki, 2008; Wu et al., 2009; Beard et al., 2010; Kappler
et al., 2010; Tangalos et al., 2010; Percak-Dennett et al.,
2011). Comparatively, other non-redox processes such as dif-
fusion (Rodushkin et al., 2004), aqueous speciation
(Dideriksen et al., 2008; Domagal-Goldman and Kubicki,
2008; Fujii et al., 2014), biological uptakes, (Guelke and
Von Blanckenburg, 2007; Wasylenki et al., 2007; Kiczka
etal.,2010; Mulholland et al., 2015) and various mineral pre-
cipitation and dissolution reactions (Brantley et al., 2001,
2004; Skulan et al., 2002; Fantle and DePaolo, 2004; Wiesli
et al., 2004; Butler et al., 2005; Johnson et al., 2005;
Wiederhold et al., 2006; Guilbaud et al., 2011a; Liermann
et al., 2011; Wu et al., 2012; Yesavage et al., 2012; Shi
et al., 2016; Wolfe et al., 2016) generate small (<1%o) frac-
tionations. Thus, Fe isotopic fractionations larger than 1%o
observed in nature have been proposed to reflect redox
changes driven by either environmental variables (e.g., oxy-
gen variation at global or local spatial scales) or microbial
iron reduction (e.g., Yamaguchi et al., 2005; Johnson et al.,
2008; Severmann et al., 2008; Teutsch et al., 2009; Czaja
et al., 2010, 2012; Ohmoto et al., 2014; Kunzmann et al.,
2017).

Among Fe-bearing minerals, pyrite (FeS,) displays the
largest natural 8°°Fe variation ranging from —4 to +4%o,
which has been interpreted in terms of redox cycling of
Fe coupled with pyrite precipitation from either negative
33Fe Fe(Il),q or positive 8°°Fe Fe(IIl) sources (Graham
et al., 2004; Rouxel et al., 2004, 2005, 2008; Archer and
Vance, 2006; Severmann et al., 2006, 2008; Fehr et al.,
2010; Nishizawa et al., 2010; Yoshiya et al., 2012; Percak-
Dennett et al., 2013; Virtasalo et al., 2013; Busigny et al.,
2014; Dziony et al., 2014; Marin-Carbonne et al., 2014;
Scholz et al., 2014; Agangi et al., 2015; Lin et al., 2017;
Toner et al., 2016; Wolfe et al., 2016; Gali¢ et al., 2017;
Sawaki et al., 2018). However, the interpretation of pyrite
8%Fe is not straightforward as pyrite can precipitate
through multiple pathways, with potentially distinct iso-
topic fractionations associated with each pathway. Under
sulfide-rich conditions, the precipitation of pyrite starts
from the speciation of Fe(Il),q (defined as total aqueous
Fe(II)) to aqueous FeS (FeS,q) clusters (Rickard et al.,
2001):

Fe** + H,S — FeS,, + 2H* (1)

In laboratory experiments, the mineral FeS (mackinawite)
is typically used as an Fe(II) source, which, upon dissolv-
ing, releases FeS,q that reacts with reduced sulfur to form
pyrite either through the H,S pathway (Rickard, 1997):

FeS,, + H,S — FeS, + H, )
or the polysulfide pathway (Rickard, 1975; Luther, 1991):
H,S + S(0) — S,2~ + 2H* 3)
FeS,q + S~ — FeS, + S2~ (4)

Occasionally, pyrite formation under these conditions pro-
ceeds through a greigite (Fe;S,;) intermediate phase
(Schoonen and Barnes, 1991; Wang and Morse, 1996;
Wilkin and Barnes, 1996; Morse and Wang, 1997). The
third pathway for pyrite precipitation has been recently ter-
med as the ferric-hydroxide-surface (FHS) pathway (Peiffer
et al., 2015; Wan et al., 2017), although tentative evidence
for this pathway has been described even earlier
(Canfield, 1989). The FHS pathway dominates when
Fe(IIl) (aqueous and solid phases) concentrations exceed
those of sulfide, primarily in oxic-to-suboxic environments
such as marshes, lake sediments, and the top few centime-
ters of marine sediments. In regions containing high con-
centration of sulfides such as euxinic water bodies or in
the sulfate reduction zones of sedimentary columns, pyrite
precipitation will likely proceed predominantly through
the H,S and polysulfide pathways (Peiffer et al., 2015;
Wan et al., 2017).

To date, only a few studies have attempted to constrain
the isotopic fractionation associated with pyrite precipita-
tion. Guilbaud et al. (2011b) measured apparent isotopic
fractionations of —2.65 =+ 0.34%0 and —2.07 & 0.22%o (rela-
tive to the initial FeS mineral and Fe(II),q) at 40 °C and
100 °C, respectively, for the H,S precipitation pathway.
Rolison et al. (2018) inferred an apparent fractionation of
—2.75 £ 0.22%0 for pyrite precipitation from Fe(Il),q in
the Black Sea, by assuming that the progressive increase
in the 3°°Fe of Fe(Il),q in the euxinic water column was
caused primarily by pyrite precipitation. This isotopic frac-
tionation likely reflects the combined expression of the H,S
and polysulfide pathways. At higher temperatures (300—
350 °C), Syverson et al. (2013) measured an apparent frac-
tionation of —1.1 to —0.2%0 during early stages (<1 h) of
pyrite precipitation from Fe(II),q. The apparent fractiona-
tion increased with time up to +1%. due to continuous iso-
topic exchange between pyrite and residual Fe(II),q over a
period of ~1000 h, consistent with the predicted direction
of equilibrium isotopic fractionation between Fe(Il),q and
pyrite (Blanchard et al., 2009; Rustad et al., 2010;
Polyakov and Soultanov, 2011).

Considering all the available data, a trend emerges
whereby the Fe isotopic fractionation associated with pyrite
precipitation correlates with an increase in temperature
(Fig. 1). Similar temperature-dependent trends have been
observed for calcium and silicon isotopic fractionation dur-
ing calcite and amorphous silica precipitation, respectively
(e.g., Tang et al., 2008; Roerdink et al., 2015). These trends
have been explained in terms of the surface kinetic model
(Fantle and DePaolo, 2007; DePaolo, 2011), which posits
that the isotopic composition of a mineral is a function of
the kinetic isotope effect (KIE) imparted during rapid pre-
cipitation and a concurrent equilibrium isotope effect
(EIE) associated with mineral-fluid isotopic exchange. As
temperature increases, the isotopic exchange rate increases
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Fig. 1. The apparent relationship between temperature and Fe
isotopic fractionation associated with pyrite precipitation. Data at
various temperatures from Guilbaud et al. (2011b), Syverson et al.
(2013) and Rolison et al. (2018).

such that the isotopic fractionation approaches the maxi-
mum EIE, which explains the observed relationship
between the apparent isotopic fractionation and tempera-
ture. It is known that pyrite can isotopically exchange with
Fe(Il),q at temperatures >300 °C (Syverson et al., 2013;
Dziony et al., 2014), but there remains a real question as
to whether this process can occur at a significant rate at
lower temperatures applicable to experiments and sedimen-
tary settings. If isotopic exchange can impact the apparent
isotopic fractionation associated with sedimentary pyrite
precipitation or alters the isotopic composition post-
precipitation, this effect must be quantified in order to inter-
pret Fe isotope records with confidence.

In this study, we seek to understand the potential effects
of precipitation pathways and isotopic exchange on the Fe
isotopic fractionation associated with pyrite precipitation.
To this end, we precipitated pyrite via the H,S pathway
in batch reactors under conditions comparable to
Guilbaud et al. (2011b), except at precipitation rates that
were approximately three orders of magnitude slower. We
hypothesize that the effects of isotopic exchange are more
pronounced during slow precipitation and can be evaluated
more easily under such conditions. We also precipitated
pyrite through the polysulfide pathway, in which the precip-
itation rates and the formation of a greigite phase is modu-
lated by the amount of added elemental sulfur (S(0)) and
aqueous molybdenum. Our results suggest an average
apparent isotopic fractionation of —0.51 £ 0.22%o for pyr-
ite precipitation irrespective of precipitation pathways and
greigite formation. The measured apparent isotopic frac-
tionation is substantially smaller than previous experiments
(Guilbaud et al., 2011b). Modeling results indicate that iso-
topic exchange between pyrite and Fe(II),q is necessary to
explain the experimental data, and that this process occurs
at temperatures as low as 80 °C in experimental systems.
Extrapolating to lower temperatures, we propose that the
balance between the expression of the KIE and the EIE

under different environmental conditions can account for
nearly the whole 5°°Fe range of sedimentary pyrite without
the need to invoke any positive 8°°Fe Fe(III) sources for
pyrite precipitation.

2. MATERIALS AND METHODS

2.1. Experimental pyrite precipitation, sampling, and
chemical analyses

All steps were performed in an anaerobic chamber (98%
N, — 2% H, atmosphere) unless otherwise specified. Solu-
tions were prepared fresh for all experiments and rendered
anoxic by degassing with N, for at least 20 minutes. Four
stock solutions were prepared: (i) 3 mM Fe(II) [(NHy),Fe
(SO4),-6H,0; J.T. Baker Chemicals, product # 2054] dis-
solved in 20 mM NadCl, (ii) 1 M MOPS buffer adjusted to
pH 7 with NaOH, (iii) 180 mM Na,S.9H,O (EMD Chem-
ical, product # SX0770), and (iv) either 3 or 3,000 uM
sodium molybdate (Na,Mo00O4.2H,O; Alfa Aesar, CAS#
10102-40-6).

Five different experiments (denoted ‘H,S’, ‘PS10’,
‘PS500°, ‘PSGO.1°, and ‘PSG100’) were conducted. First,
pyrite was precipitated through the H,S pathway (‘H,S’
experiment) by adding 1.5 ml of MOPS and 1 ml of Na,-
S-9H,0 to 30 ml of Fe(II) stock solution. The final concen-
tration of Fe and sulfide was ~3mM and ~6 mM,
respectively. The batch reactor (50 ml volume acid-
cleaned glass vials) was immediately sealed with Butyl-
septa and aluminum caps. Next, pyrite precipitation via
the polysulfide pathway was induced by adding S(0) at
either 10 or 500 mM (‘PS10’ and ‘PS500° experiments) to
the starting Fe(Il)-sulfide-MOPS mixture. Finally, pyrite
precipitation with greigite formation was achieved by add-
ing either 0.1 or 100 uM molybdenum in the presence of
10 mM S(0) (‘PSGO.1° and ‘PSG100" experiments). Pyrite
precipitation was allowed to proceed without stirring at
80 °C for up to one week. In the ‘PS’ and ‘PSG’ experi-
ments, the solutions developed a yellowish coloration after
a few hours of incubation at 80 °C, indicating the presence
of polysulfides (Fig. EA-1; Kamyshny et al., 2004).

Reaction progress (i.e., pyritization extent) was tracked
through sacrificial sampling of parallel batch reactors at
different time points. Prior to sampling, a hand magnet
was used to test for the presence of magnetic greigite. Reac-
tors were then uncapped and the contents transferred to
50 ml tubes for separation of FeSy species (Fe(Il),q, FeS,
and greigite) and pyrite based on a modified sequential acid
extraction method (Huerta-Diaz and Morse, 1990;
Guilbaud et al., 2011b). First, ~6 ml of concentrated HCI
was added to achieve a final concentration of 2 N HCI.
Both FeS and greigite (when present) were dissolved for 2
hours while being continuously shaken. Samples were then
centrifuged at 8,000g for 15 min and the supernatants trans-
ferred to a storage tube. Residuals were washed twice more,
with 10 ml 2 N HCI and 10 ml H,O, centrifuged in between,
and the supernatants combined with the first HCI extract.
No magnetism was detected in the solid residuals after
HCI extraction, indicating that greigite fully dissolved in
HCI. The remaining solid residuals were then treated with
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Sml 15N HNOj; to dissolve pyrite. Iron concentrations
were measured in each extract with the Hach FerroVer
method (Hach Co., Loveland, CO, USA); these data were
subsequently used to calculate the pyritization extent:

Pyritization extent = Fepyrite / (Fepyriee + Feresx) (5)

Initial tests of the sequential acid extraction on powdered
pyrite (nodule from Spain, mineralogy confirmed by
X-ray diffraction) indicated that at most 0.25% of the
pyrite-Fe was released into solution during the HCI step.
Instantaneous pyrite precipitation rates (R,,.i.s;) were cal-
culated between adjacent time points assuming a linear
trend within that time period. Estimated errors for pyritiza-
tion extent and precipitation rates were <0.03 and
<0.06-10~% mol/L/s, respectively, based on replicate runs.

X-ray diffraction (XRD) analyses were used to identify
the mineral products from parallel incubations. Solid sam-
ples were pelletized at 8000g for 15 min in rubber-lined
sealed tubes and the supernatants decanted in an anaerobic
chamber. Not all solid materials pelletize during this step;
solids at low pyritization extent were particularly resistant
to settling, most likely because they were comprised of
nanoparticulate FeS. Thus, our XRD data cannot be con-
sidered to be quantitative. Visible pellets were nonetheless
obtained in all cases. These pellets were frozen at —20 °C
and freeze-dried under vacuum. Diffraction patterns of
dried samples were collected from 0 to 70° 26 using a
PANalytical Empyrean X-ray diffractometer. The total col-
lection time was 30 min, which was well below the time
frame (~7 days) over which dried mackinawite starts to oxi-
dize in air to form elemental sulfur, greigite, and/or
Fe-oxides (Boursiquot et al., 2001). Mineral phases were
finally identified using the database in the Jade software
package (MDI Products).

2.2. Iron isotopic analysis and notation

About 15-30 pg of Fe (from the HCI or HNO; extracts)
was dried down at 80 °C in Teflon vials and treated twice
with 250 pl of 30% hydrogen peroxide and 250 ul of con-
centrated HNOj; in order to fully oxidize Fe(I) to Fe
(IIT). After dry down, samples were resuspended in 7 N
HCI and Fe was purified by ion exchange chromatography
using AG-MP1 resin to remove matrix elements following
established protocol (Yesavage et al., 2016). Column yields
were >95% as assessed by quadrupole ICP-MS, thereby
ensuring no isotopic fractionation on the column.

Iron isotopic compositions were measured on a Thermo-
Fisher Scientific Neptune Plus MC-ICP-MS in the Metal
Isotope Laboratory (MIL) at Penn State University. Puri-
fied samples were diluted to 3 ppm Fe in a 0.3 N HNO;
matrix and aspirated using a 100 pl/min PFA nebulizer
attached to a quartz dual cyclonic spray chamber for intro-
duction to the instrument. Analyses were conducted in wet
plasma mode and high-resolution at 1200 W power. Ion
beams corresponding to >2Cr, >*Cr, *Fe, >°Fe, >"Fe, **Fe,
and ®°Ni were monitored on the L4, 1.2, L1, C, H1, H2,
and H4 Faraday cups, respectively, within one measure-
ment block per sample consisting of 35 cycles with a 4.2 s
integration time. Typical ion beam voltages for *°Fe under

this condition were 12 to 24 V. The reference material
IRMM-14 was used as a bracketing standard, and all sam-
ples were corrected for mass bias using standard-sample
bracketing. The contribution of **Cr to the >*Fe signal
was estimated from the *>Cr and >*Cr intensities assuming
either natural or mass bias-corrected abundance ratios. In
either case, the >*Cr/>*Fe ratios for all samples were
<0.025 %o such that Cr interference corrections changed
the 8°°Fe values by <0.03%o. Isotopic compositions are
reported in delta (5) notation in per mil (%o) units:

556Fe = [(56Fe/54Fe)sump]e/(56Fe/54Fe)standard - 1]103 (6)

In-house standards (HPS-Fe — courtesy of Clark John-
son at the University of Wisconsin - and NIST SRM
3126a) were measured in every analytical session, and each
sample was measured at least in duplicate. The §°°Fe values
for HPS-Fe and SRM 3126a measured over multiple ana-
lytical sessions were 0.5540.03%c and 0.33 4 0.03%o,
respectively (2SD external reproducibility; n = 14 for each
standard), which agreed with the long-term values of 0.60
4+ 0.07%0 for HPS-Fe and 0.34 + 0.10%0 for SRM 3126a
measured in MIL (Yesavage et al., 2016). These values
are on the high and low end, respectively, compared to
3%Fe values measured from other laboratories, with aver-
age of 0.48 +0.09%0 for HPS-Fe (Beard et al., 2003;
Severmann et al., 2006; Czaja et al., 2012; d’Abzac et al.,
2014; Liu et al., 2015) and 0.41 + 0.08%c for SRM 3126a
(Rouxel and Auro, 2010; Chever et al., 2015).

Throughout this paper, the intrinsic isotopic fractiona-
tion factor due to a specific kinetic- or equilibrium-
controlled process is denoted by the symbol alpha (o),
where the subscripts ‘a’ and ‘b’ represent two coexisting
phases:

1000 + 5°°Fe,

~ 1000 + 056 Fe, )

Ola—b

The apparent isotopic fractionation (or isotopic effect)
between two phases observed in experimental or natural
systems can be a function of multiple processes, each of
which has a distinct intrinsic isotopic fractionation factor.
In this study, therefore, we use the capital delta (A) notation
to refer to the observed difference in isotopic composition
between two phases:

A°Fe,_, = 6°Fe,—6°Fe, (8)

3. RESULTS

3.1. Precipitation rates, pyritization extent, and greigite
formation

Upon addition of sulfide, black precipitates rapidly form
in all five of the experiments. This early-formed phase is
identified via XRD as poorly crystalline mackinawite
(FeS) through a broad peak around 17° 26 (Lennie,
1995). Over time, pyrite forms at the expense of FeS, (FeSy
includes FeS, greigite, and Fe(II),q) and the reactions reach
pyritization extents of 0.41 to 0.99 after one week depend-
ing on the experiments (Table 1). The formation of pyrite is
confirmed through XRD (Fig. 2; Fig. EA-2). Pyrite



Table 1
Summary of the sampling time, pyritization extent, precipitation rate (R,;-ins), and 8°°Fe values for each sample analyzed in this study.

Sample Time (day) Pyritization extent Ryprinst” (1078 mol/L/s) 8> Fepesx (%o) 3°°Fepyrite (%0) A% Fepyrite-resx (%o) 5°°Fegum’ (%o)
Initial Fe salt - - - - - - 0.44
Initial FeS 0 0.00 - 0.45 - - 0.45
H,S 0.33 0.04 1.57 0.48 —0.28 —0.76 0.45
H,S pathway, 1 0.23 0.81 0.58 —0.03 —0.61 0.44
Fe(II) + S(—II) 7 0.41 0.09 0.47 0.22 —0.25 0.37
Average —0.54 £0.21
PS10 1 0.27 0.94 0.66 —0.37 —1.03 0.39
Polysulfide 3 0.44 0.27 0.64 0.19 —0.45 0.44
pathway, 5 0.71 0.41 0.74 0.33 —0.41 0.45
+ 10 mM S(0) 7 0.83 0.18 0.85 0.35 —0.50 0.44
Average —0.59 £0.25
PS500 1 0.34 1.19 0.63 0.06 —0.57 0.44
Polysulfide 3 0.62 0.44 0.63 0.38 —0.25 0.48
pathway, 5 0.78 0.24 0.69 0.39 —0.31 0.45
+ 500 mM S(0) 7 0.94 0.24 0.93 0.41 —0.52 0.44
Average —0.41 £0.14
PSGO.1 1 0.31 1.10 0.69 —0.04 —0.73 0.46
With greigite, 3 0.48 0.25 0.67 0.18 —0.49 0.44
+ 10 mM S(0) 5 0.80 0.49 0.69 0.36 —0.33 0.42
+ 0.1 pM Mo 7 0.95 0.22 0.56 0.46 —0.10 0.46
Average —0.41 £0.23
PSG100 1 0.37 1.31 0.70 0.03 —0.68 0.45
With greigite, 3 0.57 0.30 0.82 0.21 —0.61 0.47
+ 10 mM S(0) 5 0.89 0.49 0.99 0.39 —0.59 0.46
+ 100 uM Mo 7 0.99 0.15 1.31° 0.51 —0.79° 0.52
Average —0.63 £ 0.04

* 1SD for instantaneous precipitation rate (Rpp.ins:) 1S <0.06-10~% mol/L/s based on measurements from duplicate reactors.

b §%Fe,,, values for the initial Fe salt and initial FeS are based on their respective measured 5°°Fe, with typical 2SD of <0.08%o. 5°°Feq,, values for the rest of the samples were calculated from
isotopic mass balance, with propagated 2SD of <0.11%e.

© The 8°°Fe value of FeS, may be compromised by trace Fe released during pyrite dissolution in HCI. This datum is therefore omitted for the average ASGFepyrile_FeSx calculation.
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Fig. 2. XRD pattern of the reaction products from ‘PSG100’
experiment after three days of incubation. Pyrite (P) and greigite
(G) are detectable. Unlabeled peaks belong to elemental sulfur and
halite formed during drying.

precipitation rates range from 0.09 to 1.57-10~% mol/L/s,
with rates being higher at the beginning and decreasing
by about an order of magnitude over the course of precip-
itation (Table 1; Fig. 3).

In the ‘H,S’ experiment, incomplete pyritization is
observed with a maximum pyritization extent of 0.41 after
one week (Fig. 3a and b). In contrast, precipitation in the
presence of S(0) (‘PS10” and ‘PS500” experiments) leads to
an overall increase of pyritization extent with a maximum
of 0.94 after one week. Initial rates (at pyritization extents
<0.34) for the ‘PS’ experiments are faster by 16 to 47% rel-
ative to the ‘H,S’ experiment, with faster rates correlating
with higher initial S(0) (Table 1).

In the presence of S(0), the addition of aqueous
molybdenum leads to even higher pyritization extents and
precipitation rates, and also induces greigite formation.
These effects are not observed in the absence of S(0).

Pyritization extents up to 0.99 are achieved and initial pre-
cipitation rates (at pyritization extents <0.37) are faster by
17-39% compared to the ‘PS10’ experiment. The presence
of greigite in these experiments is first noticed through
strong magnetism of the solid reaction products after just
one day of incubation. The loss of magnetism after treat-
ment with 2 N HCI suggests that it is a property of a HCI-
soluble phase such as greigite (Rickard and Morse, 2005).
XRD analyses reveal a peak at 20 of ~30° (and occasionally
a smaller peak at ~53° 20) that is consistent with the pres-
ence of greigite (Fig. 2; Fig. EA-2).

3.2. Iron isotopic compositions

The 5°°Fe values of both FeS, and pyrite are analyzed at
several time points within each experiment. The Fe isotopic
compositions of all samples fall along the mass dependent
fractionation line (Fig. EA-3) and isotopic mass balance
is achieved in all extractions (Table 1). At pyritization
extents <0.95, trace Fe released from pyrite dissolution in
HCI may shift the 5°°Fe values of FeS, lower by at most
0.02%o, which is insignificant given the analytical error of
40.08%o. At the highest pyritization extent measured (0.99
for the ‘PSG100’ experiment at day 7), pyrite-Fe can com-
prise 25% of the HCl-extractable fraction and may signifi-
cantly shift the 5°°Fe values of FeS, lower by 0.26%0. We
therefore do not consider this datum in our interpretation.
Overall, pyrite 5°°Fe values are always lower compared to
FeS,, with an average A56Fepyrile.p‘esx of —0.51 £ 0.22%o0
for the entire dataset (n = 19). The average isotopic frac-
tionations for all five experiments are identical to one
another within error (Table 1). With increasing pyritization
extent, pyrite 5°°Fe values approach the initial §°°Fe of
FeS,. The isotopic evolution more closely follows closed-
system equilibrium behavior than Rayleigh distillation,
although neither type of behaviors can completely explain
the data; this is especially true at low pyritization extents
(Fig. 3c).
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Fig. 3. Changes in precipitation rate and Fe isotopic composition over the course of pyrite precipitation. Symbols specific to each experiment
are shown in panel b. (a) Pyritization extent as a function of time. (b) Instantaneous pyrite precipitation rate (R,,.,s) as a function of
pyritization extent. (c) The 8°°Fe values of pyrite (white symbols) and FeS, (black symbols) relative to the initial Fe source as a function of
pyritization extent. The isotopic evolution is more consistent with closed-system equilibrium behavior (solid lines) than Rayleigh distillation

(dashed lines), assuming an isotopic fractionation factor of 0.99945.
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4. DISCUSSION

4.1. Similarities in the isotopic composition of pyrite
precipitated via the H,S and polysulfide pathways

In our study, we seek to determine the Fe isotopic frac-
tionation associated with the H,S and polysulfide pathways
for pyrite precipitation. Differences in sulfur speciation
within these pathways can conceivably alter the 8°°Fe of
FeS,q (its isotopic composition can vary by ~1%o as con-
trolled by isotopic exchange with Fe?’" and FeHS' and
their relative abundances; Fujii et al., 2014), which may
then be reflected in the resulting pyrite. Additional differ-
ences in isotopic fractionation can arise due to the relative
importance of nucleation compared to growth in the exper-
iments. Pyrite nucleation is typically rate-limiting and pro-
ceeds through both the H,S and polysulfide pathways,
while pyrite growth is typically fast and dominated by the
polysulfide pathway (Rickard and Luther, 2007). In our
‘H,S’ experiment, the pyritization extent is limited to 0.41
after 7 days of incubation, which reflects the maximum pyr-
ite that could be formed via nucleation and growth medi-
ated by the H,S pathway. This threshold can be
attributed to the limited availability of H,S,q, which consti-
tutes only half of the total aqueous sulfide at any point in
the experiment (H»S,q <> HS™; log K¢q =~ 7). The polysul-
fide pathway could operate at later stages in the ‘H,S’
experiment owing to polysulfide formation on the surfaces
of pre-formed pyrite (Harmandas et al., 1998), but the
effects are likely minimal. In the ‘PS’ and ‘PSG’ experi-
ments, the initial precipitation rates and final pyritization
extents are higher than in the ‘H,S’ experiment. The addi-
tion of S(0) provides aqueous polysulfide (Eq. (3)) and
active surface areas that increase both the nucleation and
growth rates of pyrite (e.g., Schoonen and Barnes, 1991).
Thus, our experimental systems are dominated by either
the H,S or polysulfide pathway, but in no experiments
are the pathways in the strictest sense completely separated
from one another. This condition likely holds true for more
complex natural systems as well. Considering these factors,
we find negligible differences in the apparent isotopic frac-
tionation between experiments dominated by the H,S path-
way versus the polysulfide pathway (i.e., ‘H,S’ versus ‘PS10’
and ‘PS500° experiments). The average apparent isotopic
fractionation (AS"Fepyrite_FeSX) determined for each pathway
is identical within error, though in general the isotopic frac-
tionation is larger in the early stages of precipitation com-
pared to later stages (Fig. 3c). This could imply a slightly
larger isotopic fractionation associated with nucleation
compared to growth. Overall however, there are no clear
differences in the isotopic fractionation associated with pyr-
ite precipitation between the two pathways.

In two of our experiments (‘PSGO0.1” and ‘PSG100’),
greigite is produced alongside pyrite when both aqueous
molybdenum and S(0) are present. There is no direct evi-
dence from our experiments that pyrite formed via greigite
as an intermediate, although previous studies have shown
that this reaction is possible (e.g., Sweeney and Kaplan,
1973; Wilkin and Barnes, 1997; Benning et al., 2000). The
pyrite in these experiments may therefore be a mixture of

pyrite precipitated either (i) directly from a FeS/Fe(Il),q
mixture or (ii) via a greigite intermediate (that itself was ini-
tially formed from a FeS/Fe(Il),, mixture), resulting in
bulk pyrite with isotopic compositions that depend on the
relative importance, and the endmember pyrite §°°Fe,
of each pathway (Electronic Annex (EA) section A;
Fig. EA-4). The isotopic fractionation associated with
greigite precipitation and recrystallization of greigite to pyr-
ite may modify pyrite 5°°Fe in a complex and interrelated
manner. Despite this, we have found no systematic or overt
difference in the apparent isotopic fractionation when greig-
ite is present (average = —0.50+ 0.21%0 for ‘PSGO.1’
and ‘PSG100’) versus when it is absent (average =
—0.50 =+ 0.22%o for ‘PS10’ and ‘PS500’). Therefore, at least
in our study, there is little evidence that greigite formation
impacts pyrite 5°°Fe values.

4.2. Isotopic fractionation associated with pyrite precipitation
as a function of the rate of precipitation and isotopic
exchange

Another main goal of this study is to evaluate the effects
of precipitation rate and isotopic exchange on the isotopic
fractionation associated with pyrite precipitation. Notably,
the average A° 6Fepyrile—FeSx of —0.51 £ 0.22%oc determined in
this study is smaller than the average value of —2.28
4+ 0.39%0 observed by Guilbaud et al. (2011b) for the H,S
pathway. Both studies have comparable experimental
design in terms of temperature and pH but differ drastically
in terms of the precipitation rates. Guilbaud et al. (2011b)
utilized 500 mM freeze-dried FeS as the starting reactant
and reacted this material with excess sulfide, thus
allowing for complete pyritization at precipitation rates of
107°-10~° mol/L/s. In comparison, we reacted 3 mM Fe
(IT) with sulfide at a S/Fe ratio of 2:1 in our ‘H,S’ experi-
ment and achieved incomplete pyritization at precipitation
rates of 1073-107° mol/L/s. Differences in the S/Fe ratios
cannot explain the smaller isotopic fractionation observed
in our study, as one expects our experiment to have larger
isotopic fractionation due to incomplete pyritization.
Instead, we consider three explanations for the variation
of AS(’Fepyrite_FeSX as a function of reaction rates: (i) a
rate-dependent KIE, (ii) differential expression of the KIE
and EIE as a function of the relative precipitation and iso-
topic exchange rates between pyrite and Fe(Il),q, and (iii)
variable isotopic exchange rate between FeS and Fe(ll),q
in the absence of isotopic exchange between pyrite and Fe
(Mg,

4.2.1. A potential rate-dependent KIE associated with pyrite
precipitation

One possible explanation for the large difference in
ASGFepyme_peSx is that the KIE varies as a function of the
precipitation rate. This hypothesis is tentatively supported
by our data: A56Fepy,im_1:csx averages —0.75 4+ 0.15%o dur-
ing the early stages of precipitation associated with higher
rates  (Ryprinse > 0.94-10 % mol/L/s) and decreases to
—0.44 £+ 0.18%0 during the latter stages of precipitation
associated with lower rates (Ryims < 0.94-10~ mol/L/s).
As discussed earlier, this difference could also be attributed



46 M. Mansor, M.S. Fantle/ Geochimica et Cosmochimica Acta 253 (2019) 39-62

to variation in isotopic fractionation due to early-stage
nucleation compared to later-stage growth, and currently
it is difficult to distinguish between a rate-dependent KIE
and nucleation/growth effects.

To evaluate whether a correlation exists between precip-
itation rates and A56Fepyrile_FeSX, we compile all the avail-
able experimental data from pyrite precipitation studies
(Fig. 4a). Some of these studies differ considerably in terms
of the experimental setups (e.g., S/Fe ratios, temperature,
pH and initial reactant concentrations) but a first-order
comparison is useful for determining if precipitation rate
is a primary control on A56Fepyrile_FeSX. For experiments
conducted at temperatures <80 °C, AS(’Fepyrite_FesX appears
to increase as precipitation rate increases; this relationship
is described by:

A Fepyrie resx = —0.7112(10g Ry inst)-6.5403; R? = 0.9982
©)

Meanwhile, experiments at temperatures >100 °C dis-
play smaller ASGFepyme_Fesx values than the 40 °C experi-
ments even though the precipitation rates are comparable.
In the experiments at 300 to 350 °C, pyrite undergoes iso-
topic exchange with Fe(Il),q, which shifts pyrite 5°°Fe
towards more positive values (Syverson et al., 2013). A sim-
ilar isotope exchange process could have affected pyrite
33Fe in the 100 °C experiment, although isotopic exchange
was previously considered negligible at this temperature
because of pyrite’s low solubility (Guilbaud et al., 2011b).
Ultimately, while some of the data are consistent with a
rate-dependent KIE, it is clear that this process cannot be
the only factor affecting the Fe isotopic fractionation asso-
ciated with pyrite precipitation (Fig. 4b).

4.2.2. Isotopic exchange between pyrite and Fe(Il),, as an
important process affecting the isotopic composition of
experimentally-formed pyrite

Alternatively, we consider the case in which the KIE is
independent of the precipitation rate, and the observed

isotopic variability can be fully explained by the relative
expression of the KIE and EIE associated with precipita-
tion (Fig. 4c¢). In this case, A56Fepyrite_FeSx will be controlled
by the rate of precipitation relative to isotopic exchange,
and the endmember fractionation factor for the KIE (okig)
(associated with precipitation reaction) and EIE (ogg)
(associated with isotopic exchange reaction between pyrite
and Fe(I),y), similar to the surface kinetic/entrapment
models proposed in earlier studies (Watson, 2004; Fantle
and DePaolo, 2007; DePaolo, 2011).

The rate (R) at which a mineral reacts is generally
described by (Maher et al., 20006):

R=S5A4-k-e 7. B(a;)- (1 —I4P/K,,) (10)

and is a function of the mineral surface area (SA), the
intrinsic rate constant (k; which varies as a function of tem-
perature, 7, and the activation energy, E,), inhibition and
catalytic effects (f(;)), and the saturation state (I4P/K,,).
Our hypothesis is predicated on the concept that the func-
tional dependencies of isotopic exchange and net precipita-
tion rates are not the same, allowing for variations in the
ratio of net precipitation to exchange. For example, net cal-
cite precipitation rate increases primarily with increasing
saturation state (e.g., Morse et al., 2007; Van Der
Weijden and Van Der Weijden, 2014; Sand et al., 2016),
while isotopic exchange rate is expected to depend primarily
on temperature (DePaolo, 2011). Therefore, we hypothesize
that the EIE is expressed more strongly in experiments in
which net precipitation rate is relatively slow compared to
the rate of isotopic exchange.

We can quantify the range of net precipitation and iso-
topic exchange rates over which such a mechanism is effec-
tive using a numerical model that simulates the Fe isotopic
evolution of FeS, Fe(Il),q (defined as the total aqueous Fe
(IT) that includes primarily Fe*", FeS,q, and FeHS™), and
pyrite over the course of pyrite precipitation (EA section
B). Our model is constructed using the CrunchTope soft-
ware package (Steefel et al., 2015) and accounts for both
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Fig. 4. (a) The apparent isotopic fractionation (ASGFepyme_peSX. associated with pyrite precipitation as a function of instantaneous
precipitation rates. Data at 40 °C and 100 °C from Guilbaud et al. (2011b) and data at 300-350 °C from Syverson et al. (2013). Data at 80 °C
are from this study and are separated into “fast” and “slow” groups using a threshold rate of 0.94-10~% mol/L/s. (b) A hypothetical scenario in
which ASGFepyrile_Fesx values reflect a combination of a rate-dependent kinetic isotope effect (KIE) and variable expression of isotopic
exchange between pyrite and Fe(Il),q. (c) A hypothetical scenario assuming a rate-independent KIE, in which ASE’Fepyme_FeSX values reflect
solely the variable expression of isotopic exchange as a function of temperature and/or the relative rate of isotopic exchange to precipitation.
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equilibrium and kinetic isotope effects. In the model, FeS
dissolves to form Fe(Il),q, which subsequently precipitates
as pyrite (Fig. 5a). Pyrite is permitted to undergo isotopic
exchange with Fe(II),q. We assume: (i) a steady state condi-
tion, such that the FeS dissolution flux is equal to the pyrite
precipitation flux, (ii) that FeS dissolution imparts no iso-
topic fractionation, (iii) that FeS is in isotopic equilibrium
with Fe(Il),q at all times, with no isotopic fractionation
between them, (iv) an oy of 0.9978 for pyrite precipitation
(Guilbaud et al., 2011b), and (v) an agg of 1.004 between
pyrite and Fe(Il),q (Blanchard et al., 2009; Polyakov and
Soultanov, 2011; Syverson et al., 2013).
The modeled pyrite isotopic exchange reaction is:

#FeS, + SFe(Il),q — FFeS, + *Fe(Il),q (11)

and the rate of isotopic exchange between pyrite and Fe
(II)aq (Rey) is assumed to be governed by the expression:

Q
Rex = kpyr[le,ex(l - K_eq) (12)
where ki .~ is the rate constant (unit of mol/L/s) and Q
and K., are the reaction quotient and the equilibrium con-
stant, respectively, for the isotopic exchange reaction. It can
be shown that K., is equal to the equilibrium fractionation
factor:

[3FeS, ][> Fe(II)]

[54FeS,] [ % Fe(il)] (13)

Keq = OgiE =

where the symbol “[]” denotes concentration in mol/L.
With this formulation, the rate of isotopic exchange slows

as the system approaches isotopic equilibrium. In the fol-
lowing simulations, we consider a “zero-order kinetics” sce-
nario in which pyrite precipitation rate (R,,,) is assumed to
be constant. This assumption allows us to explore the effect
of varying kp,i;_cx relative to R,,, on the Fe isotopic com-
positions of pyrite. The ratio of k, i ox t0 R, is defined
as the unitless parameter W:

W = Kpprite_ex | Rppe o

where W is a measure of the relative expression of the EIE
to the KIE. A higher value of W indicates a greater expres-
sion of the EIE compared to the KIE and vice versa.

The simulation results demonstrate that variation in W
produces a range of FeS, and pyrite 5°°Fe values consistent
with Rayleigh-like to closed system equilibrium systems
(Fig. 5b and c). Significantly, the Fe isotopic evolution
for pyrite and FeS, in experiments at temperatures from
40 to 100°C can be explained by assuming a rate-
independent KIE and by varying W. The extent to which
isotopic exchange occurs generally follows the experimental
temperature: pyrite precipitated at 40 °C evolves along a
Rayleigh distillation trend, consistent with slow/non-
existent exchange (upper limit for W of 0.003), while pyrite
precipitated at 80 °C and 100 °C display partial isotopic
exchange trends (W = 0.009-0.027). Pyrite precipitated at
300-350 °C are not considered because of the lack of iso-
topic data measured across pyritization extents. One out-
standing detail is that pyrite precipitated at 100 °C is
associated with a lower W value (less expression of EIE)
than pyrite precipitated at 80 °C. Nevertheless, the ki cx
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Fig. 5. (a) Schematic of the batch numerical model used to evaluate the effect of variable isotopic exchange rate between pyrite and Fe(II),q on
5°°Fe values, assuming constant R,,,. (b-c) Simulation results (solid/dashed lines) at variable values of W (defined as k,,r_cx / Rypi). Symbols
denote measured 5°°Fe values of (b) FeS, and (c) pyrite from experiments at different temperatures (this study, Guilbaud et al.; 2011b). All
8°°Fe values are reported relative to the initial reactant. The isotopic data are consistent with variable extent of isotopic exchange between
pyrite and Fe(I),q. Error bars of measured 3°°Fe values are +0.08%0 and are smaller than the size of the symbols.
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value associated with the 100 °C experiments is higher than
at 80 °C (Fig. 6), which is consistent with the notion that
isotopic exchange rate should increase with temperature.
Because W is also dependent on net precipitation rate, it
illustrates how fast precipitation rates can obscure the
expression of the EIE in experimental systems. This is espe-
cially important to keep in mind when one considers that
pyrite formed in experiments (this study; Canfield et al.,
1998; Harmandas et al.,, 1998; Rickard et al., 2007;
Guilbaud et al., 2011b; Morin et al., 2017; Wan et al.,
2017) are often associated with orders of magnitude higher
precipitation rates compared to natural settings (Fig. 7).
The isotopic composition of sedimentary pyrite may there-
fore be more strongly affected by isotopic exchange com-
pared to experimentally-formed pyrite.

Overall, the experimental data are consistent with iso-
topic exchange reactions between pyrite and Fe(Il),q during
precipitation, especially in the 100 °C experiments. Isotopic
exchange is also consistent with the Fe isotopic evolution of
pyrite and FeSy at 80 °C, although the current simulation
poorly reproduces pyrite 5°°Fe values at pyritization
extents less than 0.40 and does not exclude the possibility
of additional variation caused by either a rate-dependent
KIE or nucleation/growth effects. This observation will be
discussed further in Section 4.3.

4.2.3. Evaluating isotopic exchange between FeS and
Fe(II) ., as an additional cause for variations in pyrite 5°%Fe
One major assumption in our simulations is that the
mineral FeS and the total Fe(II),q species are always in iso-
topic equilibrium, with no isotopic fractionation between
these two phases. Importantly, Guilbaud et al. (2011b) pre-
viously argued that continuous isotopic exchange between
FeS and Fe(Il),q in their 100 °C experiments can modify
the isotopic evolution of the system, yielding an apparent
closed system equilibrium trend between pyrite and
FeS,. It is recognized however that at low temperatures
(2-35°C), both the time to attain equilibrium and the
equilibrium fractionation factor (otges.reqry) can depend
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Fig. 6. Estimates of k), o« values from simulations of experi-
ments. The estimate at 40 °C is given as an upper limit as there is no
clear evidence for isotopic exchange in that experiment. “Ppt” and
‘Ex” correspond to the precipitation and partial exchange exper-
iments of Syverson et al. (2013), respectively.

on the speciation of Fe(Il),q (Butler et al., 2005;
Guilbaud et al., 2010; Wu et al., 2012). A state of isotopic
disequilibrium between FeS and Fe(Il),q can persist for a
few weeks. It is therefore worth exploring how uncertainties
in (i) opes-reary and (i) the rate of isotopic exchange
between FeS and Fe(II),q might affect A56Fepyme_FeSX values
in experimental systems.

Predicting the effects of variable Opespeary on
ASf’Fepyri[e_FeSX is logically straightforward. If we assume an
dpes-Fe(iry Of 1.0006 (for systems dominated by FeS,, and
FeHS™) compared to 1.0000 (for systems dominated by
Fe®™) (see review by Wu et al., 2012), the isotopic composi-
tion of Fe(II),q shifts lower by 0.6%0 at equilibrium, which
then causes pyrite 5°°Fe to shifts lower by the same amount
(see Fig. 10 and compare simulation ‘A’ to simulation ‘D’).
Therefore, A’ éFepyrile—FeSx appears to be larger by 0.6%o since
the isotopic composition of FeS, is dominated by the solid
FeS. Taking into account that the magnitude of the equilib-
rium fractionation factor between FeS and Fe(II),q should
decrease with increasing temperature (Polyakov and
Soultanov, 2011), this process may partially contribute to
the apparent relationship of A56Fepyrite_FeSX with tempera-
ture as noted earlier (Fig. 1), but it should cause no more than
0.6%o variation. Therefore, this process cannot account for
the >1.5%o variation in A® 6Fepyrite—FeSx values observed
across experiments.

A second possibility is that variation in the rate of
isotopic exchange between FeS and Fe(Il),q can modify
A*Fepyrite-resxvalues. This effect can be illustrated using a
model that has the capability to vary the rate of isotopic
exchange between FeS and Fe(Il),q relative to the rate of
pyrite precipitation (EA section C). Isotopic exchange
between pyrite and Fe(II),q is not permitted in this model
(Fig. 8a). The simulation results indicate significant varia-
tions in the isotopic compositions of FeS, Fe(Il),q, and pyr-
ite when the relative rate of isotopic exchange between FeS
and Fe(Il),q to pyrite precipitation is modified (Fig. 8). At
slow pyrite precipitation rates (or fast FeS-Fe(ll),q isotopic
exchange rates), FeS and Fe(II),q behave as a single compo-
nent that is isotopically distilled at the same rate, resulting
in an overall system that evolves along a Rayleigh distilla-
tion trend. This contradicts the findings of Guilbaud et al.
(2011b), who argued that an apparent equilibrium trend
between pyrite and FeSy results when FeS and Fe(Il),q
are in isotopic equilibrium.

With increasing pyrite precipitation rates (and slower
relative FeS-Fe(Il),q isotopic exchange rates), FeS and Fe
(IT)aq behave increasingly as two separate components
(Fig. 8b and c). The isotopic composition of Fe(II),q (which
represents a small fraction of Fe in the total system) is con-
siderably distilled while the isotopic composition of FeS can
remain relatively unaffected until the later stages of pyritiza-
tion. Meanwhile, pyrite 8°°Fe shifts towards higher values
following the evolution of its primary Fe(Il),4 source, lead-
ing to a smaller A56Fepyrm_1:csx a since the 8°°Fe of FeS, is
largely controlled by FeS (Fig. 8d and e). This exercise
therefore illustrates how variable rates of isotopic exchange
between FeS and Fe(Il),q can cause large variations in the
apparent isotopic fractionation associated with pyrite
precipitation.
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Fig. 7. Compiled pyrite precipitation rates from marine sediments (gray) and experiments (white).

With respect to the experimental data, the Rayleigh dis-
tillation trend observed for the 40 °C experiment suggests
that FeS and Fe(Il),q are in isotopic equilibrium at this
temperature. Therefore, it is likely that these two compo-
nents are also in isotopic equilibrium in the 80 °C and
100 °C experiments. Thus, variations in the rate of isotopic
exchange between FeS and Fe(II),q cannot account for the
difference in A56Fepyrite_pe3x between experiments. This is
supported by the observations that the evolution of A%Fe.
pyrite-Fesx 1N the experiments is largely inconsistent with sim-
ulations employing different rates of isotopic exchange
between FeS and Fe(Il),q (Fig. 8e). Hence, isotopic
exchange between pyrite and Fe(Il),q remains necessary
to explain the experimental data.

4.3. Parameters affecting the isotopic exchange rate between
pyrite and Fe(Il),,

The rate of isotopic exchange between a mineral (e.g.,
pyrite) and a fluid (e.g., Fe(II),q) can be affected by several
parameters including particle size and aggregation state
(which affects the mineral’s surface area to volume ratio
and the fraction of mineral that is exchangeable), the
fluid-to-mineral mass ratio, and temperature (e.g., Maher
et al., 2004; Fantle and DePaolo, 2007; Guilbaud et al.,
2010; DePaolo, 2011; Gorski and Fantle, 2017). Conse-
quently, the rate law that we assumed for the isotopic
exchange reaction (Eq. (12)) is simplified, with k. .. act-
ing as an effective rate constant that folds into it the
parameters discussed above. Below, we describe additional
modeling exercises that allow us some insight into the rela-
tionship between the aforementioned parameters and the
isotopic exchange rate between pyrite and Fe(Il),q.

4.3.1. Inferred effect of particle size on isotopic exchange rate

As stated previously, the §°°Fe values of pyrite at pyri-
tization extents <0.40 in our 80 °C experiments are poorly
reproduced by a zero-order kinetics simulation (Fig. 5c);
attempts at optimizing the fit to the pyrite data creates a
poorer fit to the FeS, 8°°Fe values at pyritization extents
>0.65. We therefore consider if a better fit to the overall
data can be obtained if we consider temporal changes in
Ry, and ke e OVer the course of precipitation.

First, the rate for pyrite precipitation in our simulation
is modified to follow a first-order kinetics rate law with
respect to the FeS concentration (EA section D) in order
to mimic the decrease in precipitation rate over the course
of precipitation (compare Figs. 9a and 3b). If we assume
a constant k. ey, this simulation reproduces the experi-
mental data particularly well up to pyritization extents of
~0.70 but grossly overestimates the extent of exchange at
pyritization extents >0.70 (Fig. 9b). A better fit to the data
can be obtained by systematically decreasing ks oy in a
stepwise manner (Fig. 9c). We find that at least a 3-step
decrease of k,,,ir_ex (a total decrease of about an order of
magnitude) is required to reproduce the experimental data
(Fig. 9¢c). The §°°Fe values of FeS, at high pyritization
extents are particularly sensitive to the simulation parame-
ters and serve as the primary constraints on ki .. The
simulations therefore imply that k.. .. must decrease
over the course of precipitation.

The decrease in k). .. is best explained by an increase
in pyrite particle size over time, resulting in a lower mineral
surface area to volume ratio. Previous synthesis experi-
ments performed at comparable pH, temperature, and/or
reactant concentrations have shown that pyrite particle size
increases over time due to either mineral growth or
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Fig. 8. (a) Schematic of the batch numerical model used to evaluate the effect of variable isotopic exchange rate between FeS and Fe(II),q on
the isotopic evolution of the system. The isotopic exchange rate constant (kp.s ) is assumed to be the same for all simulations, with a value
that is pre-determined from fitting simulations to data collected from low-temperature exchange experiments (EA section C). The pyrite
precipitation rate (R,,,) is varied across the simulation (legends in panel c). Higher R,,,, indicates faster precipitation rate relative to isotopic
exchange between FeS and Fe(II),q. (b—d) The 83%Fe values for pyrite, Fe(Il),q, and FeS as a function of pyritization extent. (¢) The apparent
isotopic fractionation between pyrite and FeS; across pyritization extent compared to experimental data at temperatures of 40-100 °C.

aggregation (Wilkin and Barnes, 1996; Rickard, 1997; Lan
and Butler, 2014). Other parameters that can affect isotopic
exchange rate in our experiments are either invariant (i.e.,
temperature) or relatively constant (i.e., fluid-to-mineral
ratio). In the latter case, the mass of Fe(Il),q relative to pyr-
ite is always small (except at the earliest stage of the exper-
iment), and a steady-state condition during precipitation is
supported when one considers the measured pyrite precipi-
tation rates and assumes FeS dissolution rates following the
rate law of Pankow and Morgan (1979).

It is important to note that the isotopic trend in the
80 °C experiment cannot be explained as a consequence
of a rate-dependent KIE in the absence of isotopic

exchange between pyrite and Fe(II),q (Fig. 9d; EA section
E). A better fit can be obtained by assuming a stronger
dependence of the KIE on precipitation rate (i.e., steeper
slope for Eq. (9)). However, Eq. (9) was derived assuming
no isotopic exchange for the 80 °C experiments and thus
already accounts for the strongest possible dependence of
the KIE on precipitation rate. Therefore, within the 80 °C
experiments, 8°°Fe variations caused by a rate-dependent
KIE are small relative to variations caused by changes in
Kpyrite_ex- 1f we consider both rate-dependent KIE and iso-
topic exchange occurring at the same time, the values of
Kpyrite_ex required to reproduce the data decrease compared
to a rate-independent KIE scenario, but it does not change
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Fig. 9. Results for the first-order kinetics simulation. (a) The change in precipitation rate with pyritization extent. (b) The §°°Fe evolution of
FeS, and pyrite (solid/dashed lines from model) assuming a constant Kpyrite_ex Of 15.85-10~"" mol/L/s. Measured 8°°Fe values from the 80 °C
experiments are represented as circle or square symbols. This simulation overestimates isotopic exchange at pyritization extents >0.70. (c) The
5°°Fe evolution of FeS, and pyrite assuming a 3-step decrease in Kpyrite_ex (ky = 1585, k; = 4.76, k3 = 1.59, ky = 0.95-10~" mol/L/s). Vertical
lines delineate the zones corresponding to the chosen value of ki ... This simulation agrees fairly well with the experimental data. (d) The
8°°Fe evolution of FeS, and pyrite assuming no isotopic exchange and a rate-dependent KIE (black lines). Gray lines represent simulation
results assuming a constant o g of 0.99914 (equal to the initial rate-dependent oy g) for comparison. This simulation fails to reproduce the

isotopic trend.

the requirement that k,,,.;;. .. must decrease as the reaction
progresses to avoid overestimating the extent of isotopic
exchange.

4.3.2. Extrapolating the isotopic exchange rate to low
temperature

The recognition that pyrite isotopically exchanges at
temperatures below 100 °C leads us to consider whether iso-
topic exchange is an important control on sedimentary pyr-
ite 8°°Fe values. If isotopic exchange rate correlates with
temperature, it may be reasonable to extrapolate high tem-
perature experimental data to constrain k. .x at lower
temperatures. From the simulations, we can estimate values
for k,rite_ex at 40 °C and 100 °C by multiplying the range of
W that best characterizes each experiment (Fig. 5) by their
respective range of R,,, (Fig. 4). The ki .. value at 40 °C

is given as an upper limit as there is no obvious isotopic
exchange in that experiment. The value for k.. .x at
80 °C is obtained from the first-order kinetics simulation,
with the recognition that the actual values may be lower
if we consider a rate-dependent KIE. We also extend the
model to constrain k), e from Syverson et al.’s (2013)
“precipitation” and “‘partial exchange” experiments at
300-350 °C, which result in ke o estimates of
107821071 and 107'°-107" mol/L/s, respectively (EA
section F; Fig. EA-5 and EA-6). Higher kpyite ex €Stimates
for the "precipitation" experiments are in agreement with
the hypothesis that the rate decreases with increasing parti-
cle size; the “precipitation” experiments yielded ~1 pm
sized pyrite grains while the partial exchange experiments
utilized well-crystallized pyrite grains a few tenths of
micron in size.
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Intriguingly, there is no systematic correlation between
temperature and ke o (Fig. 6). Comparisons across
these multiple studies are not straightforward because of
the differences in experimental setups that include S/Fe
ratios, solution matrix, pyrite grain size, particle aggrega-
tion, and pH. For example, the 300-350 °C experiments
utilized a more acidic medium (pH = 1.5) than the near-
neutral pH employed in the other experiments. Solution
pH is a major control on Fe speciation, with lower pH
associated with the prevalence of aqueous Fe’' and near-
neutral pH associated with the dominance of aqueous Fe-
sulfide complexes in the presence of excess sulfide
(Rickard and Luther, 2007). All of these variations may
affect the apparent isotopic exchange rate between Fe(Il),q
and pyrite. A self-consistent set of experiments performed
at different temperatures is needed to fully investigate the
relationship between k.. .. and temperature.

Discounting the acidic 300-350 °C experiments and the
40 °C experiment where no isotopic exchange is evident,
we observe a decrease in ks e from 100 to 80 °C. We
can extrapolate from these datasets to derive ki o« val-
ues of 1071°-107'® mol/L/s at temperatures of 4-25 °C. It
is difficult to assign confidence for this range in ki ex
because essentially only two data points are available for
extrapolation. At this point, it is just as reasonable to
assume that a ke ex Of 10~ mol/L/s (consistent with
the lowest k., estimates in experiments) represents the
upper limit for the isotopic exchange reaction at low tem-
peratures. Hence, current estimates for ki .. that are
applicable to sedimentary settings range from 107" to
107" mol/L/s. In the next section, we will illustrate how
variations in k. . across this range can affect sedimen-
tary pyrite 8>°Fe.

4.4. Constraining the range of sedimentary pyrite 5°°Fe
values in the presence of isotopic exchange reactions

The degree to which isotopic exchange can affect sedi-
mentary pyrite 8°°Fe can be explored by adjusting our
model inputs to better reflect sedimentary conditions. It is
first useful to discuss uncertainties in the model inputs,
which include (i) the range in values of maximum ogg
and ogrg, (ii) the range in values of W, which is a function
of the pyrite precipitation rate and ki .., and (iii) the
presence of co-existing Fe-sulfide phases that can affect pyr-
ite precipitation pathway and/or the isotopic composition
of Fe(Il),q from which pyrite forms.

4.4.1. Constraints on the maximum isotopic fractionation
factors associated with the kinetic (ag;r) and equilibrium
isotope effects (ogig)

In all of the previous simulations, we have assumed a
maximum ok value of 0.9978 based on the results of
Guilbaud et al. (2011b). However, this value is constrained
by high temperature experiments in which exchange might
have occurred. Recent work in the Black Sea suggests an
even larger isotopic fractionation factor of —2.75%c
(oxre = 0.9925) associated with pyrite precipitation from
Fe(I),q in an euxinic water column (Rolison et al., 2018).
However, it is important to note that this og;g is derived

solely from isotopic measurements of Fe(II),q and assumes
that all of the Fe(Il),q in the euxinic water column is incor-
porated into pyrite. This assumption is yet to be evaluated.
The possibility of rate- and temperature-dependent effects
also contribute to uncertainty in the maximum o g value.

It is also not clear what the value of ogg is in low tem-
perature systems, as it has not been determined experimen-
tally. Prediction from density functional theory, MGssbauer
and inelastic nuclear resonant X-ray scattering data, and
extrapolation from high temperature experiments suggest
a range in ogpp values between 1.0035 and 1.0070 at
5-25°C (Blanchard et al.,, 2009; Rustad et al.,, 2010;
Polyakov and Soultanov, 2011; Syverson et al., 2013).

Simulations performed at variable W values (assuming
constant precipitation rates) indicate that the degree to
which uncertainties in o g and opg affect pyrite 8°°Fe lar-
gely depends on the W regime (Fig. 10). Varying o g over
its current uncertainty range translates to a maximum
~0.5%o variation in pyrite 8>°Fe, with the largest variations
observed when W <0.01 (low exchange regime). Mean-
while, varying o over its uncertainty range can cause
as much as 3.5%o variation in pyrite 8°°Fe, with the largest
variations observed when W > 0.1 (high exchange regime).
In partial exchange regime (W = 0.01-0.1), pyrite 8>°Fe val-
ues are more sensitive to changes in agg due to the larger
uncertainties in ogp compared to okiE.

4.4.2. Constraints on W values and the importance of KIE
relative to EIE in sedimentary settings

As discussed previously, the §°°Fe values of pyrite are
significantly impacted by the W values associated with pre-
cipitation. At high values of W, the expressed isotopic frac-
tionation will be dominated by the EIE, generating pyrite
with positive 5°°Fe. At low values of W, the expressed iso-
topic fractionation will be dominated by the KIE, generat-
ing pyrite with negative 8°°Fe. We have therefore attempted
to constrain W for sedimentary pyrite by compiling litera-
ture data for precipitation rates and combining it with
our estimates of ki ex-

Pyrite precipitation rates in marine sediments are found
to vary by about 4 orders of magnitude, ranging from 10~°
to 1073 mol/L/s (Fig. 7). These rates are calculated based
on measurements of radioactive sulfur (3°SOy4) that are
incorporated into pyrite over a given time period within a
given sediment depth interval (Lein, 1983; Howarth and
Jorgensen, 1984; Thode-Andersen and Jorgensen, 1989;
Fossing, 1990; Lin and Morse, 1991; Lin et al., 2000; Lin
et al., 2002). This method can overestimate pyrite precipita-
tion rates due to unaccounted for *°S exchange between dis-
solved sulfur pools, S(0) adsorbed on pyrite grains, and pre-
existing pyrite (Fossing et al., 1992). This method can also
underestimate precipitation rates due to oxidative loss of
pyrite, especially near the sediment-water interface (Lin
et al., 2000; Lin et al., 2002). The error due to these effects
is unconstrained but is unlikely to cause the four orders of
magnitude variation in the measured rates.

Assuming a Ko o, range of 107"°-107"" mol/L/s, sed-
imentary pyrite precipitation is thus associated with I val-
ues that range from <0.01 to 100. The effect of varying W
over this large range, coupled to uncertainties in oxg and
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ogrg, results in pyrite with 5°°Fe values that range from
~—3%o0 to >4%o (Fig. 10), which spans almost the entire
range of natural pyrite 5°°Fe values. Of course, the actual
isotopic fractionation associated with sedimentary pyrite
precipitation depends on ki ., Which is highly uncertain
at low temperature. Nonetheless, isotopic exchange will
only be irrelevant for sedimentary pyrite precipitation if
the current upper limit for k. oy is overestimated by five
orders of magnitude (i.e., kpyie ox must be less than
10~'® mol/L/s).

We can further constrain the importance of the KIE rela-
tive to the EIE on sedimentary pyrite precipitation based on
the apparent isotopic fractionation observed between pyrite
and Fe(II)-containing components in low temperature envi-
ronments. In modern marine sediments, bulk pyrite displays
an apparent isotopic fractionation of —1.9 to +2.0%o relative
to HCl-extractable Fe(II) (Severmann et al., 2006; Fehret al.,
2010; Scholz et al., 2014). Most of the positive values origi-
nated from samples with low pyritization extents, wherein
the isotopic compositions of the Fe(II)-containing compo-
nents are affected by intensive Fe redox cycling (Severmann

et al., 2006). Disregarding samples at low pyritization extents
(<0.2), A’ 6Fepyrite—Fe(HC1) tends towards negative values with
arange of —1.9 to +0.5%c. We interpret this isotopic range to
reflect the combined effects of variation in pyritization
extent, precipitation pathway, and the higher expression of
KIE compared to EIE as modulated by precipitation rates.
In comparison, limited isotopic fractionation is inferred for
pyrite precipitation in the ferruginous water column of Lake
Pavin (Busigny et al., 2014), consistent with a higher degree
of isotopic exchange between Fe(Il),q and pyrite during pre-
cipitation in an Fe(II)-rich environment. Overall, the obser-
vations indicate that KIE is preferentially expressed over
EIE during pyrite precipitation in typical modern marine
sediments but does not rule out the importance of isotopic
exchange reactions in low temperature environments.

4.4.3. Impact of co-existing Fe-sulfide phases on sedimentary
pyrite 8°Fe

The presence of other Fe-sulfide phases such as FeS and
greigite within marine sediments can also play a role in con-
trolling sedimentary pyrite 8°°Fe. In particular, FeS can be
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formed rapidly by the reaction of Fe(II),q with sulfide, lead-
ing to pervasively low pore fluid concentrations of Fe(II),q
(~10 uM in chemical equilibrium with FeS; Rickard, 2006;
Rickard and Luther, 2007). As discussed earlier, the rate of
isotopic exchange between FeS and Fe(Il),q (relative to pyr-
ite precipitation) may play a large part in determining the
isotopic composition of pyrite. However, at rates relevant
to marine sediments (R, <10 mol/L/s and
kres ex = 6.3-107' mol/L/s; EA section C; Fig. EA-5), this
process may only cause as much as ~0.2%o variation in pyr-
ite 3°°Fe values (Fig. 8).

Greigite is a relatively rare Fe-sulfide phase in marine sed-
iments (Schoonen, 2004; Rickard and Morse, 2005),
although some studies suggest that the abundant,
naturally-occurring framboidal pyrite can only occur
through recrystallization of magnetically-aggregated greigite
(Sweeney and Kaplan, 1973; Wilkin and Barnes, 1997; but
see Butler and Rickard, 2000 for an alternative interpreta-
tion). Depending on the fraction of pyrite that is formed
via a greigite intermediate and the fractionation factor asso-
ciated with greigite formation (both of which are undercon-
strained), pyrite &°°Fe may be significantly different
compared to the case in which greigite is absent (EA section
A; Fig. EA-4). In our experiments however, there is no evi-
dence that greigite formation impacted the isotopic fraction-
ation associated with pyrite precipitation. We therefore
conclude that sedimentary pyrite 3°°Fe is largely a function
of the W values associated with pyrite precipitation rather
than competing effects of other Fe-sulfide phases.

4.5. Implications for interpretations of Earth’s redox
evolution based on sedimentary pyrite 5>°Fe

Sedimentary pyrite precipitation and burial is arguably
the most important process for the removal of reduced iron
and sulfur from the ocean. This process is mediated by micro-
bial Fe and sulfate reduction in low temperature systems and
is linked to the exogenic cycle of oxygen in the Earth’s atmo-
sphere via reaction of reduced Fe and S species with oxygen
(e.g., Berner, 1984; Canfield, 2005; Johnston et al., 2009). The
rate of pyrite precipitation and burial also relates directly to
the transition from the anoxic early Earth to the modern
oxygen-rich world observed today. Sedimentary pyrite
33Fe can therefore reflect the evolution of Earth’s surface
redox state and microbial life over geological time scales.

In this study, we have constrained the degree to which
isotopic exchange can affect pyrite 3°°Fe, resulting in a
novel framework for interpreting pyrite-based Fe isotope
records based on the relative expression of the KIE and
EIE associated with pyrite precipitation from Fe(Il)aq
under different environmental conditions. In the following
sections, we discuss the implications of our findings from
three different viewpoints: post-precipitation alteration of
pyrite 8°°Fe, microscale pyrite §°°Fe variations, and the
negative excursion of bulk pyrite 8°°Fe across the Great
Oxidation Event.

4.5.1. Post-precipitation alteration of pyrite °Fe
After initial pyrite precipitation, additional isotopic
exchange between pyrite and residual Fe(Il),q may shift

pyrite 8°°Fe towards more positive values, leading to
8°Fe values that reflect diagenesis rather than the primary
environment during precipitation. This may be especially
relevant to pyrite precipitated in a ferrous Archean ocean,
with a purported Fe concentration that is much higher
(~200 uM) than the modern ocean (<10 nM; e.g.,
Ohmoto et al., 2014). As discussed previously, the extent
of diagenetic alteration depends on the temperature, parti-
cle size, fluid-to-mineral mass ratio, and the extent of iso-
topic disequilibrium (Fantle et al., 2010). The interplay
between these parameters is complex and must be consid-
ered on a case-by-case basis for pyrite deposited in different
settings and even within the same sedimentary unit.

Multiple lines of observations suggest that ancient pyrite
retained its primary isotopic composition following precip-
itation. First, reaction rates between a mineral and a fluid
tend to decrease with mineral age (Maher et al., 2004;
Fantle and DePaolo, 2007; Gorski and Fantle, 2017), con-
sistent with the observed trends in isotopic exchange rate
between pyrite and Fe(Il),q for fresh versus evolved grains
in experimental systems (this study; Syverson et al., 2013).
This is likely due to the strong dependency of isotopic
exchange rate on the availability of reactive surface areas
(Reeves and Rothman, 2013). Evolved pyrite grains (e.g.,
hydrothermal, lignite, and crushed mm-sized sedimentary
pyrite) tend to have smaller surface areas than early-
formed fine grained sedimentary/synthetic pyrite (Table 2).
We therefore expect that older pyrite grains are more resis-
tant to isotopic alteration due to the decrease in the surface
area-to-volume ratio. Additionally, there have been obser-
vations of pyrite with highly negative 8°°Fe values even
after hydrothermal to low-grade metamorphic alteration.
For example, Phanerozoic pyrite has been observed to
retain negative 8°°Fe values up to temperatures of 300 °C
(Dziony et al., 2014). Negative pyrite 8°°Fe values are also
observed in Archean rocks that were exposed to hydrother-
mal alteration and/or metamorphic temperatures up to
550 °C (Yoshiya et al., 2015; Busigny et al., 2017). Minor
alterations of pyrite 5°°Fe values cannot be ruled out but
it is likely that if the initial 8°°Fe of a pyrite grain is nega-
tive, it cannot be modified to a positive 8°°Fe value unless it
reacts with an Fe(II)-rich fluid during hydrothermal alter-
ation or high-grade metamorphism. Therefore, pyrite
3%Fe should be considered fairly robust to post-
precipitation alteration over geological time scales and
can therefore be used to infer environmental conditions
during precipitation.

4.5.2. Interpretation of microscale pyrite 8°°Fe: active Fe
redox cycling versus isotopic effects associated with pyrite
precipitation in the absence of Fe(III)

Microscale isotopic analysis has revealed a ~ 8%o varia-
tion in natural pyrite §°°Fe, with values ranging from —4 to
+4%0 (Nishizawa et al., 2010; Yoshiya et al., 2012; Agangi
et al., 2015; Tahata et al., 2015; Gali¢ et al., 2017; Sawaki
et al., 2018). This isotopic range is also observed in
Phanerozoic sediments deposited under oxygenated bottom
waters (Virtasalo et al., 2013). These 8°°Fe variations have
been interpreted to reflect active redox cycling of Fe. Specif-
ically, positive pyrite 8°°Fe values are thought to reflect
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Table 2

Compiled specific surface areas of pyrite as measured by the Brunauer-Emmett-Teller (BET) method.

Materials Specific Surface Area (m?/g)

Naturally-occurring (crushed)
Sedimentary, 25-50 um 0.43-0.59
Sedimentary, 50-100 pm 0.62-0.88
Unspecified origin, 3845 um 0.07
Unspecified origin, 63-250 pm 0.15
Unspecified origin, 63-250 pm 0.17
Unspecified origin, 125-250 um 0.03
Unspecified origin, 150-250 pm 0.05
Unspecified origin, ball-milled 0.40
Unspecified origin, micronized 1.90-2.40

Naturally-occurring (separated)
Lignite framboids, 1-5 pm 1.50-4.00
Sedimentary, 45-75 pm 0.21-5.37
Hydrothermal, 45-75 um 0.07-0.22
Lignite massive pyrite, >50 pm 0.20-0.50

Experimentally synthesized
~1 pum spherules 6.00
Framboids, ~1 pm aggregates 2.90
Framboids, 5-10 nm crystals 1.03
Pyrite-marcasite mixture, 20-100 pm 0.41

Yan et al. (2018)

pyrite formed from Fe(III)-oxides derived from partial oxi-
dation of a ferruginous water body or the residual portion
remaining after dissimilatory iron reduction, while negative
pyrite 5°°Fe values reflect pyrite formed from either resid-
ual Fe(Il),q (after Fe oxidation) or Fe(Il),q released from
dissimilatory iron reduction of Fe(Ill)-oxides (Fig. 11).
Negative 8°°Fe pyrite can be further divided into two types,
with §°°Fe < —3%o requiring both dissimilatory iron reduc-
tion and the KIE associated with precipitation, while 3>°Fe
between 0 and —3%o are consistent with either or both pro-
cesses (Yoshiya et al., 2012).

Our study suggests that a similar range in microscale
pyrite 8°°Fe can be explained solely by variations in pyrite
precipitation rate from Fe(Il),q, causing different relative
expression of the KIE to the EIE at different stages in pre-
cipitation (Fig. 11). Specifically, we expect that incipient
pyrite precipitation will be relatively fast compared to
later-stage precipitation as Fe(II) and sulfide are consumed,
perhaps as a function of depth of the water column or sed-
imentary column. We hypothesize that fast, incipient pre-
cipitation generates negative 5°°Fe values that dominate
the grain population, while proportionally more positive
5°®Fe values are generated as precipitation rate decreases.
In contrast, if pyrite precipitates in systems with extensive
Fe redox cycling, we expect to see a more even distribution
of positive 3’°Fe pyrite (from Fe(IlI)-oxides) and negative
5°°Fe pyrite (from Fe(II),q), although this also depends lar-
gely on the relative proportion of the sources. Analysis of
pyrite 3°°Fe distributions at the individual grain scale
may thus contribute to interpretation of microscale pyrite
variation, whether it is caused by precipitation in environ-
ments with active Fe redox cycling or due to the intrinsic
isotopic effects associated with pyrite precipitation from
Fe(II) in the absence of Fe redox cycling.

4.5.3. Bulk pyrite 8°°Fe across the Great Oxidation Event
(GOE)

At the bulk scale, a pronounced negative isotopic shift in
pyrite 8°°Fe down to —3.5%0 has been observed in black
shales between 2.3 and 2.8 Ga, which corresponds to the
timing of the GOE (Rouxel et al., 2005). This negative shift
has been interpreted to reflect changes in Fe cycling across
the Archean-Proterozoic boundary, although the specific
mechanism continues to be a subject of intense debate.
The Archean ocean is thought to be Fe(Il)-rich and
oxygen-poor, with Fe primarily sourced from hydrothermal
inputs with an estimated 3°*Fe of 0 to —0.5%o (Yamaguchi
et al., 2005). Rouxel et al. (2005) proposed that the negative
3%Fe pyrite reflected an aqueous Fe(II) source that was dis-
tilled to negative values due to extensive oxidation of the
Archean ocean. Severmann et al. (2008) proposed a ““ben-
thic Fe shuttle” mechanism, in which dissimilatory iron
reduction on the continental shift provides isotopically light
Fe(II) to the deep ocean from which pyrite formed. The
extent of dissimilatory iron reduction was proposed to
increase significantly at the end of the Archean due to the
increase of Fe(III) substrate on an progressively oxygenated
world (Johnson et al., 2008). Guilbaud et al. (2011b) alter-
natively proposed that the negative isotopic shift reflects the
combined KIE associated with pyrite and FeS precipitation
from an Fe(Il)-rich ocean, but does not explain why the
same negative shift is not observed throughout the
Archean.

Based on our study, we propose a novel explanation for
the negative pyrite 8°°Fe shift that is only observed at the
Archean-Proterozoic boundary (Fig. 12). Despite the high
level of Fe(II),q in the Archean ocean, the rate of pyrite pre-
cipitation was likely low due to a lack of sulfide (derived
from microbial reduction of sulfate, which is supposed to
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Yamaguchi et al., 2005; Kunzmann et al., 2017). In the presence of active Fe redox cycling, pyrite could be derived from negative 5°°Fe Fe
(IT),q and positive 83°Fe Fe(IlI). A combination of the kinetic isotopic effect (KIE) during precipitation with a source of low 8>°Fe Fe(Il),q
(from partial Fe oxidation or dissimilatory iron reduction - DIR) can generate pyrite with 5°°Fe < —3.5%o. In the absence of Fe redox cycling,
pyrite precipitated from Fe(II),q can theoretically have 83Fe values that range from —3.5 to 4%o, with isotopic composition that is modulated
by the pyritization extent and the relative expression of the KIE and EIE during precipitation.

have a low concentration — 2.5-200 uM - relative to the
modern ocean — 28 mM; Habicht et al., 2002; Crowe
et al., 2014) and oxidants that catalyze pyrite precipitation
(e.g., S(0) or Mo(VI),g; this study; Schoonen and Barnes,
1991; Wilkin and Barnes, 1996). As oxygen slowly accumu-

lated in the Archean atmosphere—ocean system, oxidative
weathering supplied more sulfate and oxidants to the
ocean, which drove sulfate reduction and consequent pyrite
precipitation (e.g., Lyons et al., 2014; Robbins et al., 2016).
The rate of pyrite precipitation during this time period

Archean-Proterozoic boundary Early
Great Oxidation Event

Proterozoic Archean

Pyrite
5%Fe

Fe(ll)

O,

Sulfate
(and sulfide)

Oxidants

(S(0), Mo(V1))
Pyrite
precipitation rate

Temperature and
isotopic exchange (7)

Fig. 12. Variations in pyrite 8°°Fe across the Great Oxidation Event along with the proposed simultaneous changes in chemical species
availability and pyrite precipitation and isotopic exchange rate. The range of bulk pyrite 3’°Fe during the early Archean is constrained by
averaging measurements of microscale pyrite 8°°Fe within various sampling sites (Nishizawa et al., 2010; Yoshiya et al., 2012, 2015; Marin-
Carbonne et al., 2014; Galic et al., 2017). The early Archean ocean had low pyrite precipitation rates due to a lack of sulfide and oxidants.
Oxygen accumulation in the late Archean led to higher sulfate and oxidant supplies into the Fe(I1I)-rich ocean, resulting in an increase in pyrite
precipitation rate and the consequent formation of negative pyrite 8’°Fe values through larger expression of the kinetic isotope effect. After
the Great Oxidation Event, pyrite precipitation rates are limited by the availability of Fe(Il). Consequently, pyrite 8°°Fe shifts to higher
values.
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would have been higher compared to the early Archean due
to a combination of the availability of Fe(II), sulfide, and
oxidants such as S(0) and Mo(VI). During this time of
incipient oxidation of the Earth surface, the Archean ocean
may have undergone a gradual cooling on the order of
10-20 °C (Knauth, 2005; Robert and Chaussidon, 2006;
Tartese et al., 2017), which may have reduced the extent
of isotopic exchange between pyrite and seawater Fe(II).
Pyrite formed during this time would therefore have nega-
tive 8°SFe values that reflected the KIE at high precipitation
rates (i.e., low W values), which would have persisted until
the Fe(II) ocean reservoir was depleted enough to distill iso-
topically. After the GOE, pyrite precipitation rates were
likely limited by either the availability of sulfide and Fe
(IT) (in O,-dominated systems) or Fe(Il) (in sulfide-
dominated systems). Distillation effects may explain why
bulk pyrite §°°Fe evolved to higher values (>0%o) just after
the GOE. Thus, negative bulk pyrite 5°°Fe values did not
arise except at the Archean-Proterozoic boundary. This
hypothesis does not preclude the possibility of extensive
oceanic Fe oxidation (Rouxel et al., 2005) or a benthic Fe
shuttle (Severmann et al., 2008), but demonstrates that nei-
ther mechanism is required to explain the negative 5°°Fe
shift. Our hypothesis also explains why the same negative
5°°Fe shift is not observed in the early Archean, which is
the limitation for previous scenarios that are based primar-
ily on sulfide and Fe(II) ratios in the ocean (Guilbaud et al.,
2011b; Rolison et al., 2018).

5. SUMMARY

The sedimentary pyrite 8°°Fe record can be used to trace
Fe biogeochemical cycling, microbial metabolism, and
Earth’s redox evolution over geological time scales, but the
factors controlling the degree of isotopic fractionation asso-
ciated with pyrite precipitation must be constrained. In this
study, we have determined the apparent isotopic fractiona-
tion associated with pyrite precipitation at 80 °C to be
—0.51 £ 0.22%o. This apparent isotopic fractionation is inde-
pendent of the pathway (H,S vs polysulfide) and the presence
or absence of greigite. The observed isotopic fractionation is
considerably smaller than the <—2%o isotopic fractionations
inferred from the Black Sea (Rolison et al., 2018) and con-
strained by experiments conducted at 40 °C and 100 °C
(Guilbaud et al., 2011b). Modeling exercises suggest that iso-
topic exchange between pyrite and Fe(Il),q occurs over
experimental time scales and shifts pyrite 5°°Fe towards
more positive values as the EIE is expressed to a greater
degree. Pyrite 5°°Fe values may also be affected by a rate-
dependent KIE or a difference in the isotopic fractionation
factor associated with nucleation compared to growth.

Through modeling approaches, we infer that isotopic
exchange rates decrease with time, most likely as a result
of increasing particle size. The current (admittedly limited)
experimental data suggest that the isotopic exchange rate is
not necessarily correlated with temperature, and the best
estimate for the isotopic exchange rate constant (ki cx)
between pyrite and Fe(Il),q at low temperatures ranges
from 107! to 107! mol/L/s. Over this large range, sedi-
mentary pyrite precipitation may theoretically express the

full spectrum of the KIE and the EIE with a 8°°Fe range
of —3 to >4%o. The existence of predominantly negative
pyrite 8°°Fe values in modern settings suggests that the
KIE is preferentially expressed in sedimentary settings but
does not rule out expression of the EIE in modern environ-
ments. For isotopic exchange to be completely irrelevant to
pyrite precipitation in low temperature settings, ki ex
must be <107'® mol/L/s. Experiments that can constrain
the isotopic exchange rate between pyrite and Fe(II),q at
low temperatures are required. It is important to emphasize
that all studies performed to date have been performed
under abiotic conditions. Microbial life (especially sulfate-
reducing bacteria) is pervasive throughout pyrite-forming
environments and future studies that focus on constraining
microbial effects on the Fe isotopic fractionation associated
with pyrite precipitation are urgently needed.

Our study has implications for the interpretation of
pyrite-based Fe isotope records. Multiple lines of evidence
suggest that ancient pyrite retains its primary isotopic com-
position and is not altered during post-formational
exchange with Fe(Il),q. At the micro-scale, pyrite 3°°Fe
variation can be interpreted to reflect the relative expression
of the KIE and EIE associated with different stages of pyr-
ite precipitation from Fe(II),q rather than reflecting active
redox cycling of Fe between Fe(Il) and Fe(III). Similarly,
the negative shift of bulk pyrite 8°°Fe near the GOE may
reflect increases in precipitation rate (relative to isotopic
exchange) due to the combined availability of Fe(II), sul-
fate/sulfide, and oxidants, which arise specifically during
this period of incipient oxidation in Earth’s history. Ulti-
mately, our study provides a novel framework for interpret-
ing the pyrite-based Fe isotope records.
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