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Abstract

We show that the sulfur isotopic composition of sedimentary and hydrothermal pyrite is a good approximation of the

average sulfur isotopic composition of the dissolved sulfide sources from which the pyrite formed. Consequently, pyrite sulfur

isotope systematics normally provide little evidence of the pyrite-forming mechanism in most natural systems. Stable sulfur

isotope partitioning during pyrite (FeS2) synthesis via the polysulfide and H2S pathways was investigated between 80 and 120

8C. Iron monosulfide (FeS) was reacted with hydrogen sulfide (H2S) or tetrasulfide (S4
2�) in aqueous solution under strictly

anoxic conditions. The results provide independent confirmation of the hydrogen sulfide and polysulfide mechanisms. The

measured isotopic composition of the synthesized pyrite is compared with (1) isotopic mixing models of the reactant reservoirs

and (2) predictions based on the suggested mechanisms for the hydrogen sulfide and polysulfide pathways for pyrite formation.

The isotopic composition of the pyrite product is consistent with the result predicted from the reaction mechanisms. Pyrite

produced via the H2S pathway has a composition reflecting isotopic contributions from both FeS and H2S reservoirs. Pyrite

formed via the polysulfide pathway inherits an isotopic composition dominated by the polysulfide reservoir. In both cases,

solubility driven isotope exchange between FeS and aqueous S species contribute to the final pyrite composition. We show that

published experimental sulfur isotope data for pyrite formation which apparently support conflicting pyrite-forming pathways,

are consistent with pyritization via the polysulfide and H2S pathways. Formation rates of natural pyrite, however, may be too

slow compared to solubility exchange for the influence of the reaction pathway on the isotopic composition to be significant.
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1. Introduction

The sulfur isotopic composition of pyrite is used as

a major probe for investigating the evolution of

ancient biogeochemical cycles and hydrothermal

processes. Stable isotope studies of modern reduced

sedimentary sulfur have focused on the sulfur isotopic

composition of iron sulfide minerals [1–4]. In the

sedimentary sulfur cycle, isotope fractionation is

caused by dissimilative sulfate-reducing bacteria [5–

7] with contributions from bacterial and chemical

sulfide oxidation [5,8] and bacterial disproportiona-

tion of intermediate sulfur species [9–12]. Studies of

recent hydrothermal sulfide mineralization utilize the

sulfur isotope composition of metal sulfides to

understand fluid mixing during mineralization [13–

15]. In sea-floor hydrothermal environments, the

isotopic composition of metal sulfides is a mixture

of Mid-Ocean Ridge Basalt derived sulfur (d34Sc0x
[16]) and thermochemically reduced seawater sulfate

(d34Sc+21x [17,18]). The principle contributions to

the sulfur isotope composition of pyrite in sediments

and hydrothermal environments are well understood.

Less clear is how and if reactions involved in pyrite

formation cause additional isotope partitioning.

1.1. Pyrite formation pathways

The initial condensed phase produced by the

reaction of Fe with S(-II) in aqueous solutions is

nanoparticulate (2–7 nm) mackinawite [19], which

has been referred to as bamorphous FeSQ,
bprecipitated FeSQ or bdisordered mackinawiteQ, but
which we refer to as FeS. Several pathways for the

reaction of FeS to FeS2 have been proposed; however,

stoichiometry, kinetics and mechanism have been

determined only for the polysulfide [20,21] and H2S

[22,23] pathways. The polysulfide pathway involves

the reaction of FeS and Sn(aq)
2� . The reaction is:

FeSðsÞYFeSðaqÞ þ S2�nðaqÞ ¼ FeS2ðaqÞ þ S2�n�1ðaqÞ: ð1Þ

The kinetics of the process are consistent with a

mechanism involving the dissolution of FeS and

reactionwith aqueous polysulfide to formpyrite [20,21].

The H2S pathway, initially observed as the reaction

of pyrrhotite (Fe1�xS) with H2S(aq), was first

described at temperatures exceeding 100 8C [24,25].
The reaction of FeS is rapid at ambient temperatures

[22] and the reaction is:

FeSðsÞYFeSðaqÞ þ H2SðaqÞ ¼ FeS2ðsÞ þ H2ðgÞ: ð2Þ

Kinetic data and product textures are consistent with a

mechanism involving FeS dissolution before reaction

with H2S [23]. It is H2S(aq), not HS�(aq), which

participates in the reaction mechanism; consequently,

the rate is pH dependent and favoured in near neutral

to slightly acidic conditions.

Other proposed mechanisms are based on phenom-

enological data but without complete determination of

stoichiometry. These include the solid-state reaction

of FeS and S8 [26,27]:

FeSðsÞ þ nS8ðsÞ ¼ FeS2ðsÞ þ n� 1S8ðsÞ: ð3Þ

While Eq. (3) describes the net reaction, this solid

phase process is unlikely at ambient temperatures. The

mechanism of the observed reaction with S8 may

proceed via the polysulfide pathway [20,28]. The

pyritization of FeS with sulfidic reactants in the

presence of O2 has been suggested to proceed via

oxidative Fe-loss [29,30]:

2FeSðsÞ þ 2Hþ
ðaqÞ ¼ FeS2ðsÞ þ Fe2þðaqÞ þ H2ðgÞ: ð4Þ

This conclusion was supported by sulfur isotope data,

which showed that FeS2 inherits the isotopic compo-

sition of the FeS [29].

In this contribution, we report the results of an

investigation of the polysulfide and H2S pathways

using isotopically characterised reactants and test the

veracity of proposed reaction mechanisms. We re-

examine published sulfur isotope data [26,29] and

reconcile apparently conflicting models for pyrite

formation. Finally, we consider natural pyrite forming

pathways and the application of our results for

isotopic studies of pyrite formation.
2. Materials and methods

Pyrite synthesis utilized batch synthesis methods

[22] and reactants (FeS, H2S and Na2S4) of known

sulfur isotope composition. All reagents were ana-

lytical grade and solutions were prepared with 18 MV

cm water. Solutions were sparged with flowing O2-
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free grade N2 [31] and reactions were prepared with

N2 purified using Zr at N350 8C [22].

2.1. Reactants

Two methods were used to prepare FeS. Method A:

100 ml each of 0.6 M Na2Sd 9H2O and (NH4)2Fe

(SO4)2d 6H2O solutions were mixed, filtered under

N2, washed and freeze-dried. Method B: 99% H2S gas

was bubbled through 100 ml of 0.6 M NaOH until

saturated. FeS was precipitated by addition of 100 ml

of 0.6 M (NH4)2Fe(SO4)2d 6H2O and filtered under

N2, washed and freeze-dried. FeS produced by

method B was 34S enriched over that produced by

method A by 8x.

Two H2S sources were utilized. Pure (99%) H2S(g)
was added directly to the reaction vessel. Otherwise

H2S(g) was generated by acid decomposition of

Na2Sd 9H2O using 50% v/v H2SO4 and added to the

reaction vessel. Sodium tetrasulfide, Na2S4, was

prepared as a pure solid by fusion of stoichiometric

mixtures of anhydrous Na2S and S8 [21,32].

2.2. Experimental procedure

Freeze-dried FeS was weighed into 120-ml glass

ampoules in an N2-flushed glove box with 10 ml of

pH 6 buffer (0.02 M phosphate) and 1 ml of Ti(III)

citrate [22,33] and the vessel was attached to a gas

transfer manifold [22] and purged with N2. H2S was

then added to the reaction vessel. Immediately after

gas transfer the vessel was sealed off from the

manifold and excess H2S pumped to waste. The

pressure in the ampoule was adjusted to 10–20 mbar

below ambient pressure with N2 and ampoule was

hermetically sealed using a glassblower’s torch.

Sealed vessels were maintained at reaction temper-

ature in a reaction oven with continual mixing. For

experiments with tetrasulfide, Na2S4 was weighed

into the ampoule with FeS and 20 ml of pH 8 buffer

(0.02 M borate) was used. No H2S was added to

tetrasulfide experiments.

Repeatable H2S transfer to the reaction vessel was

essential. Several methods were investigated using

procedural blanks and collection of H2S as Ag2S

using excess 10% w/v AgNO3 solution. Simple

transfer using advective and diffusive gas transfer,

coupled with dissolution into the reaction medium
resulted in irreproducible 34S depletion of up to

�6.3x. Cryogenic transfer using liquid N2 was slow

and compromised the gas-tight seal on the manifold.

Although gas transfer was quantitative, the risk of

introducing O2 was unacceptable. Fast, reproducible

transfer was achieved by pumping the reaction vessel

to vacuum and opening a valve to an H2S-filled

syringe. The H2S was pulled quickly into the reaction

vessel and the balance was made up using N2. Gas

transfer by this means took less than 10 s. The

transferred H2S from a gas bottle source had an

isotopic composition of +15.4F0.3x and the trans-

ferred H2S produced by acid Na2Sd 9H2O decom-

position had a composition of +4.9F0.6x.

2.3. Extraction of products and analysis

Solid products were recovered by filtration on a

0.45-Am membrane filter and washed with N2-purged

18 MV cm water before freeze drying. For isotopic

analysis, S was extracted using acid Cr(II)Cl2
decomposition, the evolved gas collected as ZnS,

and converted to Ag2S, washed with concentrated

NH3 and filtered and freeze-dried.

Reaction products were confirmed by powder X-

ray diffraction. Freeze-dried samples were packed into

aluminium powder holders and analysed using CoKa

radiation on a Phillips PW1840 diffractometer.

Sulfur isotope ratios were analysed by combustion

isotope ratio monitoring mass spectrometry (C-

irmMS) [34]. Solids were weighed into Sn cups,

mixed with V2O5 and combusted to SO2 in an

elemental analyzer coupled to a gas mass spectrometer

via a gas mixing interface. Samples were analysed as

Ag2S except for S8 and Na2S4, which were directly

used for flash combustion. Most stable isotope

measurements were carried out using a Carlo Erba

EA 1108 elemental analyzer connected to a Finnigan

MAT 252 gas isotope mass spectrometer via a MAT

Finnigan Conflo II split interface (at ICBM Old-

enburg). Additional samples were analyzed using a

Finnigan Delta+ mass spectrometer coupled to a

EuroVector elemental analyzer via a Finnigan Conflo

II interface (at MPI-MM Bremen) or a Finnigan Delta

S mass spectrometer coupled to a Carlo Erba EA via a

Finnigan Conflo I interface (at UFZ Leipzig Halle).

Cross-calibration of data sets was done via intercom-

parison materials. The isotopic composition is given



Table 1

FeS+H2S: reaction conditions and productsa

Exp. # S(-II) source d34S

(x H2S)

d34S

(x FeS)

d34S

(x FeS2)

Mmol H2S Mmol FeS Temp.

(8C)

ISO1/120 H2S 15.4 4.8 12.0 4.5 1.1 120

ISO2/120 H2S 15.4 4.8 11.9 4.5 1.2 120

ISO3/120 Na2Sd 9H2O 4.9 12.5 6.2 4.5 1.2 120

ISO9/100 H2S 15.4 4.8 11.9 4.5 1.2 100

ISO10/100 H2S 15.4 4.8 11.5 4.5 1.1 100

ISO11/100 Na2Sd 9H2O 4.9 12.5 6.4 4.5 1.2 100

ISO12/100 Na2Sd 9H2O 4.9 12.5 7.4 4.5 1.2 100

ISO17/80 H2S 15.4 4.8 13.3 4.5 1.1 80

ISO18/80 H2S 15.4 4.8 12.7 4.5 1.2 80

ISO19/80 Na2Sd 9H2O 4.9 12.5 7.1 4.6 1.1 80

ISO20/80 Na2Sd 9H2O 4.9 12.5 7.4 4.6 1.2 80

a For all runs, total aqueous reaction volume was 11 ml. The Eh of each reaction was initially poised to b�400 mV using 1 ml of Ti(III)

citrate. Reaction pH was maintained using pH 6 Hydrionk buffer. Duration was 144 h.
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in the d-notation relative to the Vienna-Canõn Diablo

Troilite (V-CDT) standard:

y34S½x�¼ 34S=32SsampleÞ= 34S=32SV�CDTÞ�g:1000:
���

ð5Þ
International standards (IAEA-S-1, IAEA-S-2, IAEA-

S-3, IAEA-S-4, NBS-123, NBS-127) and in-house

standards were used for mass-spectrometric calibra-

tion. Analytical reproducibility was F0.2x (1j) for
MAT252 and Delta S and F0.4x for Delta+

measurements, respectively.
Table 2

FeS+S4
2�: reaction conditions and productsa

Exp. # d34S

(x S4
2�)

d34S

(x FeS)

d34S

(x FeS2)

ISO/Poly/1 12.1 6.0 11.2

ISO/Poly/2 12.1 6.0 11.6

ISO/Poly/3 12.1 6.0 11.5

FeSS4/100/D 13.0 6.0 13.3

FeSS4/100/E 13.0 6.0 13.0

FeSS4/100/F 13.0 6.0 12.8

ISO5/120 13.3 4.8 12.2

ISO6/120 13.3 4.8 12.2

ISO7/120 13.3 12.5 12.6

ISO8/120 13.3 12.5 12.8

ISO13/100 13.3 4.8 12.2

ISO14/100 13.3 4.8 12.3

ISO15/100 13.3 12.5 12.9

ISO16/100 13.3 12.5 13.0

a For all reaction runs, total aqueous volume was 21 ml. A total of 1

Reaction pH was maintained at 12 by the excess of Na2S4 present. pH 8

experiments where Na2S4 was limited.
The isotopic composition of potential reaction

products were predicted via a binary isotope mixing

equation using the measured d-values of the respective
end-members. This approach causes only minor

uncertainty in the calculated isotope results. As an

example, using typical end-member values of +5.00x
and +15.00x (Tables 1–3), a mixing equation with d-
values yields +10.00x. Considering the 32S/34S ratio

of the V-CDT standard [35], a mass balance based on

at.% leads to a numerical result of +9.98x. The

difference between the two values of 0.02x can be
Mmol S4
2� Mmol FeS Temp.

(8C)
Time

(h)

3.5 3.4 100 216

6.9 3.4 100 216

4.6 3.4 100 216

4.9 1.1 100 120

5.2 1.3 100 120

5.2 1.1 100 120

5.1 1.2 120 168

5.0 1.1 120 168

5.0 1.2 120 168

5.1 1.2 120 168

5.0 1.1 100 144

5.0 1.2 100 144

5.0 1.1 100 144

5.0 1.2 100 144

ml of Ti(III) citrate was used to poise the Eh at a reducing value.

buffer was used to ensure that an alkaline pH was maintained for



Table 3

Tetrasulfide experiments at 25 8C

Exp. # d34S

(x S4
2�)

d34S

(x FeS)

d34S

(x product)

Mmol S4
2� Mmol FeS Temp.

(8C)
Time

(h)

FeSS4/25A 12.1 6.0 8.9 5 1.4 25 120

FeSS4/25B 12.1 6.0 9.9 5 1.3 25 120

FeSS4/25C 12.1 6.0 9.3 5 1.3 25 120
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regarded as an upper limit and is considerably smaller

than the typical precision of sulfur isotope measure-

ments and the differences of isotope values discussed in

the present study.
3. Results

Pyrite was formed in all experiments carried out

between 80 and 120 8C. The detailed conditions and

results for FeS/H2S experiments and FeS/tetrasulfide

experiments are shown in Tables 1 and 2, respectively.

Powder XRD patterns for typical iron sulfide reactant

and reaction products are illustrated in Fig. 1. Isotopic
Fig. 1. Powder XRD data for typical FeS reactants and reaction products

(pattern A) shows broad, weak Bragg reflections consistent with nano

experimental run ISO/Poly/2 (Table 2) in which FeS was reacted with te

Pattern C illustrates the product of experimental run ISO1/120 (Table 1)

pyrite, although there is a suggestion of the basal reflection of mackinawi
mixing lines showing reactant and FeS2 compositions

and calculated isotopic mixtures are illustrated for

FeS/H2S and FeS/tetrasulfide experiments in Figs. 2

and 3, respectively. Calculated isotopic mixtures use

two approaches. In the first case, we assume that one

unit of FeS reacts with one unit of H2S or S4
2� and that

there is no isotopic exchange between the reservoirs

prior to reaction to form pyrite. This mixture of two

compounds is the mean of the reactant compositions:

y34SFeS2 ¼ y34SFeS þ y34SH2S=S42�Þ=2:
�

ð6Þ
In the second approach, the isotopic composition of

pyrite is the mean of the reactant compositions

modified by the molar proportions of the reactants.
(CoKa radiation). Patterns are displaced vertically for clarity. FeS

particulate mackinawite [19]. Pattern B illustrates the product of

trasulfide. The product identifiable by XRD is exclusively pyrite.

in which FeS was reacted with H2S. The product is almost entirely

te at 5 2 (~198 2h) indicating a small quantity of residual FeS.



Fig. 2. Isotopic mixing lines for reactions using FeS and H2S

reactants. Reactant reservoirs are shown as filled circles (FeS) and

filled squares (H2S). Product pyrite is an open square. The position

of the two simple isotopic mixtures on the mixing line is also

shown. In all experiments, the composition of the pyrite product is

intermediate between the two simple mixing models or is coincident

with the complete isotopic mixture.

Fig. 3. Isotopic mixing lines for reactions using FeS and S4
2�

reactants. Reactant reservoirs are shown as filled circles (FeS) and

filled squares (H2S). Product pyrite is shown as an open square. The

position of the two simple isotopic mixtures on the mixing line is

also shown. In all experiments, the composition of the product

pyrite is shifted towards the S4
2� reservoir. Clear resolution of the

trend is only possible for experiments where S4
2� is 34S enriched

over FeS and, in these experiments, pyrite is 34S enriched over both

calculated isotopic mixtures, and is 34S depleted relative to S4
2� by

b1x.

I.B. Butler et al. / Earth and Planetary Science Letters 228 (2004) 495–509500
This represents the case where complete isotopic

exchange between the reactants has occurred before

pyrite formation:

y34SFeS2 ¼ xFeSy
34SFeS þ xH2S=S42y

34SH2S=S42� ð7Þ

where x is the mole fraction of the component.

For all FeS/H2S experiments, the isotopic com-

position of the pyrite falls either between that of the

two calculated mixtures, or is equal to that of the

mixture defined by Eq. (7) (Fig. 2). There is no

temperature effect observable within the experimental

range.

For FeS/S4 experiments, the isotopic compositions

of reactants where FeS was 34S enriched over S4
2� are

too close to resolve mixing trends within experimental

and analytical error. For other experiments, tetrasul-

fide is 34S enriched over FeS by 6–8.5x. The pyrite
product is 34S enriched over that resulting from either

isotopic mixing model. The pyrite is 34S depleted

relative to the tetrasulfide reactant by 0–1x.

A limited number of experiments were per-

formed at 25 8C using tetrasulfide (Table 3). In

these experiments, pyrite formation was expected

to be slow, and isotope exchange between FeS
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and S4
2� would be significant. The product of

these reactions was quantitatively soluble in 6 N

HCl and little or no pyrite was formed after 120

h. The composition of a binary isotope mixture as
defined by Eq. (6) is +9x and that defined by Eq.

(7) is +10.8x. The non-pyritic products were 34S

depleted relative to the predicted values of

+8.4F0.5x.
4. Discussion

Published mechanisms for the polysulfide and H2S pathways can be used to predict the pyrite isotopic

composition and the outcome compared to experimental results. This provides an independent test of the proposed

reaction mechanisms.

4.1. The H2S pathway

The metastable persistence of FeS with H2S is well known [30,36]. The pyrite nucleation barrier must be

overcome for bulk formation of FeS2 [37], since pyrite formation on a suitable substrate with only FeS and H2S is

fast [38]. Such substrates are reaction initiators and may include partially oxidized FeS [30], greigite (Fe3S4), sulfur

grains, bacterial cell walls [39] or pyrite [38].

The kinetics and mechanism of the H2S oxidation of FeS were determined by Rickard [22] and Rickard and

Luther [23]. Textural observations, voltammetric measurements and an Arrhenius activation energy characteristic

of transport control all point to the involvement of an FeS(aq) cluster complex (Fig. 4A) [23,40]:

The involvement of FeS(aq) and H2S(aq) permits the development of coarse pyrite textures from nanoparticulate

FeS [19,23].

In the H2S pathway, sulfur in the product pyrite is the mean of the FeS and H2S reservoirs. In the absence of

other isotopic exchange or transfer processes, pyrite will inherit an isotopic composition reflecting equimolar

mixing of the reservoirs.

The synthetic pyrite shows input from both the H2S and FeS reservoirs (Table 1, Fig. 2). However, the result

is more complex than that expected from 1:1 mixing and the pyrite shows a higher content of H2S-sulfur than

predicted. The data are consistent with mixing of the FeS and H2S reservoirs by a process other than pyrite

formation, and in one case (ISO3/120) the pyrite composition is consistent with complete isotopic mixing of the

reactant reservoirs. In most cases, the pyrite composition is intermediate between those defined by the end-

member models. Our results are consistent with two parallel exchange and reaction processes. Isotopic exchange

occurs via solubility driven processes according to:



Fig. 4. Proposed reaction mechanisms for the formation of pyrite by (A) the reaction of FeS with polysulfide and (B) the reaction of FeS with H2S.

In both cases, an aqueous FeS cluster complex is the reactant. The polysulfide mechanism [20,21] proceeds via a cyclic intermediate. Cleavage of

the Fe–S bond and the median S–S bond in S4
2�, and formation of a bond between Fe and the S2

2� so formed is expected to cause complete

replacement of sulfur attached to Fe. The H2S mechanism [23], by contrast, involves the oxidation of FeS by H2S and sulfur is contributed to the

product pyrite from both reactants.
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Solubility driven isotopic mixing will occur readily at pH 6 and in the absence of pyrite formation the

isotopic composition of all reactant S reservoirs asymptote towards the composition defined by Eq. (7). The

experimentally observed and theoretical equilibrium sulfur isotope fractionation between FeS and aqueous

H2S is small at ambient temperatures [15,41] and insignificant at the temperatures used in this

study.

Compared to FeS, FeS2 is extremely sparingly soluble. Once fixed as pyrite, there is little or no opportunity

for solubility driven isotope exchange. The isotopic composition of pyrite reflects 1:1 mixing of the two reactant

reservoirs:

Fe32Sþ H34
2 S ¼ Fe32S34Sþ H2 ð16Þ

where Eq. (16) is similar to Eq. (12). The isotopic composition of the synthetic pyrite will change as the

experiment progresses and the composition of the two reactant reservoirs is modified by solubility exchange.

Thus, the pyrite composition falls between that of the two boundary models. The relative rate of the processes

defines the position of the pyrite on the isotopic mixing line in our experiments. Where solubility exchange is

fast compared to fixation the pyrite is shifted towards the composition defined by Eq. (7).

4.2. The polysulfide pathway

The mechanism involves FeS dissolution and reaction with polysulfide to precipitate pyrite [21]. Voltammetric

evidence confirms the involvement of an aqueous Fe sulfide cluster and a cyclic reaction intermediate of the iron

sulfide cluster and polysulfide (Fig. 4B) [22].

The net reaction is the apparent addition of zero-valent S from Sn
2� to FeS.
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The outcome of the polysulfide pathway is the transfer of sulfide between the reacting FeS and polysulfide

complexes forming pyrite containing S2
2� derived entirely from polysulfide (Fig. 4B). In the absence of other

isotopic transfer or exchange processes, the pyrite product will have an isotopic composition identical to that of the

polysulfide.

Where the composition of the reactants was sufficiently distinct to be resolved the pyrite composition was

within 1x of the tetrasulfide reactant. Tetrasulfide was 34S enriched over FeS, and pyrite was 34S enriched in 34S

over the outcome of both mixing models but slightly 34S depleted compared to the tetrasulfide. This is consistent

with published reaction mechanisms [21,22]. The slight 34S depletion of the pyrite may indicate some isotopic

exchange between the FeS and S4
2� reservoirs. Furthermore, during pyrite formation, 34S depleted sulfur from FeS

modifies the polysulfide reservoir and later formed pyrite will be 34S depleted compared to early formed pyrite.

The extent of solubility exchange is limited, consistent with the low FeS solubility at pH values near 12–13. Once

fixed as FeS2 the low solubility of pyrite precludes further exchange reactions. The experimental results further

indicate that isotope fractionation into pyrite is not influenced by kinetic isotope effects from selective cleavage of

S–S bonds in the polysulfide molecule [42].

Limited isotope exchange between FeS and tetrasulfide is confirmed by experiments at 25 8C (Table 3). Isotopic

exchange occurs between polysulfide and FeS in the absence of pyrite formation, but cannot account for the

recorded shift in isotopic composition at higher temperatures.

4.3. Re-evaluation of previous experimental data

Stable isotopes were included in previous studies of pyrite formation and the results attributed to the reaction of

FeS with S8 [26] or selective Fe loss [29]. In addition to these studies the fractionation of sulfur isotopes during

pyrite synthesis via goethite (FeOOH) sulfidization has been investigated [43]. We revisit these data and rationalize

the results within the framework of known reaction mechanisms and the only two pyrite formation mechanisms for

which stoichiometry has been established.

Sweeney and Kaplan [26] investigated the reaction FeS and S8 slurries with restricted exposure to atmospheric

oxygen, but in the absence of excess H2S. They reacted 34S-enriched FeS with an excess of 34S-depleted S8. The
pyrite product showed a d34S composition intermediate between that of the S(-II) and S8 end-members. In the

absence of H2S, isotope exchange between FeS and S8 proceeds slowly [44]. The reaction of FeS phases

(mackinawite or hexagonal pyrrhotite) with S8 to produce pyrite via a greigite (Fe3S4) intermediate was proposed

[26]. A probable mechanism is addition of S8 to FeS via polysulfide [28]. In the present study, polysulfide

reactions produce pyrite with d34S compositions close to that of the reactant tetrasulfide. In Sweeney and Kaplan’s

experimentation [26], the absence of excess H2S means that polysulfide must be produced by the reaction of H2S

from FeS dissolution with S8. The reactant balance is represented by the dissolution of FeS, reaction of S(-II) with

S8 to produce polysulfide followed by pyrite formation:

This balance does not imply a specific mechanism, but illustrates that the net stoichiometry by this reaction route is

the apparent addition of S8 to FeS, mediated via the polysulfide pathway since Eq. (22) is identical to Eq. (19). The

reactant polysulfide is an isotopic mixture of the S(-II) and S8 end-members and the product pyrite displays an

sulfur isotope composition intermediate between that of the reactant FeS and S8 phases, as reported by Sweeney

and Kaplan [26].
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Wilkin and Barnes [29] examined pyrite formation from FeS and Fe3S4 reactants with reduced and partially

oxidized sulfur sources. They introduced limited quantities of O2 to their reactions, a similar but more controlled

approach to that of Sweeney and Kaplan [26]. Their results show that within analytical precision, synthetic

pyrite had an identical sulfur isotopic composition to that of the reacting educts FeS or Fe3S4. Wilkin and

Barnes [29] concluded that pyrite formation may proceed, not by addition of S8 to FeS, but by oxidative Fe

loss:

2FeSðsÞ þ 2Hþ
ðaqÞ ¼ FeS2ðsÞ þ Fe2þðaqÞ þ H2ðgÞ: ð4Þ

At first glance, it is difficult to reconcile these results with those of the present study. However, Eq. (4) is the

sum of FeS dissolution (Eq. (20)) and subsequent reaction of FeS with H2S (Eq. (12)):

The net reaction postulated by Wilkin and Barnes [29] can be explained by a process akin to that postulated to

explain the results of Sweeney and Kaplan’s [26] observations. However, we must reconcile the observation

that, while the pyrite product retained the FeS isotopic composition, there were other sulfur compounds with

distinct isotopic signatures present, including S8, H2S, S2O3
2� and S4O6

2�.

We compare the rates of the polysulfide and H2S pathways under the experimental conditions of Wilkin and

Barnes [29] using known reaction kinetics [20,22]. Wilkin and Barnes [29] report that they used 100 mg of FeS

and maintained an H2S partial pressure of 0.03 atm in their experiments. Rickard [22] showed that:

dFeS2=dt ¼ k FeSð Þ cH2Sð Þ ð24Þ

where (FeS) is the molar concentration of FeS, cH2S is the molar concentration of H2S and k is the rate constant.

For the temperatures used in the experimentation, k is of the order of 2	10�3 l mol�1 s�1 [22]. The initial pyrite

formation rate is ~2	10�8 mol l�1 s�1 at pH 7, sufficient to ensure complete reaction of FeS to FeS2 within 24–48

h. We assume that the surface areas of the reactants used by Wilkin and Barnes [29] and Rickard [22] are similar.

Where polysulfide was present, the reaction kinetics are summarized by:

dFeS2=dt ¼ k FeSð Þ2 Sð Þ
X

S � IIð Þ
n o

Hþgf ð25Þ

where (FeS) and (S) are the FeS and S8 surface areas in cm2, {
P

S(�II)} is the total dissolved sulfide

activity and {H+} is the hydrogen ion activity [20]. The rate constant is of the order of 10�12 cm6 mol�1 l�1

s�1 at 40 8C [20]. Values for the FeS surface area have been determined by various workers, and estimates

include 16–21 [30], 44 [20], 7 [24] and 37 m2 g�1 [22]. Therefore, we take 30 m2 g�1 as a representative

value. For precipitated S8, Rickard [20] reports a mean surface area of 1.4	103 cm2 g�1. If we consider

comparable initial conditions to those discussed above for the H2S pathway, and take the mass of S8 to be

equivalent to that of the FeS then for the polysulfide pathway at pH7 the estimated initial rate, dFeS2/dt, is

of the order of 8	10�11 mol l�1 s�1. The initial rate of the H2S pathway is 2 orders of magnitude greater

than for the polysulfide pathway and at pH7 and millimolar total S(-II), the total equilibrium polysulfide

concentration is b10�4 M [45] and is rate limiting. Pyrite formation via the polysulfide pathway is too slow

for 34S enriched polysulfide to contribute to the isotopic composition of pyrite. Other oxidized sulfur species

were present in some experiments but there is no published evidence for their direct involvement in pyrite

formation.

In Wilkin and Barnes’ experiments [29], the boundary conditions favour pyrite formation via the H2S pathway.

The d34S composition was 2.8x for sodium sulfide nonahydrate (used to prepare FeS) and 3.3x for H2S [29].
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Within analytical error, the two sulfide sources have identical isotopic compositions. The isotope results of Wilkin

and Barnes [29] are consistent with pyrite formation by the reaction of FeS (d34S=2.8x) and H2S (d34S=3.3x).

The outcome is the same as that predicted for oxidative Fe loss from FeS (Eq. (4)). There is no need to invoke a

novel mechanism of oxidative Fe loss for pyrite formation to explain the sulfur isotope data. Furthermore, the

proposed Fe-loss pathway does not explain S2
2� formation and Fe(II) spin state changes during pyrite formation.

The experimental data of Wilkin and Barnes [29] indicate that the principal pyrite formation pathway in pH neutral

environments is the H2S pathway.

Price and Shieh [43] examined goethite sulfidization to pyrite using a 30-fold molar excess of H2S at pH 4–5

and 22–24 8C. Early-formed FeS2 was depleted in 34S relative to H2S, but after 65 days of reaction the pyrite was

isotopically identical to the H2S. The data suggest a small kinetic isotope fractionation on pyrite formation, but

because a single buffered sulfur source was used, give little information concerning reaction pathway. At ambient

temperatures, the sulfur isotope fractionation upon pyrite formation is small [43] and insignificant at elevated

temperatures.

4.4. Sulfur isotope partitioning into sedimentary sulfides: a proxy for pyritization pathways?

Published kinetic investigations [20–23] demonstrate that the polysulfide and H2S pathways remain

mechanistically uniform from 5 to 125 8C. Therefore, it is possible to extrapolate our results to ambient natural

systems as well as to medium-temperature hydrothermal systems.

Experimental conditions maximize reaction rates for the respective pathways. FeS–H2S reactions were

performed at pH6 where sulfide speciation is dominated by H2S (pK1H2S=6.98 [46]) and [FeS(aq)] is not limited by

acid dissociation. For the polysulfide pathway, an alkaline pH of 12–13 maximized Sn
2� activity [45] and made

H2S a minor species. Isotope fractionation between different dissolved sulfur species in the system H2S–H2O

[15,41] does not influence the experimental results.

In ambient sediments, reactant concentrations are lower than in our experiments, and the pyrite formation

rate is less. Luther et al. [47] report the results of voltammetric investigations of the aqueous sulfide

speciation of marine, hydrothermal and fresh waters. This approach determines H2S/HS
�
(aq), Sn(aq)

2� and FeS(aq)
as discrete species [48–51]. Detectable polysulfide is present at the oxic/anoxic interface, but H2S/HS

�
(aq) and

FeS(aq) dominate in reduced environments below the oxic/anoxic interface [47]. In-situ measurements of

sulfide speciation and O2 in hydrothermal vents reveal H2S/HS(aq)
� concentrations of b50 AM in all the

environments investigated, but where temperatures exceed 30 8C, appreciable FeS(aq) formation occurs [49].

Despite the presence of coexisting H2S/HS
� and O2, aqueous polysulfide is not observed immediately

above hydrothermal vent chimneys [50] but is present where diffuse hydrothermal fluids mix with seawater

[49].

Since aqueous H2S and HS� are the predominant forms of free sulfide below the oxic/anoxic interface, the

dominant pyrite formation pathway in those environments is the H2S reaction [47]. The polysulfide reaction,

however, is important at the oxic/anoxic interface at pHN7.5 where H2S becomes a minor free sulfide species

[47]. Polysulfide may be generated on oxyhydroxide mineral surfaces (e.g. Fe(OH)3, FeOOH) in sediments or

within hydrothermal systems where sulfidic fluids, oxic seawater and mineral surfaces can interact. The extent

of polysulfide formation is difficult to ascertain, but the absence of detectable polysulfide [47] indicates that, if

produced, Sn
2� is quickly reacted before it appears as an aqueous component. The polysulfide pathway is

important in the onset of pyrite formation. Further pyrite formation in the absence of polysulfide proceeds via

the H2S pathway.

Free sulfide speciation is dominated by H2S/HS
� below the oxic/anoxic interface and consequently the H2S

pathway dominates pyrite formation in these environments. Consequently, the isotopic composition of pyrite might

be used to determine the evolution of reactant reservoirs because the isotopic composition of pyrite reflects the

composition of both reservoirs. The relative rate of sulfur isotope fixation in FeS2 versus equilibration of FeS and

H2S will exert a major control on the composition of FeS2. Where fixation as FeS2 is very fast relative solubility
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exchange then pyrite will tend towards a 1:1 mixture of the reactant reservoirs. If fixation as FeS2 is sufficiently

slow to permit isotopic equilibration of the reservoirs, then the pyrite composition will reflect the mean of the

composition of the reservoirs.

We discuss how our experimental pyritization rates compare to those in nature. The rate constant for the H2S

pathway is 3	10�3 l mol�1 s�1 at 100 8C [22], the initial FeS concentration is ~1	10�1 mol l�1 and the initial

H2S is ~1	10�1 mol l�1, and so initial dFeS2/dt is of the order of 2 mol l�1 day�1 in our experiments. The

range of calculated pyrite formation rates for ambient sediments is 10�17–10�12 mol l�1 day�1 [22]. The pyrite

formation rate in hydrothermal systems will be intermediate between these extreme values. Isotopic

equilibration of FeS with H2S is fast [44] and in natural sedimentary and hydrothermal environments pyrite

formation is sufficiently slow to permit local isotopic equilibration of FeS and H2S reservoirs. In our

experiments, initial pyrite formation rates are 12–17 orders of magnitude greater than those calculated for

sediments and it is possible to discern the effect of the pyrite formation pathway on the isotopic composition of

synthetic pyrite.

We have considered only inorganic processes. Iron sulfide formation during bacterial disproportionation of

elemental sulfur shows isotopic evidence for pyrite formation by the reaction of polysulfide and H2S with FeS [9].

In experiments conducted by Canfield et al. [9], the pyritization reactions proceeded with similar rates and up to

100,000 times faster than expected from inorganic kinetics. Pyrite formation associated with these bacterial

processes will be significant close to the oxic/anoxic boundary in sediments [9]. The influence of bacterial

processes in the anoxic zones remains a largely unknown factor. Donald and Southam [39] examined low

temperature anaerobic bacterial transformation of FeS to pyrite and compared the outcome to abiotic processes.

They found the bacterially mediated process to be more efficient at converting FeS to FeS2. A number of factors

were important including the role of the bacterial cell wall and the release of bacterial organic sulfur products [39].

The relative contributions of abiotic reactions and bacterially mediated reactions to sedimentary and hydrothermal

pyrite formation rates remains unknown and the role of bacteria requires further experimental and field

investigations.

We anticipate that isotopic analysis of pyrite forming reactants and products in natural systems to be

fraught with difficulties when using simplified analytical schemes. Morse and Rickard [52] re-evaluated the

operational definition of acid volatile sulfide (AVS) for sediments, which is typically extracted anoxically

using 6M HCl [53]. AVS is a complex and variable mixture of dissolved species and clusters (H2S, HS
�,

FeS(aq) and partially Sn
2�) and mineral phases (FeS, mackinawite and partially greigite) [52–54]. Care must be

taken in the chemical and isotopic analysis of sedimentary AVS because it is subject to the relative

proportions of aqueous and mineral components and to the method used for extraction [52–56]. Only

sophisticated extraction methods can be used to characterize the different reservoirs involved in sedimentary

pyrite formation [52,55,56].

Further difficulties arise from the H2S mechanism. Reactants are aqueous species [23] and transport

considerations mean that pyrite formation need not be related to AVS distribution spatially or temporally

[52,57]. Depth analyses of AVS and pyrite in modern steady-state sedimentary sequences typically show

decreasing AVS and increasing pyrite with depth. An interpretation commonly applied is that FeS, attributed to

AVS, converts to pyrite with depth. The mass balance for this process, however, does not add up when applied

to the observed AVS-pyrite plots [57]. Sulfur isotopic studies, which characterize the depth profiles for the

isotopic composition of AVS and Cr(II) reducible sulfur (CRS), often attributable to pyrite, reveal that AVS

compositions sometimes shadow CRS compositions, e.g. [58], but AVS and CRS trends may also be locally

divergent. e.g. [55,59]. If CRS is a bulk isotopic reservoir representing sulfur fixed as pyrite throughout the

history of the sediment and AVS represents mobile aqueous reactants with the capacity for rapid isotopic

exchange [44], then we find no a priori reason to suppose that AVS isotopic signatures should be directly related

to the bulk solid phase CRS signatures with which they coexist at the time of sampling. Further detailed work is

needed to resolve the potential of stable sulfur isotope signatures to extract mechanistic information for

sedimentary pyrite forming pathways.
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5. Conclusions

The results of this and previously published isotopic

studies are consistent with proposed reaction mecha-

nisms for pyrite formation based on the polysulfide

[20,21] and H2S [22,23] pathways. Our results are an

experimentally independent verification of the reaction

mechanisms. The polysulfide pathway permits

exchange of sulfur from the polysulfide during pyrite

formation and newly formed pyrite inherits the poly-

sulfide isotopic composition. The H2S pathway forms

pyrite, the isotopic composition of which reflects the

composition of both FeS and H2S reservoirs. Exper-

imental conditions were optimized to enhance pyrite

formation rates by the respective mechanisms; how-

ever, even with rapid fixation as pyrite, evidence of

isotopic exchange via solubility processes was evident

and these modify the pyrite isotopic composition

slightly from the ideal composition predicted from the

reactionmechanisms. The extent of this is controlled by

the relative fixation versus exchange rates.

Previous experimental studies using stable isotope

partitioning [26,29] are shown to be consistent with the

H2S and polysulfide pathways. There is, as yet, no

compelling evidence to invoke the activity of other

notional reaction pathways for pyrite formation, either

in the laboratory or in ambient aqueous natural

systems. However, evidence from microbiological

experiments [9,39] points to enhanced pyrite forma-

tion rates compared to abiotic processes. It remains to

be seen if the increase in pyrite formation rate is due to

bacterial catalysis of known pathways or the involve-

ment of previously unsuspected reactions.

Voltammetric measurements of natural aqueous FeS

and sulfide speciation [47–51] combined with kinetic

considerations indicate that the H2S pathway will

dominate in most environments. Experimental initial

pyrite formation rates are 12–17 orders of magnitude

greater than those calculated for sediments [22] yet

partial isotopic equilibration of FeS and H2S is evident,

and isotope exchange between FeS and H2S will be

significant in natural systems. The influence of the H2S

mechanism on pyrite isotopic composition is unlikely

to be a significant control on the composition of natural

pyrite. We conclude that the sulfur isotopic composi-

tion of pyrite normally reflects the average composition

of the sulfide reservoir from which it was formed. This

means that the isotope compositions of pyrite sulfur
and variations in ancient systems can be used to help

determine the evolution of the biogeochemical sulfur

cycle and the development of related biogeochemical

cycles through time.
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