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Abstract

Ž .Pyrite formation under hydrothermal conditions has been studied using in situ time-resolved X-ray diffraction XRD .
Ž Ž .This study employed two different synchrotron X-ray sources National Synchrotron Light Source NSLS , Advanced

Ž . .Photon Source APS ; Brookhaven and Argonne National Laboratories, USA, respectively and two types of reaction cells
`Ž .capillary and hydrothermal autoclave type to examine reactions in the Fe S system under both anoxic and controlled oxic

conditions. Starting materials were mackinawite slurries equilibrated in reduced, H S solutions and heated to a maximum2 Žaq.
Ž .of 1908C. The results show that under fully anoxic conditions, mackinawite persists to at least 1208C, while aerated oxic

slurries transform rapidly to greigite, pyrite, magnetite and goethite. Possible reaction mechanisms are discussed in light of
these results. These experiments are the first application of previously described in situ reaction cells to anoxic and oxic

`reactions in the Fe S system. Finally, the capabilities of each cell type and their applicability to other systems are discussed.
q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pyrite formation processes are still not completely
understood despite their importance in several geo-
chemical cycles. It is generally accepted that the first
step in its formation at temperatures below 3008C is
the nucleation of a short-range-ordered ferrous
monosulfide that is a precursor to mackinawite
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Ž . ŽFe S Davison, 1991; Schoonen and Barnes,9 8
.1991b; Parise et al., 1994; Rickard, 1995 . The

chemical composition of this initial precipitate varies
Žfrom Fe S to FeS Berner, 1964; Rickard, 1969,0.87 1.1

.1975; Sweeney and Kaplan, 1973 , however here,
we will refer to this phase as mackinawite, nominally
FeS. Mackinawite may be a precursor to greigite
Ž . Ž .Fe S , which can then convert to pyrite FeS .3 4 2

Numerous experimental studies have examined these
nucleation and transformation reactions, yet have
failed to yield a universally accepted pathway and

Žmechanism Berner, 1970; Rickard, 1975; Taylor et
al., 1979b; Luther, 1991; Schoonen and Barnes,

.1991a,b; Wilkin and Barnes, 1996 . The absence of
such a scheme is partially due to difficulties arising
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from oxidation state changes in both crystalline and
aqueous phases present during the transformation.
These studies have indicated however, that the con-
version of mackinawite to pyrite is an oxidation
process, although the oxidant remains in question.

Three primary pathways have been proposed: the
first is a progressive sulfidation and conversion of

Žiron monosulfides to pyrite Berner, 1967, 1970;
.Rickard, 1969; Schoonen and Barnes, 1991a ; vari-

eties of the first are:

FeS s qSo s ™FeS s 1Ž . Ž . Ž . Ž .2

FeS s qS2y™FeS s qS2y 1aŽ . Ž . Ž .n 2 ny1

where FeS represents an iron monosulfide such as
the short-range-ordered mackinawite, mackinawite or
greigite. The sulfur source might be either elemental
Ž o.S , or a species of intermediate oxidation state
Ž 2y .S , polysulfide, etc. . The FeS to FeS transforma-n 2

tion should be favored by a redox reaction between
the intermediate sulfur source and the reduced iron
in the monosulfide. In addition, this route includes

Ž 2q 3q.the formation of the mixed valence Fe rFe
phase greigite prior to the formation of pyrite. Both
of these reactions, however, are hindered by armor-
ing caused by the increase in molar volumes between

Žthe solid reactants and products Furukawa and
.Barnes, 1995 .

The above reactions are written in terms of sulfur
addition. This is often done because several different
sulfur species have been shown to react with the

Žmonosulfides Luther, 1991; Schoonen and Barnes,
1991b; Wei and Osseo-Asare, 1995; Wilkin and

.Barnes, 1996 . The transformation to pyrite can,
however, be written in terms of an iron loss mecha-
nism, the second pathway:

2FeSq2Hq™FeS qFe2qqH g 2Ž . Ž .2 2

Ž .Such a reaction was suggested by Berner 1970 , and
Ž .examined further by Schoonen and Barnes 1991b ,

Ž .Furukawa and Barnes 1995 , and most recently, by
Ž .Wilkin and Barnes 1996 . Furukawa and Barnes

Ž .1995 showed that a decrease in the molar volume
of solids promoted the transformation, while Wilkin

Ž .and Barnes 1996 gave isotopic evidence that the
various sulfur sources contributed no sulfur to the
resulting pyrite and demonstrated that Fe-loss was
the correct mechanism.

A third proposed pathway by which iron mono-
sulfides transform to pyrite is via the H S route2
ŽTaylor et al., 1979b; Wachtershauser, 1988; Drob-¨ ¨

.ner et al., 1990; Rickard, 1997 in which H S is the2

oxidant:

FeSqH S™FeS qH g 3Ž . Ž .2 2 2

This reaction has been employed to explain the
formation of pyrite in presumably anaerobic environ-
ments. This process, however, again implies an im-

Žprobable increase in molar volume Furukawa and
.Barnes, 1995 .

These proposed mechanisms are investigated here
Ž .via time-resolved in situ X-ray diffraction XRD .

The impetus for such experiments is the ability of in
Ž .situ XRD under hydrothermal conditions to moni-

tor the course of this transformation without compro-
mising the reaction conditions; i.e., no sampling or
quenching is necessary to obtain diffraction data.
The sample cells used permit careful control of the

Žreaction environment temperature, oxygen level, pH,
.etc. , and thus allow study of systems under a variety

of well-controlled reaction conditions. In addition,
monochromatic studies can produce data of suffi-

Žcient quality for Rietveld structural analyses Riet-
.veld, 1969; Norby, 1997b , making this technique

potentially attractive to a wide range of scientists.
Recent applications of in situ XRD have included

Žstudies of cement during hardening Shaw et al., this
Ž ..issue a growth of zeolites and other microporous

Žmaterials Norby, 1997a; Cahill et al., 1998; Chris-
.tensen et al., 1998; Francis and O’Hare, 1998 , ion

Ž . Žexchange Lee et al., 1998 , gas sorption Grey et al.,
.1997 , solid state phase transitions with pressure and

Žtemperature Cruciani et al., 1997; Parise et al.,
.1998 as well as a host of other reaction types

ŽWilkinson et al., 1994; Price et al., 1996; Cheetham
.and Mellot, 1997 .

Ž .A recent investigation by Lennie et al. 1997
examined the solid state phase transition of macki-
nawite to greigite. Their experiments demonstrated
the utility of in situ XRD as a structural probe in
suggesting a crystal chemical transformation mecha-
nism. While the apparatus for this study was appro-
priate for the investigation of the solid state phase
transition, a full examination of the reaction se-
quence under controlled hydrothermal conditions was
not possible.
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In the current study, in situ diffraction techniques
have been employed to examine the path and mecha-
nism of the conversion of mackinawite to pyrite
under hydrothermal conditions, both aerobically and
anaerobically. This application extends the role of in
situ XRD to include primarily chemical and pathway
information. Rather than a full structural or crystal
chemical investigation, reported here is an applica-
tion of previously described experimental apparatus

Ž .to: 1 test the suggested mackinawite to pyrite con-
Ž .version sequence and 2 examine the role of oxygen

in this process.

2. Experimental section

2.1. Apparatus

Two different synchrotron sources and two types
of reaction cells were used to study the formation

`and reactions of solids in the Fe S system under
hydrothermal conditions. The experiments were de-
signed to explore the possibilities and limitations of
carrying out in situ X-ray experiments under anoxic
and controlled oxic conditions using in situ and ex
situ injection techniques. The first set of experiments
Ž .Table 1 were conducted at beamline 13-BMD of
the GeoSoilEnviro Consortium for Advanced Radia-

Ž .tion Science GSE-CARS at the Advanced Photon
Ž .Source APS of Argonne National Laboratory. The

beamline set up at this station consists of a series of
pre-sample slits that reduce the size of the incident
X-ray beam to 200=50 mm. After encountering the
sample, the diffracted X-rays are collected via a
brass collimator with a 500-mm slit width into a
2400 channel, energy dispersive single element Can-
berra detector. The detector angle was optimized to
4.58 2u to include the maximum number of peaks

`from materials in the Fe S system while minimizing
the effects of the sample holder and reaction vessel.
A more detailed description of the facilities at the

Ž .APS can be found in Rivers et al. 1998 .
The reaction cell shown in Fig. 1 was designed

Ž .and commissioned previously by Evans et al. 1994
and is composed of a stainless steel Parr w reaction

Ž .vessel 25 ml with a section of its wall milled down
to a thickness of 0.4 mm. This thinner portion of the
wall permits transmission of white X-radiation and

has a maximum operating temperature of 2308C.
Attached to the top of the cell is a head consisting of
a pressure transducer, safety relief valve and an

Ž .injection reservoir 2 ml . The injection reservoir
consists of a remotely controlled gate valve that is

Ž .activated via an overpressure of an inert gas CO .2

This permits injection of a second solution into the
cell at controlled time and temperature conditions.
The cell was placed in a notched aluminum block
that is heated by four resistance cartridge heaters.
The temperature was monitored with K-type thermo-
couples in contact with the outside of the reaction
vessel and was controlled to "58C. Data collection
proceeded during the entire course of the experiment
and recorded a full spectrum every 3 min. Data were
extracted and processed via an in-house-produced

2 Ž w .Interactive Data Language IDL routine.
Initial runs were conducted with an anoxic, ex

situ prepared, low pH FerH S solution that was2
Ž .loaded into the cell Fig. 1 under a constant flow of

ultra-high purity nitrogen. The cell was previously
purged via N and all transfers were done via sy-2

ringes. At this pH, little precipitate is present due to
the high solubility of FeS. The injection reservoir
was filled under equally anoxic conditions with a
freshly prepared oxygen-free 1.0 N NaOH solution.
The cell was sealed, inserted in the heater and brought
to temperature. Subsequently, the NaOH solution
from the reservoir was injected via the remotely
controlled valve initiating the precipitation of iron
monosulfide phase. Only weak diffraction peaks were
observed from this sample, as the resulting slurry
was not of sufficient density to produce a satisfac-
tory diffraction signal. Due to these experimental
difficulties, the injection procedure was abandoned
and the mixing was performed ex situ forming a
colloidal suspension, which was filtered and the

Ž .solids transferred as a wet paste to the reaction cell.
This new procedure however, compromised the

Ž .anoxic conditions see below .
The second set of experiments were performed at

beamline X7B of the National Synchrotron Light
Ž .Source NSLS at Brookhaven National Laboratory

using monochromatic radiation. For this study, the

2 IDL is a registered trademark of Research Systems, 2995
Wilderness Place, Boulder, CO 80301, USA.
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Table 1
Summary of experimental conditions
Arrow implies ‘‘replaced by . . . ’’

a bRun number pH Reaction conditions Products

APS-SB5 3.91 Oxic; Ts808C; 5 h Mk™ insufficient density
APS-SB7 3.91 Oxic; Ts1308C to 1908C; 4 h Gr, Py, He
APS-SB8 3.50 Anoxicroxic; Ts418C to 1808C 3.75 h Gr, Py

Ž .NSLS-SB101 3.64 Anoxic; Ts1208C 4 h Mk, trace Goe ; Fig. 4.
NSLS-103 3.64 Mixed N rO overpressure; Ts1208C; 1 h Mk, Goe2 2

NSLS-106b 3.64 O over-pressure; Ts1208C; 2 h Mk™Gr,Goe2
cNSLS-111 3.64 Aerated slurry , Ts1508C; 1 h Mk™Gr, Mgt

NSLS-SB11 4.50 Anoxic; Ts1508C; 3 h Mk, Gr
Ž .NSLS-SB14 4.50 Aerated slurry 20 min ; Ts2508C; 1 h Mk™Gr, Goe
Ž . Ž .NSLS-SB16 4.50 Aerated slurry 50 min ; Ts 1508C; 2.5 h Mk™Gr, Py, Mgt, trace Goe , S?; Fig. 5.

a Ž .All saturated with 100% H S 0.1 m, 1 bar .2
bGrsgreigite, Pyspyrite, Mksmackinawite, Mgtsmagnetite, Heshematite, Goesgoethite, Sssulfur.
c Exploratory run, aeration time not known precisely.

beamline set up was as follows: incident white radia-
Ž .tion was selected via 2 Si 111 monochrometers to a

˚Ž .desired wavelength 0.890 or 1.095 A as determined
Žfrom a unit cell refinement of LaB NIST6

ŽFig. 1. The hydrothermal autoclave type reaction cell as described by Evans et al., 1994. Figure modified after Shaw et al., 1998 and Shaw
Ž .. wet al., this issue a Shown as used at the APS. Reactions take place in a stainless steel Parr bomb that has been machined to allow

transmission of white X-rays. Temperature control is through a copper resistance heating block, while an injection reservoir can introduce
reactants to the experiment at various times via a remotely controlled gate valve.
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.SRM660a . The size of the incident beam was con-
trolled via two upstream slits to be 1.0=0.5 mm.

Ž .The sample cell Fig. 2 and below was affixed to a
horizontally mounted Huber four-circle goniometer,
and diffracted X-rays were collected on a translating

Ž .imaging plate TIP system. Further details of the
experimental set up at X7B have been reported

Ž .previously Gualtieri et al., 1996 .
Ž .The sample cell Fig. 2 has been described in

Ždetail elsewhere Norby, 1996, 1997a; Cahill et al.,
.1998 , and only a brief description will be given

here. Ex situ prepared sample slurries were loaded
under flowing oxygen-free nitrogen into a 0.7-mm

Ž . Ž .quartz capillary A closed at one end Fig. 2 . The
horizontally mounted capillary is held in place with a

w Ž .Swagelock B fitting mounted on a modified go-
niometer head. Hydrothermal conditions were ob-
tained via an air heater and pressure was maintained
inside the capillary with an overpressure of N gas2

Žapplied to the open end of the capillary optionally,
.N can be replaced with O or any desired gas . A2 2
Ž .full diffraction pattern is collected on a portion C

Ž .of the imaging plate IP that is defined by two lead
Ž . Ž Ž ..shields D . The IP is translated along arrow E to

expose fresh portions of the plate and obtain diffrac-
tion data as a function of time. At the conclusion of a
run, the exposed plates are read on a Fuji BAS2000
scanner and the data are extracted using IDLw rou-

Fig. 2. The capillary reaction cell and translating IP detection
Ž .system as used at the NSLS Norby, 1996 . Hydrothermal condi-

tions are maintained in a horizontally mounted 1.0-mm quartz
capillary via an overpressure of N and an air heater.2Žg .
Monochromatic diffraction spectra are collected on a photostimu-
lable translating imaging plate mounted perpendicular to the capil-

Ž .lary. The direct beam is offset vertically from the center of the
IP to allow collection of a full diffraction pattern.

tines. Peak identification via the Powder Diffraction
Ž .File PDF entries was possible by extracting slices

of the time-resolved data and stacking them against
the card for each phase. Time resolution for these
experiments is 5 min or less. Using this technique,
two types of experiments were carried out: anoxic
and controlled oxic runs as explained below.

2.2. Starting material: preparation and analysis

The steps for preparing and handling the samples
prior to in situ X-ray data collection are similar to
the ones described in detail in the complementary

Ž .paper in this issue Benning et al., this issue ; given
here is only a brief summary and differences in
methodology imposed by individual experiments. All
experiments, unless otherwise mentioned, were car-
ried out under carefully controlled oxygen-free con-
ditions. Particular care was taken during preparation
and transfer of solutions between the steps of each

Ž .experiment. All chemicals and gases except N2

used were reagent grade. Oxygen-free nitrogen was
produced by passing nitrogen gas of ultra high purity

Ž w .through an additional oxygen scrubber Alltech .
This gas was used in all experiments where anoxic
conditions were intended.

Starting solutions were prepared from ferrous am-
monium sulfate salt mixed with freshly boiled and
under oxygen-free N -cooled doubly distilled water.2

This solution was equilibrated with 100% H S gas at2
Ž .1 bar, achieving a saturated i.e., 0.1 m H S , re-2

duced, low-pH solution. The precipitation of iron
Žmonosulfides was induced except in the initial runs

.at APS by injecting a known amount of oxygen-free
1.0 N NaOH into the reactor, i.e., increasing the pH
of the solution and decreasing the solubility of iron
monosulfide. The composition and morphology of
the starting solids were checked with conventional

ŽXRD Rigaku Geigerflex, CuKa radiation, scanning
.rate of 28rmin for the 2u range 5–658 and scanning

electron microscopy with an energy dispersive sys-
Ž .tem SEM–EDS, Phillips XL-20 . The pH of the

starting solutions was measured at 258C using a
Žsulfide- tolerant glass combination electrode Corn-

w .ing calibrated against NIST-traceable buffer solu-
tions.

The initial experiments carried out at APS were
designed such that injection of the oxygen-free NaOH
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was done on-line as described above. The final runs,
however, were carried out with ex situ prepared iron
monosulfide suspensions filtered oxically, thus com-
promising the intended anoxic conditions. As ex-
pected, fast transformation of the initial iron mono-
sulfide precipitate was observed at the start of the
real time X-ray experiment. For the NSLS runs, the
ex situ prepared solutions were decanted under con-

Žtrolled anoxic conditions and filled via ultra-fine
.syringes, from the bottom up to replace gas space

into capillaries that were sealed under nitrogen. For
controlled oxic experiments, air was bubbled through
the decanted slurries for a fixed amount of time

Ž .before the in situ measurements Table 1 .

3. Results

3.1. APS; oxic conditions

After several trials of oxygen-free, NaOH solution
injections as described above, the resulting reaction

slurry was found to be of insufficient density to
provide an adequate diffraction signal. In order to
increase sample density, injections were carried out

Žoff-line in a glass reaction vessel Benning et al., this
.issue . The suspension was filtered and the solids

Ž .then transferred via syringe to the reaction cell
Ž .Fig. 1 under flowing N . After sealing, the cell was2

loaded into the heating block at an initial tempera-
ture of 418C. The temperature was increased to
1108C over 50 min, held for 160 min and finally
ramped to 1858C over 30 min. Fig. 3 is a plot of the
resulting time resolved diffraction spectra collected

Žat beamline 13-BMD at the APS run a SB8 in
. ŽTable 1 . The initial portion of the experiment 0 to
.75 min exhibits only weak diffraction peaks from

the sample; strong peaks at approximately 60 keV
are due to diffraction of the steel cell itself. Difficul-
ties in peak assignment are compounded by signifi-
cant overlap in this region. The large background
hump from approximately 14 to 58 keV is the result
of X-ray scatter off the reaction vessel and fluid
present in the sample. The sample density during the

Ž .Fig. 3. Time-resolved plot of diffraction data obtained in the autoclave-type cell Fig. 1 . Run APS-SB8. At the beginning of the reaction,
Ž .only weak diffraction peaks from the sample mackinawite, Mk were observed. After pausing to filter the reactants and increase the sample

Ž . Ž .density, the anoxic conditions were compromised and the onset of greigite Gr and pyrite Py is clearly visible.
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early portion of the run was again too low to produce
a sufficient diffraction signal. This prompted inter-

Žruption of the experiment at approximately 75 min;
.Fig. 3 in order to filter the sample and further

increase sample density. This process, however,
compromised the anoxic nature of the reactants.
After approximately 85 min, the sample was returned

Ž .to the beam at 1108C as a thicker paste and the
presence of greigite and pyrite became clearly visible
under these slightly oxic conditions.

3.2. NSLS; anoxic conditions

In an effort to increase sample density and main-
tain oxygen-free conditions, similar experiments were
conducted at beamline X7B of the NSLS using the
reaction cell shown in Fig. 2. For this study, an ex

Žsitu prepared anoxic slurry run a NSLS-SB101 in
.Table 1 was heated to 1208C over 30 min and held

for 3.5 h. During this time, mackinawite is the only
` Ž .Fe S phase observed Fig. 4 . A trace amount of

goethite was noted and is likely the result of a
reaction at the slurryrcompressed N interface due2

to impurities in the reagent grade overpressure gas or

in surface contamination during cell loading and
mounting.

3.3. NSLS; controlled oxic conditions

In order to promote the transformation of macki-
nawite to pyrite, the above experiment was repeated
with an aerated starting material. Air was bubbled
through a second ex situ prepared FeS slurry for 50

Ž .min run a NSLS-SB16 in Table 1 . After this
treatment, the sample mixture was loaded into a
capillary and heated to 1508C over 30 min and held
for approximately 2 h. As expected, this oxygenated
experiment shows the rapid disappearance of macki-
nawite followed by the appearance of greigite after

Ž .approximately 30 min Fig. 5 . The onset of pyrite is
observed at about 40 min, followed by the formation
of magnetite at about 60 min. Goethite is present
throughout almost the entire run. In the figure, the

Žlarge increase in background scatter as compared to
.Fig. 4 between 108 and 358 2u is due to the

decrease in sample density after treatment with com-
pressed air. The slurry was disturbed in the process
and, due to time constraints, not allowed to settle

Ž .Fig. 4. Time-resolved spectra of an ex situ prepared anoxic slurry run a NSLS-SB101 in Table 1 heated to 1208C as obtained in the
Ž . Ž .capillary reaction cell Fig. 2 . Mackinawite FeS is the only iron sulfide phase observed after 3.5 h under these conditions

Ž .Goesgoethite .
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Ž .Fig. 5. Diffraction spectra of an ex situ prepared aerated slurry NSLS-SB16, Table 1 heated to 1508C as obtained in the capillary reaction
Ž . Ž . Ž . Ž . Ž .cell Fig. 2 . Note the rapid disappearance of mackinawite as it is replaced by greigite Gr , goethite Goe , pyrite Py and magnetite Mgt

under these oxic conditions.

completely prior to loading for the in situ experi-
ment. This scattering effect is similar to that ob-

Ž .served in the APS experiments Fig. 3 .

4. Discussion

4.1. APS

The X-ray resolution obtained with the reaction
cell in Fig. 1 was not well suited to these experi-
ments, The low concentration of solids in the hy-

`drothermal Fe S slurry hindered production of a
Žsatisfactory diffraction signal. This cell has been

used in many other systems in which signal strength
was not a problem — see, for example, Francis and

Ž . .O’Hare 1998 . Furthermore, the saturation limit of
H S at 1 bar prevented the formation of a more2

concentrated reactant mixture. Since the reaction
could not be performed under totally anoxic condi-

Ž .tions, the data obtained Fig. 3 cannot be interpreted
with confidence and were thus not included in the

Ž .conclusions below . The slightly oxidized starting
materials did, however, readily transform to pyrite
under the conditions of this experiment. Such an

observation is consistent with previously reported
Žstudies e.g., Taylor et al., 1979a; Wilkin and Barnes,

.1996; Benning et al., this issue .

4.2. NSLS

It has been shown in previous studies at tempera-
tures below 1008C, that without oxygen, mackinaw-
ite will remain stable in reduced H S solutions2
ŽBerner 1967; Rickard 1969, 1975; Roberts et al.,
1969; Taylor et al., 1979a; Wilkin and Barnes 1996;

.Benning et al., this issue . In the current study, this is
confirmed: mackinawite is stable to at least 1208C in
a reduced H S environment. This finding suggests2

that the proposed mechanism of fast iron monosul-
Žfide conversion to pyrite via the H S pathway Eq.2

Ž .. Ž3 is not effective at the reported rate by Rickard
1997; pyrite formed under similar conditions within

.1 h . The current anoxic experiments show that
mackinawite is the only sulfide phase observed after

Ž .3.5 h Fig. 4 . In contrast, during oxic experiments,
the formation of greigite and pyrite as well as goethite

Ž .and magnetite was observed Fig. 5 . There is little
evidence of the formation of elemental sulfur in
these experiments. If present, it is expected to be a
minor phase and the strongest diffraction peaks lie in



( )C.L. Cahill et al.rChemical Geology 167 2000 53–63 61

regions of high background and obscure peak assign-
Ž .ment. In run NSLS-SB16 Table 9, Fig. 5 , however,

weak features corresponding to PDF numbers 080247
Ž . Ž .a-sulfur and 201225 sulfur are noted. This is
consistent with observations made under similar con-

Žditions at lower temperatures by Benning et al. this
.issue . Typically, XRD of solid samples at a syn-

Ž .chrotron source can detect less than 1.0% by weight
of a secondary phase. For these experiments, that
value is compromised due to interference from water
within the samples and the steel sample cell itself. A

Ž .conservative estimate is that 5% wt. is necessary
for detection.

Previous ‘intentional’ oxidation experiments were
Ž .reported by Taylor et al. 1979a . They noted that

mackinawite samples exposed to air for ‘‘as little as
a few minutes,’’ reacted quite differently with H S;2

presumably due to surface oxidation. Wilkin and
Ž .Barnes 1996 showed that air-exposed FeS con-

verted to pyrite at a much faster rate than non-ex-
posed samples. In addition, they reported that when

Žunoxidized FeS was reacted with oxygen their runs
.16 and 17 , the transformation to pyrite yielded the

Ž .highest conversion rates. Benning et al. this issue
Žalso show that intentional oxidation either of the

.solution andror the precursor solid surface drove
the reaction at a much faster rate while unoxidized
samples remained stable. Such surface oxidation may
also explain why pyrite is observed in experiments

Ž . Ž .by Drobner et al. 1990 and Rickard 1997 under
Ž .presumably anoxic conditions. Taylor et al. 1979a

also noted that at 1608C, the conversion of monosul-
fide to pyrite in anoxic experiments, proceeded much
faster than below 1008C, possibly indicating an up-
per limit of the thermal stability of mackinawite. In a
forthcoming paper, however, recent experiments have
shown that mackinawite might persist to at least

Ž .1808C Benning et al., 1999, in preparation .

5. Conclusions

`The results of in situ XRD experiments on Fe S
under hydrothermal conditions suggest that the trans-
formation sequence: mackinawite ™ greigite ™

pyrite is observed only when oxidation is induced.
` Ž .Fe S slurries under reduced, anoxic H S condi-2

tions contain mackinawite as the only iron sulfide

phase, while controlled aerobic conditions induce
changes in oxidation state in both the liquid and
solid phases and promote the mono- to disulfide
transformation.

This study forms the basis of a more thorough
investigation over a range of temperatures, pH condi-
tions and starting materials, the results of which will
allow construction of stability fields and acquisition
of kinetic data. The challenges described herein re-
garding the exclusion of oxygen have demonstrated
the need for modified reaction preparation and sam-
ple cells. Indeed, subtle shifts in oxygen level have
shown significant changes in the mineralogy of this
system. Careful control is therefore critical for this
type of investigation. Recent and ongoing experi-
ments using glass reaction cells and glove box tech-

Žniques address this issue Benning et al., in prepara-
.tion .

The experimental techniques used in this study
illustrate possible applications to a number of sys-
tems. The complementary nature of the reaction cells
Ž Ž .real-time feedback and injection capabilities Fig. 1
vs. improved sample density and Rietveld structure

Ž ..analysis Fig. 2 indicate the potential for thorough
studies under a variety if conditions. In their current
configurations, neither type of cell is particularly
well suited to study the early stages of FeS nucle-
ation reactions. Rather, other synchrotron-based
techniques such as simultaneous SAXSrWAXS
Ž .small and wide angle X-ray scattering respectively
experiments may make a contribution to the study of

Žthese reactions de Moor et al., 1997; Shaw et al.,
Ž ..this issue b .
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