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ABSTRACT

Marcasite surfaces were analyzed using X-ray photoelectron spectroscopy (XPS) and
auger electron spectroscopy (AES). XPS data of a pristine marcasite surface are used as
a template to examine the characteristics of a marcasite surface after exposure to vigorous
cleaning procedures and after reaction in oxygenated and mildly acidic (pH 3.0) solution.

Minor changes are observed to the Fe(2p,,) spectrum after cleaning the surface with
concentrated HCI. A new species is observed at approximately 709 eV, representing 10—
15% of the total Fe spectrum. Chloride was detected by XPS broadscans and OH- was
observed in the O(1s) spectrum. The new Fe species at 709 eV may be associated with
either OH- or ClI-.

XPS sulfur spectrum of the surface exposed to oxygenated, HCI solution (pH = 3.0)
indicates that polysulfide increases at the expense of disulfide. The Fe species observed at
709 eV is aso present and represents 10-15% total Fe. XPS broadscan analyses indicate
trace amounts of chloride. Oxide O is absent from the O(1s) spectrum but OH- is present.
AES depth profiles reveal no compositionally distinct zones after reaction.

Leach rates for the agueous oxidation of marcasite were determined at 25 °C in O-sa-
turated chloride solution at pH 3.0. Two rate experiments were performed on crushed and
sieved size fractions of marcasite: one sample was vigorously cleaned to investigate fun-
damental aspects of marcasite leaching and the other was untreated to simulate conditions
found in natural environments. The oxidative leach rate of Fe(aq) from pristine marcasite
is 4.25 x 10-° mmol/(m2s). Analyses of agueous S speciation reveal fluctuations in S
content of oxidation state lower than SO;-. The XPS results suggest that the fluctuation
may result from periodic release of polysulfide to solution, after accumulation on the

reactive marcasite surface.

INTRODUCTION

Marcasite is a naturally occurring phase of the Fe-S
system, has an FeS, composition, and is a dimorph of
pyrite. Marcasite forms at low temperatures (Newhouse
1925) and is often found as an alteration product of pyr-
rhotite oxidation in mine waste dumps (Fleet 1970; Jam-
bor 1994; Pratt 1995). Oxidation of marcasite contributes
toward the formation of acid mine drainage, the formation
of acid sulfate soils, and the formation of sandstone-type
U deposits (Wiersma and Rimstidt 1984).

The oxidation of marcasite contributes to acid gener-
ation according to the following overall reactions:

FeS, + 7,0, + H,O0 - Fe¢* + 280z~ + 2H* (1)
with O, as the oxidant (Garrels and Thompson 1960), and

FeS, + 14Fes+ + 8H,0 - 15Fe** + 2S02 + 16 H*
@)
with Fe3+ as the oxidant (Singer and Stumm 1970). So-
lution Fe2* in the above reactions may be oxidized to
Fes+, and therefore recycled as an oxidant according to:

Fer + 140,(aq) + HT - Fest + %H,0 3
0003-004X/97/0910-0900$05.00

(Brown and Jurinak 1989). Oxidation of the S component
of marcasite to sulfate requires a transfer of 14 electrons.
Because only one or two electrons are transferred per
elementary oxidation reaction (Nordstrom 1982), the
complete oxidation of marcasite must be composed of
severa intermediate steps that cause the production of
intermediate S products such as thiosulfate, sulfite (Moses
et al. 1987), and possibly polysulfides. Here polysulfides
include hydropolysulfides (or sulfanes) (Tossell et al.
1981) because they cannot be distinguished by X-ray
photoelectron spectroscopy (XPS).

Investigations of sulfide oxidation are often achieved
by grinding samples to a grain size representative of mine
waste tailings. Typically samples are placed in a batch-
type reaction vessel (Williamson and Rimstidt 1994), and
analyses of agueous Fe and S species are used to obtain
information regarding the rate law for mineral oxidative
dissolution. Attempts were made to use this type of anal-
ysisto propose a mechanism for oxidation (Lowson 1982;
McKibben and Barnes 1986). Activation energies pre-
sented for the oxidative dissolution of marcasite and
pyrite (Wiersma and Rimstidt 1984; McKibben and
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Barnes 1986) suggest that oxidative dissolution is con-
trolled by a surface reaction. A study of the near surface
of sulfides by XPS and by Auger electron spectroscopy
(AES) is, therefore, required to complete the investigation
of the mechanism of oxidation.

Grinding samples in preparation for leaching may
cause surface defects and oxidation products on the sur-
face of the sample under investigation (Sasaki 1994).
These defects and oxidation products must be removed
from the sample surface by a vigorous cleaning procedure
before Fe or S agueous species can be used as reliable
reaction progress variables. Moses et a. (1987) examined
pyrite oxidation by Fe** and by dissolved O and also
presented comparisons of pretreatment procedures. Their
results suggest that boiling pyrite grains in concentrated
HClI is an effective measure to remove the surface residue
created during grinding and storage.

In the present work, the near surface of a pristine, vac-
uum-fractured marcasite surface is analyzed by XPS. The
XPS results of the pristine surface are used as a template
to examine the near surface of marcasite cleaned by boil-
ing in concentrated HCI (Moses et al. 1987). A third mar-
casite sample was placed in an oxygenated and mildly
acidic (pH 3.0) HCI solution for 6 h. The mechanism of
oxidative dissolution of marcasite is discussed on the ba-
sis of the results of XPS and AES spectroscopy. This
paper aso reports experiments conducted to determine a
rate law for the oxidation of marcasite by dissolved O in
acidic low-temperature solutions. There are many ways
to perform rate measurements and to analyze the data
produced by these measurements. If the goal is to explain
processes that occur during weathering of mine wastes,
then sample preparation must be designed to produce ma-
terials with properties, including surface properties, sim-
ilar to those produced during mineral processing. If how-
ever fundamental aspects of leaching are to be
investigated, different preparations should be used. Both
aspects are investigated here. Fe and S were monitored
in experimental solutions because the concentration of Fe
in solution is easily measured and a comparison of Fe
and S data provide insight into reaction stoichiometry.

EXPERIMENTAL METHOD

The marcasite examined in this study was a research
grade marcasite specimen from Vintirov, Bohemia, Czech
Republic. It was purchased from Wards Scientific Sup-
plies, St. Catherines, Ontario, Canada. A portion of the
sample was studied in polished section under reflected
light microscopy. Crystallographic properties were inves-
tigated by X-ray diffraction methods on Rigaku diffrac-
tometers using CuKa and CoKa radiation. Diffractograms
were corrected to the SIO, 101 pesk (3.342 A). Minera
composition was determined by repeated electron micro-
probe analysis using a Jeol JX A-8600 superprobe. Trace
element analyses were obtained by X-ray fluorescence
(XRF) using a Philips PW-1450 sequential wavelength
dispersion spectrometer.
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Surface analyses

Sample preparation. Mineral fragments were pre-
pared following the procedure of Pratt et a. (1994a).
Marcasite laths (2 x 2 X 8 mm) were cut with a water-
cooled diamond saw, cleaned by rinsing with methanol
for 2 min then dried in an argon gasfilled glove box.
Marcasite laths were fractured in an inert atmosphere
(XPS analytical chamber or argon-filled glove box), per-
pendicular to the growth c axis (fracture surface is the a-
b plane), to expose a fresh surface. All further sample
manipulation was also carried out within inert atmo-
spheres (nitrogen gas or argon gas).

A single unreacted marcasite lath, fractured in the XPS
analytical chamber under high vacuum (1 x 10-° torr),
was analyzed. The Fe(2p) and S(2p) XPS spectra of this
vacuum-fractured specimen were used as a template
against which to evaluate the effects of cleaning the sul-
fide surface in concentrated HCI and the effects of reac-
tion with oxygenated acidic solutions.

A second marcasite lath, fractured in the argon-filled
glove box, was placed in boiling concentrated HCI for 15
min. The lath was subsequently removed from solution
and transferred to the XPS laboratory. The fractured sur-
face, on which all analyses were conducted, was readily
distinguished from the cut surfaces. The purpose was to
investigate the near surface of marcasite after it is cleaned
according to method three of Moses et a. (1987), a meth-
od designed to remove the oxidation products and struc-
tural defects created during grinding.

A third marcasite lath, also fractured in the argon-filled
glove box, was placed immediately in 500 mL of solution
previously adjusted to pH 3.0 by addition of research
grade HCI. The solution was stirred by a top-mounted
impeller that did not suspend the crystal yet created a
vortex that kept the solution saturated with O,. Reaction
time was 6 h. The marcasite lath was transferred to the
XPS laboratory. Afterward, the XPS samples were trans-
ferred to the AES laboratory for analyses.

Analytical instrumentation. XPS spectra were ob-
tained using a Surface Science Laboratories SSX-100
X-ray photoelectron spectrometer with a monochromati-
zed AlKa X-ray (1487 €V) source. The instrument is de-
scribed by Chaney (1987). The base pressure in the an-
alytical chamber was approximately 5 x 10-° torr. The
instrument work function was set to give a value of 84.00
eV for the Au(4f,,) line of gold metal. The spectrometer
was calibrated to give an energy difference of 875.5 =
0.1 eV between Cu(2p,,) and Cu(3p) lines.

XPS broadscans were acquired using an analyzer pass
energy of 160 eV and an X-ray spot size of 600 um.
Narrow region XPS spectra were obtained using an ana-
lyzer pass energy of 25 eV and an X-ray spot size of 300
wm. XPS broadscan analyses of the near-surface of both
reacted and unreacted marcasite samples were obtained
using peak areas and theoretical cross sections from Sco-
field (1976). Scofield cross sections provide precise mea-
surements but have limitations to accuracy (Neshitt and
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TaBLE 1. XPS reference binding energies for surface chemical species
Species Binding energy Source
Fe(2p,)
Fe?*-S 707.00 Buckley and Woods (1987)
707.00 Mycroft et al. (1990)
707.00 Nesbitt and Muir (1994)
Fe3+-S 708.75 Nesbitt and Muir (1994)
Fe3+-0O-OH 710.30 Nesbitt and Muir (1994)
S(2p)
S3- 162.3 Buckley and Woods (1985)
162.5 Mycroft et al. (1990)
162.40 Nesbitt and Muir (1994)
S2- 161.65 Nesbitt and Muir (1994)
161.25 Pratt et al. (1994a)
S2- 163.7 Hyland and Bancroft (1989)
163.3-163.7 Mycroft et al. (1990)
163.60 Nesbitt and Muir (1994)
S*SO, 161.7 Moulder et al. (1992)
SS*0, 167.7 Moulder et al. (1992)
SO%- 167.7 Moulder et al. (1992)
SOz 168.5 Jones et al. (1992)
O(1s)
Hydroxide 531.4 Mclintyre and Zetaruk (1977)
531.4 Mills and Sullivan (1983)
Chemically attached H,O 532.4 Nesbitt and Muir (1994)
Physically adsorbed O, 532.5 Mclintyre and Zetaruk (1977)
Adsorbed H,0 533.5 Knipe et al. (1995)
533.5 Knipe et al. (1995)

Note: All values are reported in eV.

Muir 1994; Mcintyre et al. 1996). Reliable interpretations
can, however, be obtained by analyses of ion ratios rather
than quantitative analyses (Pratt et a. 1994a). Narrow
scans of the O(1s), Fe(2p,,), and S(2p,,) were collected
to determine chemical state information using a true Shir-
ley background (Shirley 1972) and a 70% Gaussian-30%
Lorentzian peak model (Nesbitt and Muir 1994; Pratt et
a. 19944q). XPS reference binding energies for chemical
species considered here are listed in Table 1. Errors quot-
ed for surface species throughout the text were obtained
by varying the fit parameters of all species contributing
to the spectrum and noting the extremes in species abun-
dances. Averages of these extremes are quoted in Table
1 and percentage errors on species abundances are de-
rived from the extreme in abundances. Additional details
are given in Nesbitt and Muir (1994).

AES spectra were obtained using a Perkin-Elmer Phi
600 scanning Auger microprobe equipped with a second-
ary electron detector and an Ar+ ion gun. Analyses were
obtained using an electron beam accel erated to a potential
of 3.0kV at acurrent of 10 nA. Survey and depth profiles
were obtained by rastering a nearly 30° incident 2.0 kV
Ar+ beam focused to a 2 X 2 mm spot size (Pratt et al.
1994b). A sputter rate of 30 A/min was chosen on the
basis of density similarities of marcasite to arsenopyrite
(Neshitt et al. 1995).

Aqueous analyses

Sample preparation. Samples prepared for analysis
were crushed from coarse-grained massive specimens us-
ing a quartz mortar and pestle, then dry sieved to isolate
the fraction of grains with diameters in the range of 125
to 250 pum. One portion of the crushed sample was added

to 50 mL of concentrated (65%) HCl and boiled for 15
min. The samples were removed and rinsed with alter-
nating baths of concentrated HCl and acetone then im-
mediately transferred to an argon gasfilled glove box.
The remaining portion of crushed sample was stored di-
rectly in the argonfilled glove box without pre-treatment.
A sample weighing 1.00 = 0.01 g was used in each
experiment.

Surface areas were calculated assuming that grains
were spherical and that each 1 g sample within the 125
to 250 pm diameter range had the same grain size distri-
bution (Gaussian), with an average diameter of 187.5 um.
From these assumptions the total marcasite surface area
was calculated to be 0.0064 m2/g. Calculations obtained
from total dissolved Fe, surface area, and unit cell size
suggest that less than 0.1% of the total surface areareacts
during the course of the experiment. Therefore, the av-
erage surface area calculated before the experiment is
also considered to be the surface area during and after
reaction. This value is used to normalize rates to 1 m?
surface area.

Solutions. Solutions of pH 3.0 were prepared by com-
bining concentrated HCl with de-ionized water that was
obtained from a Millipore Milli-Q™ water system. A vol-
ume of 500 mL of this solution was used for each ex-
periment. The pH of the solution was monitored through-
out the experiment with a Bach-Simpson Ltd. pH 82
Standard pH meter with an Orion Research Ross pH Elec-
trode. Solution pH values were obtained by transferring
the electrode from a pH 4.0 buffer solution to the leaching
solution and measuring the pH within 1 min, after which
the electrode was returned to the buffer to prevent irre-
versible reactions at the electrode surface. The pH meter
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Ficure 1. S(2p,,) XPS spectra of marcasite for (a) the pristine, vacuum-fracture surface; (b) the surface cleaned with boiling
concentrated HCI for 15 min; and (c) the surface reacted in oxygenated and mildly acidic (pH = 3.0) solution for 6 h.

was calibrated using pH 4.10 and pH 2.00 buffers im-
mediately before the experiment.

Experimental procedure. Dissolution experiments
were carried out using a 500 mL batch reactor with a top-
mounted impeller that sufficiently stirred the solution (at
900 rpm) to suspend the marcasite particles. The spinning
impeller prevented abrasion of the marcasite grains that
would occur if a Teflon-coated magnetic stir bar were
used. A vortex was created by the spinning impeller that
kept the solution aerated and therefore saturated with re-
spect to O. Experiment solution temperatures were con-
trolled at 25 + 0.5°C and 35 + 0.5 °C using a LAUDA
MT circulation heat pump immersed in a water bath.
Temperatures were monitored throughout the experiment
with a laboratory thermometer. Experiment solutions
were assayed at appropriate intervals during the experi-
ment by removing 6 mL aliquots;, 5 and 1 mL portions
were used for Fe and S analyses, respectively. Each sam-
ple was immediately filtered using a 0.2 um pore mem-
brane filter to remove any suspended particles. Correction
for change in volume of solution, because of sampling,
was made for each experiment.

Fe analyses were achieved using a Milton Roy Com-
pany Spectronic 20D colorimetric spectrometer. Fes+ was
measured within 5 min of removing the sample using
colorimetric measurements with ammonium thiocyanate
as an indicator (Sandell 1944). Two drops of H,O, were

subsequently added to the aliquot to oxidize Fe+ to Fe3*
and the analysis was repeated resulting in a measurement
of total Fe. lon chromatography was used for the mea-
surements of SOz~ and total Sin solution. S analyseswere
obtained within 10 min of sample removal. The instru-
ment used for chromatography was a Dionex DX-100 ion
chromatograph with conductivity detection. A Dionex
ASAA column was used with a COz-/HCO; eluent at 2
mL/min. SOz~ was determined initially (retention time of
4.5 + 0.05 min), and total reactive sulfur was determined
by repeating the procedure after introducing two drops of
H,0, to the aliquot. Standards were prepared using ACS
reagent-grade chemicals.

REsuLTS
Surface analyses

XPS and AES results are presented in Figures 1-4 and
the peak parameters for the XPS results are listed in Table
2. Eight electron microprobe analyses of marcasite show
the sample to contain 33.52 (s = 0.20) and 66.46 (s =
0.21) atom% Fe and S, respectively. Irregular (less than
0.05 atom%) occurrences of Co and Ni were also detect-
ed. The S/Fe ratio of 1.98 atom% is very close to the
idealized FeS, composition (S/Fe ratio = 2.00). XRF re-
sults detect Cu (200 ppm), Ni (650 ppm), and trace
amounts (< 100 ppm) of Zn, As, and Mn.
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Ficure 2. Fe(2p) XPS spectra of marcasite for (a) the pristine, vacuum-fracture surface; (b) the surface cleaned with boailing
concentrated HCI for 15 min; and (c) the surface reacted in oxygenated and mildly acidic (pH = 3.0) solution for 6 h.
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Ficure 3.  O(1s) XPS spectra of marcasite for (a) the surface
cleaned with boiling concentrated HCI for 15 min and (b) the
surface reacted in oxygenated and mildly acidic (pH = 3.0) so-
lution for 6 h.

XPS broadscan spectra yields an S/Fe ratio of 2.81,
2.15, and 2.91 for the vacuum-fractured, the cleaned, and
the reacted surfaces, respectively (Table 3), whereas AES
analyses of the reacted marcasite surface yields an S/Fe
ratio of 2.00 (Table 3). The XPS broadscan analyses of
the vacuum fractured, cleaned, and reacted marcasite sur-
faces yield an anomalously large S content. There is no
explanation for the anomalous result; however, other stud-
ies (Mclintyre et al. 1996; Neshitt et al. 1995; Neshitt and
Muir 1994; Pratt et a. 1994a; Mycroft et a. 1990) with
Ni, Co, As, and Fe sulfides obtained similar results. XPS
broadscan analyses also reveal the presence of chloride
on the surfaces exposed to HCI.

Aqueous analyses

Total dissolved Fe(aq) for al experiments are plotted
in Figures 5a, 5b, and 5c. Dissolved S concentrations for
both surface-prepared and untreated experiments are plot-
ted for 25 °C in Figures 5d, 5e, and 5f. Fe(aq) speciation
is plotted for both surface prepared and untreated exper-
iments at 25 °C in Figure 6. Experimental rate coefficients
and apparent activation energies (E,) are listed in Table
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Ficure 4. AES depth profile of marcasite surface reacted in
oxygenated and mildly acidic (pH = 3.0) solution for 6 h. (a)
Includes contamination of C and O (b) C and O are normalized
out of data. Dashed line represents a pristine marcasite surface.

4. The early stages of Fe leaching from untreated mar-
casite in oxygenated mildly acidic solutions are appar-
ently governed by the rate law:

d[Fel/dt = (2.21 x 10-?) t-0s (4)

where [Fe] represents the concentration of Fe (mmal), t
istime (s) and 2.2 x 10-2 is the rate coefficient in mmol/
s”2, The early stages of Fe leaching from pristine mar-
casite in oxygenated mildly acidic (pH 3.0) solution are
governed by the rate law:

[Fe] = [Fe], + (4.25 x 109 t (5)

where [Fe] is the agueous concentration of Fe (mmoal), t
istime (s) and 4.25 x 10-5 is the rate coefficient (mmol/s)
and [Fe], is the initial concentration of Fe (mmol).

The pH of the solutions changed = 0.04 pH units dur-
ing the 6 h experiment and may result from drift of the
instrument. Comparisons made between the solubility
product for marcasite (Schoonen and Barnes 1991) and
the ion activity product (IAP) calculated for experimental
solutions suggest that these solutions remain grossly un-
dersaturated with respect to marcasite during the course
of al experiments.

INTERPRETATION
Surface analyses. Peak identification

Details of fitting the S(2p), Fe(2p), and O(1s) spectra
and refinements to peak parameters are discussed by Nes-
bitt and Muir (1994).

S(2p) spectra. Buckley and Woods (1987), Mycroft et
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TaBLE 2. XPS peak parameters and chemical states of S, Fe,
and O for marcasite surfaces

Percentage of species

detected
B.E. Vac.- 6 h
Spectrum  (eV) FWHM Frac. reacted Cleaned Comments

S(2p) 161.69 1.0 4.54 4.50 3.26  Monosulphide
162.87 1.0 Doublet*
162.44 0.75 8294 64.37 84.20 Disulphide
163.62 0.75 Doublet*
163.62 2.0 1252 0.00 12.54 Polysulphidet
164.80 2.0 Doublet*
163.50 2.0 0.00 31.13 0.00 Polysulphidet
164.68 2.0 Doublet*

Fe(2p) 708.10 0.82 Fe2+-S Multiplet
707.20 0.82 83.0 79.0 78.0 Fe?*-S Major
706.30 0.82 Fe?*-S Multiplet
713.05 2.2 Fe2*-Satellite
70895 1.2 17.0 4.0 5.0 Fe3+-S Major
710.05 1.2 Fe3*-S Multiplet
711.05 1.2 Fe3*-S Multiplet
71195 1.2 Fe3+-S Multiplet
709.00 1.2 0.0 10-15 10-15 Fe**-? Major§
710.00 1.2 Fe3+-? Multiplet
711.10 1.2 Fe3+-? Multiplet
71215 1.2 Fe3*-? Multiplet

O(1s) 531.32 15 — 9.10 23.00 Hydroxide
532.30 1.6 — 63.12 58.00 Attached H,O
533.48 1.6 — 25.00 18.40 Adsorbed H,O
53550 1.6 — 2.78 0.66 Adsorbed H,O

* Each doublet is associated with the peak listed above it, and the peak
area of each doublet is included in the peak area with the associated main
peak.

T Polysulphide associated with vacuum fractured marcasite only.

¥ Polysulphide associated with the marcasite surface reacted in oxygen-
ated and acidified solution only.

§ Postulated species (see text).

a. (1990), and Neshitt and Muir (1994) observed the di-
sulfide () peak for pyrite at 162.40 = 0.10 eV. The
major peaks of Figures 1a 1b, and 1c are at 162.42 eV
and are likewise interpreted as the disulfide peak for mar-
casite. Buckley and Woods (1987), Mycroft et al. (1990),
Pratt et al. (19944), and Neshitt and Muir (1994) observed
a peak located at approximately 1 eV lower binding en-
ergy than the disulfide peak and interpreted it to be mon-
osulfide (S*-). The minor pesk at 161.69 eV (Figs. laand
1b) and at 161.67 eV (Fig. 1c) occurs at 0.7 eV lower
binding energy than the disulfide peak and is interpreted
to be the monosulfide peak for marcasite. An additional
peak at 163.62 eV in Figures 1a and 1b and at 163.5 eV
in Figure 1c is interpreted to be polysulfide (S~ — &),
which is consistent with the interpretations of others with
pyrite (Hyland and Bancroft 1989; Mycroft et a. 1990;
Nesbitt and Muir 1994). The S(2p) signa between 166
and 170 eV (Fig. 1c) is dlightly elevated over the back-
ground but no distinct peaks are observed. This is dis-
cussed further during interpretation of spectral changes
caused by reactions with oxygenated HCI solution (pH
3.0).

Fe(2p) spectra. Buckley and Woods (1987), Mycroft
et a. (1990), and Nesbitt and Muir (1994) determined
binding energies for the Fe+ peak of the Fe(2p,,) spec-
trum of pyrite at 707.0 = 0.1 eV and interpreted this peak
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TaBLE 3. XPS and AES analyses of marcasite in atomic percent and ratios of surface atoms determined from broadscans
Experimental conditions Fe(3p) S(2p) O(1s) C(1s) Cl(1s) O/Fe S/Fe o/s
XPS Vacuum-fractured 19.53 54.84 0.85 23.59 0.00 0.04 2.81 0.02
6 hin HCI (pH = 3.0) 7.63 22.18 15.96 52.65 1.13 2.09 2.91 0.72
Cleaned in conc. HCI 9.39 20.18 9.43 54.95 6.04 1.00 2.15 0.47
Fe, Su Oy Cu OlFe SIFe o/s
AES 6 hin HCI (pH = 3.0) 20.0 40.0 2.1 37.0 — 0.11 2.00 0.05

to be Fe2+ bonded to S. Multiplet contributions were cal-
culated for the Fe2+ free ion (Gupta and Sen 1975) rela-
tive binding energies and peak intensities contributing to
the Fe(2p,,) spectrum. Pratt et al. (1994a) and Neshitt and
Muir (1994) used these theoretical results as a guide to
fitting the Fe(2p) spectrum. Their results were used here
to interpret the Fe(2p) spectrum of marcasite. The main
pesk for Fez+ of the fresh, cleaned, and reacted surfaces
is located at 707.20 eV with two minor multiplets fitted
at 706.30 and 708.10 eV. These peaks are here interpreted
to be Fe2* bonded to S. There is a large high energy tail

in the Fe(2p) spectrum (708.95 V), which may represent
Fes+ bonded to S (Nesbitt and Muir 1994). The cleaned
and reacted surface Fe(2p) spectrum (Figs. 2b and 2c)
cannot be fit using the same constraints as the fresh sur-
face (Fig. 2a). An additional peak at approximately
709.00 eV with multiplets at 710.00 eV, 711.10 €V, and
712.15 eV must be included to obtain a good fit.

O(1s) spectra. Neshitt and Muir (1994) reported an
O(1s) peak at 532.4 €V on pyrite and interpreted it to be
chemically attached H,O. The cleaned marcasite O(1s)
spectrum (Fig. 3a) and the reacted marcasite O(1s) spec-

N

0 .

25

a P b 7/ C ‘e
-, - ’ /
. ’ o’
?8- . - 8 7 2.0r //
35°C e 35°C ’, , o
=T \/“ i \/" T2 s 27
)
Ee P 6 7 1.5 [ &
£ A ’® "o’
Et s o 2 r -9
, 25°C , . o0
o/ . 4 ’ 257C 1o~ '//\
I e ’ o 6 ° y 35°C
e 0. =0 r ' 0. T F Vs
’ o= 4 a ~ ’
2} s 2t ’ o 05k
I o 7 o® ’
2
e F 7 o L &
- /
o ; — 0 ——— — o L —
0 5 10 15 20 25 0 40 80 120 160 o 5 10 5 ' 20 | 25
TIME / 1000 (s) SQRT. OF TIME (s*) TIME / 1000 (s)
5 4 5
e
S tot. -5
4
—_— 3 [ - -
NE o E-3 o .
- -
— o - 3
Q .3 “ e
£ 2 7 _z -
- L]
g ] L - -
] s~ * ) 2
7)) e SO,
2 Uy
1t SO, 1
0 T T T T T T 0 T T T 0 T T T
0 5 10 15 20 25 0 40 80 120 160 - 0 5 10 15 20 25

TIME / 1000 (s)

SQRT. OF TIME (s*%)

TIME / 1000 (s)

Ficure 5.  Aqueous plots of marcasite oxidative dissolution in oxygenated and mildly acidic (pH = 3.0) solution. (a) Fe leached
from untreated samples at 25 and 35 °C plotted against time. (b) Fe leached from untreated samples at 25 and 35 °C plotted against
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untreated samples at 25 °C plotted against time. () SOz~ and S, leached from untreated samples at 25 °C plotted against the square
root of time. (f) S, leached from treated samples at 25 °C plotted against time.



RINKER ET AL.: MARCASITE OXIDATION 907

4 a
3t Fe tot.
& AN
g
2
£ 2 Fe™
Q L
L
1._
{ a L LA L |
’5 0 5 10 15 20 z
Time / 1000 (s)
] 2.0 b
15 Fewh
€ 1.2}
s t
EO.S-
2 I Fe*
0.4
- o
1 v | i i i i
25 Q 5 . 10 15 20
Time / 1000 (s)
— A
c
n // O
3_ O///
O ,’
E] o
©2- s
£ ! Fe/S = 2.5
E | o’ °
[
w .
- O/
— G T T T T T T
3.2 1.6 2.0 2.4 2.8

S {mmol / m")

Ficure 6. Aqueous Fe speciation. (a) Leached from untreat-
ed marcasite samples at 25 °C in oxygenated and mildly acidic
(pH = 3.0) solution and (b) leached from cleaned marcasite sam-
ples in oxygenated and mildly acidic (pH = 3.0) solution. (c) Fe
vs. S, leached from oxygenated and mildly acidic (pH = 3.0)
solution at 25 °C. The pulse of S (see text) was removed from
the data

—

trum (Fig. 3b) aso have a peak at 532.4 eV, which we
interpret to be H,O chemically attached to the marcasite
surface. Mclntyre and Zetaruk (1977), Mills and Sullivan
(1983), and Neshitt and Muir (1994) reported a hydroxide
peak at 531.4 eV. A small peak at 531.32 eV is required
to fit the O(1s) spectrum and is interpreted to be an hy-
droxide species. Knipe et al. (1995) observed O(1s) peaks
at 533.50 eV and 535.50 eV and interpreted them as
physically adsorbed H,O and hydroxyl radicals in poor
electrical contact with the mineral surface. The peaks at
533.48 eV and 535.50 €V (Figs. 3a and 3b) were inter-
preted similarly.

Spectral changes because of cleaning with concentrated
HCI

S(2p) spectra. No observed changes exist in the S(2p)
spectrum (Figs. 1a and 1b) for disulfide during exposure
of the cleaved face to boiling concentrated HCI for 15
min. Disulfide is the magjor peak of the S(2p) spectra for
both the vacuum-fractured and the cleaned surfaces and
its signal remains constant at 83 = 2% of total S during
reaction with concentrated HCI (Table 3, Figs. 1aand 1b).
Polysulfide and monosulfide also remain constant at 12.5
+ 2% and 4.5 = 2% of total S, respectively, on the fresh
and cleaned surface.

Fe(2p) spectra. Minor changes are observed in the
Fe(2p) spectrum during exposure of the fresh surface to
boiling concentrated HCI for 15 min. The Fe2* S peak
(707.20 eV) decreases from 83 = 2% on the fresh surface
to 78 + 2% on the cleaned surface (Table 3, Figs. 2aand
2b). The spectra of Fe+ bonded to S decreases from 17
+ 2% on the fresh surface to 5 = 2% on the cleaned
surface. The Fe(2p) spectrum of the vacuum-fractured
surface (Fig. 2a) is used as a template to discern any

TaBLE 4. Experimental rate coefficients for various specimens

Experiment k, (25 °C) k, (35 °C) A
no. (mmol/m?2.s°5) (mmol/m?2.s°5) (kJ/mol)
1* 1.97 X 102 4.98 X 102 71
2* 2.28 X 102 5.04 X 102 67
3* 2.37 X 102 5.69 X 102 61
Avg.* 2.21 X 102 5.24 X 102 66

(mmol/m2-s) (mmol/m2-s)

1t 4.25 X 10°° 1.08 X 104 71

Notes: Rates are adjusted for surface area at temperatures of 25 and
35 °C. Activation energies are obtained from an Arrhenius plot of the re-
sults.

* Specimens were not cleaned before the experiment.

T Specimen was vigorously cleaned before the experiment.
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further changes because of cleaning. This determination
is achieved by placing the fitted curve of the vacuum
fracture surface over the data obtained from the surface
exposed to concentrated HCI solution (Fig. 2b). The data
between 709 and 712 eV plot above the fitted curve of
the vacuum-fractured Fe(2p) spectrum, and the counts in-
tegrated over this energy range represent 10-15% of the
total Fe counts.

The peak found within the energy range of 709 and
712 eV istoo low to be interpreted as an Fe*+-O contri-
bution such as observed for goethite (Fe-O-OH), and is
too high to result from Fe*+-S such as observed in the
spectrum of the vacuum-fractured surface. The remaining
possibilities are Fezr-O, Fe*-OH, or Fe*+-Cl surface
Species.

O(1s) spectra. Neshitt and Muir (1994) have demon-
strated that O contamination in the XPS vacuum chamber
is negligible in comparison with exposure to H,O vapor.
It is assumed here that O species found on the reacted
face are derived from the concentrated HCI solution. The
O(1s) spectrum of the cleaned marcasite surface (Fig. 3a)
shows a 59 + 2% contribution to the O (1s) spectra from
chemically attached H,O (B.E. = 532.30 V) and a small-
er proportion of physicaly absorbed H,O that contributes
19 = 2% total O (B.E. = 533.48 and 535.50 €V). The
hydroxyl ion (B.E. = 531.32 €V) contributes 23 + 2%
to the O (1s) spectrum. The absence of O~ demonstrates
that Fe2+-O species are not present. The high concentra-
tion of OH- on the reacted surface makes the presence
of Fes+-OH surface species possible. The remaining pos-
sibility for the elevated signal between 709 and 712 eV
of the Fe(2p) spectrum of the cleaned surface is an
Fes+-Cl surface species. Support for a Fe*+-Cl surface
species derives from the broadscan results that indicate
the presence of 5-10% Cl on the surface.

Spectral changes because of reaction with oxygenated
HCI solution (pH 3.0)

S(2p) spectra. Significant changes were observed in
the S(2p) spectrum (Figs. 1la and 1c) for disulfide during
exposure of the cleaved face to oxygenated and mildly
acidic (pH 3.0) solution. Disulfide is the major peak of
the S(2p) spectrum for both the reacted and unreacted
surfaces but its signal decreases from 83 + 2% to 64 =
2% of total S during reaction with the solution (Table 3,
Figs. 1la and 1c). Polysulfide increases from 12.5 = 2%
on the fresh surface to 31 + 2% on the reacted surface.
Monosulfide remains constant at 4.5 + 2% S. The results
indicate that 19% of disulfide on the fresh surface is ox-
idized to polysulfides during exposure to oxygenated and
acidified solution. This increase in polysulfide percentage
is accompanied by a shift in polysulfide binding energy
from 163.62 eV (fresh surface) to 163.5 eV (reacted sur-
face). The shift toward the disulfide peak (162.4 eV) may
indicate a change in polysulfide composition toward a
lower average number of S atoms per unit polysulfide
(eg., & - &); presumably the disulfide reaction prod-

RINKER ET AL.: MARCASITE OXIDATION

ucts are primarily & or &-, shifting the ‘‘average’” to a
value nearer & or &

Although the portion of the S(2p) spectrum between
165-170 eV (Fig. 1c) is noisy, it is evident that there is
little sulfate (~169 = 1 eV) or thiosulfate (~167 = 1 eV)
present in the near surface. Thiosulfate has alow binding
energy peak near 162 eV, which is the same intensity as
the higher B.E. peak. If thiosulfate is present, the small
contribution of the low energy peak makes an insignifi-
cant contribution to the polysulfide signal observed in
Figure 1c.

Fe(2p) spectra. Minor changes are observed in the
Fe(2p) spectrum after exposure of the fresh surface to the
mildly acidic oxygenated solution for 6 h. The Fez*-S
peak (707.2 eV) decreases from 83 = 2% on the fresh
surface to 79 = 2% on the reacted surface (Table 3, Figs.
2a and 2b). The spectra of Fe>+ bonded to S decreases
from 17 = 2% on the fresh surface to 4.6 + 2% on the
reacted surface. The Fe(2p) spectrum of the vacuum-frac-
tured surface (Fig. 1a) is used as a template to investigate
additional changes to the Fe(2p) of the reacted surface
(Fig. 1c). The data between 709 and 712 eV plot above
the fitted curve from the vacuum-fractured Fe(2p) spec-
trum and the counts integrated over this energy range
represent 10-15% of the total Fe counts. This species is
likely to be the same species found on the surface ex-
posed to boiling concentrated HCI. Broadscan results of
this surface indicate a small amount of Cl on the reacted
surface.

O(1s) spectra. The O(1s) spectrum of the reacted mar-
casite surface (Fig. 3b) shows a large contribution to the
O(1s) spectra from chemicaly attached water of 63 +
2% (B.E. = 532.30 eV) and a smaller proportion of phys-
ically absorbed water (B.E. = 533.48 and 535.50 eV) that
contributes 28 = 2%. The hydroxyl ion (B.E. = 531.32
eV) contributes 9 + 2% to the O(1s) spectrum. In com-
parison with the spectrum obtained from the marcasite
surface cleaned in concentrated HCI, the attached H,O
species increased at the expense of the hydroxyl ion.
There can be no significant contribution of O from sulfate
or thiosulfate to the O(1s) spectrum because, if present,
their abundance in the near surface is very low (Fig. 1c).
The absence of an oxide peak indicates that no Fe**-ox-
yhydroxides have formed. The hydroxide may represent
Fes+-hydroxide in the near-surface, but another explana-
tion related to reaction mechanism is offered in the
discussion.

AES data

An AES depth profile of marcasite reacted in HCI (pH
3.0) for 6 his illustrated in Figure 4a. The profile does
not indicate the presence of an oxidized or composition-
aly distinct near-surface zone. Whereas XPS broadscan
analysis suggests that Fe may be depleted on the surface
this is not seen on the profile. C contaminated the surface
and the escape depth of Auger electrons gjected from a
solid varies with individual elements. The escape depth
of Auger electrons from S is shallower than those from



RINKER ET AL.: MARCASITE OXIDATION

Fe. Correction for the attenuation by the monolayer of C
was made by inserting values obtained from the integrat-
ed form of the AES survey scan that was obtained before
sputtering. Figure 4b illustrates the AES depth profile for
S and Fe with C and O normalized out of the analyses.
The dashed lines of Figure 4b represent an idealized mar-
casite composition and illustrate that the S/Fe ratio of the
reacted sample is effectively the same as that for an un-
reacted sample.

L eaching studies: 25 °C

Untreated marcasite. Fe concentrations plotted
against time yield nonlinear trends (Fig. 5a), but plotted
against the square root of time yield linear trends (Fig.
5b) for al experiments involving the untreated marcasite
samples. The input rate of Fe to solution at 25 °C is
0.0221 = 0.003 mmol/(m>-s*%) total Fe averaged over
three experiments (Table 4). The linear trend obtained
when data are plotted against the square root of time sug-
gests that diffusion controls the rate of release of Fe from
the solid (Pratt 1995; Wollast 1967).

Total agueous Fe and Fe3+ species have been plotted
as a function of time (Fig. 6a). Fe>+ dominates initially;
however, a cyclica relationship exists where Fe2* and
Fes+ are aternately dominant. This alternation was ob-
served in al experiments, but not aways at the same
time. This effect was noted by others (R. Smart, personal
communication). Congruent dissolution of marcasite
should produce solutions with 100% of total dissolved Fe
as Fez+. Oxidation of Fe?*(ag) to Fe3*(aq) is very slow at
pH 3.0 in oxidized solutions (Singer and Stumm 1970),
hence Fe* must be derived from the surface of the
crushed marcasite. Additional experiments are necessary
to investigate the source of Fes+.

S is present in solution (Fig. 5d) as both SO~ and a
less oxidized species of S immediately after leaching
commences. The results indicate a significant release of
S at approximately 15 min reaction time. Like Fe, it
may have been produced during crushing. Thisinitial rap-
id agueous release is from a S species of oxidation state
lower than SOz-. When the rapid increase is removed
from the data, a near linear trend is observed for SO2-
and total S whether plotted against time (Fig. 5d) or the
sguare root of time (Fig. 5€). As with Fe, a rate constant
for the release of Sto solution is determined and suggests
that S is released into solution at a rate of 2.57 X 102
mmol/(m?-°5) total S. The fate of the reduced S peaksis
discussed subsequently.

A plot of Svs. Fe (Fig. 6¢) gives a linear relationship
with an atomic Fe/S ratio of 2.5 rather than the stoichi-
ometric ratio of 0.5. Either Fe is preferentialy released
to solution or S release is retarded at the surface during
reaction.

Surface-prepared marcasite. The analysis of tota
dissolved Fe for surface-treated samples demonstrate lin-
ear trends with respect to time (Fig. 5¢). The rate of input
of Fe to solution at 25 °C is 4.25 X 10-5 mmol/(n?-s)
(Table 4). Analysis of agueous Fe speciation (Fig. 6b)
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indicates that Fe exists as Fez* with minor (< 0.5 mmol)
Fes+, which remains largely unchanged during the course
of the experiment. The dominance of Fe*+ suggests that
the source of Fe** was removed from the marcasite sur-
face and that the leaching rate is the rate of oxidative
dissolution of pristine marcasite.

The analysis of dissolved S (Fig. 5f) reveals no pre-
dictable trend for S leaching. There are two very high
concentrations of aqueous S after 30 min and 5 h reaction
time. These anomalous concentrations appear and disap-
pear in a manner similar to that in the experiment where
untreated samples were used. The results suggest that the
pulse of S into solution is a function of the oxidation
mechanism of marcasite rather than the result of oxida-
tion products crested at the surface during grinding.

L eaching studies: 35 °C

Untreated marcasite. Fe concentrations plotted
against time yield parabolic trends (Fig. 5a), but plotted
against the square root of time (Fig. 5b) yield linear
trends for all experiments involving the untreated mar-
casite samples. The leaching rate of Fe from the untreated
marcasite sample at 35 °C is 0.0524 = 0.004 mmol/
(m2.s°5) total Fe averaged over three experiments (Table
4).

Surface prepared samples. Iron concentrations plot-
ted against time yield linear trends for al experiments
involving pretreated marcasite samples (Fig. 5¢). The rate
of input of Fe into solution from the pretreated samples
at 35 °C is 1.08 x 10-* mmol/(mzs) of total Fe (Table
4).

Kinetic aspects

Rate law. Aqueous Fe,,, concentrations when plotted
against the square root of time yield linear trends for the
first few hours of al leaching experiments using untreated
marcasite (Fig. 3a). Apparently the early stages of Fe
leaching from crushed marcasite are governed by a par-
abolic rate law (EQ. 4). The integrated form of the rate
law is:

[Fe] = [Fel, + 2 ©

where [Fe], is the concentration of Fe in solution when
the experiment begins. Rate coefficients, k, (Table 4),
were calculated from the slopes defined by the first 6 h
of each experiment (Fig. 5b) and have been corrected to
1L of solution and 1 m? of marcasite surface available
to react.

A parabolic rate law in this case may not indicate that
diffusion controls the release rate of Fe, but that strained
or broken bonds created during grinding and smaller mar-
casite particles electrostatically adhered to the marcasite
surface cause an initialy high reaction rate. The reaction
rate decreases with time as the smaller particles are dis-
solved and surface defects are removed from the surface.
The apparent parabolic rate law found here for untreated
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marcasite is applicable to crushed marcasite prepared for
mineral processing in a ball or rod mill. The linear rate
law for pristine marcasite leaching may be conceaed. It
may be applicable only after long reaction times, or it
may never be applicable depending upon the effects of
iron oxide coatings that develop on sulfides of mine
wastes.

Aqueous Fe concentrations derived by leaching treated
marcasite yield linear trends when plotted against time.
Apparently the early stages of Fe leaching from crushed
marcasite are governed by a linear rate law (Eg. 5). Pre-
treatment removed small grains attached to the surface
and removed strained or broken bonds on the surface cre-
ated during grinding. The rate coefficient was calculated
from the slope determined by the first 6 h of each exper-
iment (Fig. 5¢) and was corrected to 1 L of solution and
1 m? of marcasite surface available to react.

Activation energies. The temperature dependence of
the reaction rate coefficients were calculated by assuming
that an Arrhenius relationship occurs between 25 °C and
35 °C. An apparent activation energy of 66 = 5 kJ/mol
was determined for the untreated marcasite samples (Ta-
ble 4) and an apparent activation energy of 71 kJmol
was determined from the pretreated marcasite samples
(Table 4) within this temperature range. These relatively
high activation energies suggest that the rate-limiting step
is the destruction of relatively strong covalent bonds on
the marcasite surface.

DiscussiON AND CONCLUSIONS
Mar casite surface analyses after cleaning

XPS broadscan analysis detect significant amounts of
chloride on the mineral surface (6%). Chloride undoubt-
edly originates from the HCI solution; however, it is not
clear how it is attached to the marcasite surface. The
S(2p) spectra of the cleaned surface (Fig. 1b) revealslittle
change during the cleaning procedure. The Fe(2p) spec-
trum of the cleaned surface (Fig. 2b) also yields little
change during reaction, although a new species appears
at binding energy 709 to 712 eV, possibly aniron chloride
surface complex. The O(1s) spectra of the cleaned surface
(Fig. 3d) illustrates that H,O and OH- are present on the
surface and the 709—712 eV peak of the Fe(2p) spectrum
may result from Fes+-OH surface species.

Mar casite surface analyses after reaction in oxygenated
HCI solution (pH 3.0)

XPS broadscan analysis detect trace amounts of chlo-
ride (< 2%). Examination of the S(2p) spectrum of the
surface reacted with air-saturated HCl-solution of pH 3.0
(Fig. 1c) reveal that disulfide is oxidized to a polysulfide
after 6 h. The boiled solution, by contrast, is likely to be
purged of dissolved O, and there is no evidence of an
increased polysulfide on the cleaned mineral surface (Fig.
1b). Apparently, the increase in polysulfide on the surface
reacted with air-saturated HCI solution is promoted by
dissolved O. The Fe(2p) spectrum of the unreacted sur-
face and the surface reacted in dilute HCI solution (Figs.
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2a and 2c) reved little change during reaction, athough
the surface species formed during cleaning (709 to 712
eV) aso appears here. The O(1s) spectrum of the reacted
surface (Fig. 3b) illustrates that H,O and OH- are present
on the marcasite surface. Fe*+O, Fe2+O, and O bearing S
species are absent from the vacuum fracture and reacted
Fe (2p) and S (2p) spectra (Figs. 1a, 1c, 2a, and 2¢) and
02~ is absent from the reacted O(1s) spectrum (Fig. 3b).
Although SO, is the stable form of dissolved S in oxy-
genated solutions, there is either insufficient time for pro-
duction of, or HCI inhibits formation of, sulfate. Poly-
sulfides apparently are intermediate reaction products
formed on the mineral surface (at least in the presence of
HCI).

Nature of surface polysulfides

AES depth profiles indicate that oxidative dissolution
of marcasite occurs stoichiometrically. There is no evi-
dence of preferential removal of Fe from the marcasite
lattice, as observed for pyrite (Sasaki et al. 1995). XPS
data indicate a dight (negligible?) increase in the S/Fe
ratio during reaction with oxygenated and acidified waters
that is not seen by AES analysis and the enhanced S/Fe
values may be the result of polysulfide or native sulfur
(&) formation on the surface. These must form, how-
ever, as islands and detected only by the large analytical
area analyzed by XPS. They are not observed in the AES
analyses with its 1 pm spot size (diameter).

Rates of reaction

The oxidation leach rate of Fe(ag) from cleaned mar-
casite is 4.25 x 10-5 mmol/(mz-s) at 25 °C in solutions
of HCl (pH 3.0) equilibrated with the atmosphere. The
activation energy for the reaction is 71 kJ/mol. It was also
demonstrated that the reaction proceeds non-stoi chiomet-
rically, with sulfur released from the marcasite surface in
pulses rather than accumulating steadily in solution.

The oxidation leach rate of Fe(aq) from the untreated
marcasite is 2.2 X 10-2 mmol/(mz2-s°5) at 25 °C in solution
of HCI (pH 3.0) equilibrated with the atmosphere. The
activation energy for the reaction is 65 kJ/mol. Fe3+(aq)
is observed during the initial stages of the experiment.
The pulses of sulfur observed during the experiment with
cleaned marcasite samples are also observed here.

M echanism of reaction

Goldhaber (1983) and McKibben and Barnes (1986)
reported that the absence of Fe3+ in solution requires mar-
casite oxidation to be initiated by adsorption of O, onto
the partialy protonated surface. Moses et al. (1987)
pointed out that there is a low probability for direct re-
action between molecular O,, which is paramagnetic, and
a diamagnetic disulfide. Presumably, the mechanism of
oxidation by adsorbed O must occur with O, accepting
electrons, forming Oz on the marcasite surface (Roberts
1991). Examination of the O (1s) spectra after 6 h ex-
posure to an oxygenated and acidified solution (Fig. 3b)
does not reveal O2- on the marcasite surface. The peak



RINKER ET AL.: MARCASITE OXIDATION

for adsorbed O, occurs at a binding energy of 532.5 eV
(MclIntyre and Zetaruk 1977). This peak is masked by
peaks of chemically and physically attached H,O that oc-
cur at 532.30 and 533.48 eV, respectively. The absence
of attached or sorbed O species other than that of H,O
and hydroxyl makes it difficult to establish a direct mech-
anism of oxidation involving sorbed O,. Clearly, however,
02 does not form and any mechanism that proposes its
formation during initia reaction is incorrect. If OH- is
the reaction product of sorbed O, according to:

109 + H,0 + 2e — 2(OH) ©)

as suggested by Neshitt and Muir (1994) for pyrite then
the oxidation of marcasite in the pH 3.0 solution is a
surface reaction that proceeds with dissolved O as the
electron acceptor (Eq. 7) and the probable el ectron donor
is - on the marcasite surface (Eq. 8).

2% . S+ 2e ©)

This mechanism is supported by the presence of abundant
polysulfide species on the marcasite surface reacted with
air-saturated HCI solution, and their absence from the sur-
face of marcasite reacted with boiling HCI solution (from
which O, is purged). The apparent absence of oxide Oz
from the O(1s) spectrum may be also accounted for if the
residence time of O% on the marcasite surface is not suf-
ficiently long to be seen by XPS analyses.

This mechanism may be replaced by oxidation by Fes+
(EQ. 2) in experiments where untreated marcasite samples
were used; Fe3+ present on the mineral surface is imme-
diately added to solution during leaching. By contrast,
Fes+ was not leached from surface prepared samples in-
dicating that the Fe+ surface complex observed during
near surface studies is not active in promoting leaching.

The production of pulses of S during oxidation sug-
gests that an unstable, S-rich, Fe deficient layer accu-
mulates on the marcasite surface. This layer is periodi-
cally shed from the surface, resulting in the pulses of S.
The disappearance of S in solution may be caused by
evolution of a gas phase S species (H,S), precipitation of
S species (S°) or readsorption of S onto the marcasite
surface. An aternative explanation for the behavior of
aqueous S is based on near-surface analyses. The islands
of polysulfide observed may be shed from the marcasite
surface as colloids. These colloids are randomly picked
up during agqueous sampling, resulting in pulses that ap-
pear and disappesr.

Taylor et al. (1984) studied O and S isotope geochem-
istry of sulfides, sulfate, O, and H,O. They report that
dissolved O gas is the magjor source of O in oxidized S
species produced from pyrite reacted with oxygenated
and acidified solutions. Nicholson (1994) argued that
fractional rate dependence implies reaction mechanisms
involving control by sorption or desorption. Fractional
rate dependence of pyrite oxidation on O concentration
has been reported by Smith et a. (1968), McKibben and
Barnes (1986), Nicholson et al. (1988), and Williamson
and Rimstidt (1994). The mechanism of oxidation pro-
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posed here is consistent with their work. It is concluded
that the oxidative dissolution of marcasite in oxygenated
and mildly acidic (pH 3.0) solution proceeds by surface
reactions involving adsorption of dissolved O onto the
surface and subsequent oxidation of disulfide. Fe is re-
leased to solution upon oxidation. Disulfide is oxidized
to polysulfide on the marcasite surface and accumulates
as idands on the surface before being released into
solution.

Effects of grinding

Grinding marcasite or milling it during mining opera-
tions creates an oxidized Fe coating on the marcasite sur-
face. This coating provides Fe** to solution during oxi-
dative dissolution and gives the appearance of an
anomalously high reaction rate during the first 6 h of
reaction time. The supply of Fe+ to solution has impli-
cations for flotation processes and for reactivity of sul-
fides in mine waste dumps. Oxidation of FeS, by Fes*
(Eq. 2) is an order of magnitude faster than oxidation by
O, (Wiersma and Rimstidt 1984). Furthermore, oxidation
by Fes* proceeds under aerobic or anaerobic conditions
(Moses et a. 1987), thus, abatement programs that rely
on the prevention of oxygenated conditions may have
limited initial success where Fe3+ is available at crushed
marcasite surfaces, through the dissolution of species cre-
ated by grinding. Once Fe3+ is removed from the surface,
abatement programs should perform as anticipated.
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