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Abstract

Near-infrared Raman imaging microscopy (NIRIM) was used to produce chemical images of the distribution of elemental
sulfur on oxidized pyrite and arsenopyrite surfaces. Analysis using Savitsky—Golay filtering permits an unambiguous
identification of surface products even in the presence of broad background signals. Rather than forming a continuous,
passivating layer at the mineral surface, the NIRIM images reveal that elemental sulfur forms in isolated patches on the order
of tens of microns in diameter. The potential implications of this strongly heterogeneous distribution of chemical products for
geochemical modeling of acid mine drainage (AMD) are discussed. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 82.80.-d; 68.35.DV; 91.65.V
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1. Introduction

Geochemical transformations often produce spa-
tially heterogeneous distributions of surface products
due to the inherent inhomogeneities, such as disloca-
tions and inclusions, in natural mineral samples. These
inhomogeneities can locally modify the chemical
reactivity of the mineral and create areas of prefer-
ential reaction. The spatial distribution of products can
provide important clues about reaction mechanisms
and ultimately lead to better predictive models. For
example, understanding whether reaction products are
distributed homogeneously or inhomogeneously on a
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surface may provide clues as to possible rate limiting
steps of a surface reaction.

The oxidative dissolution of sulfide minerals and
the subsequent problem of acid mine drainage (AMD)
is one such geochemical system. Pyrite, FeS,, the
most abundant of the sulfide minerals, has been stu-
died extensively and several comprehensive reviews
of the literature have been assembled [1-5]. Previous
studies have established that ferric iron, Fe>*, is a
much more efficient oxidizer than dissolved oxygen
[6,7], and the regeneration of ferric iron from ferrous
iron is the rate-limiting step at low pH [8]. Despite the
advances made in understanding the kinetics and
mechanism of pyrite dissolution, many of the details
of the reaction have not been drawn out. In particular,
the distribution of sulfur-containing reaction products
is not well understood. According to a proposed
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mechanism for the dissolution of pyrite, the primary
sulfur product released to solution is thiosulfate [7,9].
This mechanism, however, does not explain the for-
mation of elemental sulfur (Sg), which has been
observed on the mineral surface during the oxidative
dissolution of pyrite [10-15]. Spatially resolved maps
of the chemical speciation of the mineral surface could
help resolve the details of the formation of the sulfur
reaction products and the influence these products
may have on subsequent surface reactions.

Several previous studies have demonstrated that
sulfur-vacancy defect sites exposed at pyrite surfaces
exhibit unusually high reactivity for the adsorption of
gas-phase reactants [16,17], as well as the oxidation of
pyrite in H,O and H,0/0O, environments [18]. Addi-
tionally, scanning tunneling microscopy (STM) stu-
dies of pyrite have suggested that step edges may
provide sites of enhanced redox reactivity [19], while
the growth of oxide patches on air-oxidized samples is
influenced by specific crystallographic directions [20]
and is initially localized by surface sites of higher
reactivity [21]. As demonstrated in these previous
studies, natural samples contain various sources of
structural and chemical heterogeneity that play a role
in the reactivity of the mineral surface. By obtaining
chemical maps of the reaction products, it is possible
to glean new insights into the effects these hetero-
geneities may have on the speciation and spatial
distribution of sulfur reaction products after oxidation
by ferric iron.

While chemical and spatial information can be
obtained from techniques such as scanning electron
microscopy (SEM) with energy-dispersive X-ray
analysis (EDX) and imaging X-ray photoelectron
spectroscopy (XPS), these techniques require the
use of high-energy excitation sources (electrons
and X-rays, respectively), which can hasten evapora-
tive loss of elemental sulfur under vacuum [22].
Additionally, since sulfide minerals contain sulfur,
distinguishing sulfur reaction products at the surface
from the sulfide present in the bulk mineral is difficult
with these spectroscopic methods. In contrast,
Raman spectroscopy offers clear spectroscopic iden-
tification of the different chemical forms of sulfur,
and if care is taken to keep the excitation flux low,
evaporative loss also can be avoided. Because of
these advantages, the technique has already been
widely used for the spatially averaged study of sur-

face speciation on sulfide minerals [10-14]. We pre-
sent here the first spatially resolved chemical maps of
elemental sulfur on oxidized pyrite and arsenopyrite
surfaces using near-infrared Raman imaging micro-
scopy (NIRIM).

2. Materials and methods
2.1. Mineral preparation

Samples of pyrite (Spain) and arsenopyrite
(Mexico) were purchased from Ward’s Natural
Science. Pyrite crystals were cut parallel to the
(0 0 1) natural faces with a diamond wafering saw to
produce slabs approximately 4 mm X 4 mm X 2 mm
in size with the natural face being one of the larger
sides. Irregularly shaped arsenopyrite samples, which
do not cleave, were polished to produce exposed faces
of approximately 5Smm X 5 mm in order to minimize
scattered light that can create a large background
signal in Raman spectra. No particular crystallo-
graphic orientation was chosen.

The mineral samples were ultrasonically treated in
ethanol for 30 min to free any small adhering particles
or organic compounds. To remove any oxide layer that
may have formed on the mineral surfaces in air, the
mineral samples were treated in a 50% solution of HC1
for several hours. Previous studies have shown that
acid-cleaned pyrite samples exhibit reactivity similar
to freshly cleaved samples [23]. Finally, the samples
were placed in 10 ml of carbon disulfide for several
hours and then rinsed twice with an additional 5 ml.
This pretreatment step effectively removes any ele-
mental sulfur already present on the mineral surface
and produces a chemically clean starting material for
subsequent investigations [24].

2.2. Oxidation experiments

The mineral samples were oxidized in acidic,
ferric iron solutions at 42°C for approximately
96 h prior to analysis. The pH and temperature con-
ditions of the experiment were chosen to mimic
extreme AMD conditions [25]. Ferric sulfate (Alfa
Aesar, reagent grade) was dissolved in sulfuric acid
(pH = 1) to produce 500 ppm ferric iron solutions.
The reaction flask for each mineral consisted of a
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septum-sealed 125 ml Erlenmeyer flask containing
100 ml of the ferric iron solution. Small diameter
Tefzel tubing was passed through the septum and
each flask was initially purged for several hours with
nitrogen (99.999%) in order to saturate the solution
prior to the start of the experiment. Control experi-
ments with arsenopyrite in nitrogen-saturated sulfu-
ric acid solutions at pH =1 (data not shown)
revealed negligible extent of reaction over similar
time periods.

To begin the oxidation experiment, the mineral
samples were added to each flask, and the septa were
quickly replaced. After addition of the mineral, the gas
flow was maintained at a suitable rate to sustain
nitrogen saturation of the reaction solution. Pyrite
and arsenopyrite reaction flasks were kept at
42.0 £ 0.1°C for the first 72 h of the experiment.
For the final 24 h of the experiment, the reaction
solutions were maintained at 42 +4°C in septum-
sealed flasks, but were not purged with nitrogen.
Each mineral sample was imaged within minutes of
removal from the reaction flask after being rinsed with
deionized water.
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2.3. Instrumentation

Raman images of the samples were collected using
a NIRIM shown in Fig. 1 [26,27]. This instrument is
based on a fiber-bundle image compression (FIC)
design, a technique that allows the simultaneous col-
lection of a complete spectral 3D data cube in one
read-out of a CCD detector [28,29]. In this FIC based
instrument, the light propagates from the sample to
the spectrograph through an optical fiber bundle as
shown in Fig. 2 [27]. At the collection end, the optical
fibers are ordered in a square array where each fiber
collects light from a unique spatial point in the sample.
At the distal end of the bundle, the optical fibers are
ordered in a linear stack that serves as the entrance slit
of an imaging spectrograph. The FIC fiber bundle used
in the NIRIM consists of 80 fibers (each having a 50 pm
core diameter) ordered in a 10 x 8 square array at the
collection end (Fiberoptic Systems). The linear stack is
attached to an imaging spectrograph (Kaiser Optical
Systems, Holospec f/1.8) and provides 80 Raman
spectra per image frame, each with 900 wavelength
channels (spanning a 75-1850 cm™' Raman shift

Square FIC
End Fiber
Bundle
Imaging Spectrograph

0

CCD

Linear

=

Computer

Fig. 1. Schematic diagram of the near-infrared Raman imaging microscope (NIRIM) showing the 785 nm diode laser, microscope, overhead
video viewer, FIC fiber bundle, imaging spectrograph, and computer.
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Fig. 2. Graphical representation of the fiber-bundle image
compression (FIC) method. The sample is initially imaged onto a
square array of fibers where the spatial coordinates are encoded.
The fibers are stacked into a linear array at the detection end, and
the spectrum within each fiber is dispersed onto a CCD detector.

window with a spectral resolution of 2 cm™'). The
sample is imaged onto the fiber bundle by optically
coupling the bundle to an Olympus BX-60 microscope.
A 40x microscope objective (Olympus IC-40), corre-
sponding to a spatial resolution of 3.0 um per FIC
image pixel, yields a single frame field of view of
30 pum X 24 ym. Images were compiled from 6 X 6
frame raster scans, resulting in a total of 36 frames
covering an area equal to 180 um x 144 pm of the
sample surface. This 6 x 6 frame raster scan provides
2880 image pixels, each containing a complete Raman
spectrum. The sample is globally illuminated by a
500 mW diode laser (SDL-8630) operating at 785 nm
with a total of about 80 mW reaching the sample field
of view (or about 1 mW of excitation power per Raman
spectrum). All spectra were collected with a single frame
integration time of 100 s corresponding to a total inte-
gration time of 3600 s perimage. Previous studies in our
laboratory under comparable conditions (data not
shown) have indicated that elemental sulfur is stable
at these laser intensities and acquisition times.

3. Results and discussion

3.1. Identification of chemical species using
Raman imaging

In order to create a chemical map of the sample
surface, the Raman spectrum corresponding to each

image pixel must be evaluated for the spectroscopic
signature of the chemical species of interest. The top
spectrum in each pair of spectra in Fig. 3 is repre-
sentative raw data obtained from an oxidized pyrite
sample. As seen in the first spectrum (Fig. 3a), only
two lines corresponding to the phonons from bulk
pyrite at 342 and 378 cm™ ! [30] are evident. In the
second spectrum (Fig. 3b), however, additional
intense features are observed at approximately 470,
432, 242, 215, and 148 cm ™!, which are assigned to
elemental sulfur [12]. The sulfur-rich nature of Fe3*-
oxidized pyrite surfaces, due to the preferential dis-
solution of iron at low pH, has been noted in previous
studies [10]. Although the elemental sulfur peaks of
interest are cleanly resolved from the signal from the
bulk mineral, variations in the broad background
underlying the Raman features prevent the use of
peak heights as a measurement of relative abundance.
This background signal, due to scattered light from the
roughened mineral surface, fluorescence from impu-
rities within the mineral, or a combination of both,
varies considerably from pixel to pixel. The third
spectrum (Fig. 3c) illustrates an example of a pyrite
spectrum that is dominated by this broad background.

As a means of circumventing the background pro-
blem, all spectra were pre-processed using Savitsky—
Golay [31-33] second derivative (SGSD). The SGSD
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Fig. 3. Representative Raman spectra from an oxidized pyrite
surface. Raw spectra (top spectrum in each pair) were the result of
100 s of integration at one pixel with a laser power of ~1 mW. The
lines at 342 and 379 cm™" are due to bulk pyrite. Additional lines
at 470, 432, 242, 215, and 148 cm ™! observed in some spectra are
due to the presence of elemental sulfur. The Savitsky—Golay
second derivative spectra (bottom one in each pair) were calculated
using an 11-point data window.
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algorithm may be used to efficiently filter out broad
background interference while preserving the chemi-
cal information content of the Raman spectral fea-
tures. The bottom spectrum in each pair in Fig. 3 is the
second derivative of the spectrum above it and illus-
trates the usefulness of SGSD pre-processing in draw-
ing out the desired chemical information. In our
system, the best Raman signal enhancement is
obtained when the data is processed with an 11-point
SGSD window width. In order to extract information
about the intensity of elemental sulfur in each spec-
trum, the minimum in the second derivative spectrum
was found for a range of Stokes shifts (189-240 cm ™)
that contains one of the large elemental sulfur peaks.
Because differences in the broad background of each
spectrum are effectively eliminated by the SGSD
analysis, determination of the peak value of the second
derivative provides a means of gauging differences in
Raman signal peak intensity. Images showing the
distribution of elemental sulfur on the mineral surface
were created by assigning each of the 2880 pixels of
the image a grayscale value (0-255) based on the
second derivative peak in the elemental sulfur region
measured and normalizing this peak to the second
derivative of the bulk pyrite peak (minimum value of
315-364 cm ™' region).

Fig. 4 presents representative examples of the
Raman spectra obtained from oxidized arsenopyrite
samples. Raman spectra of arsenopyrite samples, like
their pyrite counterparts, reveal clearly resolved ele-
mental sulfur peaks; however, the signal from arseno-
pyrite itself is not as easily distinguished. The phonon
bands of bulk arsenopyrite appear as a series of broad
features between 130 and 400 cm ! [13]. As seen in
the top spectrum of Fig. 4a, these features are not
visible above the noise in many of the spectra. The
Raman lines of elemental sulfur, at approximately
470, 432, 242, 215, and 148 cm™' [12], are the
dominant features in many of the spectra (Fig. 4b).
The relative intensity of the broad background varies
considerably between spectra, and, as shown in Fig. 4c,
is often a very significant problem.

As in the case of pyrite spectra, SGSD analysis of
the arsenopyrite spectra filters out the broad back-
ground signal. The bottom spectrum of each pair in
Fig. 4 shows the second derivative of the spectrum
above it. Chemical information about the presence of
elemental sulfur on the mineral surface is retained,
while the background noise is efficiently filtered out.
As before, the second derivative peak corresponding
to one of the elemental sulfur peaks (189-240 cmfl)
was used to measure the relative intensity of elemental
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Fig. 4. Representative Raman spectra from an oxidized arsenopyrite surface. Raw spectra (top spectrum in each pair) were the result of 100 s
of integration at one pixel with a laser power of ~1 mW. Broad features between 130 and 400 cm ™! are due to bulk arsenopyrite. Additional
lines at 470, 432, 242, 215, and 148 cm ™' observed in some spectra are due to the presence of elemental sulfur. The Savitsky—Golay second
derivative spectra (bottom one in each pair) were calculated using an 11-point data window.
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sulfur at each image pixel and create a grayscale.
Normalization to the underlying arsenopyrite was not
possible because the signal from the bulk mineral is
often not resolved above the noise and does not
contain the cleanly resolved, sharp peaks necessary
for a SGSD analysis.

3.2. Application of Raman imaging to pyrite and
arsenopyrite surfaces

Quantitative information about the spatial distribu-
tion of elemental sulfur can be obtained through
statistical analysis of the variations in chemical com-
position. One useful way of determining the length
scale over which the chemical composition varies is
through the autocorrelation function. Because the
images obtained do not exhibit any directionally
specific patterning, a one-dimensional autocorrelation
function was sufficient for these analyses

o) = / FOOFQ +x) Y

In this equation, f(x’) is the array of intensity values
in the image and x the distance by which the “copy”
of the image is shifted in one-dimension before taking
the product with the original image. This autocorrela-
tion function, g(x), is maximum when x = 0, and falls
off with increasing distance x. Fig. 5 illustrates exam-
ples of the square root of the autocorrelation function
plotted against distance for two different arsenopyrite
images. The length scale of appreciable variation
reported for each image is the distance at which the
square root of the autocorrelation function drops to
half of its maximum value. This value represents the
root mean square (rms) length scale of the average
feature size observed in the image. In the case of the
arsenopyrite images used to generate the plots in
Fig. 5, the square root of the autocorrelation function
drops to half its original value within 8 (Fig. 5a) and 3
pixels (Fig. 5b). This indicates that the effective
“length scale” of the chemical variation is approxi-
mately 24 and 9 pm, respectively, on these two
samples.

Fig. 6a presents the chemical image of elemental
sulfur on the natural (0 0 1) crystal face of a pyrite
sample that was oxidized in a 500 ppm ferric iron
solution at pH = 1 and 42°C for approximately 96 h.

The second derivative of the peak at 215 cm™' was
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Fig. 5. Square root of the one-dimensional autocorrelation
function vs. distance for the arsenopyrite images shown in Fig. 7a
(a) and Fig. 7c (b). The square root of the autocorrelation function
drops to half its maximum value at distances of (a) 24 and (b)
9 pm.

used to map the variation in elemental sulfur coverage
on the pyrite surface. For each pixel in the image, the
elemental sulfur value was first normalized to the bulk
pyrite peak at 342 cm ', The resulting image in Fig. 6a
corresponds to a 180 um x 144 pm area of the pyrite
surface. The darker regions indicate higher Raman
intensities from elemental sulfur. On this particular
pyrite sample, the elemental sulfur appears to be
spread across the surface in small patches, some of
which are of comparable size to or smaller than a
single image pixel size (of 3 um x 3 um area). The
rms length scale of the elemental sulfur features, as
determined from a one-dimensional autocorrelation
analysis of the image, is 3 pixels, or 9 um. Between
the isolated patches of elemental sulfur, the Raman
signal from the bulk pyrite predominates, and little, if
any, elemental sulfur is present. These regions are
represented by the lighter areas of the image.

Fig. 6b illustrates the chemical image from a second
pyrite sample reacted under identical conditions and
imaged with the same spectroscopic parameters. In
this image, the darker areas, which again correspond
to elemental sulfur, are present in larger patches.
Large areas of the pyrite surface contain little, if
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Fig. 6. Chemical images of a 180 um x 144 um region of two different oxidized pyrite (0 O 1) surfaces. The relative intensity of the elemental
sulfur signal at each point, normalized to the bulk mineral, is represented by the darkness of the pixel. The Raman images are composed of
6 x 6 individual frames that were integrated for 100 s using a 40x objective and a laser power of ~1 mW per pixel. The approximate pixel-

size-limited resolution is 3 pm.

any, elemental sulfur, but the rms length scale of the
elemental sulfur features, in this case, is 57 um. As on
the previously examined pyrite sample, the distribu-
tion of elemental sulfur is clearly heterogeneous (non-
uniform surface coverage) and there is no indication of
preferential formation along specific crystallographic
directions at this length scale.

Fig. 7a is the resulting chemical image of an
arsenopyrite sample that was reacted in a 500 ppm
ferric iron solution at pH = 1 and 42°C for 96 h. Each
pixel was assigned a value based on the intensity of the
elemental sulfur peak at 215cm™' in the second
derivative of the spectrum associated with that pixel.
The image corresponds to a 180 um X 144 um area of
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Fig. 7. Chemical images of 180 um x 144 um regions of oxidized
arsenopyrite surfaces. The images in (b) and (c) were taken at
different locations on the same sample. The relative intensity of the
elemental sulfur signal at each point is represented by the darkness
of each pixel in the image. The Raman images are composed of
6 x 6 individual frames that were integrated for 100 s using a 40x
objective and a laser power of ~1 mW per pixel. The approximate
pixel-size-limited resolution is 3 pm.

the polished surface. As seen in Fig. 7a, a large portion
of the mineral surface contains elemental sulfur in
quantities below the detection limit (see Section 3.4),
as represented by the light areas in the chemical
image. The darker areas, which contain more elemen-
tal sulfur, appear as discrete patches tens of microns
across. The rms length scale of the elemental sulfur
features, as determined by one-dimensional autocor-
relation analysis, is 24 pm.

A second polished arsenopyrite sample was imaged
in two different areas and analyzed in the same
manner. Fig. 7b illustrates one of these 180 pm X
144 um areas. Here the light areas of the image
contain Raman spectra dominated by the bulk mineral
and contain elemental sulfur in quantities below the
detection limit. Only several small dark patches of
elemental sulfur, with a calculated rms length scale of
18 pm, are seen in the image. In contrast, when the
sample was repositioned to illuminate a different
region of the polished surface, more elemental sulfur
was observed. Fig. 7c shows the image of this second
region of the sample. Small elemental sulfur features,
with an rms length scale of 9 um, are scattered across
this region of the arsenopyrite surface. As observed in
the first region, a large portion of the surface contains
no detectable elemental sulfur.

3.3. Binary chemical mapping

As a comparison, an alternative method of data
analysis was used to produce binary images from two
of the arsenopyrite data sets. The binary analysis
method uses the entire spectrum to determine whether
or not elemental sulfur is present, in contrast to the
previously described grayscale method that uses the
maximum intensity in one particular spectral range.
For the binary analyses, the last 80 data points in the
original spectra were truncated to eliminate artifacts
close to the laser wavelength resulting from the holo-
graphic notch filter. After SGSD pre-processing, the
3D data cubes then were analyzed using the Multispec
spectral image processing software package [34],
which facilitates the creation of single- or multiple-
channel chemical images using a variety of feature
selection, training, and classification algorithms. Bin-
ary chemical images were produced using the spectral
angle mapping (SAM) classification algorithm [34].
This was done by building a training library consisting
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of spectra belonging to elemental sulfur or arsenopyr-
ite. The SAM algorithm then compared each indivi-
dual image pixel to the different classes in the library,
and assigned the pixel to the class it best resembles as
defined by the correlation coefficient between the
image and library spectra. A large correlation coeffi-
cient indicates a strong similarity between the spectra
and the classes. In particular, we have set the correla-
tion coefficient threshold to 0.95 (highest value being
1.0), thus making the algorithm very selective in
assigning the spectra to the different classes. The
assignment of an image pixel to a class is binary;
either it belongs to a class or it does not. Consequently,
the final processed chemical images of arsenopyrite
produced in this way do not contain any intensity
information, but do indicate the regions of the sample
in which there is a significant amount of the corre-
sponding chemical component.

Fig. 8a and b illustrate the binary images of the
same data sets that were used to produce the grayscale
images in Fig. 7a and c, respectively. The SAM
algorithm classified each pixel as “‘arsenopyrite”” or
“arsenopyrite and elemental sulfur” based on the
Raman spectrum associated with that pixel. Although
the binary images carry less information about the
relative intensity of the elemental sulfur Raman sig-
nal, they reveal the same general pattern of elemental
sulfur islands on the mineral surface. The similarity of
the images obtained by these two analysis methods
suggests that the classification algorithm provides
information similar to that which could be obtained
by setting a threshold value on the grayscale images.
This observation confirms that the grayscale map,
based on the maximum intensity in one spectral
region, can be correlated to the complete Raman
spectral signature of elemental sulfur.

3.4. Estimation of sulfur layer thickness

In order to obtain a rough, qualitative determination
of the thickness of the sulfur layer, the results of these
imaging experiments were compared to another study
in which the elemental sulfur on arsenopyrite surfaces
was quantitatively analyzed. In this quantitative
experiment, 0.321 g of crushed arsenopyrite were
oxidized by ferric iron under nearly identical condi-
tions to the oxidation of the polished samples imaged
in this study. The quantitative analysis, described in
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Fig. 8. Binary images (a and b) produced from the same data sets
as used in Fig. 7a and c, respectively. The spectrum corresponding
to each pixel was classified as either ““arsenopyrite” or “arseno-
pyrite and elemental sulfur” using the SAM classification
algorithm. Dark areas represent elemental sulfur, while the light
areas correspond to bare, exposed arsenopyrite.

detail elsewhere [24], involves extraction of the ele-
mental sulfur from the mineral surface with perchlor-
oethylene and subsequent analysis by high
performance liquid chromatography (HPLC). Analy-
sis of the crushed sample, which provides more sur-
face area and hence a measurable quantity of
elemental sulfur, found 0.39 mg of elemental sulfur.

The surface area of the 75-150 pum sieve fraction of
the crushed arsenopyrite sample was measured as
0.082 m*g by Krypton BET surface area analysis
(Porous Materials, Inc., Ithaca, NY). Thus, the total
surface area of the reacted sample was 260 cm”. Based
on the three NIRIM images of arsenopyrite samples,
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the average percent of the surface that is covered by
elemental sulfur appears to be approximately 10%.
Applying this percentage to the crushed mineral sam-
ple for which the amount of elemental sulfur was
determined, the surface density of the individual sulfur
deposits can be estimated as 10> g/cm?. Given that
the density of elemental sulfur is 2 g/cm3 [35], this
analysis indicates that the average thickness of the
individual elemental sulfur deposits at the mineral
surface is on the order of a hundred nanometers.
Although this calculation provides a very crude esti-
mation of the thickness of the elemental sulfur depos-
its, it does suggest that the thickness of the elemental
sulfur observed in the NIRIM images is probably tens
to hundreds of molecular layers. Additionally, because
the average signal-to-noise ratio of the elemental
sulfur signal is on the order of 100, the detection limit
of these Raman imaging experiments can be estimated
as a few molecular layers of elemental sulfur. Due to
the inherently low yield of the Raman scattering
process, limits imposed on the laser intensity by
heating and sample damage concerns, and the already
high efficiency of the collection and detection system,
this may represent the best sensitivity that can be
achieved readily in Raman imaging.

3.5. Implications of elemental sulfur distribution
on pyrite and arsenopyrite surfaces

The heterogeneous distribution of elemental sulfur
has important implications for the kinetics of sulfide
mineral dissolution. Several studies have suggested
that the accumulation of elemental sulfur on sulfide
minerals passivates the surface to further oxidation by
preventing the passage of oxidants to the surface
[36-39]. In contrast, other studies have demonstrated
that removal of the elemental sulfur layer at the sur-
face produces no measurable change in the rate of
dissolution of the underlying mineral at low concen-
trations of ferrous iron [13,40]. The findings reported
here help to clarify these apparent contradictions.
NIRIM chemical mapping has shown that the distri-
bution of elemental sulfur on oxidized pyrite and
arsenopyrite surfaces is extremely heterogeneous.
After oxidation for a period of days, elemental sulfur
appears as discrete patches, dispersed randomly across
the sample surface. Different regions of the same
sample can display drastically dissimilar patterns of

elemental sulfur coverage. The length scale of appre-
ciable variation in elemental sulfur coverage appears
to be on the order of tens of microns. Additionally,
large areas of the mineral surface, on similar length
scales, contain quantities of elemental sulfur below
the detection limit. The extremely heterogeneous
nature of the sulfide mineral surface suggests that,
at least on the time scale of laboratory experiments,
elemental sulfur does not form a continuous, passivat-
ing layer at the mineral surface. Although previous
studies have shown that small quantities of adsorbates
can affect the rate of dissolution of pyrite by blocking
active sites at the mineral surface [41,42], the results
of the previous kinetic experiments [13,40] suggest
that the sites of elemental sulfur nucleation most likely
do not coincide with the oxidation active sites.

At the present time, it is not clear why elemental
sulfur is found in specific, localized patches at the
mineral surface. Sulfide minerals contain dislocations
and inclusions that may provide preferential sites for
nucleation of elemental sulfur. Further investigation is
needed to understand if localized sites do indeed direct
the mechanism of formation or nucleation of elemen-
tal sulfur, and whether elemental sulfur is localized to
areas of active oxidation. Information regarding the
spatial distribution of elemental sulfur on the mineral
surface certainly is the first step toward creating a
more complete model of sulfide mineral oxidation.

4. Conclusions

Our studies of elemental sulfur on sulfide mineral
surfaces illustrate the type of spatially resolved infor-
mation that can be gleaned from chemical mapping.
Raman imaging, combined with quantitative spatial
analysis of the images, is a useful analytical method
for understanding heterogeneous geochemical pro-
cesses. The spatial distribution of surface products
can provide valuable clues about the kinetics and
mechanism of a wide range of complex geochemical
systems and environmental problems.
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