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Introduction

The effects of acid mine drainage have been extensively documented in the United States, and has been
described as a primary source of surface water contamination and degradation of surface environment
quality (United States EPA, 1994). The oxidation and subsequent weathering of sulfide minerals releases
metals, sulfur, and acid to the surrounding agqueous environment, resulting in contamination and despoiling
of surface and ground waters, soils, and sediments, and bioaccumulation of metals in wildlife and domestic
stock. In addition to field characterization, there has also been considerable effort devoted to investigation
of reaction mechanism, with common dependencies on oxygen concentration, pH, and Fe"" (Smith and
Shumate, 1970; Singer and Stumm, 1970; McKibben, 1984; McKibben and Barnes, 1986; Nicholson et al.,
1988; Moses and Herman, 1991; Williamson and Rimstidt, 1994; Rimstidt and Vaughn, 2003).

Reaction mechanism, pH, and oxygen — It is critical to recognize that the dissolution of pyrite often occurs
in association with the dissolution of other base metal sulfides as well (Rimstidt et al., 1994). The
dissolution of these phases may proceed via a range of possible reactions, including simple non-oxidative
hydrolysis, or oxidation by either oxygen or ferric iron. This diversity in reaction paths may lead to parallel
or coupled processes, whose interaction produce complex feedback effects that determine the behavior of
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the system as a whole. Stanton et al. (2005) have shown that sphalerite dissolution displays a complex
dependence on Fe"" availability, pH, dissolved oxygen, and the iron content of the mineral itself. At low
pH, Stillings et al. (2005) have shown that pH variation, as opposed to oxygen availability, is the dominant
control on the release of Cu and Fe from chalcopyrite dissolution. Recent studies of pyrite oxidation (e.g.,
Seal and Rimstidt, 2005) reveal complex pH-dependent relationships involving the early transfer of sulfur
to solution, and suggest that the availability of other metal ligands (e.g., copper) may catalyze overall
oxidation. Thus oxidative coupling in terms of electron and proton exchange in these reactions determines
both the total load and distribution of metal output. A general, empirical rate law for the dissolution of
pyrite and other metal sulfides can be written to describe the role of these components (cf. McKibben and
Barnes, 1986; Nicholson et al, 1988; Moses and Herman, 1991; Williamson and Rimstidt, 1994; Doménech
etal., 2002) as

r =k (Og )™ (Fe")™ (@)™

where r is the overall rate in units of mols per unit area per unit time, k is the overall rate constant, O; (yq
and Fe"" are the concentrations of dissolved oxygen and ferric iron, and a." is the proton activity,
parameterized by the corresponding empirical constants ny, n,, and ns.

Approach using Vertical Scanning Interferometry — Much of the earlier laboratory work on sulfide
dissolution has been devoted to a description of the rate described in eq [1] using conventional methods,
where reaction rate is determined by changes in solution composition (McKibben and Barnes, 1986;
Nicholson et al, 1988; Moses and Herman, 1991; Williamson and Rimstidt, 1994; Domenech et al., 2002).
A more recent suite of studies has focused primarily on the study of elementary processes at the atomic
scale on pyrite surfaces (e.g., Roso and Vaughan, 2006). Following the approach with which we have had
fundamental success over the past several years (e.g., Littge et al. 1999, 2005; Arvidson et al., 2003, 2006),
we have used vertical scanning interferometry (VSI) to explore the general problem of reactivity and
reaction mechanism of pyrite surfaces. To summarize briefly here, the scanned surfaces are on the order of
tens of thousands square microns, in comparison with scans of few tens of microns provided by the AFM.
This gives precise dissolution information relevant to surface mechanisms over characteristic areas of the
reacted surface. Also, the nanoscale precision of the vertical measurements allows accurate determination
of variation in size and shape of the reactive surface features (etch pits, steps, terraces, etc.). Mineral
dissolution rates are measured directly from variations in surface height with time, using either the total
surface explored or at specific locations. This means that rates values obtained are true dissolution rate
values derived independently of externally measured surface areas, such as BET specific surface area or
geometric surface area, thus avoiding the introduction of a rate normalization factor. Lastly, the metallic
properties of sulfide minerals provide excellent light reflection, which makes VSI an ideal technique to
explore the pyrite surface reactivity.

This paper has three goals. The first goal is to resolve the surface reaction mechanisms for pyrite
dissolution at undersaturated conditions. The second goal is to obtain, for the first time, the dissolution rate
of pyrite by means of VSI measurements. A weathered pyrite surface has been selected to carry out the VSI
measurements with the purpose of approximating conditions at the mineral surface in a natural weathering
environment. Although pyrite has a poor (100) cleavage, its structural simplicity (FeS,) makes this mineral
a feasible choice with which to test the predictions of the stepwave model, and a useful starting point from
which to conduct further VSI work on sulfide-solution interface reactivity. The third goal, based on the
dissolution of a pyrite fragment, is to derive the dissolution rate by normalizing to the geometric surface
area, and compare these data with the pyrite dissolution rate calculated by VSI measurements (e.g., direct
approach), together with rates reported in the literature that are obtained from bulk measurements
normalized to the BET surface area (indirect approach).

EXPERIMENTAL METHODOLOGY

Sample characterization — Pyrite for all experiments was obtained from surface outcrops in the Catalan
Pyrenees Range (Iberian Peninsula). These samples have already been exposed to weathering under field
conditions, allowing us to investigate the surface changes on weathered surfaces under laboratory
conditions. Selected areas were scanned prior to dissolution experiments. Changes in surface topography



arising from dissolution could then be resolved by comparing these data with those obtained after
dissolution.

Experiments were conducted under flow and static conditions (in contact with lab atmosphere). For the
flow reactor experiment, a pyrite fragment (6x2.5%0.4 mm) was obtained by cutting from a larger sample.
For the purpose of estimating surface area we assumed all faces of this sample to be flat. The cutting
process generated micron-sized particles adhering to and non-uniformly distributed over the surface.
However, our estimate of the areal contribution of these particles was within the error of our estimate of the
geometric surface of the sample (3.7x10 >m?). This area was used to normalize the dissolution rate (mol

m %s ') obtained by means of the dissolved fragment.

VSI experimental setup — We used a vertical scanning interferometer (MicroXam, ADE Phase Shift) with
10x Mirau objective and a white light source to quantify the dissolution processes. At this magnification
(840x640 micron field of view), the vertical resolution of the system is better than 2 nm, with a lateral
resolution of ~1 micron. By protecting a reference area with an inert silicone mask, absolute height
measurements were obtained by revisiting the same area on the surface. Changes in surface topography
were quantified by comparison of digital interferograms collected at successive intervals in the experiment.
These surface data are rendered as topographic maps using SPIP (Image Metrology A/S).

For the static experiments, sample fragments were suspended in a 10 L polypropylene bottle containing a
pH 1 (HCI) solution and allowed to dissolve for 27 days under atmospheric conditions (PO, 0.21 atm) and
room temperature (22 + 2°C). The low solid/solution ratio and slow dissolution rate of pyrite ensured that
reaction occurred under highly undersaturated conditions with respect to pyrite. Variation in total iron and
total sulfur was monitored during the experimental run.

After the desired reaction time, a fragment was withdrawn from solution, dried with compressed air (2-3
min) at room temperature, and mounted on a sample holder for the interferometer analyses. These ex situ
measurements required ~2 hours, after which the sample was returned to the bottle with the same solution
to continue its dissolution. The selected surface was examined after 13, 21, and 27 days of reaction time,
together with a solution aliquot (5 mL) for total dissolved iron and sulfur determinations. It was assumed
that at pH 1 the aqueous concentration of Fe(l1) is that of total iron (Singer and Stumm, 1970) and that total
sulfur corresponds to sulfate (Bonnissel-Gissinger et al., 1998). The saturation index of the solution ((SI =
log(IAP/K), where AP is the ion activity product) was calculated along the experiment at 25°C using the
PHREEQC code (Parkhurst 1995) and the database MINTEQ. The other fragment was only retrieved and
examined after 27 days. The silicon rubber was removed from the covered spots and the vertical changes
with the use of reference surfaces were quantified. Using the SPIP software, digitized interferograms of the
sample surface were converted to height-mode and three-dimensional images.

Flow reactor setup — The pyrite fragment was suspended inside a flow-through Lexan reactor (ca. 35 mL in
volume) at pH 1, O, saturated atmosphere and room temperature (22 + 0.2 °C). The flow rate was
maintained constant at 0.03 mL min™*. Once the steady state was attained, the dissolution rate, lgeo (MOl m 2
s 1), was calculated from the release of Fe according to the expression

rgeo = q 1A CFe,out

where Cr o is the total concentration of iron in the output solution, (mol m™®), A is the geometric surface

area of the fragment (m?) and q is the volumetric flux of fluid through the system (m? s_l). In this
experiment the error associated with the dissolution rate can reach 21% as the estimated value of geometric
surface area has an associated error of about 15% and the analytical error of iron concentration is about
15%.

Solution — Input solutions were prepared with Millipore MQ water (18 MQ-cm) at pH 1 and HCI reagent
(Merck). Input solution pH and solution pH along the experiments were measured with a Crison® combined
glass electrode at room temperature (22 + 2 °C), yielding pH 1.01 with an error of 0.02 pH units. Total
concentrations of Fe and S from output solutions were determined by inductively coupled plasma atomic



emission spectroscopy (ICP-AES). The measured output Fe concentrations ranged between 0.6 and 1.4 uM
with an associated error of around 15% and the S concentrations were below detection limit (3.5 uM).

VSI dissolution rates — Interferometry measures relative surface height. By maintenance of a reference
(unreacted) surface on the mineral itself, this measurement becomes absolute (Luttge et al. 1999; Arvidson
et al. 2003). The lateral (x, y) resolution of this height measurement is a function of the objective
magnification, CCD camera pixel size, and the wavelength of the reflected light; these instrument
parameters are matched to provide optimal resolution. Each camera pixel records a single, discrete height
(hij), and this value accurately reflects the mean height of the actual mineral surface over the area of a
single pixel. At 50x magnification, the objective used for all height measurements, the lateral resolution is
~ 0.5 um (using a data pixel density of 740x480 and a field of view of 165 umx124 pum). The instrument
is capable of routinely resolving subnanometer height differences. The heights h;; collected at all pixels are

averaged over the entire field of view to provide an average surface height ( B ) relative to a level datum.

During dissolution, surface height is lost as the surface retreats, and thus changes in average height [y R0
made at timed intervals (At) yield a retreat velocity:

Vinki] = A h! [ At

Integrating h;; over the area of each pixel yields a total volume of material removed per unit time:

Vdiss:Zj Zi a; h;= AZjZi hi;

Dividing the velocity in [3] by the molar volume V,, (pyrite, 23.94 cm® mol %) gives a dissolution rate in
the familiar units of moles per unit area per unit time:

r= V[hkl] / Vm

This approach allows a simple and straightforward quantification of absolute dissolution rates from VSI
measurements of surface height, fully incorporating the fact that reactivity is site-specific and thus varies
with surface location. It is also important to note that given the subnanometer vertical resolution of this
system and the duration of the VSI experiments (27 d), the smallest detectable increase in height yields a
dissolution rate of 1.7x10** mol m %sec . Rates associated with undetectable height variation result in
negligible dissolution rates.

Surface roughness variation — VSl also permits quantification of surface roughness in both two dimensions
(i.e. a surface profile over a transecting line) and three dimensions (integrated surface profiles, i.e. a
complete surface scan). These parameters were computed according to standard parameter definitions (e.g.,
Thomas, 1999).

RESULTS AND DISCUSSION

Weathered pyrite surface — The weathered pyrite surface was characterized by (100) terraces of limited
lateral extent having steps of 0.2 to 3 micrometer in height (Figure 1a). The distribution of etch pits was
highly varied: densely pitted regions (1 to 9x10° pits nm 2, with depths up to 400 nm, Figure 1b,c)
contrasted with regions lacking pits entirely. However, the variation in etch pit density (between 0 and
2x10° pits nm?) is only weakly reflected in surface roughness (Figure 1d,e). These relationships, reflecting
the fact that differences in surface reactivity may be both the cause and effect of this morphological
heterogeneity on the pyrite surface, are discussed below.

Dissolution mechanisms — In order to characterize the surface, two representative portions of pre- and post-
reacted surfaces were chosen that fully represented the variation in surface features defining the surface
topography. Comparison of these regions illustrates the progress of the dissolution process over the pyrite
surface (). The first portion shows a region composed of two, flat terraces (Figure 2a). The two terraces, the



upper terrace (A) and the foreground terrace (B), are initially pitted with etch pits that are either isolated or
forming clusters. Pit depths range from tens to hundreds of nanometers. (Figure 2b,c) show the effect of
dissolution on both terraces through the experiment. After 27 d of reaction, the intensity of dissolution
attack on terrace (A) appears to be higher than in terrace (B). On terrace A the growth of the isolated pits
and increase in clusters of pits is observed. In terrace B the little change of topography is the nucleation of a
few shallow etch pits (lower right-hand corner on Figure 2b,c). It appears then that the variation in
topography of terrace (A) can be distinguished when compared to that of terrace (B), where surface
remained practically invariable. Figure 2d-f show terrace (A) in more detail; as the increase in etch pit
density occurred due to pit nucleation and clustering, pit coalescence happened simultaneously. As a result,
retreat of the surface perpendicular to the terrace plane was observed in this part of the surface (Figure 2f).

A detailed inspection of the etch pit evolution shows that the initial etch pits grew in depth and size (Figure
3). Shapes of initial pits are not angular and show rounded boundaries (indicated as P in Figure 3a).
Nucleation of new etch pits yields pits with similar shape and variability in depth. The “growth” of the
existing etch pits and the formation and “growth” of new ones result in a widespread pit coalescence, i.e.,
pits that grow larger annihilate each other. It appears that this surface phenomenon is promoted from the
etch pit boundaries, which are an efficient source of steps. As the steps move out, a train of steps result in
an overall surface retreat (see arrows S in Figure 3b). This hypothesis would be in agreement with the
kinetic theory proposed by Lasaga and Luttge (2001) that states that under large undersaturation etch pits
open up and are the source of a train of steps, leading to dissolution stepwaves that control the bulk mineral
dissolution. Note that in the conducted experiment the concentrations of total sulfur and total iron were
lower than 3.5x10°® M. As indicated before, assuming that at pH 1 total iron is mainly Fe(I1) and total
sulfur is sulfate the log saturation index is —3.7. This indicates that pyrite dissolution took place under
highly undersaturated conditions with respect to pyrite.
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Figure 1. Weathered surface of pyrite. Three-dimensional views of (a) a 500x400 micrometer region, where the
terraces that define the surface topography are readily visible; (b) 250200 micrometer region that is composed of pit-
free terraces; and (c) 300300 micrometer region, composed of densely pitted terraces. The height between terraces
ranges from 100 nm to 2 microns. The line profile in (d) corresponds to surface terrace in (b), showing shallow pits
(about 10 nm), and line profile in (e) is from terrace in (b) with deep pits (depth of the etch-pits ranges from 100 to 500
nm). Note that units in the Y and X axes are 618 nm and um, respectively.
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Figure 2. Three-dimensional images of the surface that shows the presence of two terraces (A and B), separated by a
step (ca. one um in height), and scattered pits over the surface area, either isolated or clustered: Initial surface (a); After
21 (b) and 27 days (c) of dissolution in HCI solution (pH 1) at room temperature and oxygen saturated atmosphere.
Image dimensions are 250x125 pum. 180x90 um images from (d) to (f) show the surface evolution in terrace A;
Formation of new etch pits, pit clustering, pit coalescence and surface retreat are observed. Lines indicate line profiles
(see Figure 4).

The topographic variation in the line profiles with time in Figure 4 is useful to show the dynamic
characteristics of reactive features that dominate the dissolution process (growth and formation of etch pits,
etch-pit coalescence and surface retreat) on terrace A (Figure 2 and Figure 3). During the first stage of
reaction, it appears that some initial deep pits grow in depth, and that isolated shallow pits dissolve
extensively (points 1, 2 and 3 in Figure 4a). Thus pit deepening and pit nucleation occur. This surface
evolution is promoted by steps moving out from the pit boundaries. It is important to note that in the line
profiles lengths on the Y-axis versus the X-axis are exaggerated (nm versus um, respectively). For
example, as a pit of 200 nm in depth formed, steps travelled tens of micrometers from the pit’s boundaries.
Therefore, step spreading over the surface normal to pit deepening predominates. Figure 4b shows the
surface retreat in an intermediate stage between the initial and final surfaces. Trains of steps must be
responsible of such a surface variation. This surface retreat is shown in Figure 4c. We can thus infer that
pyrite dissolution in this particular surface region proceeds as described by the stepwave model (Lasaga
and Luttge, 2001).



The second section of the surface selected to illustrate the pyrite dissolution mechanisms is exhibited in
Figure 5a. This surface portion is densely pitted. After 13 d of dissolution variation in surface topography is
readily observed (Figure 5b). Two different profiles are shown; the upper profile of the image shows that
surface retreat was taking place in this terrace (Figure 5c), whereas formation of etch pits was the dominant
dynamic feature in the lower terrace (Figure 5d).

180 x 90 microns

Figure 3. Three-dimensional images of the reactive features on terrace A after 21 d (t2) and 27 d (t3). P indicates
rounded boundaries of etch pits, T indicates a train of coalescent etch pits, and S indicates surface retreat. Surface
dimensions are 180x90 microns.

Therefore, a comparison of the two selected surface sections suggests that initially different surface features
lead to differences in subsequent dissolution, as determined by the underlying mechanism. This suggests
that even though an average dissolution rate could be calculated for the whole surface, dissolution occurs
heterogeneously on weathered surfaces. This experimental evidence is only observable if the analytical
surface is sufficiently large and if a naturally weathered surface is examined. It is therefore not surprising
that dissolution rates estimated by local variation in surface topography do not represent the overall
dissolution rate (Cama et al., 2005).

Figure 6 exhibits another surface portion selected to illustrate how the dissolution kinetics are dominated, at
this stage, by the coalescence of individual pits in the upper part of the region and local annihilation of etch
pits in the lower part. In this case, coalescence of pits is extensive (upper part) but not uniform (right lower
corner). The profiles in Figure 6 show that at subsequent stages (t2 and t3) pit deepening is imperceptible
and that the boundary of the etch pit moves away as predicted by the stepwave model.

The overall pattern of dissolution detectable at 10x (with 700x700 micron FOV) after 13, 21 and 27 days
can be summarized as (1) formation of isolated etch pits at the very early stages of dissolution, followed by
(2) successive coalescence of pits over time. This process results in net surface retreat, detectable as
differences in surface height between masked and unmasked regions. This pattern is consistent with the
dissolution stepwave model, in which step trains propagating from nascent etch pits nucleated at screw
dislocations travel across the surface and result in net mass removal. The coupled processes of etch pit
growth and coalescence, stepwave migration, and nucleation of new pits result in a dynamic, non-steady-
state surface topography.
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Figure 4. Line profiles as depicted in Figure 2. (a) t0 (initial surface) and t2 (21 d); (b) t2 (21 d) and t3 (27 d); (c) initial
surface and final surface showing surface retreat after 27 d of reaction. Arrows indicate surface spots in which etch pit

formation occurred and drove the surface retreat consistent with the stepwave mechanism. Numbers indicate the areas
used to calculate the dissolution rates based on height variation.

Pyrite dissolution rate and surface reactivity — In the first portion of the surface selected, dissolution rates
are calculated from the topographic height change at local surface spots after 27 d based on the surface-
normal rate [eq 5]. Figure 4 depicts the surface evolution in a line profile. The rate values vary by a factor
of 3, from 1.9x10° to 6.5x10 ° mol m? sec *. This suggests that the dissolution rate is variable at the
submicron scale. This local variation could stem from the variation in individual step velocity associated
with each etch-pit evolution, although an average dissolution rate must control the bulk pyrite dissolution.



In the profiles of Figure 5 (second portion of the surface), the normal velocity estimated in the selected
reference points was 7.6x10° mol m 2 sec™* (e.g. surface retreat) and 5.3x10 ° mol m 2 sec* (e.g. pit
deepening). These velocities are close enough to suggest that the velocities of surface retreat and pit
deepening were practically the same, at least over this portion of the pyrite surface.
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Figure 5. Three-dimensional images of (a) initial surface with different pit distribution and (b) reacted surface after 13
d (t1) showing the formation of a large etch pit due to coalescence. Images are 250x250 microns. The profiles in (c)
and (d) exhibit distinct surface evolution (t1-t3).

Nonetheless, reactivity was not uniform all over the surfaces, as observed in the three regions selected
(Figures 3-6), where zones in these regions did not develop pits or show surface retreat. This non-uniform
reactivity is shown in Figure 7 where surface regions with their associated dissolution rate are exhibited. It
is important to highlight that rates vary from “zero” to 1.7x10 " mol m 2 sec *. Thus, 58 % of the total area
dissolved less than the detectable rate or very slowly. Figure 7b shows that 3.2 % of the total area scanned
dissolves either at “zero” rate or very slowly, e.g., r = 1.7 <10 mol m ?sec ™. Figure 7c shows that 25 %
of the total area dissolves between 1.7x10 ™ and 1.7x10"° mol m 2 sec*. Figure 7d shows that only 14 %
of the total area dissolves very rapidly, e.g., 1.7x10 8 < r < 1.7x10 " mol m ™ sec . Averaging the rates of
these regions, the average dissolution rate for the pyrite surface investigated is 2.8x10 ° mol m 2 sec .
Luttge et al. (1999) raised the argument as to whether the average dissolution rate estimated from the entire
surface by averaging regions with different reactivity is sufficiently representative of the global dissolution
rate. On the basis of the height differences relative to a reference area on the same cleavage face (Figure 8
top), the absolute rate was calculated to be 3.2x10™" mol m™ sec™* (equation [5]). This value agrees very
well with the average dissolution rate calculated.
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Figure 6. Three-dimensional images of (a) initial surface with different pit density and (b) same reacted surface region
after 13 d (t1) showing trains of pit coalescence and annihilation of pits. Images are 120x120 microns. X-line profiles
in (c) show the evolution of the formed etch pit over the experimental run.

Pyrite dissolution rate normalized to geometric area — Figure 8 (bottom) shows the variation in Fe output
concentration as a function of time in the experiment (1007 h). The iron output concentration remained
steady after 500 h up to the end of the experiment. The calculated steady-state dissolution rate was 7.2 +
1.5x10° mol m2s™*, using equation [2], the steady-state output iron concentration (0.53x10 ® M), and the
estimated geometric surface area. Liittge (2005) has shown that the rate constants computed from geometric
surface area could be distinctly higher than the rate constant derived from reactive surface area, even after
extensive dissolution, due to the loss of flat surface area. If we assume here that the rate r = kg, (given the
large undersaturation with respect to pyrite), then kg, is higher than ke, by a factor of 2.

Comparison with previous experimental dissolution studies — Pyrite bulk rates have been calculated from
iron and sulfur released to solution from dissolving pyrite grains and not by direct measurements of
changes in the surface topography of crystals. Nordstrom and Alpers (1999) reported that abiotic rates at



similar acidic pH, oxygen saturated atmosphere and 25°C vary between 3x10 *° and 3x10°° mol m 2 sec *.
These rates were normalized using a BET specific area of 0.025 m? g*. Williamson and Rimstidt (1994)
reported dissolution rates at pH 2 and oxygen saturated atmosphere that ranged from 1.2 to 4x10* mol

m 2 sec *. These rates were also normalized using BET specific surface area (0.047 m? g *) obtained from a
grain fraction that ranged from 150 to 200 microns. Domeénech et al. (2002) and Cama and Acero (2005)
obtained dissolution rates for a pyritic sludge (75 % wt. of pyrite) at pH 3 and oxygen saturated atmosphere
that were 1x10 *° and 6.3x10 ™ mol m 2 sec*, respectively. These rates were normalized using a BET
specific surface area of 1.1 m? g * and a grain size fraction that ranged from 10 to 50 microns. Cama and
Acero (2005) obtained rates that were slower by a factor of 1.6 than the rates measured by Domeénech et al.
(2002). This difference was attributed to the fact that the attainment of steady state before 1000 h, yielded a
faster dissolution rate, indicating that the derived rate discrepancy stems from the consideration of an early
steady-state condition. Hence, discrepancies between rates measured in bulk dissolution experiments versus
direct VVSI measurements could reflect different experimental-run times and not BET-specific surface area
normalization. Nonetheless, the BET specific surface area is a grain-size dependent parameter. At this point
we can suggest that even though the BET surface area is a good proxy for the pyrite reactive surface and
suitable for normalizing the bulk dissolution rates, the interferometrically derived rates are independent of
particle size altogether, since these are measured by surface retreat of a large, single crystal. Likewise, the
use of geometric surface as reactive surface results in a higher apparent pyrite dissolution rate (e.g. by a
factor of ~2).
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Figure 7. Interferometric data of the pyrite surface (a) and dissolution-rate plots showing the surface regions with
distinct reactivity (black areas): (b) 3 % of the total area with r < 1.7x10"° mol m 2 sec?; (c) 25 % of the total area with
1.7x107%< r <1.7x10°8 mol m 2 sec %; (d) 14 % of the total area with 1.7x10 8 < r < 1.7x10"" mol m 2 sec ™.

Dissolution of sphalerite (De Giudici et al., 2002), galena (De Giudici and Zuddas, 2001; Cama et al.,
2005) and chalcopyrite (Abraitis et al., 2004) was also studied by means of AFM experiments. For galena
and sphalerite, dissolution rates were obtained from local surface spots (5x5 microns) and cleavage



surfaces. The in-situ AFM dissolution rates differed from rates obtained by means of flow-through
experiments by more than one order of magnitude (Cama et al., 2005). However, in all these studies
nucleation and disintegration of S-bearing hillocks controlled the dissolution process. We also observed the
existence of such features on weathered surfaces prior to reaction, that disappeared after dissolution (Figure
9). Because these features are not preserved in our experiments, we argue that it is unlikely that they are
metastable S-bearing phases. We suggest instead that they are remnant parts of the surface that did not
dissolve completely. Considering the spatial and time scales of our VSI measurements, we can neither
confirm nor rule out that the previously suggested mechanism governing sulfide dissolution does not apply
to pyrite at very acidic conditions.
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Figure 8. (Top) Profiles that show the surface before (a) and after the reaction (b). The arrow indicates the reference,
masked part of the surface where the mask was removed (from 190 to 250 um). (Bottom) Variation in total iron
concentration with time in the flow reactor. Steady state was reached after 500 h of dissolution.

Figure 9. Three-dimensional images of (a) initial portion of the surface with scattered hillocks and (b) reacted surface
after 13 d (t1) showing the disappearance of the surface hillocks and the presence of etch pits. Images are 180x190
micrometers. The terrace height in A is 750 nm.

CONCLUSIONS

Vertical scanning white light interferometry was used to study the dissolution of a naturally weathered
pyrite surface under laboratory conditions (pH 1, oxygen saturated atmosphere, undersaturation with
respect to pyrite, and room temperature) for 27 d (648 h). The metallic character of pyrite provided high
light reflectivity, yielding excellent surface images that allow a detailed, high-resolution comparison
between the original weathered and experimentally reacted surface. Such long-term experiments are a
prerequisite to obtain pyrite dissolution rates that are comparable to weathering of pyrite grains under acid
mine drainage conditions. An advantage of using VSI over AFM is its ability to explore surface areas of
millimeter size with nanometer precision in height.



The previously weathered pyrite surface consisted of flat regions devoid of etch pits and regions densely
pitted. Although variation in surface roughness was essentially negligible this surface morphology could
lead to variability in the extent of dissolution.

In the present VSI investigation of pyrite dissolution the stepwave model of the dissolution process,
involving the formation of etch pits, the generation of dissolution stepwaves and a resulting overall surface
retreat is able to account for the dissolution processes observed. An important finding is that surface
reactivity is non uniform over the surface, yielding variation in specific dissolution rates. Rates ranged from
10" mol m~ sec* to undetectable rates. The average dissolution rate was 2.8x10° mol m % sec * at pH 1
and agrees with the absolute rate (3.1x10 ° mol m 2 s ) as well as with select bulk measurements found in
the literature. The pyrite dissolution rate normalized using geometric surface area was 7.2+1.5x10° mol

m %sec’, i.e., a factor of 2 higher. Nevertheless, these results underscore the necessity of direct
measurements as provided by VSI to study pyrite dissolution kinetics.

Current work is underway to study the dissolution of other sulfides using VSI. Detailed inspections of the
reacted surfaces should contribute to elucidate further on mechanisms that seem to control sulfide
reactivity, such as growth of sulfur-bearing hillocks during the dissolution process as was described in
previous studies of sulfide dissolution (De Giudici and Zuddas, 2001; De Giudici et al., 2002; Cama et al.,
2005). In addition much more work needs to be done to understand the influence of factors such as AG and
catalysis of pH, oxygen, Fe(lll) and bacteria governing sulfide dissolution in natural environments.
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