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ABSTRACT

The Diavik Waste Rock Project consists of laboratory scale and field scale experiments with one of
its primary goals being the development of scale-up techniques for the prediction of impacts from
mine wastes on groundwater and surface water. As part of the Diavik project, humidity cell
experiments have been conducted to assess the long term geochemical evolution of the low sulfide
content waste rock. Reactive transport modelling has been used to assess the significant
geochemical processes controlling oxidation of sulfide minerals and subsequent sulfate and metals
release from the humidity cell experiments. The geochemical evolution of effluent from waste rock
with sulfide content of 0.16 wt. % (primarily pyrrhotite) in a subset of the humidity cells was
simulated with the reactive transport model MIN3P under the conceptual model of constant water
flow and that sulfide oxidation is controlled by the availability of ferric iron. Elevated metal
concentrations in the humidity cell effluent were released through sulfide oxidation, which is
controlled by diffusion of ferric iron to the unreacted particle surface and aerobic oxidation of the
released ferrous iron. Elevated sulfate concentrations in solution are influenced by the production
of intermediary sulfur compounds (represented in the model by S°. Comparison of humidity cell
experiments containing rock of varying sulfide content and temperature indicate available surface
area and temperature also play important roles in rates of sulfide oxidation and subsequent sulfate
production. The simulations also indicate that secondary mineral formation affects solute release.
The humidity cell simulations are intended to provide a baseline for future reactive transport
simulations of the larger scale field experiments at the Diavik site.
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INTRODUCTION

An important component of the planning of a mining project is the prediction of waste-rock
effluent quality. The potential for mine waste rock to generate acid and elevated solute
concentrations in effluent and the associated long term effects to the surrounding environment are
often characterized using laboratory scale humidity cell experiments (Lapakko, 2003; Ardau,
Blowes & Ptacek, 2009; Sapsford et al.,, 2009). The subsequent prediction process commonly
involves the extrapolation of contaminant leaching rates derived from humidity cell experiments
using empirical scale factors. The resulting scaled leaching rates are used to assess the potential for
poor quality effluent from full scale waste-rock piles (commonly referred to as scale-up). Scale
factors often include parameters understood to influence effluent quality such as pH, grain size,
moisture content, temperature, oxygen availability and mineral surface area and volume (Kempton,
2012). The empirical scale factor method is often rendered incapable of accurate effluent quality
prediction since site specific heterogeneities that arise during scale-up such as variability in flow
mechanisms and geochemical reaction mechanisms are difficult to model given the simplified
parameters. Reactive transport modelling has the potential to address some of the complexities
associated with scale-up by providing a detailed, mechanistic, and quantitative approach to
assessing effluent quality that encompasses the capability to take site specific processes into
consideration.

The reactive transport model MIN3P (Mayer, Frind & Blowes, 2002) is used to simulate the
weathering of waste rock to allow assessment of the primary geochemical processes involved. This
article presents a conceptual model of pyrrhotite weathering in low S waste rock using the results
of humidity cell effluent quality sampling and the resulting estimated weathering rate, and
mineralogical and hydraulic properties from the humidity cell experiments and field scale
experiments. The simulations are intended to provide a comprehensive geochemical conceptual
model that will later be included in modelling of larger scale field experiments.

HUMIDITY CELL METHODOLOGY

As part of the Diavik Waste Rock Project (DWRP), 36 humidity cell experiments were conducted at
the University of Waterloo over a period of approximately six years using representative run of
mine waste rock collected at Diavik Diamond Mine (Diavik). The experiments were designed to
assess the primary geochemical mechanisms controlling effluent quality from waste rock piles at
the mine site. The primary sulfide mineral present in the waste rock is pyrrhotite wherein minor
substitution of Ni and Cu for Fe has occurred in the following approximate ratio:
[Feo.s52Ni0.004Co0.001S] (Jambor, 1997). Given the relatively low sulfide content of the waste rock, the
humidity cell experiments were used to assess the potential for acid generation as well as increased
concentrations of solutes such as sulfate [SOs], Fe, Ni, Cu, and Zn.

The Diavik waste rock used in the humidity cell experiments was collected in 2004 and 2005 and
includes approximately 75 % granite (primarily quartz [SiOz], k-feldspar [KAISisOs], and albite
[NaAlSizOs]), 14 % pegmatitic granite, 10 % biotite schist, and 1 % diabase (Blowes & Logsdon,
1998; Langman et al., 2014). The biotite schist is composed primarily of albite (35-55 %), quartz (20—
50 %), and biotite [KMg2FeAlSizO10(OH)z] (10-25 %) and contains a mean sulfide content of 0.24 wt.
% S (Langman et al., 2014). Static testing was conducted on each of the humidity cell samples to
determine S and C content (Langman et al., 2014). Other sulfide minerals present in the waste rock
include minor amounts of chalcopyrite [CuFeS], sphalerite [ZnS], and pentlandite [(Ni,Fe)sSs]. The
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waste rock is sorted into three types according to sulfur content (Type I < 0.04 wt. %, Type 11 0.04 to
0.08 wt. %, and Type III > 0.08 wt. % S) (Smith et al., 2013).

Each humidity cell contained 1 kg of Type I, Type II, or Type III waste rock, through which
deionized water was flushed at a rate of 500 mL-wk. Once per week water was added to the cells
and held for approximately one hour then allowed to drain from the cells. Draining of the cells
typically lasted four to six hours and was followed by periods of dry air flow (three days at <10 %
relative humidity) and humid air flow (three days at > 95 % relative humidity) lasting the
remainder of the week (Langman et al., 2014). The experiments followed the American Society for
Testing and Materials (ASTM) method for humidity cell testing (ASTM, 1996) with increased
flooding in the early stages according to the ASTM method modification described by Lapakko and
White (2000). Duplicate sets of humidity cell experiments were conducted at two control
temperatures (one set at approximately 22 °C and one set at approximately 5 °C).

CONCEPTUAL MODEL

The conceptual model presented here was based on the Type III (sulfide content of 0.16 wt. %),
room temperature humidity cell experiments conducted as part of the DWRP and described by
Langman et al.,, 2014. Because of the abundance of oxygen and moisture in the system, sulfide
oxidation has been posited to be the significant geochemical process contributing to elevated
concentrations of sulfate, Ni, and Co in the humidity cell effluent. Water flow through the model
domain is described as continuous infiltration at a rate of 500 mL-wk. Although the addition of
water to the cells was conducted as flooding events (i.e. 500 mL over the period of a few hours),
continuous infiltration was assumed to be a reasonable approximation because weekly flooding
and limited evaporation during the dry air influx period did not likely result in significant moisture
content reduction.

The oxidation of pyrrhotite was represented by a series of three primary reactions designed to
simulate the reaction pathways for sulfide mineral oxidation outlined by Schippers & Sand (1999)
and Rohwerder et al. (2003). Following the reaction mechanism for sulfide oxidation, ferric iron was
considered as the dominant sulfide oxidizer according to the following overall reaction (Nicholson
& Scharer, 1998; Janzen, Nicholson & Scharer, 2000; Belzile et al., 2004):

Fey xS + (8 — 2x)Fe’* + 4H,0 — (9 — 3x)Fe®* + SO?~ + 8H* (1)

The reaction mechanism presented by Schippers & Sand (1999) and Rohwerder et al. (2003)
includes the polysulfide pathway wherein several partially oxidized S species (primarily S° in the
absence of sulfur oxidizing bacteria) can be produced as the reaction sequence progresses towards
the fully oxidized product SOs. The polysulfide pathway is appropriate for the oxidation of
monosulfides such as pyrrhotite (Schippers & Sand, 1999; Rohwerder et al., 2003). Elemental S was
selected as a proxy for the intermediary components in the MIN3P simulations. Introducing S° as an
intermediary component results in the following reaction sequence (Nicholson & Scharer, 1998)
where equation 2 represents an oxidation process and equation 3 represents an oxidation and
dissolution process:

Fei_x)S + (2 — 2x)Fe** - (3 — 3x)Fe®* +§° (2)

S+ 1.50,(qq) + H,0 > SOF™ + 2H* 3)
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Equations 2 and 3 were ultimately driven in the simulations by the oxidation of Fe?, facilitating the
replenishment of Fe¥ represented by the following reaction (Singer & Stumm, 1970; Schippers &
Sand, 1999; Rohwerder et al., 2003):

Fe?* +0.250,(qq) + H* © Fe* + 0.5H,0 4)

The rate of sulfide oxidation (equation 2) was simulated using the shrinking core model
(Levenspiel, 1972; Wunderly et al., 1996; Mayer, Frind & Blowes, 2002) and was represented in the
model using the following rate expression (after Mayer, Frind & Blowes, 2002):

©)

103S rP Fe3*
Rpoox = — Feo.852Ni0.004C00.001 [(rp_rr)rr] Dpes+ [1_714]

where Rp, ,, represents the rate of pyrrhotite oxidation using the shrinking core model [mol-L-1-d"]
and Sgeg 4e,Nip004Co00017 T o T+ @and Dp,3+represent the reactive surface area [m? mineral-dm= porous
medium], average particle radius [m], unreacted particle radius [m], and effective diffusion
coefficient [m2:s?] of Fe3 to the unreacted surface, respectively.

In addition to chemical oxidation processes, microbial populations play an important role in the
oxidation of sulfide minerals (Nordstrom & Southam, 1997; Blowes et al., 2003). Most probable
number bacteria count data from the DWRP humidity cell experiments (Langman et al., 2014)
indicates that neutrophilic sulfur oxidizing bacteria (nSOB) were the dominant microbiological
catalyst in the system. As a result, biotic oxidation was represented in the rate expressions
associated with equations 3 and 4 by simulating the increase in reaction rate with increasing
substrate (in this case Fe?* and S°) concentration to represent the increase in microbial activity.

The rate of ferric iron production (equation 4) was simulated using the rate expression (after Singer
& Stumm, 1970; Mayer, Frind & Blowes, 2002; Roden, 2008):

Rpert_pes+ = =S[kpo2e _poa+[Fe* [ Ozaq)| + Kzp2s _poat[Fe**1[ Oa(aq [IOH 1]

_k3 [Fe?*] ] (6)

Fe?*—Fe3* |k 1 [Fe2+]

The first two terms in equation 6 represent the chemical oxidation of Fe?* by aqueous oxygen where
Rpe2+_pes+ rtepresents the rate of Fe? oxidation [mol'L1-dl] and S, kp,e+_p,s+, and k2 2+ g 3+
represent a scaling factor [-], the reaction rate constant for pH < ~ 3.5 [L-mol-d"] (Singer & Stumm,
1970), the reaction rate constant for pH > ~ 4.5 [mol-L1-d"] (Singer & Stumm, 1970), respectively.
The third term in equation 6 represents the biotic oxidation of Fe?* by microbes where kJ,2+_p,s+
and K represent the reaction rate constant [mol-L-1-d'] and half-saturating constant [mol-L],

respectively.

Sulfate concentrations in humidity cell effluent were simulated by the bioitic oxidation of S° to SO
according to the reaction stoichiometry in equation 3. The rate of S° oxidation is dependent on the
presence of both oxygen and the S® however, due to the abundance of oxygen in the system only S°
is represented in the following rate expression (after Roden, 2008):

s0
Rgo_so, = —kso_so, [KS[+[S]O] )

where R;o_g,, represents the rate of biotic S° oxidation by [mol-L1-d?] and kgo_g,,and K represent
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the reaction rate constant [mol-L--d'] and half-saturating constant [mol-L'] respectively.

Minor constituent sulfide minerals chalcopyrite, sphalerite, and pentlandite, were also included in
the simulations undergoing oxidation by Fe’* according to the shrinking core model (equation 5,
Table 1). Additional primary minerals were simulated to dissolve as surface controlled reactions
(Table 1) according to pH dependent (calcite, biotite, muscovite, and albite) or transition state rate
expression (k-feldspar and quartz).

Secondary minerals (primarily iron-bearing oxides and hydroxysulfates) are expected to precipitate
in association with the oxidation of sulfide minerals (Blowes et al., 2003; Jambor, 2003). Several
secondary minerals were added to the system based on saturation index analysis conducted using
Type III, room temperature humidity cell effluent chemistry data in conjunction with the
geochemical speciation software PHREEQC (Parkhurst & Appelo, 1999). The saturation index
analysis indicated that minerals ferrihydrite [Fe(OH)s], jarosite [KFe3(504)2(OH)¢], and gibbsite
[Al(OH)s] were supersaturated in the humidity cell effluent at various points of the experiments.
These minerals were allowed to precipitate or dissolve during the simulations according to
equilibrium controlled rate expressions. Amorphous silica [SiOz2@am)] was also allowed to precipitate
according to an equilibrium controlled rate expression to prevent excess Si build up.

Table 1 Reaction stoichiometry used in sulfide weathering simulations

Mineral Primary Minerals logK
. Feo_gsz Ni0_004C00_001S + 1.714Fe3+
(1) pyrrhotite - 2.566Fe?* + 0.004Ni?* + 0.001Co?* + S° -
i ZnS + 2Fe3* — 2Fe?* + Zn?* + S0 _
(2) sphalerite
(3) chalcopyrite FeCuS, + 4Fe3* — 5Fe?* + Cu?* + 25° -
(4) pentlandite Fe, sNiz 6C000Sg + 18Fe3t - 22.5Fe?* + 3.6Ni** + 0.9Co?* +85°  —
(5) calcite CaCO; — Ca2* + CO%™ -8.48
. KMg,Fe(AlSiz040) (OH), + 10H*
6 b tit 2 3Y10 2
(6) biotite S K* + 2Mg2* + Fe2* + AP+ + 3H,5i0, -
(7) muscovite KAl, (AlSi;0,4)(0H), + 10H* - K* + 3AI3* + 3H,Si0, -
(8) k-feldspar KAISiOg + 4H,0 + 4H* - K* + A3t + 3H,Si0, 0.08
(9) albite NaAlSi;0g + 4H,0 + 4H* > Na* + A3* + 3H,Si0, _
(10) quartz Si0; + 2H,0 — H,Si0, -3.98

Secondary Minerals

(11) ferrihydrite Fe(OH)3(am) + 3H* & Fe3* + 3H,0 4.89
(12) jarosite KFe3(S0,),(OH) + 6H* & K* + 3Fe3*+ + 2502~ + 6H,0 921
(13) silica (am) Si0z(am,gny + 2H,0 © H,Si0, -3.02
(14) gibbsite AI(OH)3(am) + 3H* & A3* + 3H,0 811
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Table 2 Stoichiometry used in intra-aqueous reactions

Primary Components Intra-aqueous Reactions log K
(1) Fe(IT)/Fe(III) Fe?* +0.250;(4q) + H* & Fe3* 4+ 0.5H,0 -
(2) SO«2/HS- HS™ + 205(aq) < SO;~ + H* -138.38
(3) S°- SO«* S +1.505(aq) + H,0 - SO~ + 2H™ -
MODEL PARAMETERS

The humidity cell experiments were conducted in cylinders with diameter of approximately 0.1 m
resulting in an average height of waste rock of 0.1 m. Flow through the humidity cells was
simulated as a 1-D column with the vertical domain set at 0.1 m, discretized into 100 1 mm control
volumes. The simulations were run for a 2240 d period corresponding approximately to the data set
available as of September 2014. Because atmospheric air (humidity adjusted) was used for the air
flow portions of the experiment and the infiltrating deionized water was not isolated from
atmospheric conditions, the cells were assumed to be in equilibrium with atmospheric oxygen and
carbon dioxide at all times. The temperature of the simulations was set at 22 °C to be consistent
with the conditions of the experiments. Flow parameters (Table 3) including porosity, hydraulic
conductivity, and soil hydraulic function parameters were based on the work of Neuner et al., 2013
or by analysis of humidity cell data; dispersivity along the 0.1 m flow path was ignored. Mineral
weight percent (Table 4) for pyrrhotite, calcite, biotite, muscovite, k-feldspar, albite, and quartz
were calculated based on the general waste rock content documented by Jambor (1997), with values
for chalcopyrite and sphalerite estimated from the molar ratios of Cu*? and Zn*? to Ni*? in humidity
cell effluent. The resulting estimates for the weight percent of chalcopyrite and sphalerite were
consistent with values estimated by Bailey (2013). The weight percent for pentlandite was
calibrated as part of the simulations. The initial volume fractions of secondary minerals expected to
precipitate were set to an arbitrary low value (i.e. 1 x 1019).

Table 3 Physical parameters used in simulations

Parameter Value
hydraulic conductivity (m-s?) 2.5x 10+
a (m1) 8.8
van Genuchten soil hydraulic parameters
n 1.7
flow rate (m-s™) 1.0x10°
Porosity 0.26
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Table 4 Composition of waste rock

Mineral wt. %
pyrrhotite 0.171
chalcopyrite 0.01
sphalerite 0.011
pentlandite 0.011
calcite 0.071
biotite 7.0?
muscovite 2.3
k-feldspar 38.02
albite 20.32
quartz 30.42

'Based on results of static testing with adjustment during calibration phase of model.

2Based on results of Jambor 1997

Dissolution and precipitation reactions involving primary minerals were kinetically controlled and
irreversible (with the exception of calcite, which was simulated as a reversible reaction). Secondary
mineral precipitation and dissolution reactions were kinetically controlled and reversible.

RESULTS AND DISCUSSION

To evaluate the conceptual model and assess the resulting simulations, the output of the MIN3P
simulations were optimized for best fit to measured effluent concentrations of selected solute
parameters from the Type III, room temperature humidity cells. All hydraulic parameters were
fixed during the optimization process. Initial elevated concentrations of SOs and cations were not
considered since they were likely a result of the initial blasting process (Bailey et al., 2013).
Subsequent to the initial flush of blasting residuals, measured solute concentrations increased from
relatively low concentrations to peak concentrations over a period of ten to approximately 24 weeks
depending on the parameter (SOs concentrations peaked at approximately ten weeks whereas Ni2*
and Co?* concentrations peaked at approximately 24 weeks).

To assess the general applicability of the simulations to other humidity cells and field scale
experiments, the simulated rate of sulfide oxidation was compared to the rate of sulfide oxidation
for the Type III waste rock calculated using the concentrations of SOs in the Type III, room
temperature humidity cell effluent by Langman et al. (2014) (Figure 1). The good fit over most of
the simulated period indicates that the model captures the general rate of oxidation suggesting a
reasonable approximation of the overall sulfide oxidation process at the laboratory scale.
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Figure 1 Rate of sulfide oxidation [mol-m?-s7] versus time [weeks] as estimated from measured SO
concentrations in humidity cell effluent compared to MIN3P sulfide oxidation simulation results

To assess specific processes, the measured effluent concentrations of SO4,Ni*, and Co?*" from the
Type III humidity cells are compared to the simulation results (Figure 2). The effective rate
constants for non-sulfide minerals were used to calibrate the simulations to allow best fit to the
measured effluent chemistry data. For sulfide minerals, the reactive surface area was used to
calibrate the simulations.
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Figure 2 Concentrations of sulfide oxidation products SOs, Ni?*, and Co?* [mol-L] versus time [weeks]
measured in humidity cell effluent compared to aqueous concentrations exiting the simulation domain

Simulated sulfate concentrations show a good fit to the measured data throughout the modelled
period indicating an initial increase to peak concentrations at approximately ten weeks followed by
a monotonic decrease. These trends are simulated through changes in the rates of microbially
mediated oxidation reactions and available reactive surface area, as described by the shrinking core
model.
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Simulated Ni** and Co?* concentrations followed a pattern generally similar to SOs, with peak
concentrations occurring slightly later than the sulfate concentration peak (Ni?* and Co?*
concentrations peaked at about 24 weeks). The later peak concentrations of cations are attributed to
slower oxidation rates for pentlandite when compared to the oxidation rate of pyrrhotite.

CONCLUSIONS

The general agreement between the simulated solute concentrations and the measured humidity
cell concentrations indicates a reasonable conceptual geochemical model has been put forward for
the oxidation of sulfides contained in Diavik waste rock. The major components controlling
oxidation of the sulfide minerals were identified by the modelling study to be the biotic influence
on the rate of S° oxidation and the available reactive surface area of sulfide minerals. Further work
is required to identify the major controls on iron concentrations and biotite dissolution rates, which
will facilitate use of the geochemical conceptual model for the field scale experiments that are part
of the DWRP.

ACKNOWLEDGEMENTS

Funding for this research was provided by a Collaborative Research and Development Grant from
the Natural Sciences and Engineering Research Council of Canada (NSERC) awarded to D.W.
Blowes, Principal Investigator; Diavik Diamond Mines, Inc.; the International Network for Acid
Prevention; and the Mine Environment Neutral Drainage Program.

NOMENCLATURE

Rpoox rate of pyrrhotite oxidation

SFeg 552Ni0 004C0.001 reactive surface area

rP average particle radius

r’ unreacted particle radius

D3+ effective diffusion coefficient of Fe*? to the unreacted surface
Rpo2+_po3+ rate of Fe*? oxidation

Kpo2t_poat reaction rate constant for pH <~ 3.5
kZo2t_poa+ reaction rate constant for pH > ~ 4.5
S scaling factor

kf. o2+ g3+ reaction rate constant

K half saturating constant

Rs“—so4 rate of S° oxidation

kso_so, reaction rate constant
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