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Abstract:

 A five-year, humidity-cell experiment was used to study the weathering evolution of a low-sulfide, granitic waste rock at 5 and 22 °C. Only the rock with the highest sulfide content (0.16 wt %) released sufficient acid to overcome a limited carbonate acid-neutralization capacity and produce a substantial decline in pH. Leached SO4 and Ca quickly increased then decreased during the first two years of weathering. Sulfide oxidation continued to release acid and SO4 after carbonate depletion, resulting in an increase in acid-soluble elements, including Cu and Zn. With the dissolution of Al-bearing minerals, the pH stabilized above 4, and sulfide oxidation continued to decline until the end of the experiment. The variation in activation energy of sulfide oxidation correlates with changes in sulfide availability, where the lowest activation energies occurred during the largest releases of SO4. A decrease in sulfide availability was attributed to consumption of sulfide and weathered rims on sulfide grains that reduced the oxidation rate. Varying element release rates due to changing carbonate and sulfide availability provide identifiable geochemical conditions that can be viewed as neutralization sequences and may be extrapolated to the field site for examining the evolution of mineral weathering of the waste rock.
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1. Introduction

The oxidation of sulfide minerals in waste rock can produce acid rock drainage (ARD), which is characterized by low pH, elevated SO4 concentrations, and the mobilization of elements such Co, Cu, Fe, Ni, and Zn that are typically less mobile under neutral pH conditions [1,2,3]. The Diavik Waste Rock Project is a multidisciplinary research program implemented to examine the potential for ARD in an Arctic region through the study of the weathering of various laboratory and field samples of a low-sulfide, run-of-mine waste rock. A significant part of the project was a long-term (years), humidity-cell experiment to examine the generation of ARD, acid neutralization, and element release rates from the accelerated weathering of small-scale samples of waste rock under different temperatures. Insight into the mobilization/immobilization of oxidation products assists in understanding the generation of ARD, which may occur over periods of years to decades to centuries [2,4,5,6]. The utility of this long-term, humidity-cell experiment is the identification of possible changes in leachate chemistry due to changes in the availability of acid-generating and acid-neutralizing minerals that provide a temporal trend of neutralization sequences for evaluation of field conditions.

A weathering or release rate is the rate at which primary minerals are transformed to secondary minerals or dissolved reaction products, congruently or incongruently, with release of elements [7]. Predicting field conditions from humidity-cell results can be difficult because of coupled and sustained biogeochemical processes in the field that create a more complex environment than can be reproduced in the laboratory [2,8,9,10,11]. Although, the fine fraction material (<6.3 mm) used for humidity cells is representative of the grain-size fraction likely to undergo the greatest weathering in the field because of the large available reactive surface area in the these grains [12,13]. The purpose of the humidity-cell experiment was to examine release rates and evaluate the temporal change of the geochemical environment on the humidity-cell scale and how this might be related to field conditions.

With the exposure of sulfide minerals such as pyrrhotite [Fe(1−x)S] to moisture and oxygen, oxidation will produce Fe2+, SO4, and H+ (Equation (1)).



Fe(1−x)S + (2−1/2x)O2 + xH2O → (1−x)Fe2+ + SO42− + 2xH+



(1)




Oxidation of Fe2+ to Fe3+, followed by hydrolysis and precipitation of ferric (oxyhydr)oxides represented here as Fe(OH)3, may occur with additional oxygen and water (Equation (2)).


4Fe2+ + O2 + 10H2O → 4Fe(OH)3(s) + 8H+



(2)




Numerous intermediary or end products, such as goethite [α-FeO(OH)], lepidocrocite [γ-FeO(OH)], akaganéite [β-FeO(OH)], ferrihydrite [(Fe2O3·0.5H2O], magnetite [Fe2+Fe3+2O4], and hematite [Fe2O3], are possible with oxidation of Fe2+. The oxidation of Fe2+ produces additional acidity, although this reaction is influenced by Fe3+ mineral speciation and pH and generally requires an oxic environment [14].
Dissolution of minerals such as calcite [CaCO3], Al and Fe hydroxides, and aluminosilicates are common acid-neutralizing reactions observed in mine wastes [3,15]. These minerals are consumed at different rates according to their reactivity—aluminosilicate (e.g., feldspars) dissolution begins at near neutral pH, but the weathering rate is substantially slower compared to carbonate weathering [16]. Carbonate dissolution rates [17] generally are higher than oxidation-dissolution rates of sulfides such as pyrrhotite [18], but the neutralization capacity of the carbonate system will be limited by the mineral concentration and availability in the rock compared to sulfide minerals [3]. The variation in availability of acid-producing and acid-neutralizing minerals and their different reactivities produces acid-neutralization sequences where different minerals become the dominant acid neutralizer as mineral availability changes [3,6,12,15].



2. Site Description

The Diavik Diamond Mine (Diavik) is located on an island in Lac de Gras in the Northwest Territories, Canada (Figure 1). The Diavik site is located in the Canadian Arctic—a permafrost, polar-climate region with an annual precipitation of less than 300 mm (40% as rain, 60% as snow), and mean annual minimum, average, and maximum temperatures of −31, −9, 18 °C, respectively [19]. Open-pit and underground mining has been used to access diamond-bearing kimberlite ore. The waste (gangue) rock is composed of about 75% granite, 14% pegmatitic granite (pegmatite), 10% biotite schist, and 1% diabase dykes [20]. The granites are primarily quartz [SiO2], K-feldspar [KAlSi3O8], and albite [NaAlSi3O8], with greater albite in the granite and greater K-feldspar in the pegmatite [21]. The biotite schist is composed primarily of albite (35%–55%), quartz (20%–50%), and biotite [KMg3AlSi3O10(OH)2] (10%–25%) and has a mean sulfide content of 0.24 as wt % S (range of 0.02–0.42 wt % S). The sulfide is largely pyrrhotite (typically 100–200 µm) with traces of pyrite [FeS2], chalcopyrite [CuFeS2], and sphalerite [(Zn,Fe)S]. Diavik waste rock is segregated prior to disposal according to total S content: Type I, <0.04 wt %; Type II, 0.04 to 0.08 wt %; and Type III, >0.08 wt %.

Figure 1. The Diavik Diamond Mine is located on East Island in Lac de Gras, 300 km northeast of Yellowknife, Northwest Territories, Canada, and 220 km south of the Arctic Circle (photo courtesy of Diavik Diamond Mines, Inc., Yellowknife, Northwest Territories (NWT), Canada).
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3. Methods

The humidity-cell experiment consisted of two six-cell sets—one at ambient-room temperature (mean of 22 °C, range of 20–24 °C) and one at cold-storage temperature (mean of 5 °C, range of 4–7 °C)—with two replicate samples of the three rock types in each cell set. Samples of all three rock types (I, II, and III) were collected in October 2004 within 2-days of initial excavation. Waste rock samples were collected through a random selection method using power equipment and/or a shovel per standard practice for sampling aggregates [22], and the samples were subsampled for laboratory use per American Society for Testing and Materials (ASTM) standards [23,24,25]. Replicate samples were sent to three commercial laboratories for repeated static testing (acid-base accounting [26,27,28]) including whole-rock analysis for metal-oxide concentrations, paste pH, neutralization potential (NP), acid production (AP), S and C content, and net-acid generation (NAG). The physical characteristics of grain-size distribution, mean surface area (Brunauer–Emmett–Teller (BET) method [29]), and slake durability [30] were analyzed to evaluate potential weathering characteristics. Samples for humidity-cell construction were sieved to <6.3 mm and dried. Each cell was loaded with 1 kg of waste rock. For data analysis, replicate data sets were combined into single data sets for Type I, II, or III rock at ambient-room (warm) and cold-storage (cold) temperatures.



Prior to cell construction, the presence or absence of Fe- and S-oxidizing bacteria was determined for each rock type. Bacterial enumeration [31] was performed through a 10-fold dilution series of specific media cultures (Fe-oxidizing, neutrophilic S-oxidizing, and acidophilic S-oxidizing) with 1 g of rock inoculated into 5 replicates for each media. The rock samples were unaltered subsamples of the rock used for the humidity cells, and the samples had been cold preserved for preservation of the microbiological community. All inoculated media were incubated for four weeks [32] at room temperature (20‒24 °C). The probability that colony-forming bacteria were or were not present in the diluted samples was based on visible bacteria and changes in pH and color compared to a blank dilution series [33].

The weathering cycle for the humidity-cell experiment was based on a weekly schedule of flooding (drip introduction of deionized water), dry air, and wet air [34]. During each week, flooding of the cells with deionized water for leachate sample collection was followed by a 3-day dry period (<10% relative humidity (RH)) and a 3-day wet period (>95% RH). During week 0, the initial flooding consisted of three consecutive 500 mL of water with a leachate sample collected after each flooding. For weeks 1‒3, the same flooding/dry air/wet air cycle was used, but two 500-mL floodings were introduced. From week 4 onward, the weathering conditions were standardized to a single 500 mL flooding followed by the same dry-air/wet-air cycle. The residence time of the flooding of each cell was generally about one hour, followed by draining of the cells. The same weekly cycle occurred through the duration of the experiment, although analysis of the leachate was adjusted to longer intervals as the experiment progressed—one week to two weeks to one month to multiple months.

The leachate was analyzed for pH, Eh, and specific conductance with Orion 3-Star meters/probes and filtered (0.45 μm) for analysis of alkalinity, cations, and anions. Alkalinity was determined using a Hach digital titrator, 0.16 N H2SO4, and bromocresol green/methyl red indicator. Dissolved cation concentrations were determined using an iCAP 6000 ICP-OES (Thermo Scientific, Waltham, MA, USA) and an X-Series 2 ICP-MS (Thermo Scientific). Anion concentrations were determined using a Dionex DX600 IC (Thermo Scientific). Quality control and accuracy were checked with instrument blanks, replicate samples, and calibration standards over the course of the experiment.



4. Results and Discussion


4.1. Waste Rock Characteristics

Differences in physical characteristics of the rock types, such as mineral surface availability, will influence oxidation reactions and alter element release rates. Biotite has a low mineral hardness and provides ready fracture and cleavage planes compared to predominant minerals within the granite. Therefore, Type III rock, containing more biotite schist, should weather to smaller grain sizes with a greater surface area faster than the more granitic Type I and II rocks. Results of the grain-size analysis indicate that the Type III rock contained a greater fraction of finer grains (smaller D10; Table 1) likely as a result of greater disintegration during mining. The Type III rock also had the largest surface area (Table 1). Additionally, Type III rock produced the lowest slake durability value (Table 1) indicating it is the weakest of the three rock types; however, the standard deviation for the three replicate samples of each rock type (35.3 ± 2.1 for Type I, 34.2 ± 0.5 for Type II, 33.5 ± 0.3 for Type III) indicates a variability that lessens the distinction between the rock types. Such physical characteristics of the rock suggest that mining and disposal of the Type III rock should produce finer grains and greater surface area for weathering compared to the more competent Type I and II rock.

Table 1. Grain characteristics, metal oxide concentrations, and acid-base accounting results for run-of-mine samples collected in 2004 from Diavik Diamond Mine, Northwest Territories, Canada: D50, median particle size; D10, particle size at which 10% of the grains are smaller; Slake durability, average slake durability index for <6.3-mm particles; NP, neutralization potential; AP, acid generation potential; NAG, net acid generation.









	Constituent
	Units
	Type I 1
	Type II 1
	Type III 1





	D50
	μm
	2400
	2800
	2750



	D10
	µm
	150
	150
	130



	Mean surface area 2
	m2·g−1
	1.21
	0.73
	1.62



	Slake durability 3
	%
	35.3
	34.2
	33.5



	S
	wt %
	0.02
	0.02
	0.18



	Sulfide
	wt %
	0.03
	0.03
	0.16



	SO4
	wt %
	<0.4
	0.01
	0.02



	C
	wt %
	0.05
	0.03
	0.03



	Carbonate
	wt %
	0.06
	0.03
	0.04



	SiO2
	wt %
	67.6
	67.8
	66.5



	Al2O3
	wt %
	15.8
	15.6
	16.3



	Fe2O3
	wt %
	3.9
	4.0
	4.2



	MgO
	wt %
	1.3
	1.6
	1.6



	CaO
	wt %
	0.7
	0.8
	0.9



	K2O
	wt %
	5.5
	5.2
	4.7



	MnO
	wt %
	0.06
	0.04
	0.04



	Paste pH
	
	8.36
	8.26
	7.8



	NP
	kg CaCO3 t−1
	9.32
	9.17
	9.34



	AP
	kg CaCO3 t−1
	0.41
	0.65
	4.91



	Net NP
	kg CaCO3 t−1
	8.9
	8.53
	4.42



	NP/AP
	ratio
	22.7
	14.1
	2.1



	NAG
	kg H2SO4 t−1
	0.08
	0.49
	4.50





Notes: 1 S content—Type I < 0.04 wt %, Type II = 0.04 to 0.08 wt %, Type III > 0.08 wt %; 2 Mean surface area calculated by the BET method [29]; 3 Slake durability index lists material in the range of 0%–25% as very low, 25%–50% as low, 50%–75% as medium, 75%–90% as high, 90%–95% as very high, and 95%–100% as extremely high for material to resist weathering and abrasion.




The distribution of oxide concentrations (Table 1) indicates a similar gross composition of the three rock types. The Type III rock contained five times more sulfide than the Type I and II rocks. The relatively low sulfide content of the Type II rock estimated using the static test is in contrast to its operational categorization (0.04 to 0.08 wt % S). All of the rock types contained small concentrations of carbonate minerals (≤0.06 wt %). The aluminosilicate minerals comprising the large majority of the rock (quartz, K-feldspar, and albite) have low acid neutralization potentials. On a comparative scale with calcite representing 100% neutralization, quartz (0%), K-feldspar (0.1%), and albite (0.1%–0.5%) have negligible neutralization capacities [35,36,37]. The AP of the sulfide and NP of the carbonate provide a means of evaluating the potential for ARD (NP:AP ratio or neutralization potential ratio (NPR)). Rock with an NPR of less than 1 is considered potentially acid generating, and an NPR of 2 or greater is considered not potentially acid generating [38]. Ratios between 1 and 2 are considered uncertain for acid generation. The Type I and Type II rocks have NPRs that indicate the unlikely generation of ARD, and the Type III rock ratio is within the range of uncertainty (Table 1).



4.2. Leachate Characteristics

The highest concentrations of total dissolved solids (measured by specific conductance) for all rock types occurred during the first weeks of the experiment because of very-fine particles (potential to pass through the cell filter media) and highly reactive fresh-mineral surfaces as a result of mining [39,40,41]. This effect was anticipated and an increased number of column floodings was implemented for weeks 0, 1, 2 and 3 according to Lapakko and White’s [42] modification of the ASTM method [34]. Following the initial release of very-fine particles and early weathering products, the highest concentrations of dissolved solids were observed in the leachate from the Type III rock, particularly in the warm cells (Figure 2). The weathering rate of the Type III rock remained elevated compared to the Type I and II rock for the duration of the experiment.

Figure 2. Temporal variation (moving average trendline of a 10-data point window) of the specific conductance of leachate from warm and cold humidity cells and specific conductance ratio of warm and cold Type III waste rock leachate.
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Acid neutralization by carbonates in Type III rock was expected to be short in duration due to the relatively higher sulfide content of the rock (0.16 wt %, Table 1) and its low carbonate content (0.04 wt %). Following carbonate depletion, the primary acid-neutralizing mechanisms typically are the dissolution of Al and Fe hydroxides and reactive aluminosilicate minerals [15]. Dissolution of Fe hydroxides provides little neutralizing capacity in a pH environment greater than 4 [43]. The pH of the Type III warm and cold leachate reflected such a sequence of acid neutralization reactions (Figure 3). The pH declined in the Type III cells because the carbonate content was not sufficient to neutralize all the acid generated from sulfide oxidation, and the pH decreased rapidly until it stabilized in the 4‒4.5 range. Following a period of relatively stable pH (between weeks 50 and 100), acid generation appeared to weaken as pH rose to the 4.5‒5 range in the Type III warm and cold cells (Figure 3). Type I and II rock also produced initial large releases of dissolved solids (Figure 2), but neither produced a declining pH environment similar to the Type III rock (Figure 3). The lack of a substantial decline in pH for the Type I and II leachate is indicative of the smaller sulfide content and sufficient acid neutralization by carbonate minerals to maintain a near-neutral pH. Results from the Type II cells indicate a relatively small decrease in pH (minimum of 5.5) from weeks 25 to 75, which is still within the acid neutralization range for carbonate minerals.

Figure 3. Temporal variation (moving average trendline of a 5-data point window) of the pH of leachate from the warm and cold humidity cells.
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Results from the Type III cold cells indicate a lower weathering rate (Figure 2) and more limited changes in pH (Figure 3) compared to the warm cells. Warm and cold Type III data show a decrease in pH, but the decrease was delayed and more gradual in the cold cells because of the influence of temperature on reaction rates. The temperature dependence of sulfide oxidation rates can be described by the Arrhenius equation [44], and bacterial abundance and their catalysis of oxidation reactions typically decrease at lower temperatures [45,46]. The difference in reactions rates due to temperature can be examined using specific conductance values as estimates of chemical weathering rates (assuming a lack of physical weathering after the initial flushing that removed products attributed to physical weathering because of mining). The ratio of the Type III warm and cold specific conductance (Figure 2) indicates much stronger weathering initially in the warm cells, which is driven by faster reaction rates. By the 75th week, weathering in the warm and cold Type III cells produced a relatively constant specific-conductance ratio near 1.5. This steady ratio is evidence of the primary effect of temperature on reactions rates, and a loss of other influences such as bacterial catalysis of the reactions.





4.3. Sulfide Oxidation and Acid Neutralization by Carbonate Minerals

The assumptions that SO4 is derived from sulfide oxidation and that Ca is released during carbonate dissolution are reasonable given the absence of other groups of S- or Ca-bearing minerals. Calcite is the primary carbonate (random dispersion of grains similar in size to pyrrhotite) with only minor traces of Mg in the calcite and very little dolomite [CaMg(CO3)2] found in the granite [21]. Carbonates such as magnesite [MgCO3], ankerite [Ca(Mg,Fe)(CO3)2], and siderite [FeCO3] have not been found in Diavik waste rock [21], although such minerals may form as secondary minerals in pore waters with weathering [3]. Dissolution of calcite (Equation (3)) is a near 1:1 acid neutralization reaction with acid generated from pyrrhotite oxidation (Equation (1)).



Ca(CO3) + 2H+ → Ca2+ + H2CO3



(3)




The limited amount of sulfide in the Type I and II rock produced relatively small releases of Ca and SO4 compared to those from the Type III rock (Figure 4). Acid generated from sulfide oxidation in Type III rock produced increasing SO4 and Ca concentrations that peaked between 10 and 75 weeks, with releases from the warm cells peaking earlier than releases from the cold cells. Weathering of the rock in the cold cells also resulted in lower concentrations of SO4 and Ca due to decreased rates of sulfide oxidation at the lower temperature (Figure 4).


Acid-generation/neutralization relations can be examined through a comparison of sulfide oxidation products (primarily SO4) and acid neutralization products (such as Ca from carbonates) [47]. To visualize the change in the relations, the release of SO4 and Ca and associated load accumulations were compared for time intervals of weeks 0–25, 25–50, 50–100, 100–125, 125–150, 150–200, and 200–250, when variation in pH suggest changes in acid generation or acid neutralization (Figure 5). Type I rock contained available carbonate minerals to neutralize the small amount of acid generated through the oxidation of the limited sulfide minerals throughout the experiment, except for the 25–50 week period. No substantial decrease in pH corresponded to the 25–50 week period (Figure 3). The acid generation-neutralization relations for the Type II cells (Figure 5) indicate insufficient carbonate content for acid neutralization, which is reflected in the lower pH values for Type II cells compared to Type I cells during the first 100 weeks of the experiment (Figure 3). The oxidation of the larger mass of sulfide minerals in Type III rock overwhelmed the carbonate acid-neutralization capacity during the first 25 weeks (Figure 3) and resulted in a substantially greater release of SO4 compared to Ca (Figure 5). The differences in acid generation-neutralization relations (Figure 5) can be correlated to the sulfide and carbonate content of the Type I and Type III rock types (Table 1). However, the Type II rock appears to contain more sulfide than indicated by acid-base accounting estimates (Table 1). Such underestimation of sulfide content and potential acid generation is a common issue with static tests, particularly in low sulfide rocks where there is greater uncertainty with such short-term analyses [38]. A comparison of SO4 loads and acid generation-neutralization relations indicates that the Type II rock likely contained 0.05–0.06 wt % S, which is within the content estimated by Diavik screening procedures (0.04–0.08 wt %).

Figure 5. Acid generation-neutralization relations for cumulative loads of Ca and SO4 leached from warm and cold humidity cells during intervals of weeks 0–25, 25–50, 50–100, 100–125, 125–150, 150–200, and 200–250. Week intervals above the neutralization-acidification line indicate continued stable pH conditions (neutralization), and intervals below the line indicate possible decreasing or continued acidic pH conditions (acid generating). Select intervals are highlighted to indicate periods of early or greatest acidification. The Ca and SO4 relations were extended for all intervals to present the acid generation-neutralization relations on a similar scale (not dependent on load amount).
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Figure 4. Temporal variation (moving average trendline of a 7-data point window) of SO4 and Ca in leachate from warm and cold humidity cells.
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4.4. Sulfide Reaction Activation Energy

To further evaluate the effect of temperature and changes on the microbially-mediated oxidation of sulfide, the activation energy of the warm and cold cell reaction rates of sulfide oxidation were calculated using the Arrhenius equation (Equation (4)).
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(4)




where Ea is the activation energy (kJ·mol−1), R is the universal gas constant (8.314 × 10−3 kJ·mol−1·K−1), and T1 and T2 are temperatures (K) at the respective times of the observed rate constants (k1 and k2 in mol·m−2·s−1). Pyrrhotite grains in the schist typically range from 50 to 200 µm [21]. Janzen et al. [18] found the surface area of pyrrhotite with grain diameters between 125 and 180 µm to range from 0.17 to 2.1 m2·g−1; the larger surface areas were attributed to fractures, similar to those observed in Diavik pyrrhotite (Figure 6). Given the possible fractured nature of the pyrrhotite and an estimated median grain size near 125 µm, a surface area of 1 m2·g−1 was selected for calculating the oxidation rate based on SO4 discharged from the humidity cells. The total surface area available was adjusted according to the total mass available for weathering as calculated from the wt % S (Table 1) and a reduced total mass available each week by subtracting the accumulated S discharged from each cell.
The variation in activation energy of sulfide oxidation for the various rock types correlates with anticipated changes in likely sulfide availability (Figure 7). The largest concentrations of SO4 in leachate from the Type I and III humidity cells occurred during a decline in activation energy when sulfide availability was the greatest and oxidizing bacteria likely were available to catalyze the reaction; oxygen and sulfide availability promote bacterial growth and activity, which will accelerate the oxidation reaction and production of SO4 [3]. Excluding the first part of the experiment, which was influenced by the flushing of initial SO4 formed during mining, a maximum oxidation rate of 7.7 × 10−10 mol·m−2·s−1 was observed in week 11 from the warm Type III cells, and a maximum rate of 3.5 × 10−10 mol·m−2·s−1 was observed during week 44 for the cold Type III cells. These rates are similar to rates observed by Nicholson and Scharer [48] and Janzen et al. [18] for pyrrhotite oxidation. The smallest activation energies were coincident with the lowest pH conditions (Figure 3 and Figure 7). The low pH of the leachate is a result of the sulfide oxidation reaction and cannot be viewed as a cause. However, low pH conditions can be considered an augmenting influence on continued oxidation due to the enhanced weathering and solubility of Fe3+—an important oxidant of pyrrhotite [3]. The decrease in activation energy (increase in pH) for all rock types near the end of the experiment is a result of depletion of available sulfide, which produces similar release rates for warm and cold conditions.

Figure 7. Activation energy of sulfide oxidation in Diavik waste rock calculated from the SO4 concentration in leachate from the warm and cold humidity cells.
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All rock samples contained large amounts of neutrophilic, S-oxidizing bacteria (102 to 107 colony forming units (viable bacteria) per gram for four samples of each rock type); very small amounts of acidophilic, S-oxidizing bacteria for each rock type (<25 colony forming units per gram); and no detectable colony forming units of acidophilic, Fe-oxidizing bacteria. Blowes et al. [49] indicated that neutrophilic bacteria, such as Thiobacillus, typically are the initial oxidizing bacteria. With the formation of acidic conditions, acidophilic species such as Acidithiobacillus thiooxidans and Acidithiobacillus ferrooxidans promote additional oxidation and effectively catalyze the reaction [3]. As the humidity-cell experiment proceeded beyond the period of greatest sulfide oxidation, bacterial populations likely decreased along with readily available sulfide for oxidation, which resulted in decreasing oxidation rates and increasing activation energies after 50 weeks for the Type I rock and 90 weeks for the Type III rock (Figure 7). Activation energies for the oxidation of sulfide in the Type II rock did not conform to the expected early decrease but instead increased until week 50 and then gradually decreased over the remainder of the experiment (Figure 7). This unusual activation energy profile and the underestimation of the sulfide content by static tests indicate a lack of readily available sulfide during the initial stage of the experiment. The Type II acid generation-neutralization relation (Figure 5) and activation energy trend (Figure 7) can be explained by the presence of more sulfide than determined from static tests (Table 1), but this sulfide appears to be less readily available (e.g., greater inhibition by encapsulation, secondary minerals, or further oxidized minerals) compared to that present in the Type I and III rocks.



Figure 6. Example of a fractured pyrrhotite grain in waste rock from the Diavik mining site.
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4.5. Sulfide Oxidation and Acid Consumption by Al-Bearing Minerals

The non-carbonate assemblage in the Diavik waste rock predominantly consists of minerals present in the granite (K-feldspar, albite, and quartz) and biotite schist (quartz, albite, and biotite) [21]. With a depletion of the acid neutralization capacity by carbonate minerals, Al-bearing phases—such as Al(OH)3—contribute to acid neutralization (Equation (5)) and pH may stabilize in the 4 to 5 range [3,38].



Al(OH)3 + 3H+ → Al3+ + 3H2O



(5)




The relatively stable pH (near 4) for the Type III leachate between weeks 50 and 100 (Figure 3) and the increase in dissolved Al concentrations (Figure 8) indicate a chemical weathering pattern of sulfide oxidation and acid neutralization by Al-bearing minerals. The rates of Al release varied according to pH because the dissolution of Al-bearing phases is favored at low pH and H+ competes with such metals for sorption sites. Acid neutralization by Al-bearing phases will occur with the release of Al3+ from more easily weathered minerals such as biotite. Dissolution of aluminosilicates likely will follow a predicted order based on the point of zero charge of the minerals [3], although release rates may decline with element depletion in the reacting layer and rates can approach those of the slowest dissolving ion [50]. The weathering of pyrrhotite and biotite in the schist produced a visible secondary mineral phase (ocherous precipitate) in the Type III cells after the pH dropped below 4.5, although this precipitate dissolved at a later date. The precipitate likely was jarosite ([KFe3(SO4)2(OH)6]; Equation (6)), which is indicative of the dissolution of biotite (K and additional Fe source), Fe2+ to Fe3+ oxidation, and an acidic environment [6,51,52,53,54,55]. Formation of jarosite is an indication of incongruent dissolution of biotite (release of more easily removed elements such K). A pH of near 3 is necessary for congruent dissolution [56].


K+ + 3Fe3+ + 2SO42− + 6H2O → KFe3(SO4)2(OH)6 + 6H+



(6)




The loss of SO4 to secondary mineral precipitation is possible (e.g., through the formation of jarosite), but is not expected to be significant. Substantial losses typically occur with more easily formed minerals such as gypsum [CaSO4·2H2O], but saturation indices calculated using PHREEQC (U.S. Geological Survey, Denver, CO, USA) indicate that the leachate was undersaturated with respect to gypsum throughout experiment.


Acid neutralization by biotite, compared to other aluminosilicates such as K-feldspar, can be examined through a comparison of the release of K and Mg. Both elements are found in biotite, but the elements differ in their crystal location (octahedral sheet compared to the tetrahedral sheet) and bonding environment (monovalent compared to divalent). Potassium is an inter-sheet, weakly-bonded ion that can release into solution at a rate two orders of magnitude greater than Mg during initial and extended weathering [50]. Minor additional sources of Mg include spinel [MgAl2O4], but K is found in greater quantities in the K-feldspar compared to the biotite [21]. A change in the ratio of K/Mg that corresponds to changes in pH reflects changes in mineral source and their reactivity. The K/Mg ratio in leachate from the Type I cells (warm and cold) indicates larger initial ratios with weathering due to the contribution of K from the more easily weathered biotite with correspondingly smaller contributions of Mg (Figure 9). The ratios for the Type II and III rock indicate less pronounced initial peaks and reduced ratios indicating more extensive weathering of the biotite due to greater releases of Mg with increased acidity. Following the lower pH period (after 100 weeks), the K/Mg ratios either stabilized or began to increase. Increasing ratios during this period can be attributed to release of K from the more weathering-resistant but larger K source in the K-feldspar. This K contribution is reflected in the different starting periods of the ratio increase for the Type I and III cells (Figure 9); the increase in K concentrations began substantially earlier (75 to 100 weeks) in the Type III cells than in the Type I cells (about 175 weeks). The increased acidity for the Type III leachate would allow for increased weathering of other aluminosilicates, such as the K-feldspar, as the K release slowed in the biotite because of depletion of K in the reactive layers.

Figure 9. Ratio of K and Mg concentrations (moving average trendline of a 10-data point window) in leachate from warm and cold humidity cells.



[image: Minerals 04 00257 g009 1024]









Figure 8. Temporal variation (moving average trendline of a 3-data point window) of pH and Al in leachate from warm and cold humidity cells containing Type III waste rock, and Cu and Zn in leachate from warm and cold humidity cells containing Type I, II, and III waste rock.
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4.6. Sulfide Availability, Acid Neutralization Sequences, and the Temperature Effect

Changes in acid generation and neutralization in leachate from the Diavik waste rock are evident in the pH trends of the Type III leachate, which can be combined with changes in element release rates to evaluate the effect of temperature, sulfide availability, and acid neutralization sequences (Figure 10). The lower pH during the first year of the experiment in the warm cells (Figure 10) correspond to larger concentrations of Al, Cu, and Zn in solution (Figure 8). The warmer temperature has a compounding effect of increasing chemical reactions and bacteria activity, which results in substantially greater weathering rates (Figure 2 and Figure 10). The moderating influence on weathering at the colder temperature is evident in the less pronounced and shorter duration of lower pH and smaller element release rates (Figure 10).

Figure 10. Temporal variation (moving average trendline of a 3-data point window) of the pH of leachate and consumption of sulfide minerals (as S) through weathering and leaching from Type III rock in warm and cold humidity cells.
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With this low-sulfide granitic waste rock, acid generation was expected to decline during the experiment due to sulfide depletion and decreased sulfide availability with the formation of weathered rims. Pyrrhotite oxidation can result in partial oxidation and dissolution where continued weathering of the sulfide is influenced by the coverage and depth of the alteration front that is composed of weathered rims around the sulfide core [35]. This phenomenon produces polysulfides, other Fe-sulfides, elemental S, and various Fe (oxyhydr)oxides in the weathered rims [18,57,58]. A lessening of sulfide oxidation and acid generation is evident near 100 weeks in the warm and cold Type III cells, as indicated by an increase in pH (Figure 10), which corresponds to the decline in metal release and solubility (Figure 8). Ahonen and Tuovinen [45] suggested that because of the lower activation energy of microbially-mediated oxidation of pyrrhotite compared to other Fe sulfides, the rate-limiting factor is diffusion of reactants and products in weathering pyrrhotite. The decrease in oxidation is the product of rate-limiting weathered rims, which decrease the flux of oxygen to the sulfide and release of oxidation products [59,60]. The lessening of sulfide oxidation and acid generation continued until the end of the experiment in the warm and cold cells, even though more than half of the initial S content was still present in the Type III waste rock by the end of the fifth year of the experiment (Figure 10). The formation of weathered rims appears to be a strong limiting factor in weathering of sulfides in Diavik waste rock under warm and cold conditions.




5. Summary and Conclusions

Weathering characteristics of Diavik waste rock were evaluated according to the physical characteristics of the rock and the temporal variation of leachate chemistry from this long-term, humidity-cell experiment. The weathering of sulfide in Diavik waste rock produces substantially different aqueous geochemical conditions and element release rates depending on which of the prescribed waste rock types—I (<0.4 wt % S), II (0.4 to 0.8 wt % S), or III (>0.8 wt % S)—is present. The relatively small concentrations of sulfide in these samples of Type I and Type II rock were insufficient to overcome the similarly small acid-consumption capacity of the calcite. Type III rock has the potential to generate sufficient acid to relatively quickly deplete the available carbonate content and decrease the leachate pH to less than 5. The release of acid and metals from the sulfide minerals—primarily pyrrhotite with traces of pyrite, chalcopyrite, and sphalerite—produces elevated concentrations of Cu and Zn in solution. The decline in carbonate minerals is followed by acid neutralization by Al-bearing mineral dissolution that can maintain the pH above 4. The weathering of the Al-bearing minerals and acidic conditions releases Al into solution along with other metals. The relatively low concentration of sulfide in Type III waste rock limits the period of low pH as observed during the latter half of the experiment. Acid generation peaked within the first two years of the experiment (earliest for the warm cells), but sulfide oxidation and acid generation associated with Type III rock likely could continue for years as indicated by the slow recovery of the pH environment.

All results from the humidity-cell experiment indicate the strong influence of temperature on acid generation and neutralization. The reduced reaction rates in the cold cells are attributed to the influence of temperature on reaction rates and reduced bacteria presence and (or) activity for catalysis of the oxidation reaction. With weathering, reduction of available reactive surface areas increased the activation energy required for oxidation. Following carbonate depletion, release of SO4 and other weathering products from Type III rock produced warm to cold cell ratios near 1.5 for SO4 (typically between 1 and 2) and specific conductance (Figure 2), where they remained until the end of the experiment. These release rates indicate that temperature was the primary influence on oxidation reactions during this period, which followed the more active oxidation period defined by a low pH, large element releases, and a decline in activation energy of the oxidation reaction.

A long-term assessment of acid generation-neutralization relations in Diavik waste rock needs to consider changes in mineral content and availability, acid neutralization sequences, and the variable element release rates associated with sequential stages of sulfide oxidation. The evolution of the oxidation rates used for calculation of the activation energy of sulfide oxidation will be used to evaluate field-site sulfide weathering and changes in the geochemical environment. Secondary minerals can affect sulfide oxidation rates as indicated by the decrease in acid generation attributed to the formation of sulfide weathered rims even though a significant portion of the total sulfide content remained. Direct correlation of the results of the 5-year, humidity-cell experiment, such as element concentrations, to the field site may be difficult because the controlled environment and regular introduction and saturation with water are very different from field conditions. However, changes in pH, specific conductance, and relative element release rates in leachate from the Type III waste rock can be viewed as distinct acid-consuming sequences that reflect alteration of mineral content from weathering, which should correlate to similar changes in field-site leachate characteristics.
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