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Abstract
Management of potentially acid-generating (PAG) waste rock is an important element of environmental stewardship at hard 
rock mines. Mixing this material with non-PAG rock is common, but there appears to have been limited analysis of accept-
able ratios, in particular where the waste rock is overwhelmingly non-PAG. The mine model for the Gold Acres Complex 
in Nevada was used to determine the most likely and worst-case PAG:non-PAG ratios. Humidity cells (HCTs) were run for 
PAG (144 weeks) and non-PAG (67 weeks) end members, together with mixtures at ratios of 2:98 (the most likely case; 
47 weeks), 4:96 (reasonable worst-case; 136 weeks) and 10:90 (an unreasonable case; 47 weeks) to evaluate leachate quality; 
all of the mixtures remained pH-neutral. Incremental mineralogic changes over the course of the HCTs could not be ascer-
tained because the samples had undergone 37 years of weathering in the open pit. However, a mass balance demonstrated 
that lower solute concentrations were released than expected based on the end-member leachate chemistry. A review of three 
other mines that layered, rather than blended PAG and non-PAG rock, shed light on process and characterization constraints.
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Introduction

Waste material from hard rock mines typically contains 
some percentage of potentially acid-generating (PAG) rock 
if the facility extracts ore from below the geochemical redox 
zone. Above this boundary, oxide mines generate little PAG 
material (Geomega 2017). Mines generating large quanti-
ties of PAG may be required to: (1) build dumps that isolate 
PAG materials in the core, and armor them with non-PAG 
to increase the distance oxygen and water must travel to 
contact PAG material; (2) install an impermeable barrier 
that prevents or significantly minimizes water infiltration; or 
(3) waste rock can be submerged in pits below the rebound 
water level. These steps engender greater costs than random 
mixing of PAG and non-PAG, but may be necessitated by 
waste rock geochemistry or regulatory permitting require-
ments. However, when PAG contributes only a small frac-
tion of the total volume (e.g. <10%), random mixing of PAG 
with non-PAG has been shown to preclude acid generation 

(Geomega 2016). This paper evaluates viable PAG/non-PAG 
mixing ratios at the Gold Acres mine, Nevada (NV), a study 
completed as part of the National Environmental Policy Act 
(NEPA) permitting for an expansion of the Pipeline/Cortez 
Hills mine complex in Crescent Valley, Nevada.

Definitions and Waste Rock Permitting Elements

One interpretation of PAG and non-PAG waste rock comes 
from the NV regulatory definition, which is based on the 
acid neutralizing potential (ANP) and the acid generating 
potential (AGP). The rock is deemed non-PAG if the ANP/
AGP [the acid base accounting ratio (ABA), also referred 
to as the neutralizing potential ratio (NPR)] is > 1.2 (NDEP 
2019). In contrast, MEND (2009) suggests that waste rock 
may be PAG if ABA is < 1, non-PAG if ABA is > 2, and 
uncertain in between, while the Bureau of Land Manage-
ment (BLM 2010) has stricter standards, identifying PAG 
as material with an NNP < 20 or an ABA ratio < 3. Most 
U.S. mining permits specify that waste rock with an ABA 
ratio < 1.2 be managed separately from run-of-mine waste 
rock. However, the 1.2 cutoff requirement can misclassify 
PAG. For example, Davis et al. (2019) used empirical data 
from three mine sites to demonstrate that the PAG/non-PAG 
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cutoff ABA can be < 1.2 (0.3 in the Robinson District and 
0.5 at Turquoise Ridge Mine), or higher (1.6) at the Phoenix 
mine.

The NV Division of Environmental Protection (NDEP 
2014) regulates mining by specifying Profile I reference val-
ues for 25 solutes that may potentially be mobilized from 
waste rock to protect the waters of the State and prevent 
their degradation (NAC 2018). The codified characterization 
of mining waste rock, overburden, and ore promulgated by 
NDEP (2019) also requires analysis of any mined PAG mate-
rial using the NV Modified Sobek Procedure (NMSP) acid 
base accounting (ABA) static method, kinetic humidity cell 
tests (HCTs) by ASTM (2012), and a mineralogical analy-
sis of all rock/alteration/mineralization types to identify the 
specific sulfide and non-sulfidic minerals involved in acid 
generation, neutralization, and encapsulation.

Static Material Characterization

From a permitting perspective, it is necessary to empirically 
demonstrate that neutralizing reactions for PAG materials 
take place at a rate that is equal to, or exceeds, the rate of 
sulfide mineral oxidation (under conditions that are repre-
sentative of waste rock facilities), and that there will be no 
deleterious environmental consequences, e.g. groundwater 
impacts. Since siderite is part of the Gold Acres mineral 
assemblage, the siderite-corrected NMSP (NDEP 2019) was 
used to more accurately identify the amount of neutralizing 
capacity in siderite-containing samples. This NMSP method 
is based on the Sobek method (EPA 1978), with a correction 
made to the ANP for the siderite (FeCO3) content because:

FeCO
3
+ H

+
→ Fe

2+ + HCO
−

3
 (dissolution process; 

Renard et al. 2017), or more holistically.

when the Fe2+ in siderite (a Lewis acid) is oxidized to 
Fe3+ in the hydroxide. This method correction requires that 
Fe2+ released from the siderite be oxidized using hydrogen 
peroxide and the acidity from Fe(OH)3 formation be sub-
tracted from the ANP.

Kinetic Material Characterization

HCTs have been part of the regulatory permitting require-
ments for decades. While 20 weeks is the required mini-
mum to evaluate waste rock reactivity, Maest and Nord-
strom (2017), examining 218 HCTs, and Davis et al. (2019) 
reporting on 317 long-term HCTs, both found that incipient 
acid-generation is apparent within ≈1 year from test initia-
tion; however, the former authors data together with Morin 
and Hutt (2000a) also demonstrate that 50–200 weeks may 
be required for full acidification. While there are sporadic 
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outlier samples (INAP 2018) that may not generate acid for 
three years, the 535 HCTs samples analyzed by these authors 
indicate that a determination as to waste rock reactivity can 
be made after ≈1 year of testing. Clearly, for material that 
is strongly PAG or non-PAG, the trends are apparent much 
sooner.

Scaling-up of HCTs to long-term waste rock facili-
ties (WRF) behavior was also investigated by Davis et al. 
(2019), who found that paste pH profiles from waste rock 
bores from 80-year old WRFs at the Robinson mine in NV 
were in general agreement with the HCT effluent pH data 
at similar ABAs, showing that HCTs can provide insight to 
long-term waste rock dump reactivity. Please note though 
that this mine is in an arid environment; it would be inap-
propriate to claim that HCTs can be scaled up in a non-arid 
environment without careful empirical analysis.

There have been many contributions describing HCT 
tests (e.g. Dold 2017; Fennemore et al. 1998; Lapakko and 
Antonson 2006; Lapakko and White 2000; Parbhakar-Fox 
and Lottermoser 2015; Sapsford et al. 2009). However, there 
have only been a few studies mixing PAG and non-PAG 
waste rock to evaluate the net reactivity at different ratios 
as a proxy for random mixing in a WRF. Mixing PAG and 
non-PAG waste rock has been examined before on a theo-
retical basis by Morin and Hutt (2000b), who developed a 
zonal approach to provide an indication of the potential for 
acid drainage. There have also been case studies reported on 
blending and layered PAG/non-PAG waste rock mixtures for 
the Samatosum mine, B.C. Canada, where the overall ABA 
of 3.1 was inadequate to prevent acid mine drainage (MEND 
1998), and a review of 32 eastern U.S. coal mines where 
an aggregate NNP of + 20 kg CaCO3/tonne (t) was deemed 
necessary to preclude acid generation in coal mine overbur-
den (Erickson and Hedin 1987). However, the appropriate 
ratio for PAG/non-PAG waste rock mixtures in a Carlin trend 
mine setting in an arid environment appears to be unknown. 
The test work described here used an aggressive kinetic 
approach, e.g. HCTs, to evaluate the reactivity of different 
blends based on a conservative analysis of the proportions 
of PAG and non-PAG at the mine.

The Gold Acres Complex

The Gold Acres pits are the westernmost in the Crescent 
Valley and ≈8 miles from the Cortez (pit) gold mine. Carlin 
trend gold deposits (such as Gold Acres) are characterized 
by hydrothermal deposition of fine-grained gold in vary-
ingly-altered carbonates. The upper portion of the stratig-
raphy at Gold Acres consists of an imbricated thrust sheet 
sequence at the boundary of the Roberts Mountain alloch-
thon with siliceous Silurian and Ordovician sediments (Hays 
and Foo 1991). Beds of chert, siltstone, and greenstone from 
the upper plate of the thrust were interleaved with rocks 
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originally of a carbonate nature from the lower plate of the 
thrust, prior to the metasomatism associated with the Gold 
Acres deposit, i.e. the upper plate and the upper skarn are 
difficult to distinguish and have comparable geochemistry.

Open pit mining at Gold Acres was initiated in 1942 
and ceased in 1984. New activity will mine six formations 
generating predominantly non-PAG waste rock (Table 1) 
with ≈85% of the volume containing < 3% S and no more 
than 1.4% of the waste rock exceeding 7% S. The average 
ANP of waste rock from the Gold Acres pit will be ≈200 kg 
CaCO3/t based on 100 NMSP ABA measurements (AGP is 
≈10 kg CaCO3/t). The ABA distribution will be centered 
between ≈2–18, averaging 4.8 (Fig. 1), based on the assign-
ment of ABA values to the mine block model (Geomega 
2016). Based on the block model, the Gold Acres pit will 
produce ≈90 million t of waste rock, of which ≈9 million 

t will nominally be PAG (with an ABA ratio < 1.2), but of 
which only ≈1.55 million t will have an ABA ratio < 0.56 
(and 34,000 t < 0.32). The waste rock will be placed on the 
existing Gold Acres WRF that was constructed prior to 1984 
when activities at the pit were suspended. With the annual 
precipitation (0.25 m) substantially less than evaporation 
(1.3 m/year), no seepage has been observed emanating from 
the existing Gold Acres WRF.

Methods

Data Reduction

The Gold Acres block model was discretized into 
12 × 12 × 6 m blocks, with ≈38,000 blocks representing 

Table 1   Gold Acres waste rock 
composition

Formation Abbreviation Waste rock (%) Carbonate (%) Waste rock 
(MM tons)

Devonian Wenban Dw 17 37 15
Silurian Roberts Mountain Srm 4 41 3.6
Ordovician Horse Canyon Ohc 4 26 3.6
Quaternary Alluvium Qal 9 8 7.9
Upper Plate Upl 33 10 30
Upper Skarn Usk 34 27 31
Total 90

Fig. 1   Distribution of 67 ABA samples collected from the Gold Acres Complex, with the cumulative frequency distribution for the mass of 
waste rock and the % S total median and interquartile range for each bin
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the ≈90 million t of future waste rock. A 3-D proxy ABA 
model was developed to estimate the ANP and AGP antici-
pated for each mined block of waste rock based on kriging 
Ca + Mg (mg/kg) and S (%) ICP data from 3851 explora-
tion drilling samples. Kriging domains were bounded by 
rock formations with input from site geologists and refined 
in the block model. Subsequently, the proto-ABA model 
assigned ANP and AGP values to each block on the basis of 
the mathematical conversion of S to pyrite and (Ca + Mg) to 
CaCO3 and MgCO3. The validity of the kriging approach for 
each pit was tested by plotting the observed ANP and AGP 
results of the kg-sized samples against the assigned ANP 
and AGP values for the mine block from which the sample 
was collected (Fig. 2). This comparison demonstrates that 
the proxy-ABA model based on extensive exploratory geo-
chemical assays predicts the actual ABA values with accept-
able certainty.

At the block model scale (≈2400 t/block or ≈10 truck-
loads/block), ≈10% of the blocks are PAG with ABA < 1.2 
or NNP < 20 kg CaCO3/t. However, the block model is 
distinct from the mine plan, so that when mining occurs 
simultaneously at two faces in the Gold Acres pits, PAG and 
non-PAG materials will be routed at the same time to the 
WRF. To determine the range of PAG:non-PAG, the con-
stituent ANP and AGP of each block was averaged based on 

a temporal frame of activity, so that the resulting NNP and 
ABA ratio determined the non-PAG or PAG designation of 
the mix. On an hourly basis (at 4200 t/hr), mining patterns 
show that mixing occurs, so that ≈94–98% of all mining 
hours on aggregate produce a non-PAG waste. Further-
more, at the scale of the daily output (≈100,000 t), blending 
results in a mix of constituent non-PAG and PAG materials 
so that ≥ 98% of the volumes representing a day of mining 
will have a non-PAG waste rock character. The PAG/non-
PAG blends from these three derivations resulted in the three 
PAG/non-PAG ratios: 10:90 at the block level; 4:96 at the 
hourly level, and ≤ 2%: ≥ 98% on a daily basis.

In the Gold Acres pit, the anticipated pit design and two-
face mining schedule will result in a daily mining plan that 
will prevent consistent streams of PAG material from enter-
ing the WRF. On aggregate, over the mine’s life, the mining 
sequence will produce waste rock with an ABA ratio > 1.2 
and an NNP > 20 kg CaCO3/t. To evaluate if mixing non-
PAG waste rock with PAG waste rock would prevent acid 
generation by the PAG, five HCTs were run representing the 
two end-members (PAG and non-PAG) and three mixtures 
representing a range of PAG/non-PAG combinations.

End Member Selection

PAG Material

The highly mineralized upper skarn HCT (GA-010) con-
tained 15.7% Stot, with water-soluble SO4 (7.5%) being more 
abundant than pyritic S (Table 2a). The ANP was < 0.3 kg 
CaCO3/t with a ∑AGP (AGP from pyrite + AGP from water-
soluble SO4) of 406 kg CaCO3/t.

Non‑PAG Material

The ANP of the non-PAG end-member was similar (251 kg 
CaCO3/t) to the average waste rock entering the Gold Acres 
main dump (250 kg CaCO3/t), with 1.45% S and a ∑AGP 
of 52.5 kg CaCO3/t). While the NMSP ABA of the acid-
generating end-member represents an extreme end of the 
PAG fraction (Fig. 1), the non-PAG end-member with an 
ABA ratio of ≈5 is a good representation of the “average” 
waste rock, rendering the mixing test a conservative approxi-
mation of reality.

HCTs

The PAG and non-PAG end-member materials were air dried 
and stage-crushed to the nominal −0.64 cm (100% pass-
ing) HCT particle size using a jaw crusher and screen. Once 
crushed, each end member was thoroughly homogenized 
using a riffle splitter with 2.5 cm chutes. Splits of both end 
members were weighed and blended together using the riffle 

Fig. 2   a AGP (Violet filled diamond) and ANP (Green filled cube) 
run by the Nevada modified Sobek procedure (NMSP) versus the ICP 
method and b the NMSP versus the proxy model
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splitter. One kg of each sample (i.e. the two end members 
and three mixtures) was weighed and loaded into a humidity 
cell. In accordance with the method, the 1 kg samples were 
not compacted to allow for consistent air flow (and moisture) 
throughout each humidity cell, resulting in an approximate 
porosity of 30%. Each leach consisted of 1 L of deionized 
water, which allowed sufficient volume for analysis, while 
maintaining the specified (fixed) leach volume to sample 
mass ratio (1:1). During the wetting cycle, the material was 
saturated, while during the moist and dry air cycles, the 
gravimetric moisture was typically ≈4%.

The three blends were made by mixing the non-PAG 
material with the PAG sample resulting in, (1) 10:90%, (2) 
4:96%, and (3) 2:98% PAG/non-PAG blends that were below 
the median waste rock ABA, at 2.6, 3.6, and 4.1, respectively 
(Fig. 1). These ratios will be easily achieved during min-
ing when the PAG waste rock is co-disposed with non-PAG 
waste rock.

Each of the five 1 kg HCTs were flushed each week with 
1 kg of slowly-introduced deionized water following the 
ASTM (2012) method (Fig. 3), allowing up to 24 h for lea-
chate collection. The leachates were analyzed for pH, SC, 
SO4, ∑Fe, Fe2+, Ca, hardness, and alkalinity (or acidity) 
each week, and the full suite of NDEP Profile II solutes at 
weeks 0, 1, 2, 4, 8, 12, 16, 20, and every 4 weeks thereafter 
through 140 weeks. Between leaches, dry air was passed 
through the samples for three days, followed by three days 
of water-saturated air prior to the collection of the next 
leachate.

Mineralogy

X-ray diffraction (XRD) was used to identify minerals pre-
sent in the acid-generating sample both before and after the 
HCT was run. The beam conditions for the x-ray spectra 
were 15 kV voltage at 90 nA current, a dwell time of 45 ms/

Table 2   Pre- and Post-run ABA results

(a) Pre-HCT

Analyte Units GAD-010 PAG GAD06-03 Non-
PAG

Non-PAG/PAG 
10:90

Non-PAG/PAG 
4:96

Non-PAG/
PAG 2:98

ANP kg/Ton  < 0.3 251 226 241 246
Total Sulfur % 15.7 1.45 2.9 2.0 1.7
Sulfate Sulfur-HCl % 7.5 0.32 1.0 0.6 0.5
Pyritic Sulfur-HCl % 5.5 1.36 1.8 1.5 1.4
Acid S % 13.0 1.68 2.8 2.1 1.9
Total AGP kg/Ton 406.3 52.5 87.9 66.7 59.6
ABA  <0.001 4.8 2.6 3.6 4.1

(b) Post-HCT

Analyte Units GAD-010 PAG GAD06-03 Non-
PAG

Mixture 10:90 Mixture 4:96 Mixture 2:98

ANP kg/Ton  <0.3 221.5 222 226 245
Total Sulfur % 10.3 1.47 2.26 1.92 1.51
Sulfate Sulfur % 6.9 0.3 0.5 0.4 0.4
Pyritic Sulfur-HCl % 2 1.1 0.7 1.8 1.1
Acid S % 8.9 1.4 1.2 2.2 1.5
Total AGP kg/Ton 278.1 43.8 37.5 68.8 46.9
Ratio  <0.001 5.1 5.9 3.3 5.2

(c) Change in ABA over the course of the HCTs

Analyte GAD-010 PAG GAD06-03 Non-
PAG

Mixture 10:90 Mixture 4:96 Mixture 2:98

Weeks HCT Run 144 67 47 136 47
∆ ANP (kg/Ton) 0 30 4 15 1
ANP consumed/week 0 0.45 0.09 0.11 0.02
∆ AGP (kg/Ton) 129 8.7 50 0 12.7
AGP released/week 1.1 0.13 1.1 0 0.3
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pixel, a step size of 10 µm, and a defocused beam diameter 
of 10 µm.

Pre-run samples, and at the end of the test, an aliquot of 
the post-mortem HCT residue, were mounted on a poly-
mer disc and analyzed at the University of Colorado (Boul-
der) using a JEOL JXA-8230 electron microprobe analysis 
(EMPA) equipped with a LaB6 electron gun. Backscattered 
electron dispersive element maps for Ca, Mn, S, Si, and Zn 
were collected using wavelength dispersive spectroscopy.

Results

All ICP leachate aqueous analytical data have been provided 
as supplemental information.

PAG Sample (GA‑010)

The pH of the first flush was 3.7 (Fig. 4a; Supplementary 
Material), increasing to 5.9 by pore volume 2. This behav-
ior was coincident with SO4 decreasing from 18,800 to 
1390 mg/L, and Al from 28.9 to 0.08 mg/L over this same 
period, suggesting initial dissolution of secondary acid 
sulfates, possibly jurbanite Al(OH)SO4·5H2O. Potassium 
remained low (< 0.5 mg/L), precluding alunite or jarosite 
as candidates.

Over the following ≈50 weeks, the leachate increased to 
pH ≈5–6, subsequently decreasing to pH 2 after 144 weeks. 
Following the early flush, SO4 decreased to < 500 mg/L 
after 12 weeks, and stabilized at ≈300 mg/L through week 
50 (pH 4), at which point SO4 began to increase again 
to > 1000 mg/L before approaching 3000 mg/L at termina-
tion in week 144 (Fig. 4a). This behavior was consistent 
with the initial release of acidic salts, followed by increas-
ing pyrite oxidation after week 50. The acceleration of the 
oxidation process after week 50 could be the result of an 
increase in microbial activity, and/or the result of the pyrite 
surfaces becoming more accessible as DI water over 50 
leach cycles removed previously existing secondary salts 
on the pyrite surfaces (Price 2009).

The initial release of acidity and SO4 coincided with ele-
vated Zn > Fe > Mn > As (Fig. 4b, c, and f). The late-term 
release of Al, Cu, Fe, and Zn (Fig. 4b and f) appear to mirror 
the release of SO4 attributed to pyrite oxidation (after week 
50). In contrast, As and Sb (Fig. 4c) remained low until 
after week 100 when the pH decreased below 3. Ca and Mg 
decreased throughout the test (Fig. 4f), suggesting that the 
available neutralizing minerals (e.g. apatite and calcite) were 
consumed prior to the accelerated sulfide oxidation observed 
after week 50.

Reanalysis of the total AGP in the PAG sample after 
144 weeks of leaching indicated that ≈34% of the sulfur had 
been removed (final total AGP = 278 kg CaCO3/t). However, 

Fig. 3   HCT setup, showing a the air cycle (3 days of dry air followed by 3 days of moist air) and b the weekly leach (7th day)
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Fig. 4   Humidity cell leachate generated by the PAG GAD-010 end-member
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the post-HCT SO4 was ≈90% of that initially present, while 
only 36% of the initial pyrite remained (Table 2b). While it 
is possible that some of the SO4 released in the early weeks 
was generated by pyrite oxidation, it is more likely that pre-
existing SO4, determined by NMSP to be water-soluble, 
contributed most of the dissolved SO4.

Non‑PAG Sample (GAD06‑030 320‑340’)

The non-PAG effluent remained at pH 8 (Fig. 5a) and this 
HCT was terminated after 67 weeks because all solutes 
were at generally stable concentrations except for alkalinity, 
which gradually increased to ≈20–35 mg/L after an initial 
flush of ≈100 mg/L (Fig. 5e). The alkalinity trend was con-
sistent with the Ca and Mg profiles resulting from carbon-
ate dissolution (Fig. 5f). In contrast, little SO4 (≈25 mg/L) 
was released after a brief initial flush of salts (Fig. 5a), sub-
paralleling the As profile that released an initial ≈0.23 mg/L 
(Fig. 5c). Metals (Fig. 5b and c) were generally non-detect 
through 67 weeks except for Al and Fe (Fig. 5f) that fluctu-
ated just above the detection limit (≈0.1–0.4 mg/L).

There was no detectable decrease in the % Stot after 
67 weeks; however, the NMSP ABA indicated that ≈10% 
of the ANP had been consumed (Table 2c). Sulfate in the 
leachate confirms the conclusion that < 10% of the S content 
was released.

2:98 PAG/non‑PAG blend

This blend represents the most-likely waste rock mixing 
scenario with the pH remaining circumneutral through 
the duration (47 weeks) of the test. During the initial flush 
(≈10 weeks), SO4 was initially elevated at ≈800 mg/L 
(Fig. 6a) compared to the non-PAG end member (150 mg/L). 
The initial release of SO4 and metals over weeks 0–8 in all 
three blends represent the removal of sulfide oxidation by-
products that had been generated in the field, prior to dis-
solution by DI water in the HCTs. The alkalinity remained 
stable at ≈25 mg/L (Fig. 6e). This blend initially leached 
twice the As concentration of the non-PAG material; how-
ever, both decreased to ≈0.01 mg/L by the end of the test. 
Other constituents (Fig. 6) generally tracked with the non-
PAG end member profiles (Fig. 5).

4:96 PAG/Non‑PAG Blend

This blend represents the reasonable worst-case waste rock 
mixing scenario, so this test was run for > 2 years. It gener-
ated leachate profiles similar to the 2:98 blend with a cir-
cumneutral pH (7–8) but despite a slightly higher initial SO4 
pulse (≈1000 mg/L) released less over the 136-week dura-
tion (Fig. 7). Manganese, Ni, and Zn were elevated com-
pared to the 2:98 blend (Fig. 7b), but decreased to generally 

asymptotic concentrations by week 20. Alkalinity remained 
≈30 mg/L after an initial pulse (Fig. 7e), consistent with the 
other non-PAG HCTs. The other solutes (Fig. 7) behaved 
similarly to the 2:98 blend (Fig. 6). The post-mortem ABA 
% Stot and ANP both decreased by ≈65% over the 137-week 
test (Table 2c).

10:90 PAG/Non‑PAG Blend

The pH remained circumneutral (7–8) over 48 weeks; how-
ever, the initial pore volumes released twice the Zn, Mn, 
Ni, As, and Cu compared to the 4:96 blend over the first 
8 weeks (Fig. 8). This blend also released more As than the 
PAG end-member at 47 weeks due to contributions from 
the non-PAG end-member. After the HCT was terminated, 
re-analysis by the NMSP indicated that the ANP was largely 
unchanged (2% consumed), whereas > 50% of the water-sol-
uble and pyritic S had been lost (Table 2c). Consequently, 
the ABA increased from a pre-run 2.6 to 5.9 in the post-
mortem material.

Mineralogy

GA‑010: PAG End Member

XRD identified no neutralizing minerals (Table 3), with 
copious sulfides (42%), including pyrite (15.6%), sphalerite 
(11.3%), and marcasite (2.5%) with siderite (12.6%). A solid 
solution mineral assemblage was exemplified by the EMPA 
elemental mapping feature. For example, the pyrite excluded 
Zn and contains less Mn than does sphalerite (Fig. 9a), and 
both appear devoid of Ca. The iron oxide accumulated Zn 
and incorporated Ca and Mn with little residual S (Fig. 9a). 

EMPA also identified typically large grain (> 500 µm) 
sphalerite affiliated with FeO (Fig. 9a) and abundant pyrite, 
some sub-euhedral that was enclosed in quartz and apatite 
(Fig. 9b) rendering them inaccessible to the HCT lixiviant 
and oxidation (Fig. 9c). While the sphalerite contained some 
Mn, most was associated with ferrihydrite ([FeO]; Fig. 9a). 
Pyrite had no Mn or Zn; however, adjacent iron oxides con-
tained Ca, Mn, and Zn (Fig. 9a).

There was extensive evidence of sulfide weathering (e.g. 
iron oxide deposition around the perimeter of pyrite grains 
and in the groundmass) prior to running the HCT (Fig. 9a 
and c), consistent with > 36 years of weathering since Gold 
Acres was last mined. The substantial weathering in the pre-
run samples rendered an attempt to quantify incremental 
HCT-based reactions infeasible. Indeed, EMPA on the post-
mortem 10:90 blend did not detect changes in the appear-
ance of pyrite, sphalerite, or iron oxide. Nor were there any 
obvious incremental precipitates over the life of the HCT.
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Fig. 5   Humidity cell leachates collected for the non-PAG end-member, GAD06-03 (320-340)
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Fig. 6   Humidity cell leachate from for the 2:98 PAG/non-PAG blend
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Fig. 7   Humidity cell leachates collected for the 4:96 PAG/non-PAG blend
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Fig. 8   Humidity cell leachates collected for the 10:90 PAG/non-PAG blend
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GAD‑06–03: Non‑PAG End Member

XRD identified 22% carbonates comprising 20.6% calcite 
and 1.6% dolomite with 2% pyrite (Table 3). Based on 
EMPA, pyrite in the non-PAG sample was relatively fine 
grained (< 100 µm) and generally encapsulated in quartz 
that also hosted calcite (Fig. 10).

Bulk Metals

A comparison of the total metal content of each end-member 
(Table 4) demonstrated that the PAG material, consistent 
with the mineralogy (Table 3), had an order of magnitude 
more Fe (affiliated with siderite, pyrite, marcasite, and goe-
thite), Zn (sphalerite), Mn (FeO; Fig. 9a), As, and Sb com-
pared to the non-PAG material. Conversely, the non-PAG 
end-member had higher Ca and Mg (calcite and dolomite), 
Al, and K (K-feldspar, muscovite).

Discussion

Sulfide oxidation results in acid generation (Nordstrom 
1982). However, pyrite reactivity can be truncated with 
maintenance of a neutral pH in the presence of calcite and 
ankerite [Ca(Mg, Fe2+, Mn)(CO3)2], with corresponding 

Table 3   Total metals (mg/kg) by the EPA 6010 method

Phase name PAG GAD-010 Non-PAG 
GAD06-
03

Quartz 39.8 34.9
K-feldspar 0.0 13
Muscovite 0.0 9.6
Biotite 0.0 4.2
Chlorite 3.8 12.4
Kaolinite 3.0 0
Calcite 0.0 20.6
Dolomite 0.0 1.6
Siderite 12.6 0.0
Gypsum 2.2 0.0
Apatite 4.4 1.7
Goethite 4.8 0
Sphalerite 11.3 0.0
Pyrite 15.6 2.0
Marcasite 2.5 0.0
Total sulfide 42 2.0
Total carbonate 0.0 22.2

Fig. 9   Minerology of pre-run PAG material GA-010, a commingled 
sphalerite and pyrite with copious iron oxide alteration and associated 
elemental mapping, b sub-euhedral pyrite in a quartz/apatite ground-

mass and c the massive sphalerite and pyrite grains also with affili-
ated iron oxide
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precipitation of iron as either ferrihydrite or schwertmannite 
(Balistrieri et al. 1999). Several authors have demonstrated 
pyrite passivation in a number of settings and by a variety 
of mechanisms that are germane to understanding the reac-
tions in the PAG/non-PAG mixing cells when carbonate is 
introduced to the PAG mineral assemblage.

For example, Nicholson et al. (1990) demonstrated that 
the rate of pyrite oxidation is also retarded by precipitation 
of oxide coatings in a carbonate-rich solution, forming up 
to a 0.6 µm layer of FeO on 215 µm grains, while Zeng et al. 
(2013) found that pyrite oxidation rates were reduced by 
50–95% due to formation of amorphous-silicate-stabilized 
iron (oxy)hydroxide coatings, inferring that reactive silicates 
(anorthite, feldspar, and horneblende) will also confer some 
neutralizing capacity (Smart et al. 2015). Fan et al. (2017) 
demonstrated pyrite passivation by silicate, which stabilized 
the iron hydroxide overlayer, reducing pyrite dissolution 
rates by more than 90%. Caldeira et al. (2003) evaluated 
sodium hydroxide, sodium carbonate, and calcium hydroxide 
solutions in contact with pyrite and found surface coatings 
of hematite with subsidiary ferrihydrite, ferrihydrite with 
an iron hydroxide carbonate phase, and calcium carbonate, 
respectively.

Qian et al. (2017) demonstrated maintenance of cir-
cumneutral pH and apparent pyrite passivation for up to 
60 weeks in a lab study using synthetic mine waste. They 
inferred that low levels (2%) of calcite-saturated water, 
together with a limestone-containing cap could provide an 

environment to establish and maintain pyrite passivation. 
However, Miller et al. (2009) found that 25% limestone 
was required to mitigate acid generation at the equato-
rial Grasberg mine in Papua, Indonesia, reducing SO4 
release by two orders of magnitude over a 10-year period. 
They determined that armoring may have occured within 
9–12 months because SO4 release rates declined to steady-
state conditions.

Mixing is an effective management tool in arid environ-
ments, in part because the alkalinity generated by non-PAG 
waste rock facilitates production of oxidation rinds around 
sulfides, passivating the surface reactivity, while the acid-
neutralizing minerals in non-PAG waste rock can effectively 
buffer the sulfide-oxidation reaction products, causing pre-
cipitation of minerals that inhibit solute transport (Parbha-
kar-Fox et al. 2013). In addition to pyrite surface passiva-
tion, in some instances, the AGP does not adequately reflect 
the matrix in which the pyrite minerals are deposited. For 
example, pyrite can be incarcerated in quartz (Dold 2017), 
which is relatively inert, i.e. 10.8 mg/L at 25 °C (Rimstidt 
1997), and so retains its structural stability, precluding 
access of water and O2 to pyrite (e.g. Figure 10). In sum-
mary, there are constraints on pyrite reactivity endowed by 
neutralizing minerals that can assist in precluding the onset 
of sulfide-based acid generation. However, these conditions 
must be demonstrated on an empirical basis in a temperate or 
tropical environment, as so far, it has only been empirically 
demonstrated in an arid environment.

Fig. 10   EMPA image of the 
non-PAG sample, GAD 06-03 
(320–340 ft) pre-HCT, showing 
small disseminated pyrite and 
calcite grains in a quartz ground 
mass
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Mass Balance

The hypothesis of this study was that combining increas-
ing proportions of non-PAG material would mitigate sulfide 
oxidation, resulting in lower leachate chemical concentra-
tions. Theoretically, conservative solutes, e.g. SO4, should 
have a mass balance dependent on the PAG/non-PAG ratio, 
while reactive solutes that are pH-controlled should show 
attenuation based on the leachate pH. On this basis, solutes 
released by each end-member should be observed in the lea-
chate from PAG/non-PAG blends at concentrations defined 
by the amount of each material in the blend. For example, 
the 10:90 blend sample should release SO4 in week 0 that is 

equivalent to the sum of 10% of the SO4 released from the 
PAG sample in week 0 (18,800 mg/L SO4 × 10%) plus 90% 
of the SO4 released from the neutralizing sample in week 0 
(154 mg/L SO4 × 90%) equating to ≈2019 mg/L SO4. How-
ever, the calculated 2019 mg/L SO4 for the 10:90 blend was 
≈14% higher than the observed 1750 mg/L SO4 released 
from the 10:90 blend in week 0, but in good agreement with 
observations over the subsequent 46 weeks (Fig. 11a), from 
which we infer that the initial dissolution of acid salts was 
hindered by the available alkalinity.

More Ca was released from the 10:90 blend than calcu-
lated based on end-member proportions by up to ≈150%, 
but the measured alkalinity was about twice the predicted 
value, except for the first week (Fig. 11c), presumably due 
to consumption by acid sulfate mineral neutralization. In 
addition, release of both alkalinity and Ca depends on the 
rinse solution, i.e. acidic solutions dissolve more calcite than 
DI water. Regardless, even after 47 weeks, large amounts 
of neutralizing minerals remained in the 10:90 blend (con-
firmed by NMSP, Table 2). The same behavior was apparent 
for the 2:98 and 4:96 blends (supplemental Figs. S1 and S2).

Solute-weighting calculations were also possible for As 
(Fig. 11b), which was largely dependent on As released from 
the non-PAG sample, and for which the predicted release 
comported with the data. However, the predicted Fe was ini-
tially (through week 8) about an order of magnitude higher 
than the measured values before merging at week 24, while 
Mn and Zn were always overpredicted by about an order 
of magnitude (Fig. 11b), due to the higher than predicted 
leachate pH.

The overestimation of metal ion concentrations is due 
to the pH-dependence of metal ion solubility (Kinniburgh 
et al. 1976). The impediments to sulfide oxidation (incar-
ceration in insoluble minerals and armoring by oxidation 
by-products) prevent the predicted pH from decreasing. 
Consequently, because metal cation solubility/desorption is 
dependent on the pH (which remains elevated in the blends), 
the predicted trace metal concentrations are overestimated 
by > 1 order of magnitude. The predicted As was similar to 
the observed, which is to be expected because as an oxy-
anion, As desorbs more readily at higher pH (EPRI 1986).

In addition, lower Fe concentrations preclude the autocat-
alytic oxidation of the remnant sulfides, particularly pyrite 
by Fe3+ (Singer and Stumm 1970). Decreasing the soluble 
Fe content by introducing non-PAG materials also inhib-
its the rate of weathering reactions (Rimstidt and Vaughan 
2003). Conversely, in the PAG material, the lack of calcite 
resulted in favorable conditions for pyrite oxidation.

There appear to be two reasons why random mixing 
mitigates acid generation by the PAG end-member sulfides. 
First, sulfide oxidation inhibits further oxidation through 
armoring by ferrihydroxide (e.g. Fig. 9), while mixing with 
alkalinity-generating waste rock minimizes the transport 

Table 4   Total metals (mg/kg) by the EPA 6010 method X-ray

Analyte PAG GAD-010 Non-PAG 
GAD06-
03

Aluminum 4680 18300
Antimony 40.3 4.6
Arsenic 1530 13.6
Barium 6.94 23
Beryllium 1.21 0.76
Bismuth 47.3  <6
Boron  <4  <
Cadmium 371 0.63
Calcium 5830 86000
Chromium 71.9 60.2
Cobalt 26.3 9.41
Copper 1770 66.8
Gallium  <2.0 7
Iron 2,04,000 25,700
Lanthanum 9.34 9.3
Lead 22.2 1.6
Lithium 21.6 27.3
Magnesium 3740 20,800
Manganese 4820 353
Molybdenum 22.8 7.95
Nickel 133 37.1
Phosphorus 634 3750
Potassium 174 3470
Scandium 2.25 4.36
Selenium 47  <4
Silver 0.64  <0.5
Sodium 61.5 93.3
Strontium 4.81 123
Thallium  <1.5  <1.5
Tin 7.5  <5
Titanium 6.33 701
Vanadium 40.9 146
Zinc 76,500 66.4
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of otherwise soluble solutes, including oxidizing agents 
(e.g. Fe3+). Second, incarceration (e.g. Fig. 10) limits the 
available sulfide reactivity. These phenomena help explain 
why random mixing of PAG with non-PAG represents an 

equitable management solution to PAG waste rock at Gold 
Acres, where the base case of 2:98 non-PAG:PAG ratio is 
demonstratively environmentally innocuous, and in distinct 
contrast to the ratios at mines where mixing failed (Table 4).

Fig. 11   Mass balance based on the end member concentrations for 
a sulfate (Violet filled circle) and pH (Green filled triangle), b Mn 
(Light green filled circle), Zn (Brown filled trianlge), As (Rose filled 

cube), and Fe (Blue filled diamond), and c calcium (salmon filled 
cube) and alkalinity (blue filled diamond) in the 10:90 blended HCT 
effluent through 47 weeks
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NP Depletion and SO4 Production

Normalizing the ANP consumed and the AGP released on a 
weekly basis allows comparison of the HCT behavior (which 
were run for different periods). The difference between the 
pre-run and post-mortem AGP and ANP values (Table 2c) 
represent the release of acidity and alkalinity consumption 
by acid-generating reactions, respectively. For example, the 
PAG material consumed zero ANP (because there was none 
to start with) but released 1.1 kg/t. Conversely, the non-PAG 
end member released 0.13 kg/t of acidity while 0.45 kg/t of 
neutralizing capacity was consumed (Fig. 12). The 10:90 
blend generated acid at approximately the same rate as the 
PAG; however, very little ANP was consumed. The 4:96 
mixture is anomalous in that more post-mortem AGP than 
pre-run AGP was reported, possibly due to a nugget effect. 
As expected, the 2:98 blend generated more acid than the 
end member, but less than the 10:90 mix, while also con-
suming less neutralizing capacity.

The cumulative production of SO4 was consistent with 
the ABA ratio (Fig. 13), the PAG end-member generating 
the most, and the non-PAG end-member the least. From 
a kinetic perspective, the rate of SO4 production over the 
length of the HCTs followed a predictable trend, decreasing 
from the PAG end-member to samples with increasing non-
PAG with the average weekly rate also consistent with the 
incremental fraction of non-PAG, except for the anomalous 
4:96 ratio (Table 5). The reason the blends remained pH 
neutral was because the rate of neutralization exceeded the 

rate of acid production while the PAG end-member gener-
ated ≈6 times as much acidity as alkalinity.

Comparison with Other WRF Kinetic Test Studies

Three other mines where HCTs or columns were run to 
assess the potential for ARD were evaluated to understand 
why their test data mischaracterized the eventual outcome 
(Table 5) and if the conclusions reached for Gold Acres are 
accurate, and if so, why. The information for the three mines 
in British Columbia was extracted from MEND (1998) and 
others.

Waste rock at the Kutcho Creek mine comprised 29% 
PAG with an ABA range over the life-of-mine of 0.85–1.7. 
The two blended HCTs were layered with the different units 
and maintained a circumneutral pH throughout; however, 
two 3 × 3 m, 1.35 m high test cells both exhibited ARD over 
two years, typically after heavy, prolonged rainfall. The rea-
son for the failure of the HCTs may be due to the fact that 
they were only run for 20 weeks (JDS Energy & Mining 
2011), while at least 50 weeks were required for ARD to be 
produced from the waste rock pile (representing five years 
of production). Clearly, terminating kinetic tests prematurely 
can result in inaccurate conclusions.

A similar situation occurred at the Samatosum mine, 
except there the layered HCTs were run for at least 
128  weeks without generating acid (Morin and Hutt 
1997). The 9 million t of waste rock was deposited on 
a 2 m base of non-PAG material overlain by 6 m layers 

Fig. 12   Consumption of ANP compared to the release of AGP from the end members and the three blends
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of PAG, non-PAG, PAG, and non-PAG waste rock, with 
0.3 m soil cover. The acid seepage exiting the WRF at 
the top of the PAG layers was inferred to be due to flow 
along the PAG layers, which may explain the discrepancy 
between the HCTs and the WRF behavior. If so, it would 
support a more randomized, rather than structured design 
approach that would have aided in precluding hydraulic 
short-circuiting. In addition, 42% of the WRF was PAG 
and while the anticipated ABA ratio was 3.1, it may have 
been as low as 0.53.

At the Stratmat mine, where a 1.9 million t WRF was 
strongly PAG, column tests run with limestone applied at 1% 
and 3% generated acidic (pH 2.5) leachate at both ratios. In 
this case, it is apparent that the amount used was inadequate 
based on the 0.058 waste rock ABA ratio (Table 5). A full-
scale test with limestone layers performed worse than the 
bench tests, possibly due to armoring of the limestone by 
Fe and Mn oxides.

At all of these mines, there was adequate precipitation 
to allow the development of seeps, which is not the case 
at Gold Acres, where the rainfall/evaporation balance has 
resulted in no recorded seeps. In addition, in contrast to the 
mines where AMD has been observed, the worst-case ABA 
ratio at Gold Acres (3.6) is a factor of 2.4 higher, while 
the PAG/non-PAG blends were biased, in that the PAG end 
member (ABA 0.001) was the worst in the acid-generating 
population, but the neutralizing material was the median of 
the non-PAG population (Fig. 1). Finally, the PAG:non-PAG 
ratio at Gold Acres (4:96) is substantially less than at the 
other three mines (Table 5).

Conclusions

Based on the mine comparison (Table 5), the waste rock 
geochemical stability is greater at Gold Acres. In addition, 
the potential evaporation far exceeds precipitation, surface 
water is limited, and the water table is hundreds of meters 
below the ground surface. Under these circumstances, seep-
age from WRFs is negligible, and the receiving water is 
unlikely to be affected.

This study demonstrates that the PAG:non-PAG base case 
(2:98), worst case (4:98), and even the 10:90 ratio did not 
produce AMD at Gold Acres. Under the aggressive oxidiz-
ing conditions of a humidity cell, where sample flushing 
occurs on a weekly basis, even the 10:90 PAG:non-PAG 
ratio resulted in circumneutral pH leachate over almost a 
year of testing, with only a transitory initial release of As, 
Cu, Mn, Ni, SO4, and Zn.

After 140 weeks, the PAG HCT leachate was pH 2, hav-
ing been < 5 for > 100 weeks (Fig. 4a). However, after the 
same period of time, the worst-cast run-of-mine mixing 
ratio (4:96) remained pH > 7 (Fig. 7a) with stable alkalinity 
(Fig. 7e). Both HCTs were run under the same conditions 
(e.g. column dimensions, mass of waste rock, particle size, 
temperature, and fluid application). In addition, only 6% of 
the available ANP in the 4:96 ratio had been consumed, 
while the PAG had been rendered inert, based on the lack of 
a change in the pyritic-S (Table 2).

Finally, where evaporation exceeds precipitation in arid 
climates such as Nevada, caliche is common in the allu-
vium, such as subjacent to the Gold Acres waste rock facility 

Fig. 13   Cumulative sulfate as a function of the ABA ratio (noted at the end of each curve)
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(WRD). Therefore, apart from the waste rock alkalinity, 
there is also a carbonate reservoir that will provide addi-
tional neutralizing capacity for any leachate percolating from 
the WRF. Consequently, in the arid Gold Acres environ-
ment, any leached trace metals would be readily adsorbed 
by the existing waste rock and/or underlying caliche-bearing 
alluvium, and in the case of sulfate, depleted by subsequent 
leachate pore volumes.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10230-​021-​00790-2.
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