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1.0 INTRODUCTION 
1.1 PLAN OVERVIEW 

At the request of Freeport-McMoRan Tyrone, Inc. (Tyrone), Life Cycle Geo, LLC (LCG) has prepared this 
Material Characterization and Handling Plan (Plan) to support the permitting and operation of two non-
discharging stockpiles at the proposed Emma expansion of the Tyrone Mine (Emma), in Grant County, New 
Mexico. The proposed Emma Pit will be part of the larger Tyrone Mine Operations (Tyrone Mine) and is 
located approximately 12 miles southwest of Silver City, NM and one mile south of Tyrone Mine.  

Construction of the new non-discharging stockpiles will require a Material Characterization Plan, a 
discharge demonstration, and a Material Handling Plan (as per guidelines provided by Copper Mine Rule, 
Title 20, Chapter 6, part 7 of New Mexico Administrative Code).  The two proposed non-discharging 
stockpiles are 6HW Waste stockpile, which will be constructed north of the Emma Pit and EMW Waste 
stockpile, which will be constructed northeast of the Emma Pit (See Figure 1). A technical memo titled 
“Emma Material Handling Plan: Soil Suitability Testing for Stockpiled NPAG Reclamation Cover Materials” 
by WSP is attached as Appendix A. 

The report is organized as follows: 

• Section 2 provides an overview of the acid rock drainage potential of materials at Emma based on
the results of the geochemical characterization conducted on Emma materials (LCG 2021a,b)

• Section 3 provides the material handling plan for managing waste rock at Emma
• Section 4 provides the results of the discharge demonstration for the EMW Waste stockpile and 6HW

Waste stockpile
• Section 5 provides a plan for waste rock monitoring and reporting

1.2 PLAN PURPOSE 

The purpose of this Plan is to facilitate permitting of the non-discharging 6HW Waste stockpile and EMW 
Waste stockpile. This plan includes information about the expected long-term environmental behavior of 
stockpile materials (summarized from LCG 2021a), a discharge demonstration for the two stockpiles, and a 
material handling plan. 
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Figure 1: Locations of 6HW Waste stockpile, EMW Waste stockpile, and Emma Pit 

2.0 EMMA ACID ROCK DRAINAGE POTENTIAL 
2.1 GEOLOGY 

The geology of the Tyrone deposit, which includes Emma, has been described in other recent 
characterization and permitting reports for the Little Rock Mine, which has similar geology to Emma (SARB 
Consulting, Inc. [SARB] 1995, 1996; Golder Associates, Inc. [Golder] 2016) and is repeated here in brief to 
provide geologic context to the lithologic units excavated from Emma. There are three dominant 
lithologies within the projected Emma ultimate pit: 1) Precambrian granite, 2) tertiary monzonite (Tyrone 
stock) and 3) various dikes/sills/minor intrusives (e.g., aplite, diabase, granodiorite and hornfels). Tertiary 
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mineralization occurs primarily within the stock and host Precambrian granite. The proportion of the 
various Emma waste material lithologies destined for the non-discharging stockpiles is expected to be 
approximately 65% Precambrian granite, 20% tertiary monzonite porphyry, and 15% other relatively minor 
lithologies including aplite, hornfels, and diabase dikes. 

Minerals that are typically indicative of long-term waste material environmental behavior include various 
sulfide and carbonate minerals as these are the primary contributors to the acid-generating potential (AGP) 
and acid-neutralizing potential (ANP), respectively, of waste material. Primary (hypogene) mineralization 
at Emma resulted in emplacement of pyrite, chalcopyrite, and to a lesser degree, bornite. Calcite occurs 
principally in the host rock but was also introduced as post-supergene alteration. 

2.1 CHARACTERIZATION PROGRAM 

LCG conducted a program to establish the long-term environmental behavior of future Emma waste 
materials. The program was initially proposed to New Mexico Environment Department (NMED) by Tyrone in 
2020 (LCG 2020). The Phase 1 and 2 static testing portions of the program have been completed (LCG 
2023). The Phase 3 kinetic testing (humidity cell testing [HCT]) program was proposed to NMED in 2021 
(LCG 2021a) and is now also complete (LCG 2023). Results from this characterization program inform the 
conclusions about long-term waste material environmental behavior and discharge behavior that is 
summarized within this Material Characterization and Handling Plan for the two non-discharging stockpiles.  

More specifically, the characterization program involved selection of 40 samples to establish the long-term 
environmental behavior of Emma waste rock (LCG 2020). The samples were selected to be representative 
of the predicted distribution of lithology and alteration/oxidation, as well as the spatial extent of the 
projected Emma Pit. Table 1 summarizes this distribution in terms of projected waste proportions for the 
6HW Waste stockpile and EMW Waste stockpile. 

Table 1: Sample Selection Summary 

Lithology Proportion of Waste Samples Proportion of Total Samples 

Aplite 6.0% 8 20% 

Diabase 2.5% - - 

Fault Breccia 1.1% - - 

Granodiorite 1.3% 1 2.5% 

Hornfels 4.3% - - 

Precambrian granite 64.0% 27 67.5% 

Tertiary monzonite porphyry 20.7% 4 10% 

Total 100% 40 100% 
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2.2 SUMMARY OF ARD AND METALS LEACHING POTENTIAL 

This section provides a high-level summary of the acid rock drainage (ARD) and metals leaching potential of 
Emma Mine waste rock, summarized from LCG (2023). The Emma characterization program results indicate 
that a significant majority of Emma waste rock has very low sulfur content (often near or below detect). 
Figure 2 shows the AGP and ANP values for the 40 samples by lithology. 

 

 

Figure 2: AGP vs. ANP (based on Modified Sobek test) for Emma waste rock samples 
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The figure illustrates that most AGP values are close to zero, a function of very low material sulfur 
content. Eight samples (20%) have AGP values above 5 TCaCO3/kT while the rest are close to zero. 

Table 2 summarizes internationally accepted metrics for screening-level ARD classification using the 
neutralization potential ratio (i.e., ANP/AGP; NPR), net neutralization potential (i.e., ANP – AGP; NNP), 
and net acid generation (NAG) pH (Mine Environment Neutral Drainage Program [MEND] 2009, International 
Network for Acid Prevention [INAP] 2009, AMIRA 2002). These classifications are applied in Tables 3 and 4 
for the 40 samples according to NPR and NAG pH, respectively, and classify the samples as either 
potentially acid generating (PAG), not potential acid generating (NPAG), or uncertain. 

Table 2: ARD potential thresholds using NNP, NPR, and NAG pH criteria 

ARD Potential NNP 
(tCaCO3/kt) 

NPR NAG pH 

Likely (PAG) <-20 <1 <4.5 

Uncertain -20<NNP<20 1<NPR<2* - 

Unlikely (NPAG) >20 >2* >4.5

Note: A more conservative NPR of 3 has also historically been used (INAP 2009) 

Table 3: Screening-level ARD potential classification for 40 Emma waste rock samples 

Lithology n PAG 
(NPR < 1) 

Uncertain 
(1 < NPR < 2) 

NPAG 
(NPR > 2) 

Aplite 8 2 0 6 

Granodiorite 1 0 0 1 

Precambrian granite 27 7 3 17 

Tertiary monzonite porphyry 4 0 1 3 

Table 4: NAG pH classification for 40 Emma waste rock samples 

Lithology n 
PAG 

(NAG pH < 4.5) 
NPAG 

(NAG pH > 4.5) 
Aplite 8 1 7 

Granodiorite 1 0 1 

Precambrian granite 27 6 21 

Tertiary monzonite porphyry 4 0 4 
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Both the NAG pH and NPR classifications reflect the AGP1 data displayed in Figure 2 in that 9 (22.5%) of the 
40 samples are classified as PAG; these are generally the samples with AGP values of at least 5 TCaCO3/kT 
(i.e., the samples that do not have sulfur concentrations near the lower detection limit) or in some cases, 
samples with low total sulfur, but without detectable concentrations of ANP. The consistency between the 
NAG and NPR classifications is helpful in developing a threshold for segregation of PAG and NPAG waste 
rock to ensure that only NPAG waste rock ends up on the non-discharging stockpiles. Both the NAG and NPR 
classifications, when compared to Figure 3, suggest that acid-generating potential is almost entirely a 
function of sulfur content. As such, simple sulfur concentrations could be used conservatively to segregate 
PAG from NPAG materials. The proposed segregation threshold (LCG 2023) is discussed in greater detail in 
the Waste Rock Placement (Section 3.0).   

The metals leaching potential of the Emma waste rock materials also appears to be very low based on 
short-term and long-term leachate testing conducted to date. As indicated by results of the humidity cell 
testing (LCG 2023), metals release is only expected to be significant if acidic conditions are generated- this 
includes high sulfate and chalcophile metals.  

The results of the leachate testing program were used to parameterize the discharge demonstration for the 
two stockpiles, which will receive NPAG materials and as such, neither stockpile will become acid 
generating provided the material handling plan described in Section 3 is followed. Accordingly, this 
discharge demonstration does not include HCT results associated with PAG materials. 

 

3.0 WASTE ROCK PLACEMENT 
3.1 PROPOSED SEGREGATION THRESHOLD 

Based on results of the characterization program, a total sulfur threshold of 0.2 weight percent (wt. %) has 
been proposed (LCG 2023) to segregate PAG from NPAG waste. The total sulfur threshold of 0.2 wt. % is an 
effective means of separating PAG from NPAG materials based on the results of the geochemical 
characterization program and produces similar classifications as both NPR and NAG pH. The relationship 
between the three metrics is illustrated in Figure 3. The primary differences in classification between using 
a total sulfur threshold of 0.2 wt. % vs. using a NAG pH or NPR threshold are as follows: 

• Two samples have NPR values greater than 1 (classify as NPAG) but have total sulfur values > 0.2 
wt. % (classify as PAG).  

• Both samples have higher ANP than AGP (these samples plot above the NAG pH = 4.5 line 
and are colored green in Figure 3) and are unlikely to become acid-generating. 

• Using the total sulfur threshold, these samples will be conservatively segregated as PAG. 

 

1 AGP was calculated from total sulfur (i.e., AGP = total sulfur x 31.25) 
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Note: black circles are total sulfur values below the detection limit of 0.01 wt. %

 

Figure 3: NPR versus NAG pH colored by total sulfur. Black circles are non-detect values. 
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• One sample has NPR value less than 1 (classify as PAG) but total sulfur concentration < 0.2 wt. % 
(classify as NPAG).  

• This sample has very low total sulfur content (< 0.2 wt. %) but has even lower 
corresponding ANP (the sample plots above the NAG pH = 4.5 line and to the left of the 
NPR = 1 line in Figure 1).  

• LCG (2023) indicated that it is highly unlikely for waste materials with sulfide sulfur 
content < 0.2 wt. % to ever become acid-generating. 

LCG (2023) points out that the total sulfur threshold of 0.2 wt. % is not only an accurate predictor of NPAG 
and PAG material types, but it is also conservative because: 

• It does not account for material ANP 
• Not all total sulfur is present as sulfide sulfur (i.e., it is not all oxidizable pyrite) 
• It results in a higher proportion of samples classified as PAG than NPR or NAG pH 
• Studies indicate that below a threshold of 0.2 wt. %, irrespective of neutralization potential, 

materials are highly unlikely to become acid-generating 

Details regarding material segregation, handling and compliance are discussed in the Waste Rock 
Management section (5.0). 

 

4.0 DISCHARGE DEMONSTRATION 
4.1 OBJECTIVE 

The purpose of the discharge demonstration is to establish whether seepage or runoff from the non-
discharging NPAG 6HW Waste stockpile or NPAG EMW Waste stockpile could cause an exceedance of NMAC 
20.6.2.3103 surface water or groundwater quality standards. 

4.2 MODEL DETAILS AND STRUCTURE 

Consistent with discharge demonstrations developed for other facilities at Tyrone mine (e.g., Golder 2016; 
LCG 2021b), LCG developed a mass balance model to assess discharge quality from the planned non-
discharging, NPAG 6HW Waste stockpile and NPAG EMW Waste stockpile to groundwater. The mass balance 
model focused on sulfate concentrations as that is the only constituent of notable concentration that is 
consistently released from waste materials in leach tests, and the only constituent expected in measurable 
quantities from a waste stockpile with no PAG material. Sulfate may also be released from dissolution of 
non-sulfide minerals such as gypsum or other secondary sulfosalt minerals and therefore represents a 
conservative estimate of material sulfide oxidation (Golder 2016; LCG 2021b). Once released, sulfate is 
generally unlikely to attenuate (unless it is present in very high concentrations, along with calcium, and 
precipitates as gypsum). 

The following data sources were used in the mass balance model: 

• Historic climate data collected from the Tyrone mine general office weather station 
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• Expected lithologic proportions in the stockpiles 
• Stockpile construction schedules 
• Waste rock acid-base accounting (ABA) and metals leaching test data 

The following assumptions were made in the mass balance model development: 

• All water entering the stockpile comes from meteoric precipitation.  
• All dissolved sulfate in the predicted discharge is released from waste rock during contact with 

inflowing precipitation (i.e., the inflowing water contains no sulfate) and the mass of sulfate 
released from waste rock is controlled by a mass release rate as calculated from HCT results (LCG 
2020; LCG 2023).  

• The waste rock mass was based on the expected NPAG waste tonnage going to each stockpile which 
is estimated to be ~10 MT for each stockpile. This mass is a conservative over-estimate of tonnage 
actually expected for the stockpile. 

• The lithologic composition of each stockpile is assumed to be equivalent and composed of NPAG 
material. However, to accommodate a certain proportion of segregation inefficiency, a small 
proportion of higher sulfur material was modeled as a conservative scenario.  

• The lithologic composition of the stockpiles is assumed to be equal to the lithologic proportions 
presented in Table 1. 

The sulfate mass release rates used in the model were calculated in a two-step process: 1) Converting the 
laboratory leachate sulfate concentration to a laboratory leachate sulfate mass released per unit mass of 
material in the laboratory tests (equation 1), and 2) Calculating a representative sulfate mass release rate 
for a stockpile by taking the geometric mean of the sulfate mass release rates (i.e. equation 1) of each 
sample for a lithology and multiplying it by the fractional proportion of that lithology in the stockpile by 
using Microsoft® Excel’s SUMPRODUCT function (equation 2). 

[𝑆𝑆𝑂𝑂4;𝑚𝑚𝑚𝑚/𝑘𝑘𝑘𝑘] =
[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑆𝑆𝑂𝑂4;𝑚𝑚𝑚𝑚/𝐿𝐿] × [𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑎𝑎𝑎𝑎𝑎𝑎; 𝐿𝐿]

[𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚;𝑘𝑘𝑘𝑘] (1) 

�𝑆𝑆𝑂𝑂4𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠;𝑚𝑚𝑚𝑚/𝑘𝑘𝑘𝑘� = �([𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝; %]𝑖𝑖 × [𝑆𝑆𝑂𝑂4;𝑚𝑚𝑚𝑚/𝑘𝑘𝑘𝑘]𝑖𝑖)
𝑖𝑖

(2) 

Where i in equation 2 represents each lithology in the stockpile. 

Two mass release rates are used in the model, first flush (FF) and long-term (LT). The FF release rate 
represents freshly placed rock which has a higher propensity for rapid sulfate release from weathered 
material surfaces as opposed to older rock, from which readily available surface oxidation products have 
already been rinsed. The LT release rate reflects seepage inside the stockpile, for rock that has already 
been flushed, representing longer-term water-rock interaction. Both release rates were derived from HCT 
results (LCG 2023) and the expected lithologic distribution of waste in the stockpiles (see Table 1). 
Leachate mass release data was not available for all lithologies so the lithologic proportions were 
normalized to those lithologies for which leachate testing data was available (i.e., aplite, Precambrian 
granite, granodiorite, and Tertiary monzonite porphyry).  

Two scenarios of sulfate release were evaluated with the model, a Base Case and a Conservative Case. The 
Base Case represents the expected chemistry from the waste rock assuming all material deposited has 
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sulfur content less than 0.2 wt. % and is classified as NPAG, while the Conservative Case represents 
expected sulfate concentrations assuming some material with elevated sulfur (up to 1 wt. %) is mixed in 
with the low-sulfur material deposited in the waste dumps.  

The FF and LT sulfate release rates were assigned as follows: 

1. Base Case: The FF rate was assumed to be equal to the average sulfate mass released from the first 
five cycles of the HCT tests for samples with total sulfur less than 0.2 wt. % and the LT rate was set 
to equal the average sulfate mass released from the last five cycles of the HCT tests. 

2. Conservative Case: The FF and LT release rates for the Conservative Case were calculated the same 
way as for the Base Case except that all HCT samples with total sulfur less than 1 wt. % were used 
to include sulfate release data from some elevated sulfur samples.  

Water infiltrating the stockpiles is not expected to contact 100% of waste rock surfaces. In practice, water 
infiltrating waste rock is likely to follow preferential flow paths (El Boushi 1975). Additionally, mass release 
will be affected by the waste rock particle size distribution (Morin 2013) which varies from lab to field. 
Generally, laboratory tests are conducted on materials with a finer overall particle size distribution to 
accelerate weathering/oxidation and mass release. To account for these concepts, two scaling factors (one 
for material surface area and one for preferential flow) were used to adjust laboratory-derived mass 
release and material surface saturation levels to the field-scale (Kempton 2012). The preferential flow 
scaling factor was varied according to the proportion of inflowing water, with a value of 0.05 for low water 
months and 0.2 for high water months (Morin 2013). 

For the purposes of the discharge modeling, stockpile construction is scheduled to begin in fourth quarter 
of 2022, Mine Year 2, and proceed into Mine Year 5, 2026. For modeling, an equal amount of increased 
tonnage was assigned to each month. Table 5 outlines the estimated percent of waste rock completion of 
each stockpile though the 5-year mine life. The tonnage and surface areas were distributed through the 
model duration based on these percentages. The actual tonnage placed in the two stockpiles are likely to 
be lower than estimates in this plan; the tonnages in this plan are overestimated to be conservative. Both 
stockpiles are expected to be 54 acres. The mass-balance model was built to reflect this construction 
schedule and final stockpile geometry by using monthly timesteps based on mass released during each 
month of construction. Average monthly precipitation data collected from 1990 to 2021 was used to 
estimate the monthly inflow at each time step. The mass-balance model was run for four years (48 months) 
and three years (36 months) for the EMW Waste stockpile and 6HW Waste stockpile, respectively. The FF 
mass-release rate was applied to new stockpile material for three months, after which the LT mass-release 
rate was applied (Golder 2016; LCG 2021b). 
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Table 5: Stockpile Construction Schedule 

Model Year EMW Waste 6HW Waste 
1 0% 0% 

2 11% 0% 

3 50% 76% 

4 98% 99% 

5 100% 100% 

 

4.3 MODEL RESULTS 

Figure 4 presents the predicted monthly sulfate concentrations over time from the mass balance model for 
both stockpiles. Different predicted sulfate concentrations for each stockpile over time reflect their 
different footprint areas and construction schedules. The mass-balance model applies an equal mass of 
waste rock over each unit of area in the stockpile, as such different surface areas will result in releasing 
different concentrations of sulfate per unit area. During the modeled period, predicted sulfate 
concentrations range from 13 to 356 mg/L and 13 to 364 mg/L, for the 6HW Waste stockpile and EMW 
Waste stockpile, respectively, inclusive of both the base and conservative scenarios. Sulfate trends are 
driven by precipitation volumes, which are the sole source of infiltration through the stockpiles during 
construction. As such, sulfate concentrations vary seasonally and exhibit an inverse correlation to 
recharge. More sulfate is expected to accumulate and be picked up by a relatively lower volume of 
precipitation during the drier months, with maximum sulfate concentrations occurring in the driest months, 
which are April and May. This reflects flushing of sulfate from stockpile material surfaces and dissolution 
into a smaller volume of water.  Figure 4 indicates that predicted maximum sulfate concentrations are 
below the NMED regulatory standard groundwater quality value for sulfate of 600 mg/L 2. 

 

2 NMAC 20.6.2.3103 (B) domestic water supply maximum allowable concentration 
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Figure 4: Mass-Balance Model Predicted Sulfate Concentrations for 6HW Waste stockpile and EMW 
Waste stockpile 

 

5.0 WASTE ROCK MANAGEMENT 
Current estimates indicate that up to 10 million tons of NPAG rock could be deposited to the two Emma 
non-discharging stockpiles, although the actual tonnage is likely to be lower. The proposed sulfur threshold 
will effectively minimize placement of waste (PAG) material on the two non-discharging stockpiles. PAG 
waste will be routed to existing stockpiles at Tyrone that are currently permitted to receive PAG materials. 
Furthermore, a small proportion of NPAG waste rock (less than half a percent of the total waste rock 
tonnage) will be routed to the Emma Pit to achieve the closure/closeout plan objectives and for pit water 
management. This material will be identified using the same proposed sulfur threshold.  

The following paragraphs describe how waste rock materials are segregated, routed, tracked and 
monitored. 

 

5.1 WASTE ROCK SEGREGATION AND HANDLING 

In order to segregate NPAG from PAG waste, Tyrone will measure the total sulfur concentration of 
production blastholes as part of its operational blast assay program. This data will be used to update PAG 
and NPAG volume estimates in real-time for accurate mine planning, and to guide Tyrone Operations staff 
in routing ore and waste to the correct destination.  
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A summary of the waste segregation workflow is as follows: 

• The geologic model is used in the design of pit benches for the mine plan 
• The mine plan is used to design specific blast patterns with drill patterns that are laid out in the 

field  
• After drilling is complete, blasthole cuttings are sampled (one composite sample from each 

production blasthole- the average blasthole is 10 5/8” in diameter and 53-55 ft. depth) 
• Random samples of blastholes for ABA confirmation are also taken at this time, and as described in 

Section 5.2 below. 
• Each sample typically represents one mine block (with an approximate size of 25ft by 25ft by 50ft). 

A mineable shape typically consists of six mine blocks and represents the minimum volume that can 
be segregated.  

• The samples are sent to the Company assay lab in Safford, Arizona. Assay results are typically 
returned within 48 hours. 

• Assay tests include total sulfur measurement by LECO Induction Furnace (with 0.001 wt. % 
detection limit) 

• Assay results are used to update the geologic model 
• The average sulfur concentration in a mineable shape (usually based on six data points) must be 

below the 0.2 wt. % total sulfur threshold for the shape to be designated as NPAG. If the average is 
above the threshold, the shape is designated as PAG. 

• Tyrone ore control uses the updated model to design the final detailed mine plan for each bench, 
including the routing of ore to leach stockpiles and the routing of waste-to-waste stockpiles.  

• This detailed final mine plan and routing/dispatching information is loaded electronically onto 
loading unit GPS guidance systems or surveyed and marked manually in the shovel pit. It is also 
sent to the Tyrone Dispatch system which monitors and assigns trucks to dump at the specified 
dump locations. 

Although very minor dilution can be expected within each of the waste piles and is considered normal for 
an operating mine site, the blast assay-based segregation program is considered robust, state-of-the-art 
and conservative for the following reasons: 

• Blasthole assay sulfur is measured at the same frequency and resolution used by Tyrone for 
identifying and segregating its copper ore. 

• Material neutralization potential is not accounted for hence the ARD potential of waste materials is 
overestimated. The threshold is conservative for other reasons summarized in Section 3.1. 
 

Tyrone has high confidence that the proposed segregation threshold and segregation and handling 
procedure is effective and represents the highest industry standard. The process is also adaptive and 
verifiable. 
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5.2 MONITORING AND CONFIRMATION 

Tyrone recommends that periodic waste rock sampling be conducted to provide ongoing assurance that the 
proposed total sulfur threshold is correctly segregating NPAG from PAG rock. Tyrone initially proposes to 
collect one random blasthole sample for every 150,000 tons of waste rock material. Tyrone may propose a 
reduction in sampling frequency, for NMED approval, based ongoing evaluation of the monitoring program. 
Samples will be sent to a commercial laboratory for ABA testing which includes measurement of sample 
AGP and ANP.  Blasthole data will be recorded for the random samples routed to NPAG waste stockpiles, so 
that ABA samples can be readily cross-correlated with the blast assay total sulfur database summarized in 
the previous section. 

Results of random ABA testing and corresponding sulfur testing will be submitted to NMED on a semi-annual 
basis along with other reports required by DP-396. The ABA results will be identified according to the 
blasthole where the sample was collected. Maps of the Emma Pit will be included with ABA results to show 
where the blasthole was located within the pit. 

 

6.0 SUMMARY 
The purpose of this material handling and characterization plan is to identify robust material handling 
practices that are protective of the environment and to demonstrate that NPAG-classified waste rock 
placed in the EMW Waste stockpile and 6HW Waste stockpile will not generate discharge in exceedance of 
NMED water quality standards.  The plan also provides the procedure for compiling soil suitability data and 
water-holding capacity data for NPAG waste rock that may be utilized as part of the cover system at 
closure.  Based on the results of the geochemical characterization program (LCG 2021a, 2021b, 2023) and 
the discharge demonstration (this study), The two proposed stockpiles will not produce drainage in 
exceedance of NMED water quality standards provided the material handling plan (Section 5) is followed.   
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CLOSURE 
This material handling and characterization report was prepared by Morgan Warren and Dr. Tom Meuzelaar 
for Tyrone. Please do not hesitate to contact the undersigned with any questions or comments. 

 

 

 

 

Tom Meuzelaar, Ph.D. 
Principal Consultant 
tom@lifecyclegeo.com 
  

mailto:tom@lifecyclegeo.com
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WSP USA Inc.  
2440 Louisiana Blvd NE Suite 400 Albuquerque, NM 87110 

wsp.com 

Objectives 

 Characterize and document segregated NPAG overburden that is stockpiled per the Emma Material

Handling Plan for eventual use as a reclamation cover material.

 Track the suitability of NPAG overburden from Emma placed in the EMW and 6HW stockpiles.

 The following is proposed in addition to the ABA confirmation sampling that will be done on blast hole

cuttings prior to placement of waste.

Sampling Methods and Testing 

 Collect approximately 30 samples from each of the NPAG overburden stockpiles (EMW and 6HW) for soil

suitability testing during the construction of the stockpiles. This is essentially equivalent to a sampling

frequency of one sample for every 150,000 tons of waste rock.

 Soil suitability tests will be collected at the stockpile dump sites to obtain representative samples of the

material as placed.

 Based on the construction schedule for the EMW and 6HW stockpiles, we anticipate the majority of

sampling would be conducted in Years 2 and 3 of the mining at Emma.

 Distribute samples horizontally and vertically (i.e., by lift) as the stockpile is constructed to get a good

representation and capture variability in material properties.

 Collect samples from the upper surface of the stockpile lifts from backhoe excavated test pits.

 Visually estimate volumetric rock content and verified by field sieving of <3-inch material on a #10 sieve

and adjusted to account for oversized rock (>3-inch).

 The sieved fine-earth faction (1-gallon) will be sent to the laboratory for analytical testing (see table

below).

 During the sampling program, collect a minimum of 10 samples for soil-hydraulic characterization to

determine compliance with available water holding capacity requirements under the Copper Rule.

TECHNICAL MEMORANDUM
DATE March 27, 2025 Project No. GL21476949 

TO Raechel Roberts 
FMI Tyrone Operations 

CC Todd Stein (WSP), Tom Shelley (FMI), Tom Meuzelaar (Life Cycle Geo) 

FROM Doug Romig, CPSS EMAIL doug.romig@wsp.com

EMMA MATERIAL HANDLING PLAN: SOIL SUITABILITY TESTING FOR STOCKPILED NPAG 
RECLAMATION COVER MATERIALS 



Raechel Roberts Project No.  GL21476949

FMI Tyrone Operations March 27, 2025

2

Reporting 

 Compile and summarize all laboratory data and electronic lab reports and maintain a summary

spreadsheet.

 Prepare a short technical memorandum for bi-annual reports to agencies that summarizes the soil

suitability data, transmits laboratory reports, and provides a sample location map.

Soil Suitability Testing Parameters and Methods for Emma EMW and 6HW Stockpile Samples 

Analysis/Parameter Source-Method 

Saturated Paste pH SLS 1954, Method 2 and 21a 

Electrical Conductivity, saturated paste SLS 1954, Method 3a and 4b 

Saturation Percentage SLS 1954, Method 27a 

Particle Size Analysis ASA 1982, Method 15-5 

Organic Matter (Carbon) ASA 1982, Method 29-3.5.2 

N as Nitrate ASA 1982, Method 33-8.1 

Phosphorous (Olsen) ASA 1982, Method 24-5.4 

Potassium ASA 1982, Method 13-3.5 

Cation Exchange Capacity SLS 1954, Method 19 

AB-DTPA extraction ASA 1982, Method 3-5.2 

Extractable Metals 

(As, Cd, Cu, Fe, Pb, Mn, Mo, Ni, and Zn) 

EPA Method 6010/6020 

https://wsponlinenam.sharepoint.com/sites/us-albuquerquemineenvir/client  freeport/tyrone/emma mhp/gl21476949_emma mhp-soil suit testing r1 tm_032725.docx 



 

 

 

 

 

 

 

 

 

 

 

Appendix 2:  
Peer Reviewed Literature 
 



2002 SME Annual Meeting 
Feb. 25 - 27, Phoenix, Arizona 

 

 

1                                                        Copyright   2002 by SME 

 
 

 

 

Preprint 02-073 
 
 
 

 
DRAINAGE PH, ACID PRODUCTION, AND ACID NEUTRALIZATION FOR ARCHEAN GREENSTONE ROCK 

 
K.A. Lapakko and D.A. Antonson 

Minnesota Dept of Ntrl Resrcs 
Hibbing, MN 

 
ABSTRACT 

Fourteen samples of pyrite-bearing Archean greenstone 
rock (d < 6.35 mm, 0.04% < St < 1.22%) were characterized 
(particle size, chemistry, mineralogy) and subjected to laboratory 
dissolution testing.  The only sulfide and carbonate minerals 
identified were pyrite and siderite, respectively.  Quartz, chlorite 
and sericite typically comprised 90 to 98 percent of the mineral 
content.  For the first 60 weeks, seven samples with sulfur 
contents less than or equal to 0.16% produced drainage pH 
values exceeding 6.0.  Over this period, six of the seven samples 
with sulfur contents greater than or equal to 0.20% produced 
drainage pH below 6.0, with minimum values ranging from 3.2 to 
4.7.  The seventh sample (0.72% S) had a siderite content of 
18%.  Small amounts of magnesium and, to a lesser degree, 
calcium carbonates present in the siderite apparently dissolved to 
neutralize acid and maintain drainage pH above 6.0.  Sulfate 
release rates generally increased as sulfur content increased, and 
the rates of pyrite oxidation estimated for individual samples were 
roughly half to five times that reported in the literature for the 
abiotic oxidation of pyrite by oxygen.  Observed neutralization 
potentials ranged from 0.2 to 2.0 g CaCO3/g rock. 

INTRODUCTION 
Greenstone belts are hosts to numerous gold and base 

metal deposits.  There is presently no mineral development in the 
Archean greenstone belts of northern Minnesota.  There are, 
however, a number of gold and base metal mines north and 
northeast of Minnesota in Ontario, and these mines are located in 
greenstone belts which extend into Minnesota.  The Minnesota 
Department of Natural Resources (MN DNR) is charged with both 
encouraging mineral resource development and protecting other 
natural resources, including water quality.  If mineral development 
occurs in Minnesota’s greenstone belts, characterization of mine 
wastes will be necessary to determine the quality of drainage 
which would be generated.   Mine wastes that generate drainage 
that will not adversely impact the quality of receiving waters would 
require little or no mitigation, and could possibly be put to 
beneficial use.  In contrast, mine wastes generating drainage that 
could severely impact receiving waters would require diligent 
management. 

To gain insight into the drainage quality from Archean 
greenstones, rock samples were collected during excavation of a 
cavern, unrelated to mining, in the greenstone formation near 
Soudan, MN. The samples were characterized and subjected to 
laboratory dissolution testing to determine the relationship 
between the sulfur content of Archean greenstone rock and 
drainage pH.  The data from this study will be added to that being 
gathered on other rock types in a cooperative project with the US 
Bureau of Land Management Utah State Office. Ultimately such 
information, along with information on trace metal release, will be 
used to help determine the extent of mitigation required for 
operational mine wastes.  

Generation of Acidic Drainage 
Generation of acidic drainage is the major water quality 

concern regarding mine waste drainage quality, although release 
of metals in neutral drainage can also adversely impact water 
quality.  Acid is released as a result of the oxidation of iron sulfide 
minerals, such as pyrite (equation 1), which are common to both 
hydrothermal quartz carbonate gold deposits and base metal 
deposits in greenstones.  

 
FeS2 (s) + (15/4) O2 (aq) + (5/2) H2O = FeOOH(s) + 2SO4

2- (aq) + 
4H+ (aq) [1] 

 
Williamson and Rimstidt (1994) used literature data to 

derive a rate law for the abiotic rate of pyrite oxidation by oxygen 
at 25oC, defined by the equation  

 
dFeS2/dt = 10-8.19 (±0.10) mDO

0.5 (±0.04)mH+

(-0.11±0.01) [2] 
 
where the rate of pyrite destruction is expressed in mol m-2 

s-1 and mDO and mH+ are the respective molalities of dissolved 
oxygen and hydrogen ion in units of mol kg-1.  Ranges of mDO and 
pH for which the expression is applicable are approximately 10-5.5 
to 10-1.5 and 2 to 10, respectively.  At pH 3 and pH 7, this yields 
respective rates of 2.2 x 10-10 and 6.2 x 10-10 mol m-2 s-1 for oxygen 
saturation at 25oC . 

Some or all of the acid generated as a result of iron sulfide 
oxidation may be neutralized by dissolution of other minerals 
present in a mine waste.  Calcite is the most reactive carbonate, 
with a reported dissolution rate of approximately 2.4 x 10-3 mol m-2 
s-1 at pH 6 (pCO2 = 0.1 atm, 25oC; Busenberg and Plummer 1986).  
Relative to calcite dissolution at pH 6, siderite dissolution under 
anoxic conditions is about three orders of magnitude slower 
(Greenberg and Tomson 1992) and chlorite dissolution is roughly 
10 orders of magnitude slower (May et al.  1995; Sverdrup 1990; 
Malmström et al.  1996).  The chlorite dissolution rate is roughly 
four orders of magnitude lower than that for pyrite oxidation at pH 
6.0 (derived from Williamson and Rimstidt 1994).  Thus, for a rock 
containing only chlorite and pyrite, chlorite dissolution could 
neutralize acid and maintain pH 6.0 only if pyrite content were 
less than about 0.3 weight percent (considering differences in 
mineral density and surface roughness factors).  

OBJECTIVES 
This publication reports on the solid-phase characterization 

of 14 Archean greenstone samples and the first 60 weeks of 
laboratory dissolution testing.  The objectives of this report are to 
1) provisionally classify solids based on their composition and 
their associated potential to produce acidic drainage, 2) compare 
observed rates of pyrite oxidation to those reported in the 
literature, and 3) quantify observed neutralization potentials.  The 
classification must be viewed as provisional because laboratory 
testing of other low-carbonate mine wastes indicates that 
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drainage pH decreases with time (Lapakko and Antonson 1994).  
This temporal variation, as well as the potential for trace metal 
release to neutral drainage and rates of silicate mineral 
dissolution, will be addressed as the project progresses.  The 
information generated will ultimately be used to assist in mine 
waste management decisions for Archean greenstone waste rock. 

METHODS 

Materials 
As part of a project unrelated to mining, the University of 

Minnesota Department of Physics constructed a cavern at a depth 
of 730 m in a greenstone formation near Soudan, MN 
(www.hep.umn.edu/minos).  Fourteen samples used in the 
present study were collected from a 5-cm drill hole bored prior to 
excavation along the anticipated length of the cavern and were 
selected to provide a range of sulfur contents.  Samples were 
stage crushed to minus 0.64-cm to limit generation of fines.  

Experimental   
The experimental apparatus is described by Lapakko and 

White (2000).  A total of 18 cells were used for the fourteen 
samples, four of which were run in duplicate. Prior to sample 
addition, the cells were washed with 10% HNO3, then rinsed three 
times with distilled water.  Each cell and the contained 1000 g dry 
solids was weighed, and the solids were then rinsed daily with 
500 mL of deionized water for three days (week 0) to remove 
oxidation products which accumulated prior to the beginning of 
the experiment.  The outlet port was capped and 500 mL of 
deionized water was added slowly from a graduated cylinder to 
the cell.  Ten minutes after all cells were filled, the outlets were 
uncapped and the cells drained.  Subsequently the cells were 
rinsed weekly in a similar manner, with the exception that a single 
500-mL volume of deionized water was slowly dripped into the 
cell from a separatory funnel. 

Between rinses the cells were stored in a room in which 
temperature and humidity were controlled.  Over the 60-week 
period of record, temperature and relative humidity were 
measured three to four times per week, with a total of 203 
readings.  Temperature ranged from 21.1oC to 27.8oC and 
averaged 24.6oC, with a standard deviation of 1.2oC.  Relative 
humidity ranged from 50% to 65% and averaged 59.2%, with a 
standard deviation of 2.4%. 

Analyses   
Particle size distribution was determined using method 

ASTM E-276-93 (ASTM 2000) by Lerch Brothers Inc. (Hibbing, 
MN).  The rock samples, as well as their size fractions, were 
analyzed for sulfur, sulfate (sulfide was determined by difference), 
and evolved carbon dioxide by ACTLABS in Tucson, AZ using 
ASTM E-1915-97 (ASTM 2000).  A 10 percent hydrochloric acid 
solution was used to solubilize the carbonate minerals, and the 
carbonate present was quantified as the difference between total 
carbon in the initial sample and that in the residue.  The remaining 
solid-phase constituents of the bulk samples were determined by 
ACTLABS in Ancaster, ON.  Whole rock constituents were 
determined using a lithium tetraborate fusion modified from ASTM 
E-886-94 (ASTM 2000) and analysis by inductively coupled 
plasma-atomic emission spectroscopy (ICP-AES)  using a 
Thermo Jarrell-Ash ENVIRO II ICP.  Concentrations of Ag, Cd, 
Cu, Ni, Pb, Zn, and Bi were determined using a total digestion 
method modified from Crock et al. (1983), with analysis by ICP-
AES.  Other trace elements were determined using instrumental 
neutron activation analysis (Hoffman 1992).  Mineral content was 
determined using sample chemistry, optical microscopy, and 
previous x-ray diffraction data on drill core samples. Sulfide 
mineral liberation was determined using optical microscopy (Louis 
Mattson, Mineralogical Consulting Service, Pengilly, MN). 

Water samples were analyzed for specific conductance, pH, 
alkalinity, and acidity at the MN DNR laboratory in Hibbing, MN.  
Specific conductance was determined using a Myron L 
conductivity meter.  An Orion SA720 meter, equipped with a Ross 
combination pH electrode (8165), was used for pH 

determinations.  Alkalinity (for pH > 6.3) and acidity were 
determined using standard titration techniques for endpoints of 
4.5 and 8.3, respectively (American Public Health Association et 
al.  1992).  Other drainage analyses were conducted at the MN 
Department of Agriculture. Aqueous concentrations of Ca and Mg 
were determined with a Varian 400 SPECTRAA. Sulfate 
concentrations were determined using a Lachat QuickChem 8000 
or, for [SO4] <5 mg/L, a Dionex ion chromatograph. 

Calculation of Release Rates   
Concentrations of sulfate, calcium and magnesium (as well 

as pH, alkalinity/acidity, specific conductance) were plotted as a 
function of time.  Visual inspection of these graphs indicated that 
concentrations for weeks 20 to 60 were less variable than those in 
the initial 20 weeks.  Solute mass release was calculated as the 
product of the observed concentration and the volume of 
drainage.  Rates of solute release were calculated for weeks 20 
through 60 by averaging the weekly rates determined. 

RESULTS 

Solid-phase Analyses   
The 14 greenstone samples were analyzed for particle size 

distribution, chemistry and mineralogy.  Solids were crushed to 
finer than 6.4 cm.  Approximately 45 to 55 percent of the particles 
were finer than 2 mm, 17 to 22 percent finer than 0.42 mm, and 6 
to 9 percent finer than 0.15 mm.   

Total sulfur contents ranged from 0.04 to 1.22 percent, with 
virtually all sulfur present as sulfide.  The sulfate content, 
expressed as sulfur, did not exceed 0.033 percent and exceeded 
0.016 percent in only one sample.  Evolved carbon dioxide 
contents exceeded the detection limit of 0.05 percent in only the 
0.50%-S and 0.72%-S samples (1.76 and 6.85 percent CO2, 
respectively).  The major whole rock chemical components were 
SiO2 (49.4-84.8%), Al2O3 (7.4-21.2%), FeO (3.5-14.8%), and MgO 
(1.1-6.4%).  Contents of CaO (0.03-0.68), K2O (0.55-4.48%), and 
Na2O (0.07-0.97%) were low.  Quartz (24-77%), chlorite (10-
55%), and sericite (5-42%) contributed 90 to 98 weight percent of 
the mineral content in 13 of the 14 samples.  The exception was 
the 0.72%-S sample, in which the contribution of these three 
minerals was 77 percent and siderite content was 17.9 percent. 

Pyrite was the only sulfide mineral reported, occurring in 
quantities of 0.1 to 2.2 percent.  Pyrite grains ranged from coarse 
(600 µm) to very fine (<10 µm) grains intergrown with host rock 
minerals.   The degree of pyrite liberation in the individual 
samples ranged from 9 to 20 percent, with most liberation 
occurring in the -300 µm or -200 µm fractions (Mattson 2000).  
Melanterite was the only sulfate mineral detected, with contents 
not exceeding 0.3 percent. 

Siderite was the only carbonate mineral reported and 
exceeded 0.1 weight percent in only the 0.50%-S and 0.72%-S 
samples (1.76 and 6.85 percent CO2, respectively), for which 
respective contents of 4.6 and 17.9 weight percent were reported.  
The composition of the siderite used, considering the high 
manganese content inferred by the chemical/mineralogical 
balance, was 53.8% FeO, 4.0% MnO, 2.1% MgO and 2.1% CaO.  
(Subsequent consideration suggests that the calcium content 
used  may be somewhat high.  Additional analysis are being 
conducted to determine the siderite composition.)  The 
neutralization potentials (g CaCO3 eq (kg rock)-1) present as 
calcium and magnesium  carbonate were calculated as 0.95 x 
%CO2  and 1.32 x %CO2, respectively.  This   calculation yielded 
NP[(Ca/Mg)CO3]   values of 4.0 and 15.5 g CaCO3 eq (kg rock)-1, 
respectively, for the two samples.  The siderite was well liberated 
in both high carbonate samples. 

Drainage Quality and Mass Release   
As has been reported for laboratory dissolution of other low-

carbonate rocks (Lapakko and Antonson 1994), drainage pH 
generally decreased as dissolution time and sulfur content 
increased (Figures 1, 2).  Samples in the present experiment 
were provisionally classified based on the minimum pH values 
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observed.  Since drainage pH may continue to decrease, these 
classifications may change as the experiment progresses. 

Group 1 samples were those for which drainage pH values 
exceeded 6.0, a common drainage quality standard in the United 
States, throughout the period of record.  Based on the drainage 
pH alone, disposal of waste rock in this class would require no 
rigorous reclamation. This group consisted of seven samples with 
sulfur contents of 0.04% to 0.16% and a sample containing 0.72% 
sulfur.  For the first seven samples, drainage pH declined over the 
first 20 to 32 weeks of the experiment then plateaued.  Sulfate 
concentrations generally decreased over the first 10 weeks then 
plateaued.  For the 0.72% S sample, which contained 17.9% 
siderite, drainage pH decreased over the first 10 weeks, 
plateaued until week 20, then increased.  The temporal trend for 
sulfate concentrations was similar to that for the aforementioned 
samples. 

The extent of dissolution of these samples was fairly low.  
Sulfur depletion from the eight samples ranged from 2.5 to 3.8 
percent.  For seven of the samples, the total acid potential release 
based on total sulfate release ()AP(SO4),) ranged from 0.04 to 
0.13 g CaCO3 eq (kg rock)-1, and the neutralization potential 
release based on calcium and magnesium release ()NP(Ca, Mg)) 
ranged from 0.07 to 0.1 g CaCO3 eq (kg rock)-1. The 0.72% S 
sample released more AP and NP than the other samples in this 
group, with respective values of 0.7 and 0.8 g CaCO3 eq (kg rock)-

1.  The calcium and magnesium carbonates present in the siderite 
were the likely sources of much of the NP in this sample.  The 
sulfur content implies an AP of 22.5 g CaCO3 eq (kg rock)-1, which 
exceeds the NP implied by the calcium and magnesium 
carbonate content present in the siderite (15.5 g CaCO3 eq (kg 
rock)-1).  Thus the available NP[(Ca/Mg)CO3] may be depleted 
prior to the available pyrite, with a consequent possibility of 
drainage acidification. 

 

 
Figure 1.  Drainage pH generally decreased with increasing sulfur content and time.  Sulfate concentrations generally increased 

with sulfur content and were fairly constant between 20 and 60, the period over which rates were determined. 
 

 
Figure 2.  pH of drainage from rocks with S < 0.16% 

exceeded 6.0, and rocks with S > 0.20% typically produced 
drainage pH below this value.  The visually determined best 
fit curve ignores the 0.72% S sample. 

Group 2 samples were those for which minimum drainage 
pH values in the range of 4.02 to 4.35 were observed.  Moderate 
reclamation measures would be required to elevate drainage pH 
values in this range to meet a standard of 6.0.  This group 
consisted of four samples with sulfur contents ranging from 0.20 
to 0.50.  The pH of drainage from these samples exceeded 6.0 for 
3 to 17 weeks.  For the three lower sulfur samples drainage pH 
generally decreased throughout the period of record, and sulfate 
concentrations declined for the first four to six weeks then slowly 
increased (Figure 1).  Drainage pH from the0.50% S sample 
decreased through about week 15 then slowly increased, and 
sulfate concentrations generally declined over the course of the 
experiment. 

The extent of dissolution of these samples was greater than 
that for the Group 1 samples.  Sulfur depletion ranged from about 
5 to 7 percent of that initially present.  For the period during which 
drainage pH exceeded 6.0, the )AP(SO4) ranged from 0.08 to 
0.12 g CaCO3 eq (kg rock)-1 and the )NP(Ca+Mg) from 0.05 to 
0.08 g CaCO3 eq (kg rock)-1. The sulfate releases observed over 
periods of 3 to 17 weeks (while drainage pH exceeded 6.0), are 
similar to those observed for the Group 1 samples over their 60-
week period of record.  However, the )NP(Ca+Mg) during this 
period were less than those observed for the Group 1 samples 
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over the 60-week period of record.  This may reflect more 
effective acid neutralization at the slower sulfide oxidation levels 
of Group 1 samples. 

Group 3 samples were those for which minimum drainage 
pH values of 3.1 and 3.5 were observed. Of the samples tested, 
waste rock producing drainage pH in this range would require the 
most rigorous control measures in order to meet water quality 
standards.  This group consisted of two samples with sulfur 
contents of 0.59 and 1.22 percent.  Drainage pH values exceeded 
6.0 for no more than two weeks, declined for 24 to 40 weeks, and 
then plateaued.  Sulfate concentrations from the 0.59% S sample 
increased rapidly from week 14 to 24 then plateaued, while those 
from the 1.22% S sample increased steadily from week 8 to week 
60. 

 

 
Figure 3.  The rate of sulfate release (mol SO4 (g rock)-1 s-1) 

during weeks 20 - 60 generally increased as sulfur content 
increased and pH decreased.  Solid symbols represent rates 
for weeks 20 - 40, and empty symbols represent weeks 40 - 
60.  Circles represent rates with a median pH of  6.3 - 7.5, 
whereas triangles represent rates with a median pH of 3.5 - 

5.2. Square symbols represent rates for which the median pH 
was 3.3, This point was not included in the regression 
analysis.  

 

Rates of Sulfate Release   
Rates of sulfate release increased with sulfur content and 

linear regression was conducted on data from 13 of the 14 
samples (Figure 3).  Data for the 0.59% S sample was omitted 
from the regression.  Sulfate release from this sample was more 
than three times that anticipated based on the relationship 
between sulfate release rate and sulfur content for the other 
samples.  The pH of drainage from this sample typically ranged 
from 3.3 to 3.5 between weeks 20 and 60.  Oxidation by ferric 
iron, possibly mediated by bacteria, may have accelerated the 
oxidation of pyrite in this sample. 

The sulfate release rates, normalized for sulfur content, for 
Group 2 samples were slightly higher than those for the Group 1 
samples (Figure 3).  The median pH values during the period over 
which sulfate release rates were calculated ranged from 4.35 to 
5.04 as opposed to a range of 6.38 to 7.26 for the Group 1 
samples.  Oxidation by ferric iron, perhaps mediated by 
neutrophilic bacteria, may have contributed to the elevated sulfate 
release rates for the Group 2 samples. 

Rate of Pyrite Oxidation 
The sulfate release rates and an estimated liberated pyrite 

surface area were used to determine a normalized oxidation rate 
for the pyrite in the samples.  It was assumed that 1) all sulfate 
release was due to oxidation of pyrite (the only sulfide mineral 
reported present), 2) all sulfate released by pyrite oxidation was 
transported with the drainage, and 3) only the liberated pyrite 
oxidized (i.e. oxidation of interstitial or included pyrite was very 
slow). 

With regard to the second assumption, transport can be 
limited by chemical precipitation or inefficient rinsing of soluble 
reaction products.  Chemical precipitation is unlikely because 
sulfate and calcium concentrations were more than two orders of 
magnitude below gypsum saturation.  The rinsing efficiency was 
likely quite high since a) the weekly rinse volume was in excess of 
two pore volumes and b) the rinse water was allowed to remain in 
contact with the solids for at least ten minutes. 

The liberated pyrite surface area of a sample was 
determined by summing the liberated pyrite surface area in each 
particle size fraction, which was calculated as: 

 
Apy, i = (%Si/100)[(55.85 + 64.12)/64.12] x 
           [6/(ρ dave, i)]MiLi(SR)/100, where  [3] 

Apy, i = pyrite area in particle size fraction i, m2, 
%Si = sulfur content of particle size fraction i, percent, 
ρ = pyrite density = 5.02 x 106 g m-3, 
dave, i = arithmetic mean diameter of particle size fraction 

i, 
Mi = mass of rock in particle size fraction i, 
Li = percent liberation in particle size fraction i, and  
SR = surface roughness factor for pyrite estimated as 

2.6, using the value reported for  quartz (Parks 
1990) since pyrite surfaces were reported to be 
smooth. 

 
Half the rate of sulfate release (oxidation of one mole of 

pyrite yields two moles sulfate) observed for weeks 20 to 60 was 
regressed against the liberated pyrite surface area.  Excluding 
data for samples for which pH values were below 4.0, this 
regression yielded a pyrite oxidation rate of 1.6 x 10-9 mol m-2 s-1 (r2 
= 0.93, n = 12).  This is 2.7 times the 5.9 x 10-10 mol m-2 s-1 value 
predicted for the abiotic oxidation of pyrite by oxygen at pH 6.8 
(Williamson and Rimstidt 1994), the median pH value for the 
twelve rates used. 

Calculated pyrite oxidation rates for individual samples from 
week 20 to 60 were also compared with abiotic rates predicted by 
Williamson and Rimstidt (1994).   The latter values were 
calculated using the median pH between weeks 20 and 60.  For 
the eight samples with median pH values above 6.0,  the ratio of 
observed to predicted rates ranged from 0.5 to 0.9.  For the four 
samples with median pH values between 4.35 and 5.04, this ratio 
ranged from 1.4 to 2.1.  For the two samples with median pH 
values of roughly 3.3 and 3.65, the respective ratios were 2.7 and 
5.2.  Thus the ratio of observed to predicted rates of pyrite 
oxidation increased as pH decreased.  This suggests that pyrite 
oxidation by ferric iron, perhaps mediated by bacteria, became 
more influential as pH decreased.  It is also possible that pyrite 
grain size in the -200 fraction decreased as sulfur content 
increased, yielding a larger pyrite surface area as sulfur content 
increased which would enhance sulfate release. 

Acid Neutralization   
The observed acid neutralization potential of the samples 

ranged from 0.03 to 0.12 g CaCO3 eq (kg rock)-1.  These values 
are based on the release of AP observed from Group 2 and 
Group 3 samples (samples that ultimately produced drainage pH 
< 6.0) while drainage pH exceeded 6.0 (Table 1).  The observed 
values reflect a very low capacity for acid neutralization, which is 
consistent with the paucity of carbonate minerals present.  It 
should be noted that while drainage pH exceeded 6.0, the AP 
release exceeded the NP release indicated by calcium and 
magnesium.  This suggests that dissolution of minerals containing 
potassium and sodium also neutralized acid initially to maintain 
pH above 6.0.  Acid neutralization by silicate mineral dissolution 
was limited, as indicated by drainage pH values or 3.2 to 4.7 
despite combined chlorite and sericite contents of 15 to 46 
percent.  That is, acid production by relatively small amounts of 
pyrite exceeded acid neutralization by the relatively large amounts 
of silicate minerals. 

Seven of the eight Group 1 samples released 0.03 to 0.09 g 
CaCO3 eq (kg rock)-1 AP.  Acid neutralization was due to reaction 
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with trace amounts of calcium or magnesium carbonates or with 
silicate minerals. The former possibility cannot be excluded since 
calcium and magnesium  release has not yet exceeded the 
calcium/magnesium carbonate content possible based on the 
detection limit for solid-phase CO2 (Table 1).  That is, dissolution 

of calcium and magnesium carbonates present at undetectable 
levels could be neutralizing acid.  If these carbonates are solely 
responsible for acid neutralization, drainages may acidify as the 
carbonates become unavailable or depleted.  More insight on this 
will be gained as the experiment progresses 

 
Table 1.  Drainage pH and AP and NP release for weeks 0 to 60.  AP, NP, and Ca+Mg expressed as g CaCO3 eq/kg rock. 

Solute Release 

pH > 6 Weeks 0-40 

%S AP NP 
[(Ca +Mg)CO3]

1 
pHmin Weeks  

pH > 6 

AP Ca+Mg AP Ca+Mg 

Group 1: pH > 6.0 

0.04 1.2 <0.11 6.94 60 0.0367 0.0914 0.0367 0.0914 

0.05a 1.6 <0.11 6.84 60 0.0586 0.0799 0.0586 0.0799 

0.05b 1.6 <0.11 6.86 60 0.0387 0.0727 0.0387 0.0727 

0.10(1) 3.1 <0.11 6.55 60 0.0911 0.128 0.0911 0.128 

0.10(2) 3.1 <0.11 6.49 60 0.0966 0.132 0.0966 0.132 

0.12 3.7 <0.11 6.49 60 0.109 0.112 0.109 0.112 

0.16a 5.0 <0.11 6.55 60 0.134 0.145 0.134 0.145 

0.16b(1) 5.0 <0.11 6.23 60 0.125 0.0955 0.125 0.0955 

0.16b(2) 5.0 <0.11 6.27 60 0.128 0.0958 0.128 0.0958 

0.72 22 15.5 6.19 60 0.747 0.784 0.747 0.784 

Group 2: 4.02 •  pHmin • 4.35 

0.20 6.2 0.11 4.15 17 0.0952 0.0745 0.345 0.198 

0.26 8.1 <0.11 4.06 16 0.117 0.0688 0.487 0.327 

0.39 12 <0.11 4.02 11 0.120 0.0828 0.610 0.373 

0.50 16 4.0 4.35 3 0.0822 0.0471 1.167 0.627 

Group 3: 3.1 • pHmin •3.5 

0.59(1) 18 <0.11 3.11 0 0.0278 0.0078 1.927 0.490 

0.59(2) 18 <0.11 3.08 0 0.0304 0.0099 1.997 0.498 

1.22(1) 38 <0.11 3.46 1 0.0446 0.0309 1.405 0.539 

1.22(2) 38 <0.11 3.39 2 0.0777 0.0579 1.521 0.587 
1 NP present as calcium and magnesium carbonate = 2.27 x %CO2. Assumes all CO2 present as siderite, with magnesium and calcium 
contents indicated by the mineralogical analyses. 
 

 
It is also possible that the rate of acid generation by these 

solids is so low (Figure 3) that the slow dissolution of silicate 
minerals is adequate to neutralize the acid produced.  Group 1 
solids with low carbonate contents were able to neutralize acid 
produced by inferred pyrite oxidation rates (based on sulfate 
release rates) less than 1.7 x 10-14 mol FeS2 (g rock)-1 s-1.  The 
silicate mineral content of these solids is considerably higher than 
the pyrite content.  Consequently, if the acid is being neutralized 
by silicate mineral dissolution, the drainage from these samples 
will remain neutral as long as rates of pyrite oxidation do not 
increase and rates of silicate mineral dissolution do not decrease.  

The 0.72% S Group 1 sample, in which calcium and 
magnesium carbonates were present in siderite, exhibited 
anomalous behavior.  The AP release from this sample was 
comparable to that of Group 2 samples, nonetheless its drainage 
pH remained above 6.0.  This was most likely due largely to the 
dissolution of the calcium and magnesium carbonate components 
present in the siderite, which was reported to be relatively fine 
grained.  

Calcium and magnesium carbonates were also present in 
the 0.50% S Group 2 sample, yet this sample produced drainage 
pH below 6.0 after three weeks of dissolution (Table 1).  The 
siderite in this sample was fairly coarse, which may have limited 
the dissolution rate.  Furthermore, the rate of sulfate release, and 
implied acid production, from this sample was faster than that 
from the previously mentioned sample (Figure 3, Table 1). 

CONCLUSIONS 
Fourteen samples of pyrite-bearing Archean greenstone 

rock were characterized and subjected to laboratory dissolution 
testing for 60 weeks.  Rocks with sulfur contents less than or 
equal to 0.16% produced drainage pH values exceeding 6.0, and 
rocks with sulfur contents greater than or equal to 0.20% typically 
produced drainage pH below 6.0. The rates of pyrite oxidation 
estimated for individual samples were roughly half to five times 
that reported in the literature for the abiotic oxidation of pyrite by 
oxygen.  Observed neutralization potentials ranged from 0.2 to 
2.0 g CaCO3/g rock. 

This systematic approach for determining drainage quality 
from a given waste rock lithology as a function of compositional 
variations within the lithology and quantifying observed 
neutralization potentials provides information for the 
environmentally sound management of waste rock.  Relating 
empirical data to established rates of mineral dissolution provides 
a scientific basis for data interpretation and facilitates 
extrapolation of laboratory results to operational applications.  In 
the longer term, systematically generating empirical data on 
dissolution of mine waste lithologies, relating these data to 
scientific fundamentals, and compiling this information will build a 
stronger foundation for future mine waste management decisions.    
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