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1. EXECUTIVE SUMMARY 

This report describes the third phase of a study on potential future Minnesota mine wastes. The 
study was funded by the Minnesota Minerals Coordinating Committee and the Minnesota 
Department of Natural Resources, Division of Minerals. The general objective of the study is to 
determine the long term drainage quality from abandoned tailings which could be generated by gold 
and/or titanium mining in Minnesota. Implicit in this objective is determination of the relationship 
between the solid-phase characteristics of the tailings and their drainage quality. 

In the first phase, ten tailings samples from active North American gold mines and two titanium 
tailings generated in pilot plant tests were characterized (particle size, chemistry, mineralogy, static 
tests) and subjected to dissolution testing at room temperature for 52 weeks (Lapakko 1991 ). 
Although the drainage from all of the tailings was in the neutral to basic range, static tests (Acid 
Base Accounting, Modified Acid Base Accounting, Alkaline Production Potential: Sulfur Ratio) 
indicated that, over a longer period of dissolution, two of the samples (T9, T2) had potential to 
produce acidic drainage and two others (T6, Tl 0) had marginal potential for producing acidic 
drainage. However, mineralogic analyses indicated the static tests overestimated, by roughly 50 
percent, the neutralization potential present as calcium and magnesium carbonate in T6. 
Consequently, T6 had a higher potential for producing acidic drainage than indicated by the static 
tests. 

For the remaining six gold tailings samples (Tl, T3, T4, TS, T7, T8), the amount of calcium and 
magnesium carbonate minerals was deemed adequate to neutralize the acid produced by oxidation 
of the iron sulfides present. This assessment was based on net mineralogic neutralization potentials 
(NP[(Ca/Mg)CO3] - AP(S2-)) of 47 to 220 mg/g CaCO3 rock and NP/AP ratios of 2.0 to 12 (more 
recent data indicates a net NP range of 44 to 230 mg/g CaCO3 and a ratio of 2.1 to 92). The 
assessment assumes that 1) all neutralization potential is available for neutralizing acid; 2) 
neutralizing minerals will dissolve to neutralize acid from iron sulfide mineral oxidation; 3) acid 
neutralizing minerals will dissolve only to neutralize acid from iron sulfide oxidation; and 4) 
neutralizing mineral dissolution will maintain pH at 6.0 or greater. Elevated concentrations of 
arsenic, antimony, and molybdenum were detected in drainage from some of the samples and present 
the greatest potential impact of non-acidic drainage. 

In the second phase (Lapakko 1993), it was concluded that the tailings collected for the study 
provide the best available approximation of tailings which might be generated if a gold mine were 
developed at a greenstone belt exploration site in Minnesota. The titanium tailings also provided 
the similar best available approximation for tailings from future titanium mining in Minnesota. 
Dissolution tests at ambient temperature were continued from phase one, methods of removing trace 
metals from tailings drainage were investigated, dissolution testing at 100°C was initiated, and the 
effects of other predictive test design variables on results were investigated. 

Dissolution te"sting at 25°C of four tailings samples examined in phase 1 (T2, T6, T9, TIO) was 
extended to a total period of record of 151 weeks (Ambient Temperature Experiment). The pH of 
drainage from one tailings sample (T9) decreased below 6. 0 after 122 weeks and reached 3 .45 at 151 
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weeks. The neutralization potential present as calcium and magnesium carbonate (NP[Ca/Mg)CO3]) 

was 14 mg/g CaCO3 and was present entirely as calcite. At week 122 the observed releases of 
calcium and magnesium in drainage represented dissolution of 14.6 and 1.34 mg/g CaCO3, 

respectively. The total of 16 mg/g CaCO3 exceeded the NP[(Ca/Mg)CO3]. Whereas it is likely that 
most, if not all, of this discrepancy is due to limitations in solid-phase and aqueous-phase analytical 
resolution, host rock mineral dissolution may have contributed to the difference. Drainage from T2, 
T6, and TIO remained neutral. Based on the mineralogy of these three samples and their observed 
rates of iron sulfide oxidation and calcium/magnesium carbonate dissolution, their drainage could 
become acidic after six to fourteen years of dissolution. 

Specific surface area and scanning electron microscope analyses of the pyrite present in some of the 
samples indicated that the surface area of the pyrite was the critical variable controlling the rate of 
pyrite oxidation. Trace metal concentrations in the laboratory drainage during the previous phase 
provided a good indicator of potential for elevated concentrations of antimony, arsenic, copper, lead, 
molybdenum, nickel, and zinc in the field. If elevated metal concentrations did occur at an 
operation, standard lime treatment would be adequate for removal of most metals from drainage. 
However, addition of ferric sulfate in the treatment process would be required for removal of 
antimony, arsenic, and molybdenum, which tend to present in solution as oxyanions. Variations of 
this process are used at the Giant and Con Mines near Yellowknife, Northwest Territories (Legge 
1993) and at the David Bell Mine near Marathon, Ontario (Meyer 1992). 

The rates of sulfide mineral oxidation for individual periods at 100°C ( 48-week Elevated 
Temperature Experiment on Tl, T2, T4, T8, T9, TIO, Tl2) were generally 15 to 50 times the 
average rate for weeks 20 to 57 at room temperature. This accelerated dissolution indicates that tests 
at high temperatures may predict the quality of drainage from mine wastes in a shorter time frame 
than tests run at room temperature. For example, drainage from T9 acidified after eight weeks of 
testing at l00°C as compared with the 122 weeks elapsed at 25°C in the Ambient Temperature 
Experiment. Samples Tl, T4, T8, and T12 produced drainage pH values which were continuously 
above 6.0, while the pH of drainages from T2 and Tl 0 oscillated between circumneutral and acidic 
over time. Predictive implications of this oscillation are unclear and, consequently, caution is 
recommended before selecting elevated temperature dissolution for mine. waste drainage quality 
prediction. 

The effects of the mine waste sample mass (75 to 1500 g with a constant rinse volume) and rinse 
interval (time between rinses) on laboratory predictive test results were described. The acid 
neutralized by calcium and magnesium carbonate dissolution (moles H+ neutralized/mole carbonate 
mineral dissolved) increased from less than one at the 75 g mine waste mass to a maximum of two 
at higher masses. From the perspective of the Law of Mass Action, the extent of acid neutralized 
per mole of carbonate mineral dissolved increased with the rate of acid generation. The apparent 
rate of iron sulfide oxidation decreased as the rinse interval duration increased beyond one week. 
Consequently, the use ofrinse intervals longer than one week would increase the time required for 
drainage quality predictive tests. The apparent rate of iron sulfide oxidation did not increase at 
rinsing intervals shorter than one week. 
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In the third phase of the project, funded solely by the Minnesota Department of Natural Resources, 
Division of Minerals, the dissolution of the four tailings samples (T2, T6, T9, TIO) in the Ambient 
Temperature Experiment was extended from 151 to 290 weeks, and dissolution of seven tailings 
samples(Tl, T2, T4, T8, T9, Tl0, Tl2)intheElevatedTemperatureExperimentwasextendedfrom 
48 to 232 weeks. 

The significant results of this project extension are as follows. 

Ambient Temperature Experiment 

1. Additional data were collected which support the contention that the quality of drainage in short 
term dissolution experiments may not accurately simulate the long-term drainage quality of 
mine wastes after mine abandonment. In phase two, the pH of drainage from sample T9 
decreased below 6.0 after 122 weeks of dissolution and, in phase 3, stabilized in the range of 
3.0 to 3.2 from week 165 to 290. The drainage from sample T6 was in the typical range of7.9 
to 8.1 until week 235, at which time it began to gradually decrease. This drainage pH dropped 
below 6.0 at week 284 and reached 4.49 at week 290. At the time of acidification for solids T9 
and T6, the remnant FeS2 contents were 6.19% (or 3.31% s2-) and 2.49% (or 1.33% s2-), 

respectively. In both cases, such acidification would be expected during the long term after 
mine abandonment for tailings exposed to wet-dry cycling in the environment. Short term 
laboratory results would not have simulated this long term behavior, but rather would have 
provided a record of only neutral drainage. 

2. Additional data were collected to compare the neutralization potential release observed 
empirically in dissolution experiments ( empirical neutralization potential or ENP) with the 
·neutralization potential determined based on the calcium and magnesium carbonate content of 
the solid (NP[(Ca/Mg)CO3]). This comparison allows assessment of the extent to which 
calcium and magnesium carbonates present in mine waste react to neutralize acid. In phase 
two, the ENP ofT9 was calculated as 16 mg/g CaCO3 as compared with an NP[(Ca/Mg)CO3] 

of 14 mg/ g CaCO3, all of which was reported as calcite. While this apparent discrepancy could 
have been the result of analytical limitations, dissolution of feldspar, clay, and amphibole 
minerals present in the tailings may have also contributed to acid neutralization. 

In phase three, the ENP of sample T6 was calculated as 40 mg/g CaCO3 as compared to an 
NP[(Ca/Mg)CO3] of 45 mg/g CaCO3• The lower neutralization observed in the dissolution tests 
may have been the result oflimitations in analytical resolution (both solid and aqueous phases), 
the loss of solids during the experiment, and/or incomplete dissolution of the calcium and 
·magnesium carbonates present (1.3 percent calcite, 3.6 percent ankerite). Incomplete 
dissolution could result from the lower inherent reactivity of ankerite or coating of calcium and 
magnesium carbonate minerals with iron oxyhydroxides during dissolution. Such coating 
would reduce the reactivity of the carbonate minerals and the consequent acid neutralization. 

3. The pH of drainage from the remaining two samples, T2 and TIO, typically ranged from 8.0 to 
8.2, with alkalinities typically ranging from about 60 to 80 mg/Las CaCO3• These values 
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indicate, along with the calcium and magnesium concentrations in solution, that calcium and/or 
magnesium carbonate minerals remained and were dissolving. This mineral dissolution was 
adequately rapid to neutralize the acid produced by the oxidation of iron sulfide minerals 
present. This oxidation rate at the end of the present period of record was within the range 
observed earlier in the experiment (i.e. oxidation had not slowed appreciably). 

Using the solid-phase NP[(Ca/Mg)CO3] values in conjunction with average rates of 
NP[ (Ca/Mg)CO3] depletion ( average rate of calcium plus magnesium release) indicated that the 
calcium and magnesium carbonates would be depleted from T2 and TIO after a total of 12 and 
10 years of dissolution, respectively. Iron sulfides would be present in both of the samples at 
the time ofNP[(Ca/Mg)CO3] depletion. Assuming these iron sulfides would continue to oxidize 
and produce acid, the drainage from these solids would be expected to acidify when the rate of 
calcium and magnesium carbonate mineral dissolution decreased below that of the associated 
iron sulfide oxidation. This would occur when the chemically available carbonate minerals 
were depleted or their reactivity was reduced due to mineral surface coating. 

4. The results from the ten samples subjected to dissolution at 25°C support the reasonability of 
using the initial iron sulfide, calcium carbonate, and magnesium carbonate contents along with 
observed rates of sulfate, calcium, and magnesium release to estimate the depletion of carbonate 
minerals and consequent potential for future acidification of drainage. Such an approach would 
greatly reduce the time and cost of tailings drainage quality prediction. Additional verification 
is required before this approach could be applied with confidence to all tailings, as opposed to 
those from hydrothermal quartz-carbonate deposits. 

5. Sulfide oxidation rates at rinse intervals of 6, 24,and 84 hours were equal to or less than those 
at a one week rinse interval. Therefore, tests at shorter rinse intervals would not reduce the time 
required for testing. In the second phase of the project, the rinse interval was extended beyond 
one week (Lapakko 1993 ). The apparent rate of sulfide mineral oxidation decreased as the rinse 
interval duration increased beyond one week. Consequently, the use of intervals longer than 
one week would increase the time required for mine waste drainage quality predictive tests. 

Elevated Temperature Experiment 

6. In general, release of sulfate, calcium, and magnesium was initially rapid, decreased over the· 
initial 50 to 60 weeks, and then plateaued. During the first 57 weeks of biweekly rinses at 
elevated temperature, sulfate release was six to ten times that for 55 weekly rinses at ambient 
temperature. At elevated temperature, however, rates decreased over time, and the minimum 
rates observed were similar or lower (in the case of TIO) than minimum rates observed at 
ambient temperature. In addition, sulfate release at elevated temperature did not increase as 
drainage became acidic~ This was substantially different from the marked sulfate release 
increase observed at ambient temperature for acidic drainage. 

7. Two general temporal trends were observed for drainage pH in the Elevated Temperature 
Experiment, which was extended from 48 to 232 weeks. First, the drainages from samples T9, 

4 



T2, and T 10 acidified after initially producing some alkaline drainage. The pH of drainage 
from sample T9 decreased below 6.0 after eight weeks of dissolution, remained in the typical 
range of 2.5 to 2.8 through week 22, then gradually increased to values in the upper fours at 
week 191. At week 8, 61 percent of the NP had been depleted. 

The pH of drainage from sample T2 ( 1.5 percent calcite, 16 percent dolomite) oscillated 
between neutral and acidic for the first 60 weeks of dissolution, permanently decreased below 
6.0 after 61 weeks, declined until week 93, and then varied in the typical range of 3.8 to 4.3. 
The cumulative mass of calcium and magnesium released at this time, indicates that the calcite 
and dolomite initially present (189 mg/g CaCO3) had been largely depleted, with only 17 
percent remaining. It should be noted that drainage from this sample at ambient temperature 
had acidified after 290 weeks of dissolution. 

The pH of drainage from TIO oscillated between neutral and acidic during weeks Oto 50 and 
130 to 210. Between these two periods the drainage pH was neutral. The sample had a total 
sulfur content of about 6.4% and an NP[(Ca/Mg)CO3] of200 mg/g CaCO3, most of which was 
present as ankerite ( 19. 7% versus 2.1 % calcite). After 216 weeks of dissolution drainage pH 
decreased below 6.0, at which time about 80% of the NP[(Ca/Mg)CO3] had been depleted. As 
was the case with samples T9 and T6, drainage acidified prior to depletion of calcium and 
magnesium carbonates. This suggests that these minerals are less available for neutralization, 
while maintaining pH above 6.0, in the Elevated Temperature Experiment than at ambient 
temperature. 

Second, drainage from samples Tl, T4, TS, and T12 remained neutral throughout the Elevated 
Temperature experiment. Drainage from the first three samples was neutral because calcium 
and magnesium carbonate minerals remained and were dissolving to neutralize acid produced 
by iron sulfide mineral oxidation. The time to drainage acidification for these samples was 

• estimated as 5 to 16 years based on data over the entire period of record. The iron sulfides had 
been depleted from T 12, thus no acid was being produced. 

8. The results from samples T6 and TIO further indicate that results from experiments of short 
duration do not necessarily reflect the drainage quality, particularly pH, over a longer period 
of dissolution. 

The extended experimentation provided additional empirical data on the generation of acidic 
drainage by hydrothermal quartz-carbonate gold mine tailings, data which are presently sparse. 
Mining of hydrothermal quartz-carbonate deposits in Minnesota would likely generate tailings 
similar to those examined in this study. When this occurs, empirical data on dissolution of such 
tailings will be necessary to assess the potential for drainage to adversely impact natural water 
quality. 

In the next phase of this project, results of continued experimentation will be reported. A cursory 
examination of the Ambient Temperature Experiment data beyond the scope of this report ( weeks 
291 to 447) revealed that the drainage pH of solid T9 began to increase around week 360 reaching 
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about 5.8 by week 447. The sulfate concentrations in drainage from T9 exhibited a peak in release 
at week 322 of 1047 mg/L and then decreased to near 20 mg/L at week 447. Preliminary 
calculations to week 436 for T9 reveal that the FeS2 had been depleted. (These calculations were 
not conducted for the other three solids.) The drainage pH of solid T6 continued to decrease to a 
low of 3.77 at week 358 and then increased to near 4.75 at week 447. The sulfate concentrations 
'in drainage from T6 decreased from a maximum of about 200 mg/Lat week 290 to near 20 mg/L 
at week 447. For solid T2, the drainage pH remained near 8.0, while the sulfate concentrations 
continued to decrease after week 290, reaching about 20 mg/L by week 447. At week 290, half of 
the NP initially present remained. Given the decrease in sulfate release, at least an additional 290 
weeks would be required to deplete the NP. The drainage pH of Tl 0, however, dropped below 6.0 
at week 423, oscillated near 6.0, and then dropped and remained below 6.0 from week 441 to week 
447. The sulfate concentrations in drainage from TIO increased to about 150 mg/L shortly before 
the drainage pH dropped below 6.0, and then decreased to about 40 mg/L. 

Only two of the solids (T2 and T8) used in the Elevated Temperature Experiment were continued 
beyond the scope of this report and these two were discontinued at week 367. Data to week 360 
were available at the time of this writing. The drainage pH of solid T2 remained near 4.0, with a 
short drop to just under 3 at week 212. The sulfate concentration in the drainage was typically less 
than or equal to 10 mg/L. The drainage pH from solid T8 decreased below 6.0 near week 310, then 
rose to remain above 6.0 until week 356. The sulfate concentration in the drainage remained below 
5. 0 mg/L during this time. 

For the next phase of this project, the above described data will be analyzed in a manner similar to 
this report. The data presented in appendices F and G (leached sample analyses) will be examined 
and the implications addressed. Additional leached samples will probably be analyzed. 
Geochemical modeling is also being considered. There will be additional comparison of the 
observed NP with the NP determined on fresh solids. 

2. INTRODUCTION 

Exploration for gold, titanium, and other non-ferrous minerals is presently occurring in Minnesota. 
If an economic deposit is discovered, the mine wastes must be characterized and the mine waste 
drainage quality must be projected prior to mine development. This information will be used to 
identify the types of water quality control required to protect the water resources of the state. Since 
there is presently no mining of base or precious metals in Minnesota there is little information 
available on the characteristics of, or drainage quality from, such mining wastes. The lack of such 
information will inhibit the effectiveness and efficiency of drainage quality prediction, as well as 
the environmental review and permitting processes. 

There is little debate that protection of water resources by pre-operational predicti<;m of mine waste 
drainage quality is a sound concept. Such prediction is, however, a relatively new field of study. 
It is recognized that mine waste drainage quality can be strongly influenced by mine waste 
composition. Whether or not drainage from tailings exposed to the atmosphere will be acidic can 
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be predicted with a high degree of certainty if the tailings exhibit a large compositional imbalance 
of acid-producing minerals relative to acid-neutralizing minerals. For tailings in general, however, 
prediction of drainage quality based on their composition is more tenuous. Similarly, laboratory 
dissolution tests can readily simulate the acidic nature of drainage from tailings which contain an 
abundance of acid-producing minerals relative to acid-neutralizing minerals. In general, however, 
the relatively short duration typical oflaboratory dissolution tests, and complications of simulating 
environmental conditions, introduce uncertainty into prediction of the quality of drainage from 
tailings over the long period after mine abandonment. 

In the initial phase of this study twelve nonferrous tailings were collected, characterized (particle 
size, chemistry, mineralogy, static tests), and subjected to dissolution in a 52-week laboratory 
experiment (Lapakko 1991). Although the drainages from all of the tailings were in the neutral to 
basic range, static tests indicated two of the samples (T9, T2) had potential to produce acidic 
drainage and two others (T6, TlO) had marginal potential for producing acidic. Mineralogic 
analyses indicated that the calcium and magnesium carbonate content of T6 was lower than the 
neutralization potential measured in static tests and, consequently, its potential for producing acidic 
drainage was higher than indicated by the static tests. Elevated concentrations of arsenic, antimony, 
and molybdenum ( and to a lesser degree barium, copper, nickel, and zinc) were observed in drainage 
from some of the samples. The second study phase included 

• description of the geology of the mines from which tailings were collected and comparison of 
this geology with that of potential Minnesota mines; • 

• additional analysis of the pyrite present in the tailings; 
• additional dissolution testing (25°C) of the four tailings identified as potential acid-producers; 
• determination of the effects of sample mass on the results of predictive dissolution tests (25°C); 
• determination of the effects of rinse interval duration on the results of predictive dissolution 

tests (25°C); 
• dissolution testing at elevated temperature; 
• comparison of trace metal concentrations in the laboratory drainage during phase 1 (25°C) with 

those in the field; and 
• compilation of methods of removing problematic metals from hydrothermal quartz-carbonate 

tailings drainage. • 

In the third and present phase of the experiment the two major dissolution experiments were 
continued. First, the ambient temperature dissolution of the four tailings samples (T2, T6, T9, Tl 0) 
in the Ambient Temperature Experiment was extended from 151 to 290 weeks. Second, the 
dissolution of seven tailings samples (Tl, T2, T4, T8, T9, Tl 0, Tl2) at 100° C in the Elevated 
Temperature Experiment was extended from 48 to 232 weeks. 
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3. OBJECTIVES 

The general objective of this project, the third phase of a study initiated in 1989, was to extend the 
ambient temperature and elevated temperature dissolution experiments in order to better describe 
the long term dissolution behavior of the nonferrous tailings examined in the earlier phases 
(Lapakko 1991, 1993). The information on the relationship between solid-phase characteristics of 
mine wastes and drainage quality is limited. In particular, there are few long-term drainage quality 
records for well-characterized tailings. Such long-term data is critical in predicting, prior to mineral 
resource development, the dissolution behavior of abandoned mine wastes. Increasing the available 
data on this relationship will improve the ability to predict the quality of drainage from mine wastes 
of similar composition. 

More specifically, the objectives of this project were as follows. 

For dissolution at ambient temperature (25°C, Ambient Temperature Experiment): 

1. Over a period of 290 weeks, determine the quality of drainage from four quartz-carbonate gold 
tailings (T2, T6, T9, Tl 0) that, based on solid-phase composition, have the potential to produce 
acidic drainage. More specifically, describe the temporal variation of pH, specific conductance, 
and concentrations of alkalinity or acidity, sulfate, calcium, and magnesium in drainage from 
these tailings. 

2. For the four tailings, determine the extent of iron sulfide mineral oxidation and calcium 
carbonate and magnesium carbonate mineral dissolution over the period of record. 

3. • For the four tailings, determine the rates of iron sulfide oxidation and calcium carbonate and 
magnesium carbonate mineral dissolution. 

4. For samples which produce acidic drainage, determine the mass of calcium carbonate and 
magnesium carbonate minerals dissolved prior to acidification ( empirical neutralization 
potential or ENP) and compare this to the neutralization potential originally present as calcium 
carbonate and magnesium carbonate in the tailings (NP[(Ca/Mg)CO3]). 

5. Determine the influence of rinse intervals shorter than one week. on drainage quality and the 
rates of iron sulfide mineral oxidation and carbonate mineral dissolution. 

For dissolution of six quartz-carbonate gold tailings (Tl, T2, T4, T8, T9, TIO) and one titanium 
tailing (T12) at elevated temperature (100°C) over a period of 232 or 256 weeks (Elevated 
Temperature Experiment): 

1. Determine the quality of drainage from the tailings. More specifically, describe the temporal 
variation of pH, specific conductance, and concentrations of alkalinity or acidity, sulfate, 
calcium, and magnesium in drainage from these tailings. 
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2. Determine the extent of iron sulfide mineral oxidation and calcium carbonate and magnesium 
carbonate mineral dissolution. 

3. For samples which produce acidic drainage, determine the mass of calcium and magnesium 
carbonate minerals dissolved prior to acidification ( empirical neutralization potential or ENP) 
and compare this to the neutralization potential originally present as calcium carbonate and 
magnesium carbonate in the tailings (NP[(Ca/Mg)CO3]). 

4. Determine the rates of iron sulfide oxidation and calcium carbonate and magnesium carbonate 
mineral dissolution. 

4. BACKGROUND: MINE WASTE DISSOLUTION 

Prior to developing a base or precious metal resource, it is n.ecessary to predict the quality of 
drainage which will be generated by the mining wastes. The generation of acidic drainage by mine 
wastes is the primary water quality concern associated with base and precious metal mining. In 
addition to high acidity, these drainages typically have elevated concentrations of the leachable trace 
metals present in the mine waste. Trace metal release in neutral drainage is a secondary concern. 
There are a multitude of historical cases in which levels of acidity and/ or trace metals in mine waste 
drainages have greatly exceeded water quality standards. 

Iron sulfide and trace metal sulfide minerals, as well as calcium carbonate and magnesium carbonate 
minerals, play a dominant role in the release of acid and trace metals from mine wastes. Acid is 
produced as a result of the oxidation of iron sulfide minerals present in mine waste, as indicated by 
reaction 1 (Nelson 1978) and reaction 2 (Sung and Morgan 1980). Acid (H+) and sulfate are 
released to solution in a molar ratio of 2: 1. 

FeS(s) + (3/2)H2O + (9/4)Oi(g) = FeOOH(s) + 2H\aq) + SO/(aq) 

FeSi(s) + (5/2)H2O + (15/4)Oi(g) = FeOOH(s) + 4H+(aq) +2SO/(aq) 

[1] 

[2] 

The rate of iron sulfide oxidation by oxygen is proportional to the available sulfide surface area 
(Nelson 1978) and dissolved oxygen concentration (McKay and Halpern 1958; Nelson 1978) with. 
only a slight dependence on pH (Nelson 1978). However, research on pyrite indicates that "as pH 
decreases to 4.5, ferric iron becomes more soluble and begins to act as an oxidizing agent" 
(Nordstrom 1982). As pH decreases further, bacterial oxidation of ferrous iron becomes the rate 
limiting step in the oxidation of pyrite by ferric iron (Singer and Stumm 1970), which is the only 
significant oxidizing agent in this pH range (Nordstrom 1982; Singer and Stumm 1970; Kleinmann 
et al. 1981 ). It should be noted that with this mechanism, the rate of pyrite oxidation is independent 
of the pyrite surface morphology and available surface area (Stumm and Morgan 1981 ). 

The oxidation of pyrite has also been reported to be dependent upon temperature and relative 
humidity. Morth and Smith (1966) reported the pyrite (Middle Kittanning No. 6 coal seam, Ohio) 
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oxidation rate doubled with a l 0°C temperature increase and, at 25°C, doubled as relative humidity 
increased from 50 to 75 percent. They also noted that the rate increased as the oxygen content of 
the water vapor increased from 10 to 100 percent. The authors suggested that the oxidation rate 
limiting step was removal of reaction products from reactive sites on the pyrite surface, for which 
water was the medium. 

Hammack (1987) used x-ray photoelectron spectrometry to determine that the conversion of pyritic 
sulfur to sulfate was linear with respect to time until 40 to 50 percent of the pyrite surface was 
oxidized. The oxidation rate at 45 to 88 percent relative humidity was virtually constant and was 
about half that at 98 percent relative humidity. The oxidation rate increased as gas phase oxygen 
content increased to 10 percent but, in contrast with the findings of Morth and Smith ( 1966), was 
independent of oxygen at higher concentrations. 

Borek ( 1994) subjected seven replicates of six pyrite samples to oxidation at relative humidities of 
34, 50, 70, and 79 percent. One replicate of each pyrite sample was removed after intervals of 30, 
60, 90, 150, 200, and 250 days and was analyzed for reaction products using Mossbauer 
spectroscopy. Of the three hydrothermal pyrite samples, those from Iron Mountain and the Noranda 
Waite-Amulet mine produced no reaction products under any of the reaction conditions. The third 
sample, from the Waldo mine in New Mexico, produced hematite at all humidities. Two of the 
sedimentary pyrites (Kirby-R, Kirby-U) weathered substantially only at relative humidities of70% 
and 79%, while the third (Pittsburgh pyrite) weathered at all humidities. The sedimentary pyrites 
produced only melanterite and rozenite. It was concluded that the product generated "seems 
dependent on the mode of pyrite formation" while the amount of product was a function of the 
relative humidity and reaction duration. 

Dissolution of sulfate minerals such as melanterite and jarosite will also produce acid (reactions 3 
and 4, respectively). It should be noted that the solubility of jarosite is slight, except at low pH. As 
was the case for the sulfide minerals, the dissolution of melanterite yields two moles of acid per 
mole of sulfate dissolved. In contrast, the dissolution of jarosite yields 1.5 moles of acid per mole 
of sulfate dissolved. The dissolution of sulfate minerals such as gypsum (reaction 5, Stumm and 
Morgan 1981 ), anhydrite (CaSO4), or barite (BaSO4) will not produce acid. Oxidation of trace metal 
sulfide minerals will lead to acid production if, and only if, the trace metal released from the sulfide 
mineral subsequently precipitates as a metal oxide, hydroxide, or carbonate ( or some combination 
thereof). This oxidation will, however, release trace metals from the highly insoluble sulfide phase. 
FeSO4 -7H2O(s) + (1/4)Oi(g) = FeOOH(s) + SO/"(aq) + 2H\aq) + (l 1/2)H2O [3] 

[4] 

[5] 

The most ef{ective minerals for neutralizing ( consuming, buffering) acid are those containing 
calcium carbonate or magnesium carbonate, examples of which are calcite, magnesite, dolomite, and 
ankerite (CaCO3, MgCO3, CaMg(CO3) 2, CaFe(CO3) 2, respectively). Dissolution of calcium 
carbonate and magnesium carbonate components neutralizes acid (reactions 6-9) and the rate of 
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dissolution increases as the rate of acid production increases. Reactions 6 and 8 are dominant above 
approximately pH 6.3, while reactions 7 and 9 are dominant below this pH. 

MgCOls) + H+(aq) = HCO3-(aq) + Mg2\aq) 

MgCOls) + 2H\aq) = H2COlaq) + Mg2+(aq) 

[6] 

[7] 

[8] 

[9] 

Dissolution of minerals such as anorthite ( reaction 1 O; Busenberg and Clemency 197 6) and forsterite 
(reaction 11; Hem 1970) can also neutralize acid, but their dissolution rate (and associated rate of 
acid neutralization) is very slow in the neutral pH range. These minerals dissolve more rapidly as 
pH decreases and, therefore provide more acid neutralization under acidic conditions. 

CaAl2Si2Os(s) + 2H+(aq) + H2O = Ca2\aq) + Al2Si2Os(OH)ls) 

Mg2SiOls) + 4H+(aq) = 2Mg2\aq) + H4SiOlaq) 

[10] 

[ 11] 

Iron carbonates will provide no net neutralization of acid for drainage in an oxidizing environment. 
The initial dissolution of one mole of iron carbonate will neutralize one or two moles of acid 
(reactions 12, 13). However, under oxidizing environmental conditions the one mole offerrous iron 
released will oxidize to ferric iron (reaction 14) which will precipitate as ferric oxyhydroxide 
(reaction 15). The oxidation of ferrous iron is slower than the subsequent ferric oxyhydroxide 
precipitation, and is reported to be second-order with respect to OH- concentration above 
approximately pH 5 (Sung and Morgan 1980; Eary and Schramke 1990). The oxidation and 
precipitation reactions will yield two moles of acid (reaction 16). Thus, iron carbonate will not 
contribute to acid neutralization (reaction 17). 

Fe2\aq) + (l/4)Oz(g) + H+(aq) = Fe3\aq) + (½)H2O 

Fe3\aq) + 2H2O = FeOOH(s) + 3H+(aq) 

Fe2\aq) + (l/4)Oz(g) + (3/2)H2O = FeOOH(s) + 2H+(aq) 
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[13] 

[14] 

[15] 

[16] 
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5. METHODS 

5. I . Materials 

The methods of sample collection and analysis are presented in Lapakko (1991). The data on 
particle size distribution, chemistry, mineralogy, and static results are presented in tables 1, 2, 3, 4, 
and 5. Additional compositional data collected in previous phases of this study are presented in 
appendix A. 

Three laboratories (Bondar-Clegg, Ottawa, Ontario; Lerch Brothers, Hibbing, MN; and Midland 
Research, Nashwauk, MN) conducted total sulfur, sulfate, and sulfur-as-sulfide analyses. There was 
reasonable agreement among many of the solids. The mean was calculated for the parameters 
analyzed. The result determined by each laboratory was calculated as a percent of the mean. For 
27 of the 33 total sulfur samples, the results were within 25% of the mean. For 23 of the 28 sulfur 
as sulfide samples the results were within 25% of the mean. For additional detail see table 6. For 
the purposes of this report and all subsequent data analyses, the results from Bondar-Clegg were 
used. 

5 .2. Procedures 

5 .2.1. Ambient Temperature Experiment 

Duplicate samples of all twelve tailings (Tl through T12) were subjected to the Ambient 
Temperature Experiment, which began on 6 June 1990 (week 0). All samples in this experiment 
were discontinued after 57 weeks except for T2, T6, T9, and TIO, for which single reactors were 
continued and remain in progress (table 7). The discontinued reactors were used in an exp~riment 
examining the influence of variable rinse intervals on rates of mineral dissolution, the data for which 
are presented in Lapakko 1993. The present report presents data through week 290 (27 December 
1995) on the reactors yet in progress in the Ambient Temperature Experiment. 

In this experiment, a 75 g sample of unmodified tailings (i.e. as received) was placed into the upper 
segment, or reactor, of a two-stage filter unit (figure 1). On week 0, all samples were rinsed with 
200 mL of distilled-deionized water, to remove products which accumulated from oxidation during 
sample storage. The distilled water was added slowly with a burette, to minimize disturbance of the 
solids, and allowed to drain overnight through the mine waste sample. This rinsing was repeated 
weekly throughout the course of the experiment. 

Between rinses the solids were retained in the reactors and stored for further oxidation within 
individual compartments of a wooden housing. A thermostatically controlled heating pad was 
placed beneath the housing to control temperature. The housing was stored in a small room 
equipped with an automatic humidifier and dehumidifier, to maintain a stable range of humidity. 
During the 290-week experiment, temperature and relative humidity were monitored a total of 1070 
and I 061 times, respectively, typically three to four times a week, using a Taylor wet-bulb/dry-bulb 
hygrometer. The average weekly temperatures ranged from 21.7 to 29.0°C, with an average of 
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25.3°C and a standard deviation of l.5°C (n=287). The average weekly relative humidities ranged 
from 42 to 80%, with an average of 55% and a standard deviation of 6.0% (n=287; figure 2; see also 
appendix B). 

The volume of rinse water, or drainage, was determined by weighing the lower stage (receiving 
flask) of the reactor. pH and specific conductance were analyzed directly in the lower stage of the 
reactor, after which a 20 mL sample was taken for analysis of alkalinity (if pH exceeded 6.30) or 
acidity. The remaining sample was then filtered for subsequent analysis of metals and sulfate. 
Samples taken for metal analyses were acidified with 0.2 mL AR Select nitric acid (Mallinckrodt) 
per 50 mL sample. 

An Orion SA 720 pH meter equipped with a Ross combination pH electrode (8165) was used for 
pH analysis, and a Myron L EP conductivity meter was used to determine specific conductance. 
Alkalinity and acidity were analyzed using standard titration techniques (APHA et al. 1992). 
Through week 200, sulfate was analyzed at the MN DNR laboratory in Hibbing using an HF 
Scientific DRT-100 nephelometer for the barium sulfate turbidimetric method (APHA et al. 1992). 
Subsequent analyses (starting 13 April 1994) were conducted at the Minnesota Department of 
Agriculture (MDA) laboratory using a Technicon AA2 automated colorimeter or, for concentrations 
below 5 mg/L, a Dionex ion chromatograph. Metals samples collected through week 51 were 
analyzed by Bondar-Clegg (O~awa, Ontario) using ICP. Metal samples from weeks 52 through 200 
were analyzed for calcium and magnesium only using a Perkin Elmer 603 atomic absorption 
spectrophotometer in the flame mode at the MN DNR Hibbing laboratory. Subsequently calcium 
and magnesium concentrations were determined using a Varian 400 SPECTRAA at the MDA 
(starting 13 April 1994). See table 8 for details of sampling frequency. 

An alteration of the above procedure was designed to determine if the rate of iron sulfide oxidation 
increased with more frequent rinsing (Short Rinse Interval Experiment). Tailings sample T2 and 
a 1.64-percent sulfur Duluth Complex (DC) rock were subjected to dissolution with rinse intervals 
of 6, 24, and 84 hours at room temperature. Aliquots of T2 (319 .3 g) and the Duluth Complex 
sample (297 .1 g) were rinsed several times before the experiment to remove residual reaction 
products from the sample surfaces. The solids were placed into a 150-mm diameter filter funnel 
equipped with a GF/F 15.0-cm_glass microfibre filter. During the first rinse of the Duluth Complex 
rock sample the water added to the funnel drained very rapidly, which resulted in poor rinsing. 
Consequently the solids were transferred to a 90-mm diameter funnel. The individual drainage 
volumes were determined and the solutions were analyzed for specific conductance and sulfate 
(appendix D, tables Dl.2, Dl.3). On 4 January 1993, the funnels were placed in a controlled 
temperature/humidity room to dry. 

On 8 January, three 75-g masses were split from each sample using the four comers method (Scott 
1942) and added to standard reactors (figure 3). Fixed volumes of distilled water were pumped to 
each reactor at specific time intervals using a Mityflex model 903 peristaltic pump in conjunction 
with a ChronTrol model XT fourcircuitprogrammabletimer(table 9). The timer was equipped with 
a backup battery in case of power failure. The water was distributed within the reactor using a 1 mL 
Eppendorf pipet tip, which was attached with epoxy to the tygon tubing from the pump. The 
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opening at the end of the pipet tip was heat sealed and six holes were perforated around the 
circumference of the tip using a stick pin. This was done to create relatively fine sprays to distribute 
flow across the solids bed with a minimum of solids disturbance. Samples of the drainage through 
the solids bed were collected· on Monday mornings, and the pump tubing was purged before the 
reactors were returned to receive water input. 

An Orion SA 720 pH meter equipped with a Ross combination pH electrode (8165) was used for 
pH analysis, and a Myron L EP conductivity meter was used to determine specific conductance. 
Alkalinity and acidity were analyzed using standard titration techniques (APHA et al. 1992). Sulfate 
was analyzed using an HF Scientific DRT-100 nephelometer for the barium sulfate turbidimetric 
method (APHA et al. 1992). Samples were analyzed for calcium and magnesium using a Perkin 
Elmer 603 atomic absorption spectrophotometer in the flame mode. 

5.2.2. Elevated Temperature Experiment 

The Elevated Temperature Experiment was a modification of a procedure called the Soxhlet 
Extraction Test (Renton 1983; Renton et al. 1985, 1988) and was begun on 19 February 1992. 
Duplicate reactors were used for all tailings except for T2 and Tl 0, for which triplicate reactors were 
used. 7 5 g samples of each tailing were placed onto a Whatman GF / A glass microfibre filter which 
rested on the perforated plate in the upper segment of a two-piece polypropylene Buchner funnel 
(figure 4). Prior to the inception of the experiment all samples were rinsed with three 200-mL 
volumes of distilled-deionized water, to remove products accumulated from oxidation during sample 
storage. The distilled water was added slowly from a graduated cylinder, to minimize disturbance 
of the solids. For each reactor, all preliminary rinse samples were analyzed for pH, 
alkalinity/acidity, and specific conductance. Two of the three preliminary rinse samples from each 
reactor were analyzed for sulfate, calcium, and magnesium (Lapakko 1993). 

The solids were retained in the reactors and were stored between rinses in a Thelco Precision 
Scientific oven. During the 232 weeks of the experiment, the temperature was measured 758 times, 
averaging about three readings per week. Weekly average temperature 1n the oven ranged from 89.0 
to 107.0°C, with an average of 97.2°C and a standard deviation of2.5°C (n=204; appendix C, table 
C 1.12). Prior to the first rinse, it was recognized that some of the solids had consolidated. This 
consolidation resulted in the formation of cracks in the solids bed, which was only about 1.5-cm 
deep. It was clear that these cracks would have resulted in preferential flow through the solids. To. 
improve flow through the bed and the resultant removal ofreaction products, the solids were gently 
mixed with a stainless steel spatula then leveled prior to rinsing. To maintain uniformity in the 
methods, this procedure was applied to all solids, regardless of observed cracks. 

The solids were rinsed every two weeks through week 48 and weekly subsequently (table 10). The 
rinsing frequency was increa~ed with the intention of further accelerating the weathering. To each 
reactor 200 mL of distilled-deionized water, heated to 85°C, was added from a graduated cylinder 
and allowed to drain overnight through the tailings sample into a 500-mL sample bottle. This 
procedure was repeated on the following day. The two samples were composited, weighed to 
determine sample volume, and pH and specific conductance were determined directly in the sample 
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bottle. A 20-mL sample was taken for analysis of alkalinity (if pH exceeded 6.30) or acidity. The 
remaining sample was then filtered for subsequent determinations of sulfate, calcium, and 
magnesium (table 11). 

In an attempt to investigate possible changes to the methods used on the majority of the reactors, 
three small experiments were conducted alongside the Elevated Temperature Experiment. To 
determine if the second rinse was increasing the rate of dissolution, a third reactor was used for 
samples T2 and TlO (reactors 16 and 13, respectively). These reactors were rinsed once per week 
and sampled once per week from weeks 49-64, while the other 14 reactors were rinsed twice per 
week and sampled once per week for the same period. In both cases, the water was heated to 85 °C. 

The second procedure that was investigated was the heating of the water to 85°C. Again the 
triplicate reactors for solids T2 and T 10 were used. These two reactors were sampled bi-weekly and 
rinsed with two volumes of 200 mL room temperature water for weeks 2 to 48. The other 14 
reactors were also sampled bi-weekly, but were rinsed with two volumes of 85 ° C water over the 
same period. 

The third alteration to the methods was to determine if the rinse interval (time between sampling) 
affected the dissolution of the solids. From weeks 2 to 48, the 14 duplicate reactors from solids Tl, 
T2, T4, T8, T9, TlO, and T12 were sampled bi-weekly after having been rinsed with two volumes 
of 85°C water. From weeks 49-64, these reactors were sampled weekly and were also rinsed with 
two volumes of85°C water. 

All of the reactors, except the triplicate reactors ofT2 and TlO, were rinsed twice bi-weekly with 
deionized water at 85°C and sampled for 48 weeks, and were rinsed twice ( 85°C deionized water) 
and sampled weekly from week 49 to the end of record. The third reactors for T2 and TlO were 
terminated after 64 weeks, as were the even numbered reactors of each duplicate pair. The reactors 
containing solids Tl, T4, T9, TIO, and T12 were discontinued after 232 weeks. The remaining two 
reactors (T2 and T8) were discontinued after 367 weeks, and data to week 256 are presented (table 
10). 

Samples for analysis of calcium and magnesium were acidified with 0.2 mL AR Select nitric acid 
(Mallinckrodt) per 50 mL sample. An Orion SA 720 pH meter equipped with a Ross combination 
pH electrode (8165) was used for pH analysis, and a Myron L EP conductivity meter was used to 
determine specific conductance. Alkalinity and acidity were analyzed using standard titration 
techniques (APHA et al. 1992). Through week 111 (30 March 1994), sulfate was analyzed at the 
MN DNR laboratory in Hibbing using an HF Scientific DRT-100 nephelometer for the barium 
sulfate turbidimetric method (APHA et al. 1992). Subsequent analyses were conducted at the 
Minnesota Department of Agriculture (MDA) laboratory using a Technicon AA2 automated 
colorimeter or, for concentrations below 5 mg/L, a Dionex ion chromatograph. 

Metal samples through week 114 (13 March 1994) were analyzed for calcium and magnesium only 
using a Perkin Elmer 603 atomic absorption spectrophotometer in the flame mode at the MN DNR 
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Hibbing laboratory. Subsequently calcium and magnesium concentrations were determined using 
a Varian 400 SPECTRAA at the MDA. 

5.3. Calculations 

The masses of sulfate, calcium, and magnesium release were calculated as the product of the 
observed concentration in the drainage and the drainage volume. Missing concentrations were 
estimated as the average of the previous and subsequent analyzed values. Some values were 
reported as less than the detection limit ( e.g. <0.1 mg/L). For purposes of mass release calculations 
in the Ambient Temperature Experiment, a value of zero was used for those values reported as less 
than detection limit. In the Elevated Temperature Experiment, a value of one half the detection limit 
(e.g. 0.05 mg/L) was used. There were no such values in the Short Rinse Interval Experiment. 
For each reactor sulfate, calcium, and magnesium release rates were calculated for numerous 
periods. Cumulative sulfate release over time was plotted for each reactor. Periods oflinear sulfate 
release were selected based on visual examination of the plots, and the release rate for each period 
was determined by linear regression. Calcium and magnesium release rates were determined by 
conducting linear regression analyses over the same periods. 

The neutralization potential present in the tailings as calcium carbonate and magnesium carbonate 
(NP[(Ca/Mg)CO3]), expressed as mg/g CaCO3, was calculated as indicated below (reaction 18). 

NP[(Ca/Mg)CO3] = 10 x (¾CaCOJ + 11.9 x (%MgCO3) [18] 

Empirical neutralization potentials (ENP) were calculated to determine the acid-neutralizing mineral 
dissolution prior to drainage pH decreasing below 6 and remaining in this range. The acid
neutralizing mineral dissolution was calculated as the sum of the cumulative calcium and cumulative 
magnesium released ( expressed as mg/g CaCO3) prior to the point at which drainage pH decreased 
below pH 6. If the pH of drainage from a solid never decreased permanently below 6, the ENP was 
reported as greater than that calculated from the total calcium and magnesium release. 

6. RESULTS AND DISCUSSION 

6.1. Introduction 

The generation of acid is the primary drainage quality concern associated with abandoned mine 
wastes, which include tailings, waste rock, and the mine itself. The extended time frame over which 
these wastes will generate drainage is difficult to simulate in the relatively short period over which 
predictive dissolution testing can be conducted. That is, it is difficult to simulate the dissolution of 
mine wastes over a period of decades and centuries in the course of weeks or even years of 
laboratory testing. 

Mine wastes often contain iron sulfide minerals, which will oxidize in the presence of atmospheric 
oxygen and water. This oxidation leads to the production of acid. Dissolution of other minerals 
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present in the mine waste may neutralize some or all of this acid. Minerals containing calcium 
carbonate and magnesium carbonate are the most effective acid-neutralizers. If the rate of acid 
production exceeds that of acid neutralization, the mine waste drainage will become acidic. 

The following three variations in the neutralizing mineral content of sulfide-bearing mine wastes 
produce three different temporal variations in drainage pH. In all three cases "sulfide-bearin~ rule!~ 
waste" refers to a waste in which the iron sulfide content is above the threshold value required to 
generate acidic drainage. For example, a waste containing two percent reactive iron sulfides would 
fit this description. 

Case 1: A sulfide-bearing mine waste which contains no neutralizing minerals will generate 
acidic drainage almost immediately. Iron sulfide oxidation, and the consequent acid production, 
will begin as soon as the iron sulfide minerals are removed from depth and exposed to 
atmospheric oxygen and water at the earth's surface. 

Case 2: A sulfide-bearing mine waste which contains a small amount ofreactive neutralizing 
minerals will initially produce a neutral drainage. The acid produced by sulfide oxidation will 
be neutralized initially by the dissolution of the acid-neutralizing minerals. The drainage will 
remain neutral until these minerals are depleted, at which time it will become acidic. 

Case 3: A sulfide-bearing mine waste which contains a substantial amount of reactive 
neutralizing minerals will produce neutral drainage for an extended time. Over time the sulfide 
minerals may be depleted while neutralizing minerals are yet present, and the drainage will 

• remain neutral. Conversely, the neutralizing minerals may be depleted while sulfide minerals 
remain and are oxidizing, and the drainage would acidify. During long time frames, precipitate 
coatings on surfaces of iron sulfide and/or acid neutralizing minerals may play a role in 
determining drainage quality. Such coatings may gradually accumulate and inhibit the 
reactivity of the minerals on which they form. If coatings form on the acid-neutralizing 
minerals and iron sulfide oxidation continues, drainage from the waste will become acidic. If 
substantial coatings form on the iron sulfide minerals and the rate of iron sulfide oxidation is 
adequately inhibited, the drainage will not acidify. At present it is not possible to quantitatively 
model the formation of coatings with the accuracy required to predict 'the effects on drainage 
quality. 

The first case can be readily detected by dissolution testing, since the drainage will acidify within 
a few weeks. In the second case, the duration of the dissolution test must be fairly long. For 
example, laboratory dissolution tests were conducted on a mixture of75 g rock (2.1 percent sulfur, 
mostly as pyrrhotite) and 0.79 g rotary kiln fines (a waste largely comprised oflimestone and CaO 
generated in the production oflime from limestone). The drainage pH from this mixture, which had 
a neutralization potential of8.4 mg/g CaCO3, was above 7.0 for 75 weeks then decreased below pH 
6.0 (Lapakko 1990). A mixture of75 g of the same rock and 0.79 g -10 mesh limestone yielded a 
neutralization potential of 11 mg/g CaCO3. This mixture produced neutral drainage for 109 weeks, 
at which time the drainage pH decreased below 6.0 (Lapakko and Antonson 1991 ). 
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As is clear from the previous examples, a very long dissolution test would be required to identify 
the acid producing character of a sample containing a substantial fraction of calcium/magnesium 
carbonate minerals. Such a test would be conducted until the drainage acidified or until the iron 
sulfide minerals were depleted or became unreactive. This depletion or decrease in this reactivity 
would be indicated by a decrease in sulfate release. 

6.2. Solids Analysis 

In the initial phase of this study, sulfur species present in the tailings were determined by Bondar
Clegg and Lerch Brothers (Lapakko 1991 ). Although the agreement between the two sets of 
analyses was generally good, discrepancies were observed for total sulfur contents ofT7, T9, and 
TIO, as well as for sulfide contents ofT9 and TIO (table 6). Samples were subsequently submitted 
for additional analyses. It was decided that the initial values from Bondar-Clegg would be used with 
the exception of sample TIO. 

The total sulfur and sulfide contents determined for TIO by Bondar-Clegg were 4.08 and 3.89 
percent, respectively, and reanalysis indicated these values were most likely low. Three additional 
analyses yielded average total sulfur and sulfide contents 6.40 and 5.93 percent, respectively (table 
6). It was assumed that the original values were in error, and the averages of the remaining three 
analyses were used. The 5.93% sulfide content was used to determine an AP value of 185 mg/g 
CaCO3. Subsequent analyses by Newmont (Denver, CO) indicated total sulfur and sulfide contents 
of 6.5 and 6.2 percent (appendix A, table A3.5), supporting the use of the alternative values. Since 
the sulfide mineralogy of the sample was also based on the original sulfide content, the values 
presented should be increased by 52% (5.93/3.89 = 1.52), yielding a pyrite content of 11. 1 %. It 
should be noted that these values are different from those reported in earlier publications. 

Except for T7, the original sulfide determinations for the remaining samples were in reasonable 
agreement with the subsequent analyses (table 6). Bondar-Clegg reported values of 0. IO% total 
sulfur and 0.08% sulfide (table 6) while the averages of 0.32% total sulfur and 0.21 % sulfide were 
determined for the three additional analyses conducted on solid T7. It is believed that these values 
are more accurate, and additional analyses conducted by Newmont support this contention ( appendix 
A, table A3.5). Since the Bondar-Clegg values were within about 0.2% of the average of other 
analyses, the Bondar-Clegg values were retained as a matter of convenience. 

It is worth noting that Bondar-Clegg used a sodium carbonate leach to determine the sulfide content 
of T9, and this protocol yielded more accurate values for sulfide content. The values determined 
by Newmont using this method were in agreement with those from Bondar-Clegg (3.87 versus 3.64 
percent sulfide, respectively; table 6; appendix A, table A3.5). The method used by other 
laboratories was apparently less accurate since the presence of barite in the sample was not 
accounted for. This emphasizes the importance of familiarity with sample mineralogy when 
selecting protocols for sulfur determinations. \ ·~ \w.A vJt-. 
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6.3. Ambient Temperature Experiment 

6.3 .1. Introduction 

In the initial phase of this project, all twelve tailings samples generated drainage in the neutral pH 
range during the 52-week dissolution experiment (Lapakko 1991 ). Based on chemical and 
mineralogic analyses, the potentials of samples T2, T6, and T9 to produce acid exceeded their 
respective potentials to neutralize acid (table 5). This suggests that the neutralization potential of 
these samples would be depleted while acid was yet being generated, at which time drainage would 
acidify. The acid neutralization potential of sample TIO exceeded its acid production potential but 
this difference was small. Samples T2, T6, T9, and T 10 were continued for an additional 99 weeks 
of dissolution in the Ambient Temperature Experiment (Lapakko 1993), and have been continued 
with attendant data compilation for a total of 290 weeks at the time of this report. 

6.3.2. Case 1 Samples: Low to High Acid Production Potential (AP), No to Low 
Neutralization Potential (NP) 

Since none of the samples produced acidic drainage during the initial 52-week phase, it is clear that 
none conformed to the Case 1 profile. 

6.3.3. Case 2 Samples (T9, T6): Moderate to High AP, Low to High NP 

Samples T9 and T6 conformed to the Case 2 profile. The samples contained significant amounts 
of NP and greater amounts of AP. They produced neutral drainage for 2.3 and 5.5 years, 
respectively, but the NP was ultimately depleted and drainage acidified within the 290-week period 
ofrecord. Discussion on these two solids summarizes 1) solid-phase characteristics, 2) drainage pH, 
3) sulfate concentrations, mass release, and rates of release, and 4) calcium and magnesium 
concentrations, mass release, and rates of release. 

Sample T9 had an AP[s2·] (AP calculated based on 3.64% s 2·) of 114 mg/g CaCO3 and an 
NP[(Ca/Mg)CO3] of 14 mg/g CaCO3 (table 5). The AP was virtually all as pyrite (6.6%) and the 
NP was present as calcite (table 3). The major host rock minerals were quartz (27.5%), feldspar 
(27.6%), mica (16%), chlorite (2.1%), and amphibole (2.9%; table 4). 

As discussed in the previous report covering weeks Oto 151, sample T9 produced drainage pH 
values in the typical range of 7 .8 to 8.1 prior to week 100, at which time drainage pH began to 
decrease rapidly, and fell below 6.0 at week 122 (Lapakko 1993). This trend continued, with pH 
dropping below 4.0 at week 136 and reaching a minimum of 2. 94 at 220 and 272 weeks. Subsequent 
values fluctuated in the typical range of 3.0 to 3.2 (figure 5). Net alkalinity (alkalinity - acidity) 
concentrations followed a similar temporal trend (appendix B, figure B3.3). At the time of 
acidification, the remnant sulfide content was 3.31%, indicating the FeS2 content was 6.19% 
(appendix B, table B6.3). 
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Five noteworthy temporal variations of sulfate concentrations were observed. First, sulfate 
concentrations were elevated at the start of the experiment (8.4 mmol/L at t = 0) and decreased 
during the first ten weeks to a relatively low range. This reflected the removal of products of sulfide 
oxidation which occurred between the time of sample collection and the week 0 rinse (figure 5). 
The values prior to week 5 were not included in the figure since they would limit the graphical 
resolution for the lower concentrations which occurred over the remainder of the experiment. Data 
for this period are presented in appendix B, table B2.11. 

Second, between weeks 10 to 122 sulfate concentrations were relatively constant, with an average 
sulfate release of 0.035 mmol/wk. This represents a period of relatively constant and slow acid 
production, which resulted in the depletion of the calcite present. Third, after week 122, sulfate 
concentrations increased substantially subsequent to drainage acidification (figure 5). This 
represents an increase in the rate of sulfide mineral oxidation and consequent acid production and 
is, therefore, an important temporal variation in sulfate concentration. The average sulfate release 
for weeks 123 to 290, after drainage acidification, was 0.19 mmol/wk (appendix B, tables B4.12 -
B4.16). Determination of rates over shorter intervals indicates that those prior to drainage 
acidification were often an order of magnitude lower than those subsequently (table 12). 

The increase in sulfate release was related to pH, which decreased below 4.5 at week 130. Research 
on pyrite oxidation indicates that as "pH decreases to 4.5, ferric iron becomes more soluble and 
begins to act as an oxidizing agent" (Nordstrom 1982). As pH further decreases, bacterial oxidation 
of ferrous iron becomes the rate limiting step in the oxidation of pyrite by ferric iron (Singer and 
Stumm 1970), which is the only significant oxidizing agent in this pH range (Nordstrom 1982; 
Singer and Stumm 1970; Kleinmann et al. 1981). This indicates- that the elevated sulfate 
concentrations near the end of the experiment were probably due to increased biologically mediated 
ferric iron oxidation of the sulfide minerals as pH decreased below 4.0. The rate of chemical 
oxidation may have increased also, although the extent of this increase was most likely slight 
relative to the increase in biological oxidation (Nordstrom 1982). 

Fourth, concentrations cycled throughout the experiment, with peaks at approximately 60, 115, 167, 
216, and 277 weeks (figure 5). These periods of elevated sulfate release were largely in July and 
August. During these summer months relative humidity and to a lesser extent, temperature, tended 
to be elevated in the room in which the solids were stored (figure 2). Thus, the experimental design 
was more successful in controlling temperature than relative humidity (see also methods). 

Fifth, from about week 150 to 230 sulfate release averaged about 0.24 mmol/wk and decreased to 
0.17 mmol/wk subsequently (table 12). This may be the initiation of a decrease in the rate of iron 
sulfide oxidation, although the data are not adequate to make this determination. Such a trend could 
result from the depletion of more reactive pyrite phases or from the coating of iron sulfide mineral 
surfaces with precipitates such as iron oxyhydroxides. 

A total of 1.28 g of sulfur was released over the 290 weeks. This represents 31 percent of the total 
sulfur present in these tailings. Assuming all of the sulfur was released from pyrite (i.e. no barite 
dissolved), roughly 45 percent of the pyrite was oxidized and the AP was reduced by 45 percent 
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(table 13). The removal of such a substantial fraction of the pyrite could readily be responsible for 
the decline in sulfate concentrations observed around week 230 (figure 5). 

Calcium concentrations were highest at week zero, measuring 7.5 mmol/L, and decreased to one 
tenth of this value by week 10. This decrease reflected the "rinsing off' of host rock minerals 
dissolved by acid produced as a result of iron sulfide mineral oxidation between the collection of 
the tailings and the start of the experiment (figure 5). The initial calcium concentrations were 
excluded from the figure in order to retain better graphical resolution for the subsequent lower 
values. 

The calcium released to solution reflected the dissolution of calcite which, prior to week 122, was 
largely responsible for neutralizing the acid produced by iron sulfide oxidation. Indeed, throughout 
the experiment calcium concentrations tended to exhibit peaks coincident with sulfate peaks. 
Calcium concentrations generally decreased until the drainage acidified, and then remained within 
a fairly low range ( figure 5). This suggested that the calcium carbonate initially present in the 
sample was being depleted or rendered unreactive. Subsequently, the acid produced by the iron 
sulfide oxidation, as indicated by the sulfate concentrations, was not neutralized and the drainage 
acidified. 

The cumulative release calculations support the contention that the carbonate minerals initially 
present (table 3) in the sample had been depleted. The cumulative release of calcium from T9 was 
calculated as 11 millimoles at week 122 (figure 6; appendix B, tables B4.12 - B4.16). Using this 
value to represent the depletion of carbonate minerals from the solid indicates that 105% of the 10.5 
millimoles initially present had been depleted. One mmol of magnesium had been released at this 
time, and the total calcium plus magnesium release represented 115% of the original carbonate 
content. The magnesium release was most likely from non-carbonate host rock minerals, since 
magnesium rarely, if ever, occurs in calcite from hydrothermal systems (Mattson 1999). 

In contrast, less than thirty-one percent of the total sulfur initially present in the sample had been 
depleted ( table 13 ). The remaining iron sulfides ( mostly pyrite) continued to produce acid, of which 
only a fraction was neutralized, and the drainage pH decreased. The acid neutralized during this 
acidic phase was apparently due to dissolution of feldspar, mica, chlorite, and amphibole minerals 
present in the tailings (table 14; mineral compositions from Klein and Hurlbut Jr. 1985). This 
dissolution was reflected by continued low-level release of calcium and magnesium. 

As was the case with sulfate and calcium, magnesium concentrations exhibited a relative high at 
week zero, reflecting the rinsing of host rock dissolution products generated prior to the experiment. 
Magnesium concentrations were relatively low throughout the experiment, with the exception of 
some elevated values from about week 100 to week 140, the period during which drainage pH 
declined and acidified. Magnesium concentrations in the latter stages were slightly higher than 
those in the early stages (figure 5). The slight increase in magnesium release was apparently the 
result of increased release from non-carbonate minerals ( e.g. mica, chlorite, amphibole) at the lower 
pH. The rate of total calcium plus magnesium release was slower during the second half of the 
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experiment, measuring about 12 millimoles prior to week 122 and only 4 millimoles in the 
subsequent 170 weeks (figure 6). 

Sample T6 had an AP[s2
-] of 65 mg/g CaCO3 and an NP[(Ca/Mg)CO3] of 45 mg/g CaCO3 (table 

5). The AP was present as both pyrite (1.29%) and pyrrhotite (3.50%; table 3). The NP was present 
as calcite (1.3%) and ankerite (3.6%), which was assigned a "typical" composition of 53.6% CaCO3, 

31.4% MgCO3, and 15% FeCO3. Thus, of the 45 mg/g CaCO3 NP, calcium carbonate contributed 
32 mg/g and magnesium carbonate contributed 13 mg/g. (Note: The percent MgCO3 must be 
multiplied by 1.19 to convert to percent as CaCO3.) The major host rock minerals were quartz 
(40.6%), chlorite (16.8%), siderite (14%), mica (11.2%), amphibole (2.6%), stilpnomelane (2.3%), 
feldspar (1.4%), apatite (0.3%), and magnetite (0.1 %; table 4). 

The T6 drainage quality and mass release trends were similar to those observed for sample T9, 
although the time to drainage ·acidification was substantially longer. The pH of drainage from 
sample T6 was around 8.0 for the first 230 weeks of the experiment. At this time it began to 
decrease, dropping below 6.0 at week 284 and reaching 4.49 at week 290 (figure 7). Net alkalinity 
concentrations followed a similar trend. At the time of acidification (284 weeks) the remnant sulfide 
content was 1.33%, indicating a FeS2 content of 2.49% (appendix B, table B6.3). (Drainage pH 
decreased below 4 at about week 310 and oscillated from 3 .85 to 4.0 through week 321, the last data 
available at the time of this writing. Data beyond week 290 are not included in the tables and figures 
of this report.) 

As was t~e case with T9, sulfate concentrations declined over the initial weeks of the experiment, 
reflecting the removal of oxidation products which accumulated after the tailings were collected. 
The subsequent concentrations were in a fairly stable range with a subtle cyclic variation. As was 
the case with T9, the peaks in these cycles were associated with summer months, and were probably 
due to elevated humidity and possibly temperature. 

As was also the case with T9, sulfate concentrations increased when pH declined. An increase in 
sulfate concentrations was observed between weeks 200 and 230, as pH began to decrease below 
8.0. A much larger increase was observed near week 270, as pH began to decline and drop below 
6.0 at week 284. During the 290 weeks of dissolution, about 18 millimoles of sulfate were released 
to solution (figure 8). The sulfate release indicates a remnant sulfur content of 1.35 percent at the 
end of this phase of experimentation (table 13). 

Calcium and magnesium concentrations were initially elevated, with week zero concentrations of 
4 and 2 mmol/L, respectively. These concentrations decreased by about an order of magnitude over 
the first ten weeks, reflecting the removal of products of reactions occurring after the collection of 
the tailings ( figure 7). In contrast to T9, there was no obvious response of calcium or magnesium 
concentrations to the subtle cyclic variation in sulfate concentrations. Concentrations of both 
parameters were fairly stable until about week 230, at which time they began to decline. At week 
284, when pH dropped below 6.0, the total calcium and magnesium releases were 16.2 and 13.9 
millimoles, respectively. The 30.1 mmol total represents about 90% of the 33.8 millimoles of 
NP[(Ca/Mg)CO3] calculated as present based on the mineralogic data (table 3). 
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The calcium and magnesium release indicates that most, or all, of the calcium and magnesium 
carbonates (calcite and ankerite) had been depleted from the solid-phase. The difference between 
the mass of calcium and magnesium release in the drainage and that present as calcium carbonates 
and magnesium carbonates is quite small, equivalent to a calcite content of 0.5 percent. It is not 
unreasonable to conclude that the calcium carbonates and magnesium carbonates had been depleted 
given the a) potential for error in solid-phase measurements, b) potential for error in aqueous phase 
measurements, and c) loss of solids during the course of the experiment. The calculation of the 
solid-phase NP was complicated by the fact that it was necessary to partition calcium and 
magnesium among calcite, ankerite, and siderite as well as within the ankerite present in this sample. 
Secondly, it is possible that some calcium and/or magnesium carbonate remained but was less 
reactive than that dissolved initially. The peak in magnesium release after week 284 is consistent 
with this possibility. 

It should be noted that the molar ratio of calcium to magnesium release was 1.2: 1. In contrast the 
molar ratio of calcium to magnesium for the carbonates present in the solid-phase was 2.5: 1. It 
seems most likely that the discrepancy was the result of error in the solid-phase speciation of the 
carbonate minerals. That is, a larger fraction of the solid-phase carbonate was associated with 
magnesium than indicated by the mineralogic analys~ solid-phase composition would be 
consistent with the aqueous phase data if the ankerite~ assumed ( see first paragraph of T6 
presentation) was 33% calcium carbonate and 47% magnesiu~ arbonate~ . 

\, C6'Mf0~1J1 (JY..} 
6.3.4. Case 3 Samples (T2, TIO): High AP, High NP 

Samples T2 and TIO fit the Case 3 profile. They had substantial amounts of both AP and NP and 
produced non-acidic drainage for the entire 290 weeks. Their drainage quality indicates that iron 
sulfides oxidized throughout the 290 week period, and the acid produced was neutralized by 
dissolution of the calcium and magnesium carbonates present. The net result was a slightly alkaline 
drainage with elevated concentrations of sulfate, calcium, and magnesium. 

Sample T2 had an AP[S2·] of228 mg/g CaCO3 and an NP[(Ca/Mg)CO3] of 189 mg/g CaCO3 (table 
5). The AP was supplied virtually entirely by pyrite (13.6%). The neutralization potential was 
present as calcite (1.5%) and dolomite (14.5%), which yielded total calcium carbonate and 
magnesium carbonate NP values of 101 and 88 mg/g CaCO3, respectively (table 3). 

Typical pH and alkalinity ranges for T2 drainage were 8.0 to 8.2 and 60 to 90 mg/L as CaCO3, 

respectively. Drainage pH decreased slightly around week 230, concurrent with an increase in 
sulfate release, and oscillated subsequently (figure 9). Sulfate, calcium, and magnesium 
concentrations were highest at the beginning of the experiment, reflecting the removal of reaction 
products which accumulated between the time of samples collection and the beginning of the 
experiment. Subsequently concentrations remained within fairly narrow ranges, indicating fairly 
constant rates of sulfide mineral oxidation and carbonate mineral dissolution. 

The most marked temporal variation in sulfate concentrations was a somewhat cyclic oscillation. 
As mentioned previously, relative peaks occurred during the summer months and the oscillation was 
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attributed to seasonal variations in relative humidity and possibly temperature. These oscillations 
were relatively mild and, after the first 20 weeks, sulfate release rates generally exceeded half the 
maximum observed (table 15). Calcium and magnesium concentrations responded to this cyclic 
variation in acid production, and generally paralleled the temporal sulfate trends; Mass release 
calculations indicated that substantial amounts ofboth acid-producing and acid-neutralizing minerals 
remain in this sample (table 13). 

Sample TlO had an AP[s2
-] of 185 mg/g CaCO3, which was supplied entirely by pyrite (11.1 % ). 

The NP[(Ca/Mg)CO3] was 200 mg/g CaCO3, and was supplied by both calcite (2.1 %) and ankerite 
(19.7%). The total calcium carbonate and magnesium carbonate NP values were 127 and 74 mg/g 
CaCO3, respectively (tables 3, 5). 

The typical ranges of pH and alkalinity in the TIO drainage were 8.0 to 8.2 and 50 to 100 mg/L. The 
pH was above the typical range at the beginning of the experiment and dropped below it during the 
period from week 230 to 255. This is about the same period as the pH of drainage from T2 declined, 
although with TIO there was no concurrent increase in sulfate release. The pH decrease with no 
concurrent increase in acid production seems curious with no obvious explanation. Alkalinity 
generally increased through week 50 and gradually decreased from week 80 through week 290. 
There was no dip in the alkalinity values associated with the pH decrease between weeks 230 and 
255 (figure 10). 

Two temporal trends of sulfate, calcium, and magnesium concentrations were similar to those 
observed for other solids. First, concentrations were highest at the beginning of the experiment, 
reflecting the removal of reaction products generated after sample collection. The second trend 
common to all solids was the cyclic variation of sulfate concentrations during which peak values 
occurred during the summer months. Calcium and magnesium concentrations also followed this 
trend, as was the case for T2 and T9. 

There were, however, two distinct and noteworthy points regarding the sulfate, calcium, and 
magnesium concentrations in drainage from sample Tl 0. First, despite a lower sulfide content 
(5.9% versus 7.3%), TIO generated sulfate concentrations higher than those from T2 (figure 11). 
Over the 290-week duration the sulfate release rate for Tl 0 was 2.2 times that from T2 (table 15). 
Part of this can be explained by the higher specific surface area of Tl 0 (0.51 versus 0.32 m2/g; table 
16). Taking this into account in conjunction with pyrite content, the pyrite surface areas of Tl 0 and . 
T2 can be estimated as 4.2 and 3.3 m2

, respectively. Thus, the rate per unit pyrite surface area for 
T 10 was 1. 7 times that for T2. Given that error was introduced in determination of specific surface 
areas (Lapakko 1993 ), the values suggest that pyrite present in TIO was oxidizing more rapidly than 
that in T2. 

Second, rather than remaining in a relatively constant range in Tl 0 drainage, concentrations of 
sulfate and calcium tended to increase, while magnesium concentrations tended to decrease over 
time. In some cases, such as T9, increasing sulfate concentrations have been a precursor of drainage 
acidification (figure 5). The increases may indicate the development of acidic microenvironments 
in which iron sulfide oxidation is accelerated. For example, the upper portion of the tailings bed 
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may generate acidic drainage which is neutralized by dissolution of calcium and magnesium 
carbonate minerals present in the underlying tailings. The oxidation of sulfide minerals in the upper 
portion of the bed would be more rapid due to the influence of iron oxidizing bacteria, as discussed 
above. It is also possible that acidic microenvironments could develop at other locations at which 
calcium and magnesium carbonate minerals have been depleted within the tailings bed. 

6.3.5. Projected Drainage Quality from T2 and Tl0 

Drainage from samples T2 and TIO may acidify in the future since both contain additional acid 
producing and acid neutralizing minerals. The cumulative mass release from these samples was 
calculated for sulfate, calcium, and magnesium (appendix B, tables B4.2-B4.6, B4.17-4.21). These 
values were then compared with the iron sulfide and calcium/magnesium carbonate content of the 
samples. The values determined indicated that for samples T2 and Tl 0, 22 and 39 percent of iron 
sulfides initially present oxidized, and 48 and 59 percent of the total calcium carbonate and 
magnesium carbonate initially present dissolved, respectively, during the 290 week experiment 
(figure 12; table 13). 

The rates of release during the experiment were also calculated (table 15). These rates, in 
conjunction with the initial AP and NP, were used to estimate the dissolution time required to 
deplete the AP ( iron sulfide minerals) and NP ( calcium and magnesium carbonate minerals) present 
in the samples. The time required for AP depletion was calculated by dividing the AP remaining 
(mmol/g CaCO3) at week 290 by the rate of sulfate release at the end of the period of record 
(mmol/wk). This quotient was divided by 52 to convert time from weeks to years. The time 
required for NP depletion was calculated similarly (table 17). 

This method was used previously to predict the time to acidification for samples T9 and T6. The 
time required to deplete the calcite from T9 was calculated based on the rate of calcium release over 
the initial 30 weeks of dissolution (Lapakko and Wessels 1995). The time required to deplete the 
calcium and magnesium carbonates from T6 was based on the rates of calcium and magnesium 
release over the initial 150 weeks of dissolution (Lapakko 1993). The predicted times of 112 and 
321 weeks were in reasonable agreement with the observed lag times of 122 and 284 weeks, 
respectively. 

Using the same calculation, the NP ofT2 and Tl0 would be depleted before the AP (table 17). This 
implies that both samples would eventually produce acidic drainage. For example, sample T2 would 
produce neutral drainage for 12.5 years, at which time the NP would be depleted. Subsequently, the 
drainage would be acidic until the AP was depleted after an additional 18 years. 

Despite the fairly accurate predictions observed for samples T9 and T6, this estimation provides only 
a "first-cut" guess on the variation of drainage pH over the long term. It does not account for the 
possible accumulation of coatings on sulfide and carbonate mineral surfaces. As previously 
discussed, these coatings will inhibit the dissolution of the minerals on which they formed, as will 
formation of leached layers at the mineral surface. These phenomena have been observed in other 
laboratory studies (Lapakko and Antonson 1991; Lapakko et al. 1997). Given the potential for 
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coating formation on the mineral surfaces over decades of reaction, a high degree of uncertainty is 
associated with this estimation. 

The dissolution behavior of the samples over time can be accurately assessed only by extended 
dissolution studies. Although conducting such studies under field conditions would rnost closely 
approximate the conditions of actual mine waste disposal, and therefore the quality of drainage 
generated, laboratory tests may provide a more practical approach. Such studies would be difficult, 
at best, within the typical regulatory time frame. Consequently, projects must be conducted 
specifically to address the long term dissolution behavior of mine wastes in general, in anticipation 
of mineral resource development. In such studies the relationship between solid-phase composition 
and drainage quality must be established with as much accuracy as possible, so results can be more 
readily extrapolated to specific mine wastes when mineral development is proposed. 

6.3.6. Rates of Sulfide Mineral Oxidation as a Function of Solid-Phase Sulfide Content 

Rates of sulfate release were determined for numerous periods over the 290-week experiment (tables 
12, 15). For pyrrhotite oxidation, the rate of mineral oxidation equals the rate of sulfate release, 
while for pyrite the rate of mineral oxidation is half the rate of sulfate release. Rates of calcium and 
magnesium release were determined for the same periods. 

Sulfate release rates were also determined for weeks 20 to 57 in the first phase of this project when 
all drainages were slightly alkaline. Regression analysis conducted on these rates (mmol/wk) and 
solid-phase sulfide content yielded equation 19. The most recent rates from samples T2, T6, and 
Tl O were within 25% of the values in the earlier phase. Sulfate release from T9 however was about 
five to ten times that in the earlier phase, due to acidification of its drainage (as discussed earlier). 
The sulfate release from T6, the drainage from which acidified at week 284, will most likely increase 
in the future for the same reason. 

d(SO4)/dt = 0.013 (% s2
·) - 0.000, n = 24, r2 = 0.693 [19] 

The r2 value indicates that the variation in percent sulfur accounts for 69 percent of the variation in 
the sulfate release rate. It is clear that other variables also influence these rates, and Lapakko ( 1993) 
concluded the following. 

In conclusion, the rate of sulfate release (i.e. the apparent rate of iron sulfide oxidation) was 
apparently controlled by the iron sulfide mineral surface area present. Other factors such as 
iron sulfide chemistry, crystal structure (including lattice dislocations), and surface coating may 
also affect release rates. However, for the samples examined by the methods in this study, these 
effects were not discernible. 

Lapakko (1993) plotted the rate of sulfate release versus the estimated pyrite surface area for five 
of the samples. Regression analysis of these data yielded a pyrite oxidation rate of 5 .6 x 10- 11 mol 
m-2(FeS2)(s- 1

). For comparison, Nicholson and Scharer (1994) determined a rate of 1.13 x 10- 10 

mol·m·2(FeS2)(s- 1
) for pure pyrite and an average. rate of 5±2.1 x 10- 10 mol·m-2(FeS2)(s- 1

) for five 
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literature values. Thus, the present rate is half that determined and about one-ninth of the average 
of literature values. This agreement appears to be reasonable, particularly in light of the fact that 
Nicholson and Scharer ( 1994 ), and possibly the literature sources they cited, used a geometric 
estimation to determine surface area. In contrast, surface area values were estimated based on BET 
analyses of the tailings samples. The BET (Brunauer et al. 193 8) values exceed those determined 
by geometric estimation, even with roughness corrections, and would tend to yield lower rates per 
unit surface area. 

6.3.7. Short Rinse Interval Experiment 

To determine if the rate ofiron sulfide oxidation increased with more frequent rinsing, an additional 
26 week test was conducted on solid T2. Three reactors were rinsed at intervals of 6, 24, and 84 
hours. These results were also compared with the results from the one week rinse interval. The 
drainage quality data are presented in appendix D, tables Dl.7.-Dl.9, with corresponding 
concentration versus time plots in appendix D, figures D2. l-2.3 and D2.7-2.9. All three produced 
neutral drainage. For the 26 week test, the sulfate, calcium, and magnesium mass releases for each 
of the three rinse intervals were within 2% of the mean for each parameter (appendix 0, table D3. l). 

The rates ofrelease (weeks 1-26) for the three reactors were 0.060, 0.059, and 0.063 mmol/week for 
6, 24, and 84 hour rinse intervals, respectively (appendix D, table D5.3). The average rate was 
slower than the overall rate for the same solid (0.078 mmol/wk) in the Ambient Temperature 
Experiment. For the weeks 5 to 18, the rate was 0.22 mmol/wk (table 15). This rate is 2.7 times the 
rate of the shorter rinse interval reactors. These rates imply that the early rate of release may be 
faster at a one week interval versus the shorter rinse intervals. (A 1.64 %S Duluth Complex rock 
sample was also subjected to these experimental conditions, with a similar result. The rate of release 
from each of the reactors was 60-75% of the rate of release from that same solid tested with one 
week rinse intervals (appendix D, table D5.3)). 

6.3.8. Summary 

1. Only two of the ten gold tailings samples examined in this study prnduced acidic drainage. 
during the Ambient Temperature Experiment. Sample T9 produced circumneutral drainage for 
120 weeks. Drainage pH dropped below 6.0 at week 122, reached a minimum of 2.94 at week 
220, and subsequently fluctuated between 3.0 and 3.2. Sample T6 produced circumneutral 
drainage until week 284, at which time it dropped below 6.0. Drainage pH reached 4.49 at 
week 290, decreased below 4 at about week 310, and oscillated from 3.85 to 4.0 through week 
321, the last data available at the time of this writing. This demonstrates that the quality of 
drainage generated in short term dissolution experiments may not accurately reflect the drainage 
quality generated by mine wastes over a longer time frame. 

2. At the time drainage pH decreased below 6.0, the sum of calcium and magnesium release from 
T9 and T6 represented 114% and 90% of their respective NP[(Ca/Mg)CO3] values. This 
suggests that the availability of calcium and magnesium carbonates for acid neutralization was 
high, and that other minerals did not contribute substantially to acid neutralization. At the time 
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of drainage acidification, the remnant sulfide contents for T9 and T6 were about 3 .3 % and 
1.3%, respectively, implying remnant FeS2 contents for T9 and T6 of 6.19% and 2.49%, 
respectively. 

3. Based on earlier work, the rate of sulfide oxidation increased with solid-phase sulfide content. 
The oxidation rate for T9 and T6 also increased as drainage pH became acidic. On a molar 
basis, the total calcium plus magnesium release from carbonate minerals was about 1.6 to 1.9 
times that of sulfate. 

4. The time to deplete capacities for acid production and acid neutralization can be estimated 
based on solid-phase analyses and dissolution testing. First, the potentials for acid production 
and acid neutralization must be determined for samples subjected to dissolution testing. 
Second, the drainage volume generated in dissolution tests must be determined and the drainage 
must be analyzed for sulfate, calcium, and magnesium in addition to pH. Third, the rates of 
release for sulfate, calcium, and magnesium must be calculated from these values. Dividing the 
AP and NP remaining at the end of the period ofrecord by the appropriate rates (AP by sulfate 
release rate; NP by the sum of calcium and magnesium release, in appropriate units) will yield 
a first-cut estimate of whether drainage will remain basic (i.e. acid producing capacity will be 
depleted before acid neutralizing capacity) or become acidic (i.e. acid neutralizing capacity is 
depleted before acid producing capacity). 

This approach predicted, with reasonable accuracy, the lag times prior to acidification of 
drainage from samples T9 (112 weeks predicted versus 122 weeks observed) and T6 (321 
weeks predicted versus 284 weeks observed). However, this method of estimation ignores the 
formation of precipitate coatings on the surfaces of acid producing and acid neutralizing 
minerals. Although these coatings are known to form, knowledge of their formation in mine 
·wastes is inadequate to quantify their influence on drainage quality. 

5. Samples T2 and TIO continued to produce drainage of slightly basic pH for a total of 290 
weeks. Even after 290 weeks of dissolution, these samples contain a substantial amount of 
calcium and magnesium carbonate minerals. The technique described above indicated that the 
drainages from these two samples would become acidic in twelve and ten years, respectively. 
However, over this duration the pH within the tailings will be neutral to basic, and coatings may 
form on the iron sulfide minerals present. Such coatings may effectively inhibit their oxidation, 
thereby precluding the generation of acidic drainage. Similarly, coatings may occur on acid
neutralizing minerals, in which case drainage would acidify earlier than predicted. 

6. Long term dissolution tests can reduce the uncertainty associated with predicting precipitate 
coating formation on sulfide and carbonate mineral surfaces and the influence of these coatings 
on mine waste drainage quality. Conducting such tests with operational size waste under actual 
field conditions provides the best simulation of the environmental behavior of the mine waste. 
Long term laboratory testing provides the next best approximation. 

7. The pyrite surface area was the predominant control on the rate of pyrite oxidation observed in 
this experiment. 
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8. In earlier studies, the release of arsenic, antimony, or molybdenum in slightly basic drainage 
was observed from three (T7, T8, and T9) of the samples. The potential for such trace metal 
release must be consider~d with tailings generated from hydrothermal gold deposits such as 
these. 

9. Sulfide oxidation rates at rinse intervals of 6, 24,and 84 hours were equal to or less than those 
at a one week rinse interval. Therefore, tests at shorter rinse intervals would not reduce the time 
required for testing. 

6.4. Elevated Temperature Experiment 

6.4.1. Introduction 

Duplicate samples Tl, T2, T4, T8, T9, TlO, and T12 were subjected to the Elevated Temperature 
Experiment. Sample T6 was not tested due to inadequate sample mass. The samples were rinsed 
every two weeks through week 48 and weekly subsequently. Between rinses, samples were stored 
in an oven with an average weekly temperature of about 97° C (table Cl.12). At 64 weeks, the 
duplicate reactors were discontinued. Although their results are not discussed in the following 
section, they are presented in appendix C along with other experimental details. Samples Tl, T4, 
T9, Tl 0, and T12 were discontinued at 232 weeks. Testing of the remaining two samples (T2, T8) 
was discontinued after 367 weeks, and data to week 256 (31 December 1996) are presented. 

The following discussion presents results from reactors with 232- and 256-week periods of record. 
Discussion of these solids summarizes 1) solid-phase characteristics; 2) drainage pH and alkalinity; 
3) sulfate concentrations, mass release, and rates of release; 4) calcium and magnesium 
concentrations, mass release, and rates of release; and 5) the remnant solid-phase sulfide and 
calcium/magnesium carbonate content. The solids are categorized based on the three general 
relationships between solid-phase composition and drainage quality used for the Ambient 
Temperature Experiment. 

6.4.2. Case 1 Samples: Low to High Acid Production Potential (AP), No to Low 
Neutralization Potential (NP) 

As was the case at 25°C, there were no samples which produced acidic drainage immediately and,. 
therefore, fit the Case 1 profile. 

6.4.3. Case 2 Samples (T9, T2, Tl0): Moderate to High AP, Low to High NP 

Samples T9, T2, and Tl0 conformed to the profile of Case 2 samples. The samples contained 
significant amounts of NP and AP. They produced some neutral drainage for 6, 60, and 216 weeks, 
respectively, but the NP was eventually depleted and drainage acidified. 

Sample T9 had an AP[s2
-] of 114 mg/g CaCO3 and an NP[(Ca/Mg)CO3] of 14 mg/g CaCO3 (table 

5). Virtually all of the AP was present as pyrite (6.6%) and the NP was present as calcite (1.4%, 
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table 3). The major host rock minerals were quartz (27.5%), feldspar (27.6%), mica (16%), chlorite 
(2.1 %), and amphibole (2.9%; table 4). 

The pH of T9 drainage generally ranged from 7 to 8 during the first six weeks of the experiment. 
At week 8 it dropped to about 2.7, reached a minimum of2.55 at week 12, then increased to around 
4.0 at week 52. Subsequent values remained in the typical range of 4.0 to 4.2, with the exception 
of an excursion into the upper fours between weeks 191 and 207. The temporal variation of net 
alkalinity (alkalinity - acidity) was consistent with that of pH (figure 13). 

Sulfate concentrations of T9 draipage peaked near 20 mmol/L at about week 10, when the drainage 
was most acidic ( figure 14 ). The sulfate peak reflected sulfide mineral oxidation, since any sulfate 
generated during sample storage would have been rinsed off by week 6 (table 18). Sulfate 
concentrations subsequently decreased to a fairly stable lower level (table 19, figure 14). From week 
55 to 145 concentrations typically ranged from 0.10 to 0.16 mmol/L, and from 0.052 to 0.10 mmol/L 
subsequently. Sulfate mass releases indicate that at weeks 5 5 and 145 the respective remnant sulfide 
contents were 61 % and 55% of that originally present in the sample (appendix C, tables C4.23, 
C4.24 ). It was assumed that the barite present in the sample did not contribute significantly to the 
sulfate release. 

Whereas the maximum sulfate release rate at elevated temperature was more than six times that at 
ambient temperature, the overall rate at elevated temperature was lower (table 20). This was due 
to the short duration of the rapid sulfate release at elevated temperature (table 18) relative to the 
longer period of high sulfate release after acidification at ambient temperature (table 12). After 
residual oxidation products were rinsed from the solids and before week 20, the rate of sulfate 
release at elevated temperature was 85 times that at ambient temperature (1.53 versus 0.018 
mmol/wk; tables 21, 12, respectively). Thus, the elevated temperature accelerated sulfate release 
over the short term, but the release rate decreased to fairly low rates for the majority of the period 
of record. In contrast, sulfate release at ambient temperature remained fairly high throughout the 
period following drainage acidification. 

The decrease in the oxidation rate may have been the result of the decrease in the amount of sulfide 
minerals or decreased pyrite reactivity. Given the remnant sulfur contents at weeks 55 and 145 (see 
previous paragraph), rates 61 % and 55%, respectively, of that for weeks 8 through 20 (this excludes 
the removal of residual reaction products) would be expected if there were no change in the pyrite 
reactivity. Since the observed rates were only about 3% and 2% of the rate in the early stages (table 
21 ), it is reasonable to conclude that the pyrite reactivity had decreased. Decreased reactivity may 
have resulted from development of a precipitate coating on the pyrite surface. Cementation of the 
pyrite grains by iron oxyhydroxides, with a consequent reduction in available surface area, may also 
have inhibited sulfate release. 

Calcium concentrations peaked near 7.5 mmol/L in weeks six and eight then decreased. Magnesium 
concentration's peaked near 1.0 mmol/L during weeks eight and ten then decreased. Sample T9 
contained 1.4 percent calcite, the lowest acid neutralizing carbonate mineral content of the gold mine 
tailings examined (Tl - Tl 0; table 3). Mass release calculations indicate that by week eight 60 to 
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70 percent of the calcite was depleted (table 22), by week ten more than 80 percent was depleted, 
and that by week twenty virtually no calcite remained (figure 15). 

The decreases in calcium concentrations and drainage pH at week 8, indicate that the solid-phase 
calcite was either depleted or rendered less reactive at this time. The mass release calculation 
indicates that calcite was not depleted. Thus, the calcite had apparently been passivated. 

Before addressing potential mechanisms of calcite passivation, the potential for procedural 8;nd 
analytical error must be considered. Solids were lost from reactors during the experiment, but this 
loss and the attendant loss of calcite were most likely slight during the eight weeks prior to drainage 
acidification. Data from eight terminated reactors indicate mass losses of roughly 0.1 to 0.2 g/wk, 
with an average loss of 0.16 g/wk (appendix G, table Gl). While some of this loss results from 
accidental solids loss, mineral dissolution also contributes. 

Analytical error is an unlikely explanation. Calcite was the only carbonate detected in this solid 
(table 3) and, consequently, the determination of evolved carbon dioxide would quantify the calcite 
content within 10%. Furthermore, calcium release prior to drainage acidification at ambient 
temperature implied a calcite content within 5% of that reported for solid-phase analyses (section 
6.2). In addition, it is highly unlikely that aqueous calcium determinations and drainage volume 
measurements could have underestimated calcite dissolution by 30 to 40%. 

Six potential mechanisms, other than loss of solids, come to mind for the apparent reduction in the 
calcite dissolution rate. The first two involve a reduction in carbonate mineral reactivity, while three 
additional describe potential limitations of acid transport to reactive carbonate mineral surfaces. It 
is possible that one or more of these proposed mechanisms were active. 

First, carbonate mineral dissolution may have been inhibited due to coating by precipitates such as 
iron oxyhydroxides. It is conceivable that ferrous iron released during pyrite oxidation would be 
transported to carbonate mineral surfaces in an acidic solution. The extent of transport would be 
particularly high during the initial stage of the experiment when sulfide oxidation was accelerated. 
Upon dissolution of the carbonate mineral, solution pH would rise, ferrous iron would oxidize, and 
a ferric precipitate would form on the mineral surface. If this coating were adequately extensive, 
dissolution of the carbonate mineral would be inhibited. Second, carbonate mineral dissolution may 
have been inhibited by cementation of carbonate mineral grains, with an attendant reduction in 
available surface area. 

Third, transport of acid from iron sulfide minerals to carbonate mineral surfaces may have been 
limited by the development of preferential flow channels. Whereas such preferential flow was not 
observed for T9 at ambient temperature, cementation of particles or the relatively rapid generation 
of mineral dissolution products at elevated temperature may have enhanced channeling. Fourth, 
aqueous phase transport of acid to the calcium carbonate minerals may have been limited by rapid 
evaporation of the aqueous transport phase at elevated temperature. The time required for 
evaporation was determined to be less than three hours. • , 
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Fifth, when acid reacts with calcium and magnesium carbonate minerals, carbonic acid (reaction 7) 
is formed and yields carbon dioxide gas (reaction 20). This might create localized areas of elevated 
gas pressure in the neighborhood of carbonate minerals. This gas could become trapped in the pores 
near the calcium carbonate grains and limit the transport of acid to the carbonate mineral surface. 
This could also explain the erratic oscillation of pH observed for many of the solids at the beginning 
of the experiment, when sulfide oxidation rates were high (relative to both later experimental stages 
and to testing at ambient temperature) and the consequent carbon dioxide generation would likewise 
be high. 

[20] 

A sixth potential mechanism has been discounted. It has been suggested that "air locks" may form 
due to water accumulation in. the pores among small tailings particles to inhibit flow in an 
experimental procedure different from the one employed in the present project (Bradham and 
Caruccio 1991 ). The air locks reportedly "had the effect of isolating the samples from oxygen 
infiltration, and thus pyrite oxidation." Such an occurrence could also inhibit water, and 
consequently acid, from contacting carbonate minerals. Since similar flow inhibition would be 
expected during dissolution at ambient temperature, in which carbonate minerals were totally 
available, it is probably not influential in this test. Furthermore, it is likely that virtually all water 
present in the solids evaporated during oxidation in the oven at temperatures near 100° C. All water 
present was evaporated after three hours in the oven in a trial conducted to determ-ine drying time. 

No magnesium carbonate was reported in this sample, and magnesium is unlikely to be present in 
calcite formed in hydrothermal deposits (Mattson 1999). It is possible that some of the early 
magnesium release was from the mica, chlorite, and amphibole present in the sample. The 
subsequent low-level release of calcium and magnesium was apparently due to dissolution of 
feldspar, mica, chlorite, and amphibole present. 

The drainage quality in the Elevated Temperature Experiment indicates that sample T9 would 
produce acidic drainage if subjected to wet-dry cycling in the field, which is consistent with the 
relative amounts of pyrite and calcite in the solid and with results from testing at ambient 
temperature. The dissolution time required for drainage acidification, however, was 122 weeks at 
ambient temperature and only eight weeks at elevated temperature. This relatively rapid depletion 
of calcium carbonate was due to the accelerated iron sulfide oxidation, and consequent acid 
production, resulting from the higher reaction temperature. 

Sample T2 had an AP(s2
-] of228 mg/g CaCO3 and an NP[(Ca/Mg)CO3] of 189 mg/g CaCO3 (table 

5). The AP was supplied virtually entirely by pyrite (13.6%, table 3). The neutralization potential 
was present as calcite ( 1. 5 % ) and dolomite ( 16 .1 % ), which yielded total calcium carbonate and 
magnesium carbonate NP values of 101 and 88 mg/g CaCO3, respectively (table 5). The sample also 
contained 1.3% siderite, and the major host rock minerals were feldspar (22.1%), quartz (20.7%), 
chlorite (12.1 %), and mica (9.1 %; table 4). 

32 



For the first 60 weeks the pH of drainage from T2 oscillated between acidic and basic ranges, with 
typical durations of one to three weeks in each range. Then pH decreased below 6.0, declined fairly 
rapidly, and after week 120 typically ranged from 3.5 to 4.0 (figure 16). The temporal trends in net 
alkalinity were consistent with those observed for pH (figures 16, 17). 

A maximum sulfate concentration of 41 mmol/L was observed at week 12 (figure 16). This 
represented oxidation of sulfide minerals present, since oxidation products generated during storage 
were removed by week 4 (table 18). After the sulfate peak, concentrations decreased continuously. 
This decline was very gradual at the end of the record, with values decreasing from 0.16 mmol/L 
at week 85 to 0.083 mmol/L at week 256 (figure 16). 

Whereas the maximum rate at elevated temperature was 15 times that at ambient temperature, the 
overall elevated temperature rate was within a factor of two of that at ambient temperature (3 .3 
versus 0.22 mmol/wk; table 20). This was due to the relatively short duration of rapid release at 
elevated temperature (table 18). After residual oxidation products were rinsed from the solids and 
before week 32, the rate of sulfate release at elevated temperature was at least 15 times that at 
ambient temperature (tables 2, 15, respectively). The rate of sulfate release at elevated temperature, 
however, ultimately decreased to levels lower than the minimum observed at ambient temperature 
(table 20). In contrast, sulfate release rates at ambient temperature remained within a. relatively 
constant range. 

The decrease in the oxidation rate may have been due to the decrease in the amount of sulfide 
minerals or decreased pyrite reactivity. The sulfate release at week 85 was approximately 128 
mmol, which represents about 75% of the sulfide initially present in the sample (7.3% sulfide). If 
the reactivity of the sulfides present had not changed, sulfate concentrations about 25% of the 
maximum, or around 10 mmol/L, would be expected at week 85 due to the decrease in available 
sulfides. Thus, it is reasonable to conclude that the pyrite reactivity had been reduced due to partial 
passivation of the surface or to reduction ofreactive surface area. More specifically, the low sulfate 
release suggests development of an inhibitive layer at the mineral surface or cementing of pyrite 
grains, with a consequent reduction in available surface area. 

Calcium and magnesium concentrations were highest during the initial 3 2 weeks, with typical ranges 
ofl Oto 14 mmol/L and 4.1 to 10 mmol/L, respectively. Concentrations of both decreased over time 
and ultimately plateaued at less than 0.04 mmol/L. The most marked decrease occurred during 
weeks 40 to 60, immediately prior to drainage acidification (figure 16). 

The concurrent decreases in drainage pH and calcium and magnesium concentrations at week 61 
indicate that the calcium and magnesium carbonate minerals had been depleted or rendered 
relatively unreactive. The initial NP[(Ca/Mg)CO3] ofT2 was 189 mg/gas CaCO3, most of which 
was present as dolomite. The cumulative calcium and magnesium released at week 61 represented 
the depletion of 158 mg/g as CaCO3 of this NP (84%), and over the subsequent 142 weeks 
represented dissolution of only an additional 5 mg/gas CaCO3• At week 61, the cumulative calcium 
and magnesium mass releases indicated respective dissolutions of 97 and 61 mg/g as CaCO3, 
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representing 96 and 69 percent of the respective initial calcium carbonate and magnesium carbonate 
mineral contents. 

The mass release calculations indicate that the calcium carbonate initially present was virtually 
entirely dissolved and that 31 percent of the magnesium carbonate content remained. This is 
conceptually consistent with effective dissolution of the calcium carbonate component and reduced 
reactivity of magnesium carbonate components. Potential causes of such a reduction are presented 
in the previous discussion of sample T9. Analysis of leached solid phases for carbonate mineral 
content and morphology would provide insight into the active mechanisms. 

As mentioned in the discussion of T9, there are experimental and analytical explanations for 
drainage acidification prior to apparent depletion of calcium and magnesium carbonates. The loss 
of solids, and the attendant NP, from the T2 reactor over 61 weeks would tend to be greater than that 
for T9 over 8 weeks. At week 245 the solids mass remaining in the T2 reactor was 39.7 grams, 
which extrapolates to a loss of 8.8 grams in 61 weeks (appendix G, table Gl). If solids loss were 
significant, similar losses in the calcium carbonate and magnesium carbonate phases might be 
expected. This was not the case, as virtually all of the calcium carbonate present in the solid was 
accounted for by the calcium released in the drainage. 

Analytical error in the solid-phase analysis for carbon dioxide evolved would affect the total 
carbonate mineral content of the rock, but this measurement is within 10% of the carbonate level 
in T2. Error in the speciation of carbonate minerals would contribute more error in this sample than 
in T9. T2 was reported to contain 1.3% siderite, as well as calcite and dolomite (1.55 and 16.1 %, 
respectively), which would complicate speciation. Nonetheless, the fraction of carbonate associated 
with iron is fairly small, and little error would be expected due to its presence. 

In the Elevated Temperature Experiment, drainage from T2 acidified after 61 weeks of reaction, 
suggesting that these tailings would produce acidic drainage if exposed to oxidizing wet-dry cycle 
conditions in the field. At ambient temperature, however, this sample produced neutral drainage for 
5 .6 years. The rates of calcium and magnesium release, in conjunction with the solid-phase 
composition, indicate that an additional seven years of dissolution would be required before the 
calcium and magnesium carbonates were depleted and drainage acidified. This time frame is 
roughly 10 times that for acidification at elevated temperature. It should furthermore be noted that 
the drainage may not acidify at ambient temperature if sulfide minerals become extensively coated. • 
Such coating could reduce the rate of sulfide mineral oxidation to the extent that dissolution of the 
feldspar, chlorite, and/or mica present would be adequately rapid to neutralize the acid produced. 

Sample TlO had an AP[s2
-] of 185 mg/g CaCO3, which was supplied entirely by pyrite (11.1 %). 

The NP[(Ca/Mg)CO3] was 200 mg/g CaCO3, and was supplied by both calcite (2.1 %) and ankerite 
(19.7%; table 3). The total calcium carbonate and magnesium carbonate NP values were 127 and 
74 mg/g CaCO3, respectively (table 5). Both the AP and NP were among the highest of the samples 
examined. The major host rock minerals were siderite (31.4%), quartz (16.3%), feldspar (13.3%), 
mica (4.4%), and chlorite (4.2%; table 4). 
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The pH of drainage from TIO oscillated between neutral and acidic between weeks Oto 50 and then 
remained in the neutral range until week 130, after which oscillations recurred until week 216 
(figure 18). Drainage pH then decreased below 6.0, reaching a minimum of 3.6 at week 225, seven 
weeks before the reactor was terminated. Temporal variations in alkalinity paralleled those observed 
for pH. 

Sulfate concentrations from TIO reached a maximum of 46 mmol/L at week 4. The sulfate peak 
reflected a rapid rate of sulfide oxidation, since the majority of residual reaction products were 
rinsed off at week 2 (table 19). Subsequently concentrations decreased steadily, falling below 0.02 
mmol/L at week 200 (figure 19). The initial rate of oxidation (after removal ofresidual oxidation 
products) was roughly 15 times that at ambient temperature (tables 21, 15, respectively). However, 
the rate at elevated temperature decreased to values well below the minimum observed at ambient 
temperature (table 20). Consequently, the overall rates of release for the period of record were 
roughly equal for the two experiments (table 20). 

The decrease in sulfate release at elevated temperature indicated that sulfide minerals available for 
reaction had been substantially depleted or rendered relatively unreactive. At week 200 the 
cumulative sulfate release was 110 mmol, indicating a remnant solid-phase sulfur content of 1.2% 
and an AP of 37 mg/g CaCO3. Since 20% of the initial sulfur remained, sulfate concentrations of 
roughly 9 mmol/L (0.20 x maximum concentration of 46 mmol/L) would be expected, assuming no 
decrease in pyrite reactivity. Observed concentrations below 0.02 mmol/L imply a reduction in 
reactivity and/or available surface area, as discussed for T9 and T2. It is important to note, however, 
that despite the low rate of sulfide mineral oxidation and the consequent acid production, the 
drainage acidified after week 216. No increase in the rate of sulfide oxidation was observed after 
acidification. 

Calcium and magnesium concentrations were highest at the beginning of the experiment, peaking 
at 18 and 9.9 mmol/L, respectively, within the first eight weeks. Concentrations subsequently 
declined and reached minimums of 0.005 and 0.02 mmol/L, respectively, at week 220. Temporal 
variations generally paralleled those for sulfate (figure 19). This similarity indicates that dissolution 
of the carbonate minerals was largely due to attack by acid released as a result of pyrite oxidation. 

Calcium and magnesium mass release data indicated that roughly 80 percent (159 mg/g CaCO3) of 
the calcium and magnesium carbonate minerals initially present (200 mg/g CaCO3) had been 
dissolved after 216 weeks (table 22). The drainage acidification after week 216 indicates no 
remaining available NP. As has been previously stated, it is assumed that the "missing" NP is due 
to a combination of 1) solids loss during the experiment (which would tend to be highest for TlO 
since the time to acidification was the longest); 2) solid-phase and aqueous-phase analytical error 
( the potential error in carbonate mineral speciation would be higher since carbonate was associated 
with calcium, magnesium, and iron); 3) inhibition of calcium or magnesium carbonate reactivity due 
to precipitate coating of carbonates or mineral grain cementation; and 4) inhibition of acid transport 
to available reactive calcium or magnesium carbonate mineral surfaces due to a) development of 
preferential flow channels, b) rapid evaporation of water, or c) entrapment of carbon dioxide near 
carbonate mineral grains. 
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The reactor was terminated after 232 weeks and analysis of the leached solid indicated an evolved 
carbon dioxide content of 0.498% ( appendix C, table C7 .6). This implies a maximum remaining 
calcium carbonate content of 1.1 % and an NP[(Ca/Mg)CO3] of 11 mg/g CaCO3. Unfortunately this 
sample also contained ankerite and siderite. Thus, it is not possible to conclude if the carbonate 
present was present as remnant NP with calcium and magnesium, or with iron. Even if the carbonate 
were present with calcium and magnesium, the sum ofNP released and the NP remaining is 30 mg/g 
CaCO3 less than that reported for the unleached solid (159 + 11 versus 200 mg/g CaCO3). This 
reflects loss of solids during the experiment, nonrepresentative splitting of original or leached 
samples, analytical error in solid-phase carbon dioxide evolved or aqueous-phase calcium and 
magnesium analyses, or incorrect speciation of carbonate minerals in the unleached solids. The 
majority of error can be attributed to solids loss during experimentation, as the mass of solids 
remaining after 232 weeks was 24.2 grams as compared to an initial mass of75 grams (appendix G, 
table G 1.1 ). While some of this loss can be attributed to mineral dissolution, a substantial amount 
would be the result of accidental loss during the experiment. 

In the Elevated Temperature Experiment, drainage from TIO acidified after 4.2 years (216 weeks) 
of reaction, suggesting that these tailings would produce acidic drainage if exposed to oxidizing wet
dry cycle conditions in the field. At ambient temperature, however, this sample produced neutral 
drainage for 5 .6 years. The rates of calcium and magnesium release, in conjunction with the solid~ 
phase composition, indicate that an additional 4.5 years of dissolution would be required before the 
calcium and magnesium carbonates were depleted and drainage acidified at ambient temperature 
(table 17). This time frame is roughly 2.4 times that for acidification at elevated temperature. It 
should furthermore be noted that the drainage may not acidify at ambient temperature if sulfide 
minerals become extensively coated. Such coating could reduce the rate of sulfide mineral oxidation 
to the extent that dissolution of the feldspar, chlorite, and/or mica present would be adequately rapid 
to neutralize the acid produced. 

Data from the initial 64 weeks of Tl O dissolution indicated that its drainage would not acidify. 
Drainage pH actually decreased below 6.0 after 4.2 years (217 weeks) of dissolution at elevated 
temperature. Much of the error in projection was due to the availability of only 80% of the 
NP[(Ca/Mg)CO3], as opposed to the 100% availability assumed for the projection. In addition, the 
sulfur content may have been somewhat higher than the value used for projections, due to the 
variability in sulfur determinations on this sample (see section 6.2). It should be noted that rates of 
NP[(Ca/Mg)CO3] release decreased with time as opposed to remaining constant as assumed for the 
projection. This would tend to underestimate the time to NP depletion. 

The erratic oscillation of drainage pH and alkalinity earlier in the experiment presents some cause 
for concern. Such oscillation was also observed for sample T2, and to a minor extent for T9. The 
oscillation may have been due, in part, to the elevated contents of iron sulfides and 
calcium/magnesium carbonates. The high rate of acid production ( a result of both the high iron 
sulfide content and the elevated temperature) accelerated calcium and magnesium carbonate 
dissolution which, in tum, would generated a relatively large amount of carbon dioxide. If acid 
transport were limited by elevated carbon dioxide pressure in pores near the carbonate minerals, the 
high carbon dioxide generation by this samples would tend to inhibit neutralization until the carbon 
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dioxide escaped to the atmosphere. Since this behavior was not observed in dissolution tests at 
ambient temperature, it is assumed that similar limitation of acid transport to carbonate mineral 
surfaces would not occur in the field. 

6.4.4. Case 3 Samples (Tl, T4, T8, T12): High AP, High NP and Low AP, Low NP 

This group consists of samples least likely to produce acidic drainage. The mineralogy ofT12 was 
markedly different from the hydrothermal quartz-carbonate tailings (Tl-Tl 0) and its results are 
discussed at the end of this section. The mineralogy of Tl, T4, and T8 was similar, as was their 
dissolution behavior. The AP values were moderate, ranging from 15 to 53 mg/g CaCO3, while the 
NP range of 110 to 207 mg/g CaCO3 was comparatively high (table 5). The AP was present largely 
as pyrite except for sample T8, which contained some pyrrhotite (table 4). Dolomite provided 
virtually all of the carbonate mineral NP. The samples contained 0.1 to 1.9% siderite and the major 
host rock minerals were quartz, feldspar, mica, and chlorite (table 4). Sample Tl2 was distinct from 
the other samples, with an AP less than 0.3 mg/g CaCO3 and an NP of 4 mg/g CaCO3. The sulfides 
in T12 were partially oxidized and poorly liberated (appendix A, table A5. l) and calcite was the 
only carbonate mineral detected (table 3). The host rock mineralogy was also distinct, with roughly 
half the sample consisting of serpentine and magnetite. 

Samples Tl, T4, and TS produced drainage pH values in the typical range of7.5 to 8.1 (figures 20, 
21, 22, respectively). These drainage pH values are slightly lower than those observed for the 57-
week dissolution of these solids at room temperature, which were typically between 8.0 and 8.2 
(Lapakko 1991). (Testing of these solids at room temperature was terminated after 57 weeks. See 
section 5.2.1.) Alkalinity followed similar temporal trends for the three solids, decreasing for the 
first 50 to 60 weeks then becoming relatively stable in the range of 30 to 60 mg/L (figures 20, 21, 
22). Alkalinities from T8 appeared to decline gradually over this last period. 

Sulfate concentrations in the drainages from Tl, T4, and T8 peaked from 4 to 12 weeks into the 
experiment at values ranging from 2.3 to 4.7 mmol/L (table 19). Concentrations subsequently 
declined consistently, reaching levels of 0.01 to 0.03 mmol/L after about week 210. The maximum 
rates of sulfate release at elevated temperature were roughly 15 to 20 tiµ1es those observed at 
ambient temperature (table 20). The minimum rates for the two experiments were in closer 
agreement (table 20), although it must be noted that the ambient temperature period of record for 
these samples was only 57 weeks. Nonetheless, the results suggest that elevated temperature will 
produce elevated sulfide oxidation initially, but rates will eventually decline to levels at or below 
those at ambient temperature. 

This decrease was influenced to some degree by the decrease in available iron sulfides. Atweek232 
(254 for solid T8), the sulfide content of the Tl, T4, and T8 had been respectively reduced to 0, 22, 
and 60% of the original values (table 23). The sulfate release rates at this time were 6.3, 2.3, and 
3.7% of their initial values, indicating an inhibited reactivity of the suifide minerals present (table 
24). As with the previous set of samples (section 6.3.3) formation of ferric oxyhydroxide coatings 
on pyrite surfaces and/or cementation of pyrite grains may have inhibited oxidation. 
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Of all samples examined, the fraction of sulfide oxidized was lowest from T8, in which 23 percent 
of the sulfide occurred with pyrrhotite (table 23). It should be noted, however, that the extent of 
sulfide oxidation was also relatively low for sample T9, in which pyrite was the predominant sulfide. 
Barite was also present in T9 and may have contributed to inhibition of pyrite oxidation. No sulfate 
minerals were detected in the other samples. 

Results of previous work (Lapakko et al. 1995) indicated that elevated temperature accelerates 
pyrrhotite oxidation to a lesser degree than pyrite oxidation (tables 25 and 26). This may be related 
to differences in initial mechanisms of oxidation or ultimate rate inhibition for pyrite and pyrrhotite. 
Pyrite oxidation occurs by reaction of water and oxygen at the mineral surface, and its rate is limited 
by the reactions at the mineral surface (Kriegman-King and Reinhard 1994; Morse 1991; Nicholson 
et al. 1990; Hammack 1985, 1987). As oxidation continues, reaction has been reported to be limited 
by formation of precipitate coatings on the mineral surface. In contrast, pyrrhotite oxidation is 
ultimately limited by diffusion of ferric iron and electrons through a ferric oxyhydroxide leached 
layer at the mineral grain surface. As the layer thickens, diffusion is inhibited (Pratt et al. 1994a, 
1994b). 

The elevated temperatures may have enhanced development of the leached layer on pyrrhotite grains 
to a greater extent than precipitate layers on pyrite grains. It should also be noted that the leached 
layer which limits pyrrhotite- oxidation may be a more effective oxidation retardant than the 
precipitate coating on pyrite surfaces. In particular, the leached layer may be more uniform and 
continuous, whereas precipitate coatings on pyrite are reported to be "poorly adhered" and 
"susceptible to dessication" (Yanful et al. 1997). Such coating may have been less effective in 
limiting the transport of oxygen and/or water to the mineral surface. 

Calcium and magnesium concentrations generally paralleled those of sulfate. Concentration peaks 
occurred within the first 12 weeks for both calcium (approximately 2.7 - 4.2 mmol/L) and 
magnesium (0.8 - 1.6 mmol/L). The initial peak feature is more obvious for calcium and 
magnesium. These concentrations decreased to about 0.2 mmol/L (figures 23, 24, 25). 

It should be noted that for T 4 and T8 concentration peaks for calcium and magnesium occurred at 
week 130. Calcium and magnesium peaks, in the absence of sulfate peaks, also occurred at week 
215 for T4 and at weeks 190 and 225 for T8. Corresponding peaks in alkalinity and specific 
conductance occurred at these times, indicating the elevated calcium and magnesium values were 
not the result of analytical error. The coincidence of these peaks suggests that dissolution of calcium 
and magnesium carbonates was accelerated by something other than the acid production which 
resulted from iron sulfide oxidation. This behavior is most puzzling, particularly as it occurred for 
two solids at the same time. 

After 232 weeks of dissolution at elevated temperature, the AP was depleted from samples Tl and 
T12 (table 23). Substantial NP remained also remained in sample Tl (table 27). It was concluded 
that these samples would not generate acid in the long term. At this time the remnant AP and NP 
for T4 were 8 and 71 mg/g CaCO3, suggesting that the excess NP would be adequate to neutralize 
the acid produced over the long term. However, the rate of NP depletion at the end of the 
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experiment was substantially higher than that of AP depletion. Consequently, projections based on 
these data suggested NP would be depleted prior to AP, and the drainage would acidify after about 
six years (table 28). If acidification did occur the rate of acid production would be quite small given 
the low rate at 232 weeks, the decreasing rate of acid production over time, and the projected sulfide 
content of 0.18% at the time of NP depletion. It is conceivable that dissolution of the feldspar, 
chlorite, and mica present in the rock (table 4) would be capable of neutralizing acid produced at 
such a slow rate. Due to their low potential for acid production, testing of these samples at elevated 
temperature was terminated after 232 weeks. 

After 256 weeks of dissolution at elevated temperature, the NP ofT8 only slightly exceeded the AP 
(39 versus 32 mg/g CaCO3). Based on the rates ofNP and AP depletion, drainage from this sample 
was projected to acidify after an additional 3.4 years of dissolution (table 28). As was discussed for 
T4, the projected rate of acid production would be relatively low, and dissolution of host rock 
minerals (mica, feldspar, chlorite; table 4) might be capable of neutralizing the acid produced. 
Dissolution testing of this sample was continued. 

The pH of drainage from sample T12 was typically between 6.5 and 7 .0, although there were five 
periods during which excursions below pH 6 occurred (figure 26). The low pH values are difficult 
to explain. The iron sulfide content of this sample was low. It should be noted, however, that 
analyses of leached samples yielded a higher sulfur content than that reported for the unleached 
sample (0.026 versus <0.01; appendix G, table G 1.2 and table 2, respectively), suggesting that the 
initial value may have been in error. In addition, the total sulfur released from the sample was more 
than seven times that indicated to be present by solid-phase analysis (table 23). Nonetheless, the 
sulfur content present in the leached sample plus that released to drainage during the experiment, 
indicate an initial sulfur content less than 0.1 %. This would yield an AP of 3 mg/g CaCO3 which 
is lower than the reported NP of3.7 mg/g CaCO3 (table 5). 

Sulfate concentrations after week 12 were uniformly low throughout the experiment, from less than 
0.02 to 0.08 mmol/L, indicating that the rate of iron sulfide oxidation and consequent acid 
production was consistently low. Consequently, it is difficult to identify the source of the acid 
release and resultant pH decrease at the end of the experiment. It is possible that some 
contamination, perhaps by air-phase transport, was the cause. It is concluded that the anomalously 
low pH values are not an indicator. of any great potential to produce acid. 

6.4.5. Rates of Sulfide Mineral Oxidation 

Characteristic curves of the fraction of total sulfur present versus time are presented in figure 27. 
Due to the relatively high percentage ofbarite, which is unreactive under these conditions, the curve 
for T9 was calculated based on the initial sulfide content. The more rapid release during the first 
40 weeks and subsequent slower release is reflected in this figure. The rates decreased over time 
due to the diminishing sulfide mineral mass and, possibly, the formation of coatings on the sulfide 
mineral surfaces. 
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The rates at the beginning of the experiment generally exceeded overall rates at room temperature 
by a factor of 40 (table 20). During the first 57 weeks of biweekly rinses at elevated temperature, 
sulfate release was six to ten times that for 57 weekly rinses at ambient temperature (table 29). 
However at elevated temperature rates decreased over time, and the minimum rates observed were 
similar or lower (TIO) than minimum rates observed at ambient temperature (table 20). In addition, 
sulfate release at elevated temperature did not increase as drainage became acidic. This was 
substantially different than the marked sulfate release increase observed at ambient temperature for 
acidic drainage. 

The extent of sulfide mineral oxidation from T 1 was the greatest, with virtually all sulfides oxidized 
(figure 27). The extent of sulfide oxidation from samples T8 and T9 was lower than that for the 
samples in general, perhaps due to the sulfur-bearing minerals in these samples. T8 contained a 
substantial amount of pyrrhotite and T9 was the only sample containing barite (table 3). (T6 and 
T7 also contained pyrrhotite but were only tested at ambient temperature.) T8 also contained pyrite, 
and it is possible that the occurrence of both minerals reflected mineralizing conditions which 
produced a less reactive form of pyrite. 

The rate of calcium and magnesium carbonate mineral dissolution was also accelerated in the 
Elevated Temperature Experiment, although to a lesser degree than the sulfide mineral oxidation. 
As a result of the preferential acceleration of the sulfide mineral oxidation, more acid was 
neutralized per mole of carbonate mineral dissolved (table 29). The dissolution of calcium or 
magnesium carbonate minerals will neutralize between zero and two moles of acid, as discussed in 
section 4. Tailings samples Tl, T4, and T8 generated neutral drainage throughout the Elevated 
Temperature Experiment, as was the case in the Ambient Temperature Experiment. However, the 
molar ratio of acid produced to carbonate mineral dissolved at the high temperature was two to three 
times that at the lower temperature. The high acid neutralization at elevated temperature was most 
likely the result of the higher rate of acid production. A similar occurrence was observed at ambient 
temperature for rapid sulfide oxidation, and attendant acid production, resulting from a high mass 
of iron sulfide present (table 29; see also Lapakko 1993, figure 12). 

6.4.6. Modification of Elevated Temperature Experiment Protocol 

As described in section 5.2.2., testing was conducted to examine the effects of a) one versus two 
200-mL rinse volumes of 85 °C deionized water, b) room temperature versus 85 °C rinse water 
temperature, and c) weekly versus bi-weekly rinsing. To compare one versus two 200-mL rinses, 
one reactor of T2 and TlO tailings were rinsed once per week from weeks 49 to 64. At the same 
time, a pair of duplicate reactors of each sample was rinsed with two 200-mL volumes. The mass 
releases of sulfate, calcium, and magnesium for the single rinses were not substantially different 
from the double rinses for either solid (table 30). 

To determine. if rinsing efficiency using deionized water at room temperature differed from that at 
85 °C, one reactor of T2 and TlO were rinsed biweekly from weeks 2 to 48 with two 200-mL 
volumes of room temperature water. At the same time, a pair of duplicate reactors of each sample 
was rinsed with two 200-mL volumes of water heated to 85 °C. The mass releases of sulfate, 
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calcium, and magnesium for the ambient temperature rinses were not substantially different from 
the rinses with 85 °C water (table 31). 

An experiment was not specifically designed to determine the relationship between one- and two
week rinse intervals. To gain some insight on this relationship, the extent of oxidation with a one
week rinse interval was compared to that with a two-week rinse interval using data from before and 
after a change in experimental design. The rinse interval for duplicate pairs of Tl, T2, T4, T8, T9, 
Tl0, and T12 was changed from two weeks to one week after 48 weeks of reaction. The mass 
release of sulfate, calcium, and magnesium at the shorter interval was generally less than that at the 
longer interval. However, mass release was decreasing with time over the initial 48 weeks and this 
trend most likely continued ( appendix E, figures E3. 7, E3 .8). It is likely that a rinse interval as short 
as one day would produce the same amount of sulfide oxidation as the two-week interval. The water 
retained by one tailings sample (T4) was found to evaporate entirely in less than three hours in the 
oven. Since water is a reactant in the oxidation of iron sulfide minerals (reactions 1, 2), little 
reaction would be expected after evaporation. 

6.4.7. Summary 

Duplicate samples Tl, T2, T4, T8, T9, Tl0, and T12 were subjected to the Elevated Temperature 
Experiment. Samples Tl, T4, T9, Tl 0, and T12 were discontinued at 232 weeks. Testing of solids 
T2 and T8 was terminated at week 367, and data to week 256 (31 December 1996) are presented. 

1. For all samples drainage pH was initially above 6.0, but for three samples permanently 
decreased below this value. Sulfate concentrations generally peaked within the first 12 weeks 
at values typically ranging from 3.1 to 52 mmol/L. They subsequently decreased and, after 
about 150 weeks (typically), plateaued at values of0.01 to 0.1 mmol/L (table 19). The initial 
rates of sulfate release were typically 15 to 20 times maximum rates at ambient temperature. 
However, these rates decreased over time to levels similar to the minimum rates observed at 
ambient temperature (table 20). Whereas reduction in the sulfide mineral mass contributed to 
some of the decrease in rates, reduction in reactivity played a major role. It is also of interest 
to note that elevated temperature sulfate release rates did not increase after drainage 
acidification. Calcium and magnesium concentrations generally paralleled those of sulfate, 
although magnesium values tended to be less variable. 

2. The pH of drainage from samples T9, T2, and Tl 0 decreased below 6.0 after dissolution periods 
of 8, 61, and 217 weeks, respectively. Upon acidification, the remnant sulfur contents of T9, 
T2, and Tl0 were 5.2%, 2.3%, and 1.2%, respectively, indicating that all three have potential 
to generate acidic drainage for a substantial period. In testing at ambient temperature, drainage 
from T9 acidified after 122 weeks of dissolution, while T2 and Tl 0 generated neutral drainage 
throughout the 290 week period of record. 

3. The fractions of NP[(Ca/Mg)CO3] available for acid ne_utralization prior to drainage 
acidification forT9, T2, and Tl0 Were 67, 82, and 80 percent (table 22). These values are lower 
than the 105 and 90 percent values for available NP[(Ca/Mg)CO3] determined for T9 and T6 
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at ambient temperature. Accidental solids loss during the elevated temperature tests accounts 
for some of the unavailable NP, and additional analysis on the extent of this contribution is 
warranted. Several other factors may have contributed to the reduction in carbonate reactivity 
at elevated temperature. 

4. The pH of drainage from T2 and T 10 at elevated temperature oscillated between circumneutral 
and acidic prior to permanently decreasing below pH 6. This oscillation was not observed for 
samples Tl, T4, T8, and Tl2, which remained in the neutral range. The oscillation may be due 
to accelerated generation of carbon dioxide, and consequent elevation of gas pressure in the 
pores near carbonate minerals. Such conditions could inhibit acid transport to carbonate 
mineral surfaces for neutralization. The wide variation in drainage pH may serve as an early 
indicator of ultimate drainage acidification. Such oscillation has not been observed in ambient 

• temperature dissolution tests in the present study or in previous studies. Furthermore, this 
behavior would not be expected under environmental conditions. 

5. Samples Tl, T4, T8, and Tl2 generated neutral drainage throughout the Elevated Temperature 
Experiment, as was the case in testing at ambient temperature for 57 weeks (Lapakko 1993). 

6. The agreement between results at elevated temperature and ambient temperature testing of 
samples Tl, T4, T8, T9, and T12 suggests that the two tests provide the same predictions with 
respect to potential for acid generation. Furthermore, data from sample T9 suggest that the 
Elevated Temperature Experiment may predict the quality of drainage from similar composition 
mine wastes (typically quartz-carbonate tailings) much more rapidly than the Ambient 
Temperature Experiment at lower temperature. The shorter test duration required is due to the 
accelerated sulfide oxidation at the higher temperature. Whereas samples T2 and Tl 0 acidified 
at elevated temperature, they did not do so at room temperature. Based on the agreement 
between the two tests for T9, it might be concluded that T2 and T 10 would also eventually 
acidify at room temperature. 

7. There are other potential complications and reasons for caution in the extrapolation of results 
generated at elevated temperature. The elevated temperatures are not. typical of the reaction 
environment in the field and, consequently, the drainage quality in this test may not simulate 
that in the field. Both the reduced availability of NP[(Ca/Mg)CO3] and the pH oscillation 
described above deviate from observations in testing at ambient temperature. 

A key characteristic of the test was the initial acceleration ofiron sulfide oxidation, as indicated 
by sulfate release, followed by a decline to relatively low oxidation rates. Both the 
exceptionally high iron sulfide oxidation rates and very low rates, as well as enhanced 
evaporation, may have inhibited the effectiveness of carbonate minerals present. 

First, the elevated sulfate release in the initial stage of the experiment reflected rapid oxidation 
of iron sulfide minerals present. Elevated iron concentrations would favor formation of 
coatings on the surfaces of both pyrite and acid-neutralizing minerals. Elevated iron 
concentrations transported in an acidic solution to the carbonate mineral surface, where 
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neutralization occurred, could oxidize and precipitate as iron hydroxides or oxyhydroxides at 
the surface. If this precipitation were adequately extensive, calcite dissolution would be 
inhibited. Furthermore, the acidic conditions could also lead to cementation of carbonate 
minerals within a matrix of other particles, thus rendering them less available for contact with 
acid generated subsequently. 

Second, when sulfide oxidation and the consequent acid production is low, dissolution of 
carbonate minerals without acid neutralization ( e.g. CaCO3 = Ca2+ + CO3 2·) is enhanced. That 
is, the acid neutralized per mole of carbonate mineral dissolved decreases at the low rates of 
sulfide oxidation (table 29). Thus, the carbonate mineral dissolution neutralizes less acid 
during the extended periods of low acid production. 

Third, the high temperatures also accelerate evaporation rates. Due to a limited availability of 
water, iron present in acidic solutions that are neutralized at the carbonate mineral surface is 
less likely to be transported from the site of neutralization. Thus, the lack of water enhances 
carbonate mineral coating by iron precipitates. The degree of formation of coatings on mineral 
surfaces and/ or cementation at the high temperatures may not reflect behavior at environmental 
temperatures. 

Thus, although T2 and TIO produced acidic drainage at elevated temperature, this may not be 
the case at ambient temperature, since the calcium and magnesium carbonates may be more 
available for neutralization. The incomplete availability of calcium and magnesium carbonate 
minerals, despite a very fine particle size, suggests that results at elevated temperature may 
deviate from those under conditions more closely approximating those in the environment. In 
contrast, the calcite dissolved prior to acidification of T9 at ambient temperature was calculated 

• as slightly larger than the calcite present, indicating that all of the calcite dissolved prior to 
drainage pH decreasing below 6.0. 

It must be noted that samples T 1, T 4, T8, and T 12 produced neutral drainage throughout the test 
at elevated temperature, as was the case at ambient temperature. Thus, if there are deviations 
between the two tests they may be of consequence only for cases in which NP slightly exceeds 
AP. These cases are the most likely to yield incorrect results if the availability or acid
neutralizing efficiency of calcium and magnesium carbonates is limited. 

8. Modifications recommended for future use of the Elevated Temperature Test are use of a) 
shorter intervals between rinses, b) one rather than two 200-m.L water volumes for rinsing, and 
c) room temperature water for rinses rather than water heated to 85 °C. The first 
recommendation allows results to be generated more rapidly, and the remaining two reduce the 
personnel time required for testing. 
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Table 1. Particle size distribution of tailings in weight percent ( wet screening by Hanna Research 
• Center). 

Solid 
+0.149 mm1 

Tl 14.37 

T2 0.27 

T3 4.04 

T4 1.83 

TS 8.97 

T6 12.88 

T7 13.72 

T8 • 7.99 

T9 1.42 

TIO 0.58 

Tll 83.75 

T12 56.04 

Equal to + l 00 Mesh 
Equal to +270 Mesh 
Equal to +500 Mesh 
Equal to - 500 Mesh 

Screen Size 

+0.053 mm2 +0.025 mm3 -0.025 mm4 

35.01 16.66 33.96 

2.48 6.24 91.01 

22.77 19.06 54.13 

18.25 18.60 61.32 

26.82 19.45 44.76 

40.32 20.54 26.26 

27.77 15.87 42.64 

24.49 17.19 50.33 

28.90 28.05 41.63 

16.63 18.16 64.63 

14.28 1.22 0.75 

15.04 12.84 16.08 
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Table 2. Chemical analysis for regulatory parameters in tailing samples (analysis by Bondar-Clegg). 

Concentrations in percent Concentrations in parts per million 
Solid 

s2-STOT SO4 CO2 Ag As Ba Be Cd Cr Cu Hg Mo Ni Pb Sb Se Tl Zn 

Tl 0.51 0.06 0.49 9.86 <0.5 38 67 <0.5 1 146 26 0.23 <l 32 15 <5 <l <l 339 

T2 7.63 1.00 7.3 8.91 <0.5 429 36 <0.5 3 165 155 1.80 <l 125 122 <5 2 <l 931 

T3 1.03 0.05 1.01 7.50 <0.5 151 22 <0.5 <l 209 117 0.05 <1 118 22 <5 7 3 114 

T4 1.15 0.14 1.10 6.84 <0.5 115 25 <0.5 <l 212 149 0.03 <l 110 19 <5 <l 1 110 

TS 0.67 0.04 0.66 2.94 <0.5 47 38 <0.5 1 64 39 0.02 2 27 55 <5 1 2 84 

T6 2.12 0.16 2.07 7.54 <0.5 1240 42 <0.5 <l 104 67 0.03 <l 18 21 <5 3 4 66 

T7 0.10 0.05 0.08 10.23 <0.5 1346 53 <0.5 <l 281 33 0.05 <l 126 14 18 2 1 60 

T8 1.73 0.07 1.70 4.88 <0.5 >2000 102 <0.5 <1 213 124 1.38 <1 140 106 41 1 <1 85 

T9 5.58 5.83 3.64 0.61 1.0 234 402 <0.5 1 78 32 21.6 1130 19 26 288 <l 33 152 

Tl0 4.081 0.57 3.891 21.85 <0.5 281 90 <0.5 2 52 23 0.06 <1 26 28 <5 2 4 61 

Tll <0.02 0.02 <0.01 0.17 <0.5 72 72 <0.5 5 2368 1098 0.04 <l 463 40 <5 <1 <l 97 

Tl2 <0.02 0.03 <0.01 0.16 <0.5 17 42 <0.5 <1 156 1615 0.03 <l 620 19 <5 <l 1 103 

Sulfur analyses assumed to be in error. See section 6.3.3. 

NOTE: Additional whole rock chemical analysis data in appendix A, table A3.2., A3.3. 



Table 3. Mineralogic composition of tailings in weight percent (analysis by Hanna Research Center). 

Mineral Tl T2 T3 T4 TS T6 T7 T8 T9 TIO Tll' Tl2 1 

Carbonates 

Calcite 0.2 1.5 0.5 0.6 6.0 1.3 0.2 -3 1.4 2.1 0.4 0.4 
Dolomite 18.9 16.1 14.5 13.0 20.9 10.1 
Ankerite 0.5 3.6 19.7 
Siderite 1.9 1.3 0.9 1.1 0.2 14.0 0.2 0.1 31.4 

CaCO3+MgCO/ 20.7 18.9 16.3 14.7 6.5 4.5 22.9 11.0 1.4 20.0 0.4 0.4 

Regulatory Element-Bearing Minerals 

Pyrite s 0.86 13.58 1.82 1.99 1.09 1.29 0.04 2.43 6.57 7.325 

Pyrrhotite s 0.04 0.02 0.10 0.05 0.22 3.50 0.54 1.04 0.13 tr6 tr 
VI Barite4 Ba, SO4 14.22 0 

Arsenopyrite As 0.01 0.09 0.03 0.03 0.01 0.27 0.29 0.40 0.05 0.06 
Chalcopyrite Cu 0.01 0.04 0.03 0.04 0.01 0.02 0.01 0.04 0.01 0.01 tr tr 
Molybdenite Mo 0.19 <0.01 
Galena Pb <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 
Stibnite Sb <0.01 0.01 0.04 0.01 
Sphalerite Zn 0.05 0.14 0.02 0.02 0.01 0.01 0.01 0.01 0.02 

The trace amounts of the sulfides observed in this sample were partially oxidized and generally poorly liberated. Most of the nickel in Tl 1 and Tl2 occurred in olivine 

2 
and serpentine rather than in sulfide minerals. ~ --- ~ 
Total calcium carbonate and magnesium carbonate expressed as percent calcium carbonate, i. }O"CaCO3 + l l .9xMgC0 3. 

- = not present 
4 Barite was the only sulfate mineral detected. Sulfate in other samples is probably due to pyrite and/or pyrrhotite oxidation which often forms melanterite, FeSO4·7H2O. 

Later analysis determined erroneous sulfur percentage in sample TI 0, therefore pyrite content is adjusted to 11.1 %. 
tr= trace 



Table 4. Major host rock composition (in weight percent) of non-ferrous tailings (analysis by Hanna Research Center). 

Mineral Tl T2 T3 T4 TS T6 T7 T8 T9 TIO Tl I Tl2 

Quartz 43.7 20.7 32.0 31.1 26.6 40.6 37.3 36.3 27.5 16.3 4.4 
Feldspar 14.1 22.1 18.1 22.0 36.9 1.4 15.9 13.4 27.6 13.3 15.7 
Mica 9.3 9.1 8.6 8.5 7.5 11.2 10.6 24.3 16.2 4.4 
Chlorite 7.9 12.1 21.2 19.8 17.4 16.8 13.6 8.6 2.1 4.2 4.4 6.5 
Amphibole 2.6 1.4 2.9 8.3 
Serpentine 10.3 36.2 
Olivine 0.3 5.9 
Stilpnomelane 2.3 
Talc 2.2 2.4 
Calcite 0.2 1.5 0.5 0.6 6.0 1.3 0.2 1.4 2.1 0.4 0.4 

VI Dolomite 18.9 16.1 14.5 13.0 20.9 10.1 ...... 
Ankerite 0.5 3.6 19.7 
Siderite 1.9 1.3 0.9 1.1 0.2 14.0 0.2 0.1 31.4 
Magnetite 0.1 <0.1 0.3 0.1 0.2 0.8 <0.1 43.5 13.5 
Ilmenite 37.9 6.6 
Tourmaline 1.6 1.4 2.2 
Apatite 0.3 0.3 0.4 0.4 0.4 0.3 <0.3 <0.3 <0.3 <0.3 0.3 <0.3 

Notes: 
In addition to the minerals listed, the samples may contain accessory to trace amounts of one or more of the following minerals; rutile, sphene, garnet, sillimanite, 
epidote, diopside, fluorite, graphite, tetrahedrite, and scheelite. 
"-" denotes not present 
"<" denotes present in amounts less than detection limit 



Table 5. Mineralogic acid potential (AP) and neutralization potential (NP[(Ca/Mg)CO3]) for 
tailings. Additional static test results in Lapakko 1991 (table 5) and Lapakko 1992. 

2 

3 

4 

6 

Solid % s2- I AP2 NP3 NetNP4 

Tl 0.49 15.3 207 191.7 

T2 7.3 228.1 189 -39.1 

T3 1.01 31.6 163 131.4 

T4 1.10 34.4 147 112.6 

TS 0.66 20.6 65 44.4 

T6 2.07 64.7 45 -19.7 

T7 0.08 2.5 229 226.5 

T8 1.70 53.1 110 56.9 

T9 3.64 113.8 14 -99.8 

TlO 5.936 185.5 200 14.5 

Tll <0.01 <0.3 4 3.7 

T12 <0.01 <0.3 4 3.7 

Sulfide analysis by Bondar-Clegg 
AP = Acid Potential, calculated as 31.25 x % s2-

NP = Neutralization Potential, calculated as [(I 0xCaCO3)+( 1 l.9xMgCO3)] 
NetNP=NP- AP 
NP/AP= ratio ofNP to AP 
Calculated as (6.3+6.09+5.4)/3; original value in error, see text for details. 
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NP/AP5 

13.5 

0.83 

5.2 

4.3 

3.2 

0.70 

91.6 

2.1 

0.12 

1.1 

13.3 

13.3 



TablC? 6. Total sulfur, sulfate, and sulfide analyses conducted by three laboratories on the non-ferrous solids. 

r, sul ate, and sul de anal ses and mean 

Lerch II (3-97) mean 
Solid 

t tal ul ulfate sulfide t tal sulfur ult: te sulfide total ulfur sulfate sulfide 

Tl 0.51 0.06 0.49 0.55 0.50 0.45 0.16 0.40 0.50 0.11 0.46 

T2 7.63 1.00 7.30 8.19 7.87 7.93 1.16 7.54 7.92 1.08 7.57 

T3 1.03 0.05 1.01 1.12 1.08 1.08 0.05 1.05 

T4 1.15 0.14 1.10 1.23 1.18 1.13 0.36 1.01 1.17 0.25 1.10 

T5 0.67 0.04 0.66 0.63 0.59 0.71 0.21 0.64 0.67 0.13 0.63 

T6 2.12 0.16 2.07 2.18 2.10 2.14 0.26 2.05 2.15 0.21 2.07 

TI 0.10 0.05 0.08 0.31 0.30 0.32 0.21 0.25 0.34 0.10 O.Q7 0.27 0.19 0.18 

T& 1.73 O.Q7 1.70 1.86 1.79 1.79 0.32 1.68 1.79 0.20 l.72 

T9 5.58 5.83 3.64 5.40 5.03 5.33 0.61 5.13 5.60 0.22 3.00 5.48 2.37 4.20 

TIO 4.08 0.57 3.89 6.51 6.30 6.31 0.65 6.09 6.38 0.19 5.40 5.82 1.41 5.42 

Tll 0.02 0.02 0.01 0.04 0.01 0.03 0.02 0.01 

V, .01 
w 

Solid 
Lerch II (3-97) Notes: Sulfate values reported as 

total sul ur ulfate sulfide sulfate, except for Lerch results 

Tl 1.32 45.45 6.01 9.27 8.17 10.60 45.45 14.18 
from 3-97 reported as sulfate as 
sulfur. Mean values calculated as 

T2 3.62 7.41 3.58 3.45 3.95 0.17 7.41 0.37 sulfate. Bondar-Clegg and 
T3 4.19 0.00 3.35 4.19 3.35 Midland sulfide values calculated 

T4 1.71 44.00 0.30 5.13 7.60 3.42 44.00 7.90 by subtraction. For those values 

T5 0.00 68.00 4.76 5.97 6.35 5.97 68.00 1.59 
reported as less than detection 
limit, values reported here as equal 

T6 1.24 23.81 0.21 1.55 1.23 0.31 23.81 1.02 to detection. For Tl O sulfide 
TI 62.62 73.21 54.29 15.89 71.43 19.63 12.50 42.86 27.10 46.43 60.00 content use 

TS 3.53 64.10 1.42 3.72 3.80 0.19 64.10 2.38 (6.30+6.09+5.40)/3=5.93% sulfide; 

T9 1.87 146.34 13.32 1.41 19.79 2.69 74.23 22.09 2.24 90.70 28.56 
determined that Bondar-Clegg 
value "out of line." 

TlO 29.90 59.57 28.24 11.86 16.22 8.42 53.90 12.41 9.62 86.52 0.38 

Tll 33.33 0.00 0.00 33.33 0.00 

Tl 



Table 7. Ambient Temperature Experiment summary of reactor sampling periods. 

Period of 

Solid Reactor(s) Record pH< 6.01 

weeks 

Tl 1 and 2 57 remained above 6.0 

3 290 remains above 6.0 
T2 

4 57 remained above 6.0 

T3 5 and6 57 remained above 6.0 

T4 7 and 8 57 remained above 6.0 

T5 9 and 10 57 remained above 6.0 

11 290 week284 
T6 

12 57 remained above 6.0 

T7 13 and 14 57 remained above 6.0 

T8 15 and 16 57 remained above 6.0 

17 290 week 122 
T9 

18 57 remained above 6.0 

19 290 remains above 6.0 
TlO 

20 57 remained above 6.0 

Tll 21 and 22 57 remained above 6.0 

T12 23 and 24 57 remained above 6.0 

Drainage pH drops below 6.0 and remains below (to week 290) 
These reactors remain in progress as of June 3, 1999. 
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Termination 

date 

7/10/91 

continuing2 

7/10/91 

7/10/91 

7/10/91 

7/10/91 

continuing2 

7/10/91 

7/10/91 

7/10/91 

continuing2 

7/10/91 

continuing2 

7/10/91 

• 7/10/91 

7/10/91 



Table 8. Ambient Temperature Experiment sampling frequency. 

Parameter Unit 

drainage volume rnL 

specific conductance µS 

pH standard 

alkalinity mg/L 

acidity mg/L 

sulfate mg/L 

calcium mg/L 

magnesium mg/L 
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Sampling Date 
(week) 

0, 2-14 (weekly) 
19-79 ( approx. every 4th week) 

82-290 (weekly) 

weekly 

weekly 

0-10 (weekly) 
12-257 (every 2nd week) 
261-288 (every 4th week) 

same as alkalinity 
whenpH<6.3 

0-3 (weekly) 
5-89 (every 2nd week) 

93-290 (approx. every 4th week) 

0-3 (weekly) 
5-13 (every 2nd week) 

17-290 (approx. every 4th week) 

same as calcium 



Table 9. Pumping time, duration, and volume forT2 and 1.64% S Duluth Complex rock in the Short 
Rinse Interval Experiment. 

Rinse Pumping • Pumping Pre-Test 

Solid Reactor Interval Duration Volume Rinse' 
Pumping Times 

hours seconds mL mL 

1.64% S 1 35 
6 04:00, 10:00, 16:00, 22:00 daily 5 6 

T2 4 42 

1.64% S 2 36 
24 10:00 daily 16 25 

T2 5 42 

1.64% S 3 35 
84 10:00 Monday; 22:00 Thursday 56 87 

T2 6 43 

Rinse volume added on January 11, 1993 to saturate the solid beds. 
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Table 10. Elevated Temperature Experiment summary of reactor sampling periods. 

2 

3 

4 

Period of 

Solid Reactor1 
Rinse Water Record2 

pH<6.03 
Temperature 

weeks 

3 hot 232 remained above 6.0 
Tl 

4 hot 64 remained above 6.0 

14 hot 64 week64 

T2 15 hot 256 week61 

164 cold 64 week62 

5 hot 232 remained above 6.0 
T4 

6 hot 64 remained above 6.0 

7 hot. 256 remained above 6.0 
T8 

8 hot 64 remained above 6.0 

9 hot 232 week8 
T9 

10 hot 64 week8 

11 hot 232 week 217 

TIO 12 hot 64 remained above 6.0 

134 cold 64 remained above 6.0 

1 hot 232 remained above 6.0 
T12 

2 hot 64 remained above 6.0 

All reactors rinsed biweekly through week 48 and weekly subsequently. 
As of December 29, 1996, week 256 
Drainage pH drops below 6.0 and remains below (for indicated period of record) 

Termination 

date 

7/16/96 

4/28/93 

4/28/93 

2/17/995 

4/28/93 

7/16/96 

4/28/93 

2/1/995 

4/28/93 

7/16/96 

4/28/93 

7/16/96 

4/28/93 

4/28/93 

7/16/96 

4/28/93 

Rinsed once per week with room temperature water ("cold") during weeks 2-48, 85°C rinse ("hot") 
twice per week during weeks 49-64 
Discontinued after the period of this report, at week 367. 
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Table 11. Elevated Temperature Experiment sampling frequency. 

Parameter Unit 

drainage volume mL 

specific conductance µS 

pH standard 

alkalinity mg/L 

acidity mg/L 

sulfate mg/L 

calcium mg/L 

magnesium mg/L 

Sampling Date 
(week) 

weekly 
(except for 144-148, 150, 171,244) 

weekly 

weekly 

2-10 (weekly) 
14-158 (every 2nd week) 
162-255 (every 4th week) 

same as alkalinity 
whenpH<6.3 

2-14 (weekly) 
18-61 (skip every 3rd week) 

63-100 (weekly) 
102-158 (every 2nd week) 
162-255 (every 4th week) 

same as sulfate 

same as sulfate 
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Table 12. Rates of release (in millimoles per week) for solids T9 and T6 of the Ambient 
Temperature Experiment for weeks 0-290. 

Period 
Solid Reactor 

(weeks) 

T9 

T6 

0-63 

7-53 

54-69 

70-97 
17 

98-142 

143-229 

230-290 
---------

0-290 

0-173 

18-197 

198-220 
11 

221-270 

271-290 
---------

0-290 

based on sulfate analyses 
rate in millimoles/week 

Number of 
Analyzed 
Values1 

5 

19 

5 

11 

9 

23 

15 
------------

87 

11 

55 

5 

13 

5 
i-o-----------

89 

Sulfate Ca+Mg Calcium 

rate2 r2 rate r2 rate r2 

0.287 0.833 0.340 0.863 0.340 0.863 

0.018 0.964 0.062 0.992 0.061 0.992 

0.071 0.996 0.106 0.997 0.102 0.996 

0.021 0.994 0.048 0.996 0.044 0.996 

0.063 0.993 0.063 0.940 0.041 0.937 

0.245 0.998 0.028 0.997 0.019 0.997 

0.172 0.996 0.016 0.998 0.011 0.998 ------- ------- ------- ------- -------- -------
0.135 0.901 0.043 0.928 0.034 0.889 

0.126 0.991 0.153 0.994 0.097 0.995 

0.037 0.996 0.106 1.000 0.059 0.999. 

0.084 0.998 0.104 0.999 0.055 1.000 

0.037 0.985 0.064 0.998 0.030 0.996 

0.196 0.987 0.108 0.989 0.032 0.959 ------- ------- ------- ------- -------- -------
0.046 0.973 0.102 0.997 0.055 0.993 

initial period includes removal of reaction products accumulated during sample storage 

Magnesium 

rate r2 

_4 --
0.002 0.985 

0.005 0.998 

0.004 0.985 

0.023 0.943 

0.009 0.994 

0.004 0.964 ------- -------
0.009 0.962 

0.056 0.992 

0.047 0.999 

0.049 0.998 

0.035 0.998 

0.076 0.995 ------- -------
0.047 0.999 

no variation in dependent variable; 6 of7 values were below detection limit and were calculiited as zero release 
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Table 13. 

Solid 

T2 

T6 

T9 

TIO 

Percent depletion of acid potential and neutralization potential from the Ambient 
Temperature Experiment in 290 weeks. 

Initial Sulfide Initial AP {S2-) AP (s2-) Initial AP (s2-) 

Reactor 
(S 2-)1 AP {S2-) Released Remaining Remaining 

% mg/g CaCO, mg/gCaCO, mg/g CaCO1 % 

3 7.3 228.l 49.5 178.6 78.3 

11 2.07 64.7 24.2 40.5 62.6 

17 3.64 113.8 53.2 60.6 53.2 

19 5.93 185.3 72.3 113.0 61.0 

1 Sulfur analyses by Bondar-Clegg. 

Initial NP 
Calcium Magnesium NP NP Initial NP 

Solid Reactor Released Released Released Remaining Remaining 

mg/gCaCO, mg/gCaCO, mg/gCaCO, mg/gCaCO, mg/gCaCO, % 

T2 3 189 55.9 35.7 91.6 97.4 51.5 

T6 11 45 21.8 19.l 40.9 4.1 9.1 

T9 17 14 18.2 3.0 21.2 -7.2 -51.4 

TIO 19 200 71.9 46.5 118.4 81.6 40.8 
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I 

Table 14. Selected mineral names and chemical compositions. 

Mineral Name Chemical Composition 

Feldspar Group 

orthoclase-albite 

albite-anorthite 

Mica Group 

muscovite 

phlogopite 

biotite 

lepidolite 

margarite 

Chlorite Group 

chlorite 

apophyllite 

prehnite 

Amphibole Group 

W0_1X2Y5Z8O2z(OH, F)2 

where W represents Na+ and K+, X represents Ca2+, Na+, Mn2+, Fe2+, Mg2+, and Lt 
and Y represents Mn2+, Fe2+, Mg2+, Fe3+, Al3+, and Ti4+, and Z represents Si4+ and Al3+ 
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Table 15. Rates of release for solids T2 and Tl 0 of the Ambient Temperature Experiment for 
weeks 0-290. 

Period 
Solid Reactor (weeks) 

0-4 

5-18 

19-67 

68-212 
T2 3 

213-237 

238-261 

262-290 
----------

0-290 

0-9 

10-52 

53-68 

Tl0 19 
69-151 

152-229 

230-290 
----------

0-290 

based on sulfate analyses 
rate in millimoles/week 

Number of Sulfate 
Analyzed 
Values1 rate2 r2 

4 2.625 0.979 

7 0.220 0.991 

17 0.097 0.985 

40 0.064 0.998 

7 0.133 0.998 

6 0.044 0.997 

7 0.107 0.998 ---------- ------- r--------
88 0.078 0.969 

7 0.468 0.796 

16 0.095 0.993 

5 0.203 0.999 

24 0.138 0.989 

20 0.224 0.996 

15 0.172 0.996 ---------- ------- -------
87 0.174 0.987 
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Ca+Mg Calcium Magnesium 

rate r2 rate r2 rate r2 

2.721 0.984 1.949 0.991 0.772 0.950 

0.323 0.995 0.160 0.997 0.163 0.992 

0.210 0.997 0.101 0.995 0.109 0.997 

0.177 0.999 0.105 1.000 0.073 0.996 

0.210 0.999 0.141 0.998 0.069 0.999 

0.170 0.999 0.123 0.998 0.047 0.999 

0.202 0.999 0.138 0.999 0.064 0.999 ------- ------ ------- ------ -------1---------

0.187 0.993 0.110 0.994 0.076 0.977 

0.519 0.863 0.341 0.778 0.178 0.979 

0.265 0.997 0.132 1.000 0.133 0.991 

0.332 1.000 0.143 1.000 0.188 1.000 

0.277 0.999 0.151 0.992 0.126 0.998 

0.315 0.999 0.201 0.999 0.114 0.997 

0.265 1.000 0.195 0.999 0.071 0.998 ------- ------ ------- f------ ------- ---------
0.296 0.999 0.175 0.992 0.121 0.989 



Table 16. Oxidation rates for weeks 20 to 57 expressed in terms of pyrite mass and surface area 
(Lapakko 1993). 

FeS Content 
A,: Specific Rate of Rate of Rate.of 

Surface Areal Sulfate Release2 Sulfate Release3 Sulfate Release4 

Solid 
moVg (FeS)•s moVm2 (FeS)•s 

g/75 g tailings m2/g mmol/week 
X 10 •ll X 10 ·ll 

Tl 0.68 l.18 0.004 0.97 0.82 

T2 10.2 0.323 0.084 1.4 4.2 

T4 1.53 0.450 0.014 1.5 3.4 

T9 5.03 0.174 0.016 0.52 3.0 

TIO 5.49 0.511 0.098 3.0 5.8 --------~-------------- -------------- ---------------- ---------------- -----------------

4 

5 

6 

T3 1.44 NA5 0.010 1.2 NA 

TS 0.98 NA 0.001 0.17 NA 

T66 3.59 NA 0.036 1.7 NA 

T76 0.44 NA 0.004 1.5 NA 

T86 2.6 NA 0.005 0.32 NA 

Superpanner separation, untreated; sulfide mineral separation using superpanner followed by heavy liquid (3.75 
specific gravity) separation. 3-point and 1-point BET measurements averaged as [2(3-point) + l-point]/3. The 
3-point and 1-point measurements were within four percent of their mean. 
For weeks 20-57, average of the two reactors. 
Calculated as Rate (mmoVwk)/(86,400x7xg FeSxlOOO). 
Calculated as Rate (mmoVwk)/(86,400x7xg FeSxA,xlOOO). 
NA = not analyzed 
Pyrrhotite comprises 3.50%, 0.54%, and 1.04% of the iron sulfide in samples T6, TI, and TS, respectively. 
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Table 17. Total years of dissolution for depletion of neutralization potential and acid production 
potential based on the rates of release during the Ambient Temperature Experiment. 

2 

Composition Rate of Depletion2 
Total Years to 

Sample mmol/g CaCO, mmol/g CaCO~ mmol/g·wk Depletion3 

NP0 AP0 NP290 
I 

AP290 
I 

NP290 AP290 NP AP 

T2 1.89 2.28 0.97 1.79 0.0027 0.0014 12.5 30.2 

TIO 2.00 1.85 0.82 1.09 0.0035 0.0023 10.l 14.7 

NP or AP remaining at time = 290 weeks for each solid. 
Rates from appendix B, table B6.4; represent rate ofrelease for last period. 
Year~p= [(NP29ofR.ate ofNP Depletion)/52 + 290/52] and YearsAP= [(AP29ofR.ate of AP depletion)/52 + 290/52]. 
This assumes that the rates observed during the last rate period will remain constant over time. 
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Table 18. Time at which sulfate release from the Elevated Temperature Experiment exceeded 
sulfate generated during sample storage, as determined from results of the Ambient 
Temperature Experiment1. 

Initial Rinse AT ET Release ET Release to 
Release Weeks 0-5 Exceeded AT Week Noted 

Solid Reactor 
sulfate Release sulfate 

mg at week mg 

Tl 3 82.48 6 133.8 

T2 15 1230.22 4 1426.9 

T4 5 92.43 4 117.6 

T8 7 77.60 10 124.2 

T9 9 330.51 6 307.3 

TIO 12 591.23 2 580.5 

For additional detail, including even numbered reactors and solid Tl2, see appendix C, table 
C2.34. 
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Table 19. Temporal variation of sulfate, calcium, and magnesium concentrations in the Elevated 
Temperature Experiment (all values in mg/L). 

Solid Tl T2 T4 T8 T9 TIO T12 

Reactor 3 15 5 7 9 11 1 
Average 

Sulfate 

peak week 4 12 8 12 10 4 4 8 

peak cone. 224 3940 446 304 1860 4360 58 1599 

plateau weeks 156-232 142-232 152-232 176-256 146-232 150-232 142-232 na1 

plateau cone. 1.5-4 5-10 1-4 3-5 6-9. 0.6-3 0.3-1 na 

Calcium 

peak week 4 18 8 10 6 8 4 8 

peak cone. 116 660 173 120 302 722 13 301 

plateau weeks 180-232 80-256 152-232 154-256 89-232 73-232 54-232 na 

plateau cone. 10-13 0.1-1 10-15 10-12 0.5-1.2 0.3-3 0.1-1 na 

Magnesium 

peak week 38 4 10 38 8 4 48 21 

peak cone. 18 348 38 19 27 242 26 103 

plateau weeks 176-232 96-256 145-232 146-256 134-232 176-232 180-232 na 

plateau cone. 4-5 0.5-1 3-5 3-5 0.1-0.4 1-3 3-5 na 

na = not applicable 
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Table 20. Comparison of rates of release for sulfate and calcium plus magnesium from the 
Ambient Temperature and Elevated Temperature Experiments1. 

4 

Solid 
Ambient Temperature Experiment2 Elevated Temperature3 

minimum I maximum I overall m1mmum I maximum I overall 

sulfate (mmol/week) 

Tl 0.004 0.012 0.005 0.010 0.164 0.044 

T2 0.044 0.220 0.078 0.039 3.303 0.130 

T4 0.014 0.024 0.015 0.011 0.471 0.044 

T8 0.005 0.022 0.008 0.016 0.414 0.041 

T9 0.021 0.245 0.135 0.027 1.533 0.068 

TIO 0.095 0.224 0.174 0.016 3.43 0.169 

Tl2 0.001 0.005 0.003 0.004 0.015 0.006 

calcium plus magnesium (mmol/week) 

Tl 0.057 0.069 0.066 0.175 0.266 0.219 

T2 0.170 0.323 0.187 0.019 2.948 0.124 

T4 0.089 0.096 0.091 0.179 0.494 0.214 

T8 0.071 0.076 0.071 0.163 0.509 0.187 

T9 0.016 0.106 0.043 0.009 0.263 0.018 

TIO 0.2654 0.332 0.296 0.067 3.010 0.257 

T12 0.020 0.024 0.016 0.061 0.126 0.084 

Initial rinse periods for both experiments not considered for this tabulation; weeks 0-5 for Ambient 
Temperature Experiment and see table 18 for initial rinse weeks for Elevated Temperature Experiment. 
Minimum and maximum rates for Tl, T4, TS, and T12 from appendix B, table B6.6 andB6.7; overall rates 
for weeks 0-57. Minimum and maximum rates for T6 and T9 from table 12 and for T2 and Tl0 from table 
15; overall rates for weeks 0-290. 
Minimum and maximum rates from appendix C, tables C6.4, C6.5, and C6.6. Overall rates are for duration 
of the longest running reactor for each solid (weeks 0-232/254). 
Rate o~served over two periods, weeks 10-52 and weeks 230-290. 
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Table 21. Case 2 Samples: Rates of release of sulfate, calcium plus magnesium, calcium, and 
magnesium for the Elevated Temperature Experiment for the solids that generated 
acidic drainage (weeks 0-232 or 254). Italics indicate the regression analysis yielded 
a relatively low r2 value for the rate presented. 

Period 
Number of Sulfate Ca+Mg Calcium Magnesium 

Solid Reactor 
(weeks) 

Analyzed 
Values1 slope2 r2 slope r2 slope r2 slope r2 

2-4 2 5.819 1.000 4.035 1.000 1.992 1.000 2.043 1.000 

6-32 11 3.303 0.990 2.948 0.996 1.923 0.999 1.025 0.981 

34-42 3 1.217 1.000 1.641 0.993 1.022 0.985 0.618 1.000 
T2 15 

44-53 5 0.379 0.970 0.485 0.986 0.192 0.991 0.293 0.979 

54-254 96 0.039 0.983 0.019 0.914 0.005 0.816 0.014 0.940 
----------- ----------- ------- ------- ------- ------- ------- ------- ------- -------

2-254 117 0.130 0.163 0.124 0.155 0.070 0.133 0.054 0.195 

2-6 3 0.699 0.901 0.813 0.923 0.779 0.922 0.034 0.943 

8-20 6 1.533 0.908 0.263 0.728 0.208 0.715 0.055 0.775 

22-32 4 0.126 0.980 0.024 0.994 0.017 0.998 0.006 0.991 

T9 9 34-46 4 0.259 0.993 0,015 1.000 0.011 0.989 0.004 0.941 

48-122 59 0.049 0.998 0.017 0.989 0.013 0.987 0.004 0.987 

123-232 37 0.027 0.993 0.009 0.996 0.006 0.986 0.003 0.989 
----------- ----------- ------- ------- ------- ------- ------- ------- ------- -------

2-232 113 0.068 0.535 0.018 0.559 0.014 0.495 0.005 0.782 

23 1 2.35 1.000 2.64 1.000 2.27 1.000 0.37 1.000 

4-14 6 3.430 0.986 3.010 0.996 2.424 0.997 0.587 0.965 

16-38 8 1.621 0.989 1.592 0.994 1.068 0.991 0.524 0.987 

TIO 11 40-71 21 0.285 0.987 0.528 0.960 0.212 0.895 0.316 0.987 

72-119 37 0.108 0.969 0.197 0.995 0.014 0.991 0.182 0.995 

120-232 39 0.016 0.903 0.067 0.894 0.009 0.876 0.058 0.897 
-----------1""8--------- ------- ------ ------- ------- ------- ------- ------- -------

2-232 112 0.169 0.436 0.257 0.622 0.099 0.341 0.158 0.837 

based on sulfate analyses 
slope = millimoles/week release 
Calculated as slope between week O (0 mmol release) and release at week 2 (in mmol); rate in millimoles per week. 
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Table 22. 

Solid 

T2 

T9 

TlO 

Percent depletion of acid production potential and neutralization potential from the 
Elevated Temperature Experiment for the three solids that produced acidic drainage, 
at the point at which the drainage became acidic. 

Initial Initial AP(S2") AP(S2·) Initial AP(S2") 

Reactor Week Sulfide (S2") AP(S2·) Released Remaining Remaining 
pH<6.0 

% mg/gCaCO1 mg/gCaCO, mg/gCaCO1 % 

14 64 7.3 228 175 53 23 

15 61 7.3 228 168 60 26 

16 62 7.3 228 171 57 25 

9 8 3.64 114 10.5 103 91 

10 8 3.64 114 14.9 99 87 

11 ... 217 5.93 185 146 39 21 

Initial NP 
Calcium Magnesium 

NP Released 
NP Initial NP 

Solid Reactor Week Released Released Remaining Remaining 
pH<6.0 

mg/gCaCO, mg/gCaCO, mg/gCaCO, mg/gCaCO, mg/gCaCO, % 

14 64 189 98.0 57.9 155.9 33.1 17.5 

T2 15 61 189 96.7 61.1 157.8 31.2 16.5 

16 62 189 91.1 60.5 151.6 37.4 19.8 

9 8 14.0 7.94 0.67 8.6 5.4 38.5 
T9 

10 8 14.0 9.20 0.83 10.0 4.0 28.4 

no 11 217 200 95.1 63.8 158.9 41.1 20.6 
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Table 23. Percent AP released during the Elevated Temperature Experiment. 

Period of Initial 
Initial AP AP Released 

Solid Reactor Record Sulfide Percent AP 
Released 

weeks % mg/gCaCO3 mg/gCaCO3 

31 232 0.49 15.3 17.3 113 
Tl 

4 64 0.49 15.3 10.3 67 

14 64 7.3 228.1 175 77 

T2 15 256 7.3 228.1 178 78 

161 64 7.3 228.1 171 75 

5 232 1.10 34.4 26.9 78 
T4 

6 64 1.10 34.4 21.5 63 

7 256 1.70 53.1 21.3 40 
T8 

8 64 1.70 53.1 12.7 24 

9 2J2 3.64 113.8 53.2 47 
T9 

10 64 3.64 113.8 44.0 39 

11 232 5.93 185.3 147 79 

TlO 12 64 5.93 185.3 145 78 

131 64 5.93 185.3 139 75 

1 232 0.01 0.3 2.38 762 
T12 

2 64 0.01 0.3 1.03 330 

Reactors rinsed with room temperature water. 

70 



Table 24. Case 3 Samples: Rates of release (millimoles per week) of sulfate, calcium plus 
magnesium, calcium, and magnesium in the Elevated Temperature Experiment from 
solids Tl, T4, and T8. Italics indicate the regression analysis yielded a relatively low 
r2 value for the rate presented. 

Period 
Solid Reactor 

(weeks) 

Tl 

T4 

T8 

2-6 

8-18 

20-78 
3 

79-155 

156-232 
-----------

2-232 

2-4 

6-28 

30-40 
5 

42-99 

100-232 
-----------

2-232 

2-10 

12-18 

20-26 

7 28-42 

44-119 

120-254 
-----------

2-254 

based on sulfate analyses 
rate in millimoles/week 

Number of Sulfate 
Analyzed 
Values1 rate2 r2 

3 0.324 0.995 

5 0.164 0.998 

34 0.089 0.996 

49 0.043 0.977 

21 0.010 0.981 
----------- ------- -------

112 0.044 0.847 

2 0.397 1.000 

9 0.471 0.993 

4 0.182 0.988 

48 0.066 0.994 

49 0.011 0.901 
----------- ------- -------

112 0.044 0.584 

5 0.127 0.781 

3 0.414 0.997 

3 0.075 0.989 

5 0.156 0.982 

58 0.072 0.993 

44 0.016 0.969 
i----------- ------- -------

118 0.041 0.626 
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Ca+Mg Calcium Magnesium 

rate r2 rate r2 rate r2 

0.502 0.996 0.401 0.994 0.101 1.000 

0.259 0.999 0.199 0.998 0.060 0.987 

0.266 0.999 0.166 0.999 0.100 0.998 

0.221 0.999 0.133 1.000 0.089 0.999 

0.175 0.997 0.108 0.997 0.067 0.996 ------- ------- ------- ------- ------- -------
0.219 0.994 0.134 0.993 0.085 0.995 

0.576 1.000 0.433 1.000 0.143 1.000 

0.494 0.990 0.365 0.991 0.129 0.977 

0.387 0.996 0.249 0.995 0.138 0.996 

0.235 0.995 0.149 0.993 0.087 0.997 

0.179 0.993 0.109 0.994 0.071 0.992 ------- ------- ------- ------- ------- -------
0.214 0.976 0.133 0.967 0.081 0.987 

0.239 0.908 0.199 0.890 0.039 0.976 

0.509 0.998 0.435 0.999 0.075 0.992 

0.171 0.999 0.119 0.999 0.052 0.993 

0.285 0.995 0.186 0.997 0.099 0.993 

0.232 0.993 0.152 0.993 0.080 0.992 

0.163 0.996 0.102 0.995 0.061 0.996 ------- ------- ------- ------- ------- -------
0.187 0.859 0.120 0.847 0.067 0.893 
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Table 25. Initial sulfur, sulfate, sulfide, and iron sulfide minerals contents and sulfate release rates (mmol/wk) for the Wet-Dry 
Cycle and the Elevated Temperature Tests for the samples in the Environmental Protection Agency Project (Lapakko 
et al. 1995). 

2 

. 
Sulfur Sulfate Sulfide Pyrite Pyrrhotite Wet-Dry Cycle 

Solid 
% % % % % m1mmum 

RK.l 0.46 0.04 0.42 0.74 0.03 0.007 
(60-132)1 

RK.2 0.64 0.01 0.63 2 0.64 0.008 
(84-132) 

RK.3 1.63 0.03 1.60 2.43 0.011 -
(26-105) 

RK.4 2.91 0.09 2.82 5.16 0.022 -
(5-40) 

TLl 0.96 0.06 0.90 1.58 0.007 -
(33-132) 

TL2 1.49 0.04 1.45 2.60 0.012 -
(2-109) 

TL3 2.19 0.07 2.12 1.08 4.30 0.035 
(21-132) 

TL4 2.30 0.20 2.10 3.68 0.007 -
(86-103) 

TL5 5.05 0.20 4.85 8.17 0.209 -
(86-132) 

TL6 5.81 0.63 5.18 1.93 10.92 0.103 
(60-132) 

Numbers in parentheses represent the weeks over which the rate was calculated. 
- = not detected by XRD 

maximum 

0.086 
(0-3) 

0.044 
(0-24) 

0.110 
• (0-6) 

0.444 
(0-4) 

0.088 
(0-1) 

0.184 
(0-1) 

0.320 
(0-1) 

0.117 
(0-4) 

0.661 
(0-21) 

2.187 
(0-4) 

Elevated Temperature 
.. 

mm1mum maximum 

0.008 0.227 
(68-130) (0-14) 

0.007 0.084 
(84-130) (0-4) 

0.033 0.287 
(56-130) (0-8) 

0.109 0.906 
(90-130) (0-18) 

0.016 0.086 
(4-8) (0-2) 

0.045 0.290 
(65-131) (14-30) 

0.012 0.466 
(65-131) (0-4) 

0.014 0.216 
(22-77) (0-2) 

0.169 1.730 
(49-131) (10-22) 

0.065 2.879 
(65-131) (0-2) 



Table 26. Initial sulfur, sulfate, sulfide, pyrite, pyrrhotite contents, AP released, and ratio of AP 
released for the Wet-Dry Cycle (WO; 1-132 weeks) and the Elevated Temperature 
(ET; 1-130/131 weeks) Tests for the samples in the Environmental Protection Project 
after table 13 in Lapakko et al. 1995. Elevated temperature had little or no 
accelerative impact on samples in which substantial pyrrhotite was present. This was 
indicated by the low ET/WD ratios for solids RK.2, TL3, and TL6. 

Sulfur Sulfate Sulfide Pyrite Pyrrhotite 
AP release AP release 
from WD from ET Ratio 

Solid 
ET/WD 

% % % % % mg/gCaCO1 mg/g CaCO1 

RK.l 0.46 0.04 0.42 0.74 0.03 1.9 8.0 4.21 

RK2 0.64 0.01 0.63 - I 0.64 3.3 2.2 0.67 

RK.3 1.63 0.03 1.60 2.43 - 3.0 12 4.00 

RK.4 2.91 0.09 2.82 5.16 - 13 47 3.62 

TLl 0.96 0.06 0.90 1.58 - 1.7 9.7 5.71 

TL2 1.49 0.04 1.45 2.60 - 3.5 16 4.57 

TL3 2.19 0.07 2.12 1.08 4.30 8.3 9.3 1.12 

TL4 2.30 0.20 2.10 3.68 - 2.7 6.6 2.44 

TL5 5.05 0.20 4.85 8.17 - 63 65 1.03 

TL6 5.81 0.63 5.18 1.93 10.92 33 33 1.00 

- = not detected by XRD 
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Table 27. Percent NP released during the Elevated Temperature Experiment. 

Initial NP 
Calcium Magnesium 

NP Released 
Solid Reactor 

Period of Released Released Percent 
Record Released 

mg/g CaCO, mg/gCaCO1 mg/gCaCO, mg/gCaCO, 

3 232 207 43.8 25.4 69.2 33 
Tl 

4 64 207 15.5 7.26 22.8 11 

14 64 189 98.0 57.9 155.9 82 

T2 15 256 189 98.4 65.1 163.5 87 

161 64 189 91.2 60.6 151.8 80 

5 232 147 49.4 26.9 76.3 52 
T4 

6 64 147 24.3 11.0 35.3 24 

7 256 110 47.2 23.6 70.8 64 
T8 

8 64 110 17.2 6.62 23.8. 22 

9 232 14 14.8 2.81 17.6 126 
T9 

10 64 14 13.4 2.05 15.5 110 

11 232 200 95.1 64.0 159.1 80 

TIO 12 64 200 93.9 39.7 133.6 67 

131 64 200 87.9 33.4 121.3 61 

1 232 4 2.44 21.9 24.3 609 
T12 

2 64 4 1.25 5.38 6.6 166 

Reactors were rinsed with room temperature water. 
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Table 28. Total years of dissolution for depletion of neutralization potential and acid production 
potential based on the rates of release during the Elevated Temperature Experiment. 

Composition Rate of Depletion2 
Total Years 

Period of 
Solid Reactor Record mmol/g CaCO3 mmol/g CaCO3 mmol/g·wk 

to Depletion3 

(weeks) 
NPo APo NPT=end 

I 
APT=end NPT=end APT=end NP 

3 232 2.07 0.15 1.39 0.00 0.0023 0.0001 16.1 
Tl 

4 64 2.07 0.15 1.84 0.05 0.0034 0.0010 11.6 

5 232 1.47 0.34 0.71 0.08 0.0024 0.0001 10.2 
T4 

6 64 1.47 0.34 1.12 0.13 0.0038 0.0011 6.9 

7 256 1.1 0.53 0.39 0.32 0.0022 0.0002 8.3 
T8 

8 64 Ll 0.53 0.86 0.40 0.0037 0.0010 5.7 

12 64 2 1.85 0.67 0.40 0.0059 0.0043 3.4 
Tl0 

13 64 2 1.85 0.80 0.47 0.0069 0.0055 3.5 

1 232 0.04 0.0 0.00 0.00 0.0008 0.0001 4.5 
Tl2 

2 64 0.04 0.0 0.00 0.00 0.0010 0.0001 1.2 

NP or AP remaining at T = end of period of record in weeks 
Rates from tables appendix C, tables C6.5, C6.6, C6.7; represent rate ofrelease for last period. 
YearsNP= [(NPT-enJRate of NP Depletion)/52 + (T = end/52)], and 
YearsAP= (APr=enc/Rate of AP depletion)/52+(T=end/52)]. 

AP 

4.5 

2.2 

19.8 

3.5 

35.7 

8.9 

3.0 

2.9 

4.5 

1.2 

This assumes that the rates observed at the end of the experiment will remain constant over time (see appendix C, 
tables C6.4, C6.5, C6.6). 
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Table 29. Comparison of neutralization from the Elevated Temperature Experiment and the 
Ambient Temperature Experiment' in 57 weeks of release. 

Solid 

Tl 

T2 

T4 

T8 

T9 

TIO 

Tl2 

2 

Elevated Temperature Ambient Temperature 

Reactor AP Released NP Released H+ prod.2 AP Released NP Released H+ prod.2 

carbonate carbonate 
mg/g CaCO3 mg/g CaCO3 dissolved mg/g CaCO3 mg/g CaCO3 dissolved 

odd 9.40 20.8 0.90 1.32 6.46 0.41 

even 9.57 20.2 0.95 1.31 5.70 0.46 

odd 174 154 2.26 25.8 34.2 1.51 

even 167 157 2.13 25.6 33.8 1.51 

odd 21.3 31.8 1.34 2.20 8.26 0.53 

even 20.9 32.8 1.27 2.34 7.75 0.60 

odd 12.5 21.4 1.17 1.57 6.22 0.50 

even 12.0 21.1 1.14 1.49 5.95 0.50 

odd 44.5 14.6 6.10 6.14 9.60 1.28 

even 43.4 15.2 5.71 6.64 9.15 1.45 

odd 132 129 2.05 17.0 27.8 1.22 

even 142 130 2.18 15.8 26.6 1.19 

odd 1.10 7.02 0.31 0.550 1.46 0.75 

even 0.96 6.09 0.32 0.610 1.38 0.88 

Ambient Temperature Experiment data from Lapakko 1993, table 18. 
Ir- produced per mole of calcium and magnesium carbonate mineral dissolved. Calculated as (2 x AP 
Released)/NP Released. 
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Table 30. Cumulative mass release during the one rinse per week versus two rinses per week 
during the Elevated Temperature Experiment weeks 49-64 for solids T2 and TIO. 

One Rinse 
Cumulative Mass Release 

Solid Reactor or Sulfate Calcium Magnesium 
Two Rinse 

mg mg mg 

14 two 301.1 85.0 59.1 

T2 15 two 355.6 72.4 63.3 

16 one 290.5 75.8 60.5 

11 two 428.7 153.3 126.2 

TIO 12 two 657.7 82.0 142.8 

13 one 619.5 163.7 96.6 
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Table 31. Cumulative mass release during the "hot" rinse (85 °C water) versus "cold" rinse 
(room temperature water) during the Elevated Temperature Experiment weeks 2-48 
for solids T2 and Tl 0 ( excluding the initial rinse period release up to week 4for T2 or 
week 2 for Tl0). 

Hot Rinse 
Cumulative Mass Release 

Solid Reactor or Sulfate Calcium Magnesium 
Cold Rinse 

mg mg mg 

14 hot 10581.2 2570.0 855.0 

T2 15 hot 10342.4 2573.0 938.2 

16 cold 10395.4 2391.1 918.6 

11 hot 7468.1 2243.9 518.7 

Tl0 12 hot 9219.3 2546.2 557.8 

13 cold 8179.5 2120.5 474.1 
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Figure 1. Ambient Temperature Experiment reactor design. 
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Figure 2. Temperature and relative humidity versus time for the Ambient 
Temperature Experiment (weeks 0 - 290). 
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Figure 3. Water addition system a11d reactor design for the Short Rinse Interval Experiment. 
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Figure 4. Elevated Temperature Experiment reactor design. 
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Figure 5. pH, sulfate, calcium, and magnesium concentrations for the Ambient 

Temperature Experiment for solid T9, reactor 17: weeks 5-290. 
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Figure 6. Sulfate, calcium plus magnesium, calcium, and magnesium 

cumulative mass release for the Ambient Temperature Experiment, 

solid T9: weeks 0-290 (10.5 millimoles of calcium initially present). 
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Figure 7. pH, sulfate, calcium, and magnesium concentrations for the Ambient 

Temperature Experiment for solid T6, reactor 11: weeks 5-290. 
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Figure 8. Sulfate, calcium plus magnesium, calcium, and magnesium 
cumulative mass release for the Ambient Temperature Experiment, 
solid T6: weeks 0-290. 

0 § 30 

0 
20 

-0 15 § 
ell 
Cl) 

~ s 10 0 
> .... 
~ -::, 
§ 
u 5 

24 millimoles calcium initially present 
9.8 millimoles magnesium initially present 

• calcium plus magnesium 
o sulfate 

• magnesmm 
0 calcium 

0 ----..,.____._____.____,__,.____,_ _ __.__.l........,I___,____.__.__ ............ ___.__._ ............ ~___._.......__..____.,__,__._...__,.____,___. 

0 50 100 150 
Time, weeks 

86 

200 250 300 



Figure 9. pH, sulfate, calcium, and magnesium concentrations for the Ambient 
Temperature Experiment for solid T2, reactor 3: weeks 5-290. 
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Figure 10. pH, sulfate, calcium, and magnesium concentrations for the Ambient 

Temperature Experiment for solid TlO, reactor 19: weeks 5-290. 
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Figure 11. Sulfate concentrations for T2 and Tl0 for the Ambient 

Temperature Experiment for weeks 5-290. 
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Figure 12. Initial and remaining AP[sulfide] and NP[(Ca/Mg)C03] for 
the Ambient Temperature Experiment, weeks 0-290. 
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Figure 13. pH and net alkalinity for the Elevated Temperature Experiment for 
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solid T9, reactor 9: weeks 2-232. 
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Figure 14. Specific conductance, sulfate, calcium, and magnesium 
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concentrations for the Elevated Temperature Experiment for solid 

T9, reactor 9: weeks 2-232. 
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Figure 15. Sulfate, calcium plus magnesium, calcium, and magnesium 

cumulative mass release for the Elevated Temperature Experiment, 

solid T9, reactor 9: weeks 2-232. 
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Figure 16. pH, sulfate, calcium, and magnesium concentrations for the Elevated 

Temperature Experiment for solid T2, reactor 15: weeks 2-256. 
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Figure 17. Specific conductance and net alkalinity for the Elevated Temperature 
Experiment for solid T2, reactor 15: weeks 2-256. 
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Figure 18. pH and net alkalinity for the Elevated Temperature Experiment 

for solid Tl 0, reactor 11: weeks 2-232. 
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Figure 19. Specific conductance, sulfate, calcium, and magnesium concentrations 

for the Elevated Temperature Experiment for solid Tl 0, reactor 11: weeks 

2-232. 
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Figure 20. pH and net alkalinity for the Elevated Temperature Experiment for 
solid Tl, reactor 3: weeks 2-232. 
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Figure 21. pH and net alkalinity for the Elevated Temperature Experiment for 

solid T4, reactor 5: weeks 2-232. 
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Figure 22. pH and net alkalinity for the Elevated Temperature Experiment 
for solid T8, reactor 7: weeks 2-256. 
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Figure 23. Specific conductance, sulfate, calcium, and magnesium concentrations 

for the Elevated Temperature Experiment for solid Tl, reactor 3: weeks 2-23 
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Figure 24. Specific conductance, sulfate, calcium, and magnesium concentrations 

for the Elevated Temperature Experiment for solid T4, reactor 5: weeks 

2-232. 

1000 

r:/l 
:::s 800 
Q)" 

u 
i::::: 
~ 

-+-I 600 u 
:::s 

"'d 
i:::1 
0 400 u 
u 

i.;:: ·-u 
Q) 200 ~ 

r:/l 

0 
5 

4 
~ 

-----0 s 3 
s 
Q)" 

1d 
~ 

2 -:::s 
r:/l 

1 

0 
5 

~ 4 
0 s s 

3 d' 
0 ·-1d 

2 ~ 
Q) 
u 
i:::1 
0 1 u 

0 
0 40 80 120 

Time, weeks 

102 

160 

• magnesium 
o calcium 

200 240 



Figure 25. Specific conductance, sulfate, calcium, and magnesium concentrations 

for the Elevated Temperature Experiment for solid T8, reactor 7: weeks 

2-256. 
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Figure 26. pH, sulfate, calcium, and magnesium concentrations for the Elevated 

Temperature Experiment for solid T12, reactor 1: weeks 2-232. 
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Figure 27. Percent total sulfur remaining at weeks 6, 10, 20, 40, 100, and 200 

from the odd numbered reactors of the Elevated Temperature Experiment 

(reactors of solids that ran for at least 232 weeks). 

NOTE: Data for solid T9 (reactor 9) calculated based on initial sulfide content. 

·····- .... _____ Tl 
•- .... 

0 
0 50 100 150 200 

Time, weeks 

105 




