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Abstract--The metal attenuation capacities of secondary acid mine water precipitates is dependent upon 
such factors as pH, ionic strength, the presence of competing ions, and tailings mineralogy. At the 
abandoned Spenceville Cu mine in Nevada County, California, approximately 6800 m 3 of jarosite 
overburden and 28,000 m 3 of hematite residue are potential sources of heavy metals loading to infiltrating 
surface waters. A column study was performed to assess the ability of the overburden and the residue to 
attenuate heavy metals from acidic mine drainage. The study information was needed as part of a remedial 
design for the abandoned mine, and was designed to simulate a worst-case scenario to examine the 
plausibility of backfilling a large open pit with the waste materials. Ten pore volumes of acidic mine drainage 
were allowed to pass through the materials, and the column effluents were analyzed for dissolved Fe, AI, Ca, 
Mg, Na, K, Mn, Cu, Zn, Pb and Ni using ICP-AES. The oxidation-reduction potential (Eh) was measured 
with a combination Pt-Ag/AgCI electrode and also calculated from Fe(II) and Fe(III) measurements using 
the Nernst equation. Ion activities in solution and saturation index (SI) values for various solid phases were 
calculated using the geochemical speciation model MINTEQA2, and mineralogical compositions of fine 
( < 2 mm) and coarse ( > 2 mm) fractions were determined by XRD. Geochemical modeling of the column 
effluent compositions indicate that goethite, jarosite, jurbanite and gypsum are potential solid phases that 
may control metal solubilities in the column effluents. Excellent agreement was observed between the 
measured Eh values and those calculated from the activity ratio of Fe2÷(aq) to Fe3+(aq). The large 
attenuation capacities for Cu and Zn exhibited by the jarosite overburden also suggest that solid solution 
substitution plays a large role in controlling metal concentrations in the pore waters. Relatively little metal 
attenuation, however, was provided by the hematite residue. © 1997 Elsevier Science Ltd. All rights reserved 

INTRODUCTION 

Extraction of metals from sulfide ores commonly 
results in 90% of the minerals being discarded as 
tailings (Moore and Luoma, 1990). Tailings and 
associated overburden materials often contain ele- 
vated concentrations of potentially toxic metals (e.g., 
Cu, Zn, Cd and Pb) and are a potential source of 
localized ground and surface water contamination.  As 
the metals are transported away from their source, 
their concentrations in surface and ground waters may 
be controlled by precipitation-dissolution and copre- 
cipitation reactions, adsorption--desorption reactions, 
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and solid-solution substitutions (e.g., Blowes and 
Jambor, 1990; Anderson et al., 1991). The extent of 
metal removal by these processes, however, depends 
upon a number of factors, including solution pH, 
ionic strength, the presence or absence of competing 
cations, and mineralogy of the tailings. From a 
remediation standpoint, natural  at tenuation of 
metals may be preferable to engineered containment  
methods in materials that have demonstrated a large 
metals attenuation capacity (Hutchinson and Ellison, 
1992). Thus, it is important  to consider tailings 
mineralogy when assessing the potential for metals 
mobilization from waste-rock materials. 

Weathering of pyrite-rich tailings and overburden 
materials may form a complex assemblage of second- 
ary minerals, In the initial stages of pyrite oxidation, 
the soluble, hydrated FeSO4 minerals such as melan- 
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terite (FeSO4.7H20), and the mixed Fe(II)-Fe(III) 
mineral copiapite (Fe~IFeHI(so4)6(OH)2- 20H20), are 
the first to precipitate (Alpers et  al. ,  1994a). Con- 
tinued exposure of these minerals to oxidizing con- 
ditions leads to the formation of less soluble 
Fe2(SO4)3, hydroxide and oxyhydroxide minerals, 
such as schwertmannite (FesOs(OH)6SO4), jarosite 
(KFe3(SO4)2(OH)6), ferrihydrite (Fe(OH)3) and 
goethite (ct-FeOOH) (Schwertmann and Taylor, 
1989; Bigham, 1994). In the weathering sequence 
described by Nordstrom (1982), continued dehydra- 
tion of goethite and/or exposure to increasing 
temperatures eventually results in precipitation of 
hematite (Fe203). The secondary minerals formed in 
acid-mine environments are obviously important 
because they may serve as the dominant sink for 
trace metals; however, they differ in their capacities to 
coprecipitate and adsorb trace metals (Blowes and 
Jambor, 1990; Alpers e t  al. ,  1994b; Jambor, 1994). 
Therefore, the stage of weathering and the resulting 
mineralogical composition plays an important role in 
the ability of mine tailings to attenuate trace metals 
from ground water. 

Approximately 28,000 m 3 of abandoned red residue 
and 6800 m 3 of yellow overburden material were 
deposited at the abandoned Spenceville Mine site in 
Nevada County, California (Fig. 1), where nearly 
140,000 t of pyrite ore containing 5% Cu were 
excavated from adits and a large open pit between 
1875 and 1888. The Cu was recovered by roasting of 
the ore and then leaching of the roasted ore piles with 
water. The dissolved Cu in the leachate was then 

precipitated onto Fe metal sheets, producing a cement 
containing 80% Cu (Irelan, 1892). The bright red, 
abandoned residue heaps were later used in the 
production of red-metallic paint from 1890 to 1897 
(Bradley, 1930). A previous study of the abandoned 
wastes has shown that the red residue is primarily 
composed of hematite, while the yellow overburden is 
primarily composed ofjarosite (Claassen et  al. ,  1994). 

A final remediation plan for the Spenceville Mine is 
currently being designed. The general approach will 
involve neutralizing the pit water, backfilling the pit 
with residue or overburden, grading the site to control 
surface water flow, and revegetation. An important 
consideration is the potential for the backfill material 
to retain or release metals upon exposure to poten- 
tially acidic ground water. The objectives of the study 
presented here were to: (1) examine in more detail the 
chemical and mineralogical composition of the red 
residue and yellow overburden material present at the 
Spenceville Mine, and (2) compare the ability of the 
two materials to attenuate metals upon exposure to 
acidic mine drainage. The results from this study will 
be important when apportioning residue and over- 
burden material for backfill and revegetation pur- 
poses in the final remediation plan for the Spenceville 
Mine. In addition, the presence of the two types of 
waste materials at the Spenceville Mine provides a 
unique opportunity to study the attenuation capacity 
of mine tailings in both the early and late stages of 
weathering, because the yellow overburden and the 
red hematite residue were derived from the same ore 
deposit. 
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Fig. I. Location of the Spenceville Mine study area in California. 
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MATERIALS AND METHODS 

Collection and preparation of materials 

Samples of the acidic pit water, red residue and yellow 
overburden material were collected from the Spenceville 
Mine in May 1994. Approximately 80 1 of unfiltered water 
were collected at the surface with a peristaltic pump and 
placed into polyethylene containers, which were immediately 
transported to the laboratory and stored in darkness at 4°C. 
A subsample of the water was filtered through a 0.20/tm 
pore-size polycarbonate filter and acidified with HNO3 (pH 

1.0) prior to analysis for dissolved metals. Bulk residue and 
overburden materials were collected and air dried in the 
laboratory for 24 h prior to storage in 20 l-capacity 
polyethylene containers. Subsamples were split into fine 
(<  2 ram) and coarse ( > 2 mm) fractions for chemical and 
mineralogical analysis by passing the materials through a 
stainless-steel (2 mm) sieve. 

Chemical analyses of solutions 

The filtered Spenceville Pit water that was used as the 
column influent was analyzed for dissolved Fe, A1, Ca, Mg, 
Na, K, Mn, Cu, Zn, Pb and Ni using ICP-AES (American 
Public Health Association (APHA, 1992), and Fe 2+ con- 
centrations were determined by spectrophotometry using the 
Ferrozine ® reagent (Gibbs, 1979). The concentration of 
Fe 3+ was calculated from the difference between total 
dissolved Fe determined by ICP-AES and Fe 2 ÷ determina- 
tions. The concentration of SO4-S was determined by the 
ICP-AES method described by Raue et al. (1991). Charge 
balances for the influent and effluent waters in this study were 
<8%. An Orion ~ combination glass/Ag-AgC1 electrode was 
used to measure pH, and the electrical conductivity (EC) was 

® determined with a YSI conductivity bridge and corrected to 
the standard temperature of 25°C. The oxidation-reduction 
potential (Eh) was measured with an Orion ® combination 
Pt/Ag-AgC1 electrode, and the value was corrected to a 
reference standard H electrode by calibration with Zobell 
solution (APHA, 1992). 

Chemical equilibrium calculations were performed using 
the geochemical speciation model MINTEQA2 (U.S. Envir- 
onmental Protection Agency, 1991) to calculate ion activities 
and the saturation index (SI) values for various mineral 
phases. The S1 was calculated using the equation: 

SI = log(IAP/Ksp), (1) 

where lAP is the ion activity product observed in solution 
and Ksp is the theoretical solubility constant at the field 
temperature. Thus, a positive SI indicates that the solution is 
oversaturated with respect to a given solid phase, while a 
negative SI indicates undersaturation. A condition of over- 
saturation indicates that the precipitation of the respective 
mineral phases is thermodynamically possible. At SI = 0, the 
solution and solid phases are in equilibrium. 

Equilibrium modeling was also used to calculate the 
system Eh from the measured Fe(ll) and Fe(llI) concentra- 
tions with the Nernst equation (Langmuir, 1971): 

Eh E ° RT  I'Fe3+'l 
= +~InLF--j~ j, (2) 

where E ~ is the standard reduction potential (V) of the 
1 I reaction, R is the gas constant (8.3144 J K -  mol-  ), Tis the 

temperature in degrees Kelvin, n is the number of electrons, F 
is Faraday's constant (9.6487 x 10 4 C mol-I) ,  and the 
parameters in brackets represent the activities of Fea+(aq) 
and Fe 2÷ (aq) in solution. The calculated Eh values were 
compared to the Eh values measured with the Pt/Ag-AgCl 

electrode to test the Nernstian response of the Fe 2 + - F e  3 + 

couple in the column effluents. 

Chemical, physical and mineralogical analyses of the solids 

Total elemental analysis of the residue and overburden 
material was achieved by HF digestion in a closed vessel (Lim 
and Jackson, 1982) followed by analysis of the solutions for 
Fe, AI, K, Si, Cu, Zn, Pb and SO4-S  using ICP-AES as 
described above. The pH was measured on the fine fractions 
from samples with 1:1 ratios of solid to distilled water 
(McLean, 1982). A lime requirement determination was 
performed on the fine fractions by the 4-d Ca(OH)2 titration 
described by Sobek et al. (1978). Particle density was 
determined in triplicate using a glass pycnometer method 
(Blake and Hartge, 1986), and surface area measurements 
(BET) were determined in triplicate with a Micrometrics ~ 
Gemini surface area analyzer. 

Before and after leaching with the Spenceville Pit water, 
the mineralogical composition of the residue and overburden 
was determined on the fine and coarse fractions by preparing 
them as random powder mounts and analyzing them by X- 
ray diffraction analysis (XRD) (Moore and Reynolds, 1989). 
The samples were analyzed with a Scintag XDS-2000 
diffractometer using Cu-K~ radiation with a Ge solid-state 
detector, and calibrated to better than 0.01 degrees 20 using a 
NIST ct-Al203 (corundum) standard. The samples were run 
in stepscan mode (0.02°/step) for 1.0 s/step. Mineral phases 
were identified with XRD by calculating distances between 
diffraction planes from the recorded diffraction peaks and 
comparing them with reference standards (Joint Committee 
on Powder Diffraction Standards, 1993). 

Assembly and leaching of the columns 

The leaching columns were constructed from 70 x 5 cm 
sections of polyvinyl chloride (PVC) conduit, and screened 
filters were placed at the bottom to prevent the loss of 
material during leaching and to aid in sample collection. 
Duplicate columns of residue and overburden material were 
packed with 50 cm of material to simulate their field bulk 
densities (1.80 and 1.45 Mg m -3, respectively). Porosities 
were calculated from the measured particle and bulk densities 
(Hillel, 1982) in order to determine the pore volume of the 
filled columns. Ten pore volumes of the Spenceville Pit water 
(influent) flowed through the columns at a rate of approxi- 
mately I cm h -  J. The column effluent was collected in 750-ml 
polyethylene containers and immediately filtered through 
0.20 #m pore-size polycarbonate filters. The effluent pH, Eh, 
EC and dissolved metal concentrations were determined as 
described above, and MINTEQA2 was used to model the 
solution composition. 

RESULTS 

Chemical, physical and mineralogical properties 

X-ray diffraction analyses of  the red residue 
produced diffraction peaks tha t  cor respond  to the 
characterist ic d-spacings for hemati te  (Fe203), quar tz  
(ct-SiO2) and  jarosi te  (KFeH(SO4)2(OH)6), in bo th  the 
fine and  coarse fract ions (Fig. 2(a)). The b road  band  
observed in the region of  10-20 ° 20 results f rom the 
presence of  an unidentified, poorly-crystal l ine solid 
phase. The X R D  results for the yellow overburden  
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Selected chemical and physical properties of the red 
residue and yellow overburden are given in Table 1. 
Both materials had similar 1:1 pH values, and 
fractions of fine ( < 2  mm) and coarse ( > 2  mm) 
particles, although the lime requirement for the 
residue was significantly lower when compared to the 
overburden. The hematite material exhibited higher 
particle densities and much lower surface areas than 
the jarosite material. The results of the total elemental 
dissolution are consistent with the results of the XRD 
analysis. The high concentrations of Fe and Si in the 
red residue indicate that hematite and quartz are the 
dominant components (Fig. 2(a)), while the high A1, 
K, and S concentrations in the yellow overburden are 
due to higher proportions ofjarosi te  and muscovite 
(Fig. 2(b)). The concentrations of Cu, Zn and Pb were 
approximately 3 times higher in the residue than in the 
overburden material. 
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Fig. 2. X-ray diffraction patterns for: (a) the hematite 
residue, and (b) the jarositic overburden. H=hematite, 

Q = quartz, J =jarosite, Mu = muscovite. 

material also produced characteristic diffraction 
peaks for jarosite and quartz, but differed from the 
red residue in that muscovite was also identified and 
hematite was absent (Fig. 2(b)). The XRD diffraction 
patterns of both materials after leaching with 10 pore 
volumes of the Spenceville water were identical to 
those obtained prior to leaching. 

Chemistry of  the hematite residue column effluents 

Table 2 shows the results of  the chemical analyses 
for the influent water and the duplicate residue 
column effluents. Effluent pH values decreased from 
2.60 to approximately 2.30, while the EC values 
increased accordingly. The total dissolved Fe in the 
influent and effluent waters was predominantly Fe 3 ÷, 
and its concentration decreased dramatically as the 
initial pore volume passed through the column, and 
remained low for the remainder of the pore volumes. 
The decrease in concentration was not a result of Fe 
precipitation during storage of the influent water 
because visual observations and periodic pH measure- 
ments of the influent water provided no indication of 
Fe precipitation (i.e., precipitates were not visually 
detected and there was no decrease in pH that could be 
attributed to ferrihydrite precipitation). Calcium, Mg, 
Mn, Cu, Zn, AI and SOa behaved conservatively; that 
is, their concentrations in the column effluent were 
essentially the same as those in the influent water 
(Table 2). Sodium, K and Pb concentrations in the 
effluents exceeded those of the influent water. Repre- 
sentative breakthrough curves for Cu and Zn in the 
hematite column effluents are shown in Figs 3(a) and 
3(b), respectively. 

Table 1. Selected chemical and physical properties of the Spenceville mine waste materials 

Sample Chemical properties Physical properties 

Bulk Particle Surface 
pH LR* Fe AI K S Si Cu Zn Pb density density area %coarse % fine 

(gkg -~) (mgkg -]) (Mgm -3) (m2g -I)  (>2mm)(<2mm) 

Hematite 2.8 3.2 690 6.3 4.3 22 148 630 500 850 1.80 4.20 9.69 45 55 
Jarosite 2.7 I0 120 61 21 40 33 220 150 350 1.45 2.87 33.3 51 49 

* LR = lime requirement = tons of CaCO3 per 1000 tons of material required to reach pH = 7.0. 
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Table 2. Selected chemical properties for the influent water and the duplicate hematite residue column effluents 

Pore 
volume pH EC 

(dS m-~) 

FeT Fe 2 + Mn Cu Zn Pb K AI Mg Na Ca SO4 

(#mol 1- t) (mmol 1- l) 

lnfluent 2,60 3.06 
1 2.45 3.64 
2 2.47 3.53 
3 2.39 3.64 
4 2.37 3.92 
5 2.32 4.07 
6 2.30 4.16 
7 2.32 4.19 
8 2.27 4.31 
9 2.27 3.94 

10 2.24 3.99 
1 2.46 3.95 
2 2.47 3.53 
3 2.44 3.7 
4 2.38 3.8 
5 2.38 3.94 
6 2.37 3.93 
7 2.35 4.11 
8 2.27 4.27 
9 2.25 3.96 

10 2,27 3.75 

1950 50.0 93.8 403 280 bd t 50.4 1.77 3.58 0.80 3.39 15.3 
121 33.1 82.6 390 269 2.12 526 2.23 3.18 1.91 3.34 15.3 
46.4 12.7 84.8 398 267 2.22 414 2.39 3.32 1.33 3.36 16.2 
53.4 14.8 86.2 401 261 2.22 296 2.07 3.37 0.80 3.24 14.6 
72.2 6.44 93.3 382 273 2.46 171 2.01 3.58 0.753 3.36 15.0 
73.2 2.32 92.4 374 278 2.12 128 1.93 3.52 0,731 3.34 16.2 
87.6 0.716 95.1 382 276 2.02 87.9 1.86 3.62 0.748 3.46 15.9 
74.3 2.68 95.9 372 269 1.83 88.7 1.85 3 , 6 1  0.775 3.39 15.6 
82.7 0.895 93.7 395 276 1.40 74.6 1 . 8 3  3.63 0.775 3.49 16.7 

116 0.895 94,8 393 275 0.869 67.5 2.02 3.70 0.753 3.56 16.3 
260 1.61 92.8 354 278 0.917 89.0 2.05 3.66 0,770 3.46 16.5 
138 38.1 89.0 415 278 1.54 552 2.36 3.40 2.22 3.59 17.8 
59.6 8,41 90.6 399 275 1.59 475 2.40 3.50 1.47 3.41 16.4 

79.0 14.5 90.6 379 266 2.02 271 2.22 3.48 0.975 3.46 15.9 
157 21.3 92.2 327 261 1.59 151 2.10 3.57 0,857 3.39 16.4 
133 5.01 95.3 344 263 1.11 111 1.95 3.57 0.740 3.36 16.0 
157 11.8 95.1 328 292 0.917 92.5 2.07 3.60 0.744 3.41 16.1 
165 3.92 93.0 369 275 0.627 83.1 1.80 3.50 0,770 3.36 16.5 
117 1.25 94.1 372 278 0,676 71.1 1.76 3.56 0.748 3.41 16.0 
175 1.25 97.7 384 282 0,579 39.6 2.02 3.76 0,757 3.51 17.1 
355 4.66 96.6 292 263 0.632 100 2.12 3.62 0,757 3.36 16.4 

t bd = below detection = 0.50 #mol 1- ~ for Pb. 

Chemistry of the jarosite overburden column effluents 

Table  3 shows the results of  the chemical  analyses 
for the influent water  and  the duplicate overburden  
column effluents. In cont ras t  to the hemat i te  residue, 
the pH values were higher  and  the EC values were 
lower in the jarosi te  co lumn effluents compared  to the 
influent water.  The  jarosi t ic  overburden  also exhibited 
a much  higher  a t t enua t ion  capacity for metals  than  

did the hemat i te  residue. As in the hemati te  column 
effluents, the dissolved Fe was p redominan t ly  Fe 3 +. 
Table  3 shows tha t  the concent ra t ions  of  Fe, Ca, Mg, 

Mn,  Cu and  Zn in the effluent were less t han  those in 
the influent in the initial stages of  leaching, and  then 
exhibited b reak th rough  between approximate ly  6 and  
10 pore volumes. Representat ive b reak th rough  curves 
for Cu and  Zn  in bo th  sets of  overburden  material  are 
shown in Fig. 3(a) and  3(b), respectively. The  Pb 
concent ra t ions  remained below the detectable limit 
(0.50 #mol  1 - I )  in all of  the jarosi t ic  co lumn effluents. 
The A1 concentra t ions  in the co lumn effluent were 
generally 1.5-2 times higher  than  the influent con- 
centrat ions,  while N a  and  K behaved conservatively 
in the columns (Table 3). 
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Fig. 3. Representative breakthrough curves for: (a) Cu and (b) Zn in the residue and overburden. Dashed 
line indicates influent value. 
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Table 3. Selected chemical properties for the duplicate jarosite overburden column effluents t 

Pore FeT Fe 2 + Mn Cu Zn K AI Mg Na Ca SO 4 
volume pH EC 

(dS m-l) (pmol l-t) (mmol 1-l) 

lnfluent 2.60 3.06 1950 50 93.8 403 280 50.4 1.77 3.58 0.80 3.39 15.3 
1 2.61 2.38 202 4.30 58.0 162 137 33.5 1.75 1.99 0.883 2 .44 10.5 
2 2.70 2.38 78.6 8.95 59.3 50.3 137 99.4 4.11 1.86 0.740 2.57 14.4 
3 2.75 2.41 50.5 8.95 79.9 67.6 215 85.1 3.89 2.73 0.718 2.57 15.1 
4 2.77 2.49 38.1 2.15 87.9 163 233 86.4 3.81 3.12 0.727 2.89 15.3 
5 2.77 2.52 33.3 6.45 90.8 262 233 73.9 3.59 3.41 0.740 3.14 15.5 
6 2.72 2.71 31.0 3.40 91.1 313 246 54.4 3.22 3.20 0.722 2.99 15.1 
7 2.66 nm ~ 35.3 4.66 93.7 354 247 54.2 3.09 3.32 0.740 2 .96 14.6 
8 2.66 2.67 31.0 2.15 102.1 360 258 36.8 3.66 3.75 0.714 3 .36 16.2 
9 2.66 2.66 29.0 0.537 102.4 369 264 32.7 3.32 3.61 0.705 3.31 15.6 

10 2.66 nm 28.1 0 .179 102.6 379 273 68.5 3.52 3.88 0.775 3.51 16.2 
1 2.77 2.26 83.6 4.29 52.2 113 131 59.3 2.59 1.77 0.879 2 .37 11.3 
2 2.78 2.28 43.9 4.47 53.3 77 146 75.7 2.90 1.79 0.836 2 .32 11.6 
3 2.78 2.3 41.0 4.48 66.8 107 172 61.1 3.89 2.46 0.862 2 .84 14.2 
4 2.75 2.44 77.5 2.15 77.9 125 203 63.6 4.15 2.77 0.748 . 2.96 16.0 
5 2.76 2.48 31.3 3.22 87.9 136 230 60.3 3.96 3.11 0.740 2.89 15.9 
6 2.71 2.55 30.4 3.94 88.8 240 246 45.7 3.52 3.35 0.753 3 .04 15.4 
7 2.66 2.57 27.8 4.12 100.4 297 264 45.2 3.74 3.71 0.753 3.29 16.5 
8 2.77 2.48 24.5 2.87 104.8 333 266 39.9 3.92 3.73 0.740 3.41 16.6 
9 2.72 2.52 27.0 0 .895 101.5 346 249 25.3 3.44 3.65 0.735 3.31 15.7 

10 2.78 2.54 23.8 0 .179 104.8 420 287 30.6 3.78 3.74 0.735 3.54 16.4 

tPb was below detectable levels (0.50/tmol I- t) in all samples. 
;tnm = not measured. 

Geochemical modeling 

The SI values calculated by MINTEQA2 for 
goethite (ct-FeOOH), jurbanite (AIOHSO4), jarosite 
and gypsum (CaSO4 • 2H20) in the column effluents 
are shown as a function of pore volume in Fig. 4. The 
SI values for goethite rapidly decreased from an 
influent value of +2.8 and approached values of 
approximately + 1.0 in all column effluents (Fig. 4(a)), 
reflecting the large decrease in Fe concentrations that 
were observed (Tables 2 and 3). The hematite column 
effluents remained undersaturated with respect to 
jurbanite, at values close to the influent value of 
-0.38,  while the jarosite column effluents indicated 
near-equilibrium conditions with respect to jurbanite 
(Fig. 4(b)). High degrees of jarosite oversaturation 
were observed in all the column effluents (Fig. 4(c)), 
but were significantly lower than that of the influent 
water (SI = 7.8), again reflecting the loss of Fe from 
solution that was observed. The SI values for alunite 
(KAI3(SO,)2(OH)6) and alunogen (A12(SO4)3 ° 
17H20) (not shown) indicated that the influent water 
and all of the column effluents were significantly 
undersaturated with respect to these minerals. 
Although slight gypsum undersaturation was 
observed for the influent water and the hematite 
column effluents (Fig. 4(d)), the slight undersaturation 
is probably not significant due to uncertainties in the 
thermodynamic data. The gypsum SI value in the 
jarosite column effluents equaled that of the influent 

water after 5 pore volumes had passed through the 
columns. 

Excellent agreement was obtained between the Eh 
values measured with the Pt/Ag-AgCi electrode and 
those calculated from Fe(II) and Fe(III) activities 
using the Nernst equation (Fig. 5). The solid line in 
Fig. 5 represents perfect agreement between the 
measured and calculated Eh values. 89% of the 
values lie within +30 mV of the solid line, an accepted 
uncertainty for Eh measurements in acid-mine waters 
(Nordstrom et al., 1979), and 25% of the values were 
within the measured precision of the Pt electrode 
(+  5mV). The measured Eh values in all of the column 
effluents ranged from 710 to 810 mV. 

DISCUSSION 

The hematite residue and the jarosite overburden 
have distinctly different abilities to attenuate metals 
from acidic mine water. The two materials exhibit 
similar 1:1 pH values and particle size distributions; 
however, the jarositic overburden material is much 
more chemically reactive in comparison to the hema- 
tite residue. The very low attenuation capacities of the 
hematite residue result from low surface areas, 
coupled with the inherently low adsorption affinities 
of the hematite surface at the pH values encountered 
(McKenzie, 1980; Schwertmann and Taylor, 1989). 
Chemical analyses of the hematite column effluents 
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indicate that this material would be a potential source 
of Na, K and Pb to percolating ground water that 
comes into contact with wall rock if used as backfill 
in the Spenceville Pit. The chemical composition of 
the hematite column effluents were essentially the 
same as those of the influent water, except that Fe 
concentrations in the effluents were greatly reduced, 
most likely a result of ferrihydrite and/or goethite 
precipitation. Saturation index values calculated for 
the column effluents indicate that goethite, jurbanite, 
jarosite and gypsum are potential solid phases that 
may act to control metals concentrations in the pore 
waters. 

The pH of the jarositic overburden was essentially 
the same as that of the hematite residue; however, the 
lime requirement for the jarosite material was 
approximately 3 times higher than that of the hematite 
residue. The jarositic overburden precludes hematite 
as a weathering product of  sulfide ores and is capable 
of releasing acidity as it weathers to form ferrihydrite, 

as shown in the following equation (Van Breeman, 
1982): 

KFe3(SO4)2(OH)6(s) + 3H20(1) 

--~ 3Fe(OH)3(s ) + K+(aq) + 2SO2-(aq) (3) 

+ 3H+(aq). 

The higher surface area of the jarosite overburden 
and the ability ofjarosite to incorporate a wide variety 
of metals into the crystal structure resulted in much 
higher metal attenuation capacities relative to the 
hematite residue, as indicated by the generally higher 
metals concentrations in the hematite residue column 
effluents (see Tables 2 and 3). Minerals in the alunite- 
jarosite group are capable of incorporating numerous 
solid-solution elements, such as Pb, Cu, K, Na, Ca 
and H30 (Alpers et al., 1994a; Jambor, 1994). Thus, 
coprecipitation and solid-solution substitutions of 
these elements into the jarosite structure are the 
likely mechanisms for removal of metals from the 
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jarositic overburden column leachates. From a metals 
attenuation standpoint, backfilling of the Spenceville 
Pit with the jarositic overburden, rather than the 
hematite residue, would be preferred. 

The excellent agreement between measured and 
calculated Eh values observed in this study (Fig. 5) 
supports the results of the limited number of studies 
that indicate that in acidic, Fe-rich waters, the 
measured Eh and total dissolved Fe concentrations 
can be used to calculate the activity ratios of Fe 2 ÷ (aq) 
to Fe3÷(aq) (see Nordstrom et al., 1979; Ball and 
Nordstrom, 1985; Davis et al., 1988; Runnells et al., 
1993). Consequently, an increasing number of studies 
are utilizing this method to examine the redox status 
of Fe in acid-mine waters (Jambor, 1994; Levy et al., 
1997). The results shown in Fig. 5 simultaneously 
validate the accuracy of the Eh measurements and the 
assumptions of equilibrium used in the application of 
the model (Nordstrom et al., 1979). 

CONCLUSIONS 

The results of this study demonstrate the impor- 
tance of tailings mineralogy when assessing remedial 
options for the Spenceville Pit and other disturbed 
mine sites. Infiltrating surface waters that encounter 
sulfide minerals in the pit wall rock may release acidity 
and metals, and continue to pose threats to local 
groundwater quality even after remediation techni- 
ques have been implemented. From a geochemical 
standpoint, the jarosite overburden may be the desired 
material for use as backfill material in the Spenceville 
Pit, because use of this material would afford a greater 
degree of metal attenuation until a stable vegetative 

cover is established. From an overall remediation 
perspective, however, other factors, such as the 
suitability of waste materials to support revegetation 
efforts, should also be considered. 
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