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Abstract

The oxidation of sulfide minerals from mine wastes results in the release of oxidation products to groundwater and

surface water. The abandoned high-sulfide Camp tailings impoundment at Sherridon, Manitoba, wherein the tailings

have undergone oxidation for more than 70 a, was investigated by hydrogeological, geochemical, and mineralogical

techniques. Mineralogical analysis indicates that the unoxidized tailings contain nearly equal proportions of pyrite

and pyrrhotite, which make up to 60 wt% of the total tailings, and which are accompanied by minor amounts of chal-

copyrite and sphalerite, and minute amounts of galena and arsenopyrite. Extensive oxidation in the upper 50 cm of the

tailings has resulted in extremely high concentrations of dissolved SO4 and metals and As in the tailings pore water

(pH < 1, 129,000 mgL�1 Fe, 280,000 mgL�1 SO4, 55,000 mgL�1 Zn, 7200 mgL�1 Al, 1600 mgL�1 Cu, 260 mgL�1

Mn, 110 mgL�1 Co, 97 mgL�1 Cd, 40 mgL�1 As, 15 mgL�1 Ni, 8 mgL�1 Pb, and 3 mgL�1 Cr). The acid released

from sulfide oxidation has been extensive enough to deplete carbonate minerals to 6 m depth and to partly deplete

Al-silicate minerals to a 1 m depth. Below 1 m, sulfide oxidation has resulted in the formation of a continuous hardpan

layer that is >1 m thick. Geochemical modeling and mineralogical analysis indicate that the hardpan layer consists of

secondary melanterite, rozenite, gypsum, jarosite, and goethite. The minerals indicated mainly control the dissolved

concentrations of SO4, Fe, Ca and K. The highest concentrations of dissolved metals are observed directly above

and within the massive hardpan layer. Near the water table at a depth of 4 m, most metals and SO4 sharply decline

in concentration. Although dissolved concentrations of metals and SO4 decrease below the water table, these concen-

trations remain elevated throughout the tailings, with up to 60,600 mgL�1 Fe and 91,600 mgL�1 SO4 observed in the

deeper groundwater. During precipitation events, surface seeps develop along the flanks of the impoundment and dis-

charge pore water with a geochemical composition that is similar to the composition of water directly above the hard-

pan. These results suggest that shallow lateral flow of water from a transient perched water table is resulting in higher

contaminant loadings than would be predicted if it were assumed that discharge is derived solely from the deeper pri-

mary water table. The abundance of residual sulfide minerals, the depletion of aluminosilicate minerals in the upper

meter of the tailings and the presence of a significant mass of residual sulfide minerals in this zone after 70 a of oxidation

suggest that sulfide oxidation will continue to release acid, metals, and SO4 to the environment for decades to centuries.
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1. Introduction

Mining of base and precious metals results in the pro-

duction of immense quantities of waste rock, mill tail-

ings, and waste related to refining processes. In many

cases, waste rock and mill tailings contain an abundance

of sulfide minerals, mainly pyrite and pyrrhotite, which

are of little economic value. The mine wastes are typi-

cally deposited in impoundments or piles. Exposure of

the sulfide minerals to atmospheric O2 may ultimately

lead to the formation of acid mine drainage (AMD).

AMD is low-pH water that typically contains high con-

centrations of SO4, Fe(II) and Fe(III), and other metals.

AMD waters may have high concentrations of either

Fe(II) or Fe(III) depending on Eh–pH conditions. The

oxidation of sulfide minerals within mine wastes and

workings may continue to release metals to the sur-

rounding environment for decades to millennia (Blowes

et al., 1992; Nordstrom and Alpers, 1999; Pyatt and

Grattan, 2001). Studies of soils adjacent to ancient min-

ing wastes in southern Jordan revealed high concentra-

tions of metals (12 gkg�1 Cu and 15 gkg�1 Pb) despite

2 Ka of weathering (Pyatt et al., 2000).

Studies of the mobilization of metals from very old

tailings require information on the milling and refining

processes, which can affect the type of mine waste gener-

ated. Refining and milling methods prior to 1874 con-

sisted of the crude crushing and smelting of ore,

beneficiation procedures that had remained almost un-

changed since the days of Agricola in the 16th century

(Djingheuzian, 1957). Most AMD would have resulted

from the weathering of waste rock, mine workings,

and ore rejects and refining products. The invention of

the Frue vanner in 1874 made it possible to concentrate

lower grade base-metal ores that were not directly

smelted, resulting in the generation of fine-grained tail-

ings. At the close of the 19th century, gravity concentra-

tion was the dominant method for removal of base

metals. However, gravity concentration limited base-me-

tal recoveries typically to within the range of 55–60%,

and required for efficiency a minimum production of

fines from the milling processes (Djingheuzian, 1957).

With the introduction of cyanidation and froth flotation

at the beginning of the 20th century, metal recoveries in-

creased by 20–30%, and milling problems became less

problematic as a consequence of the more efficient

recovery of fines (Coleman and Wallace, 1978).

Flotation and cyanidation allowed the mining of low-

grade ore deposits that had been previously uneconom-

ical, and a resulting repercussion was the generation of

vast quantities of fine-grained tailings. The fine grain

size of mill tailings leads to a large ratio of surface area

to mass, hence significantly increasing the availability of

sulfide minerals to oxidation. For example, the differ-

ence in the ratio of surface area to mass for a particle

1 cm in diameter and a particle of 1 lm diameter is 1
to 10,000 (Meloy, 1962). It was not until 1909 that froth

flotation was used in Canada, and by 1920 flotation had

become fully established throughout the country (Djing-

heuzian, 1957).

The Sherritt Gordon mine, at Sherridon, Manitoba,

produced some of the first mill tailings in Canada. The

tailings are fine-grained: most particles are on the order

of 100–200 lm in diameter, although diameters of up

to 0.5 mm are common. Detailed field investigations

were conducted during the summers of 2000 and 2001

at this site to characterize the tailings solids, pore

waters, and groundwater. The objective was to quantify

the extent of sulfide oxidation and subsequent release

of oxidation products from these early tailings, and

to determine the acid-neutralization reactions within

the unsaturated zone of the tailings after more than

70 a of weathering.
2. Site description

The Camp tailings impoundment is at Sherridon,

Manitoba, 65 km NE of Flin Flon (Fig. 1), which is in

a continental high boreal region. The mean annual pre-

cipitation of the area (1927–1990) is 485 mm (Environ-

ment Canada, 2003) and evapotranspiration is 350 mm

(Hydrological Atlas of Canada, 1978). Average monthly

temperatures in the area range from �21 �C in January

to 18 �C in July (Environment Canada, 2003). The mean

annual temperature is 0.5 �C.
The Sherritt Gordon mine consisted of two Precam-

brian orebodies, each about 5 m thick, that occurred

as lenticular layers of massive and disseminated sulfides

and as irregular remobilized masses (Goetz and Froese,

1982). The ore averaged 2.45 wt% Cu, 2.97 wt% Zn, 0.62

gt�1 Au, and 19.9 gt�1 Ag (Farley, 1949). Ore-zone sul-

fides were, in decreasing order of abundance, pyrite

[FeS2] and pyrrhotite [Fe1�xS] (2:1 ratio), chalcopyrite

[CuFeS2], sphalerite [ZnS], and accessory cubanite

[CuFe2S3]. Farley (1949) reported rare arsenopyrite

[FeAsS], native Au, and irregular occurrences of galena

[PbS] in veinlets and disseminations within hanging-wall

shear zones in the gneiss host rock. A total of 7.7 Mt of

pyritic ores was milled (Goetz and Froese, 1982), pro-

ducing 166,093 t of Cu, 135,108 t of 50% Zn concentrate,

and minor amounts of Ag (91,320 kg) and Au (2867 kg)

(Mineral Resources Branch, 1978).

The Sherritt Gordon mine apparently commenced

Cu production in 1928, but operations were suspended

in 1932 because of depressed metal markets. Sphalerite

was not recovered by the concentrator during the early

years of operation because of interferences from fast-

floating pyrrhotite (Walker, 1930). Mining and milling

were resumed in 1937, but not until 1942 was a Zn con-

centrate also produced. The mine closed in September

1951 when ore reserves were depleted.
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Fig. 2. Transect across the Camp tailings from S1 to S4

piezometers, showing stratigraphy and groundwater flow. Solid
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are equipotential lines. Black dots represent piezometer sam-
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the water table. The cross-hatched area indicates the extent of

the hardpan.
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Tailings from the Sherritt Gordon mining operations

were discharged in two separate tailings impoundments

containing a combined 7.4 Mt and occupying an area

of 47 ha (Fig. 1). The Camp tailings were discharged

into Camp Lake from 1931 to 1932, partly infilling a

bay and forming a mounded beach of exposed tailings

7 ha in area. Bedrock underlies the Camp tailings from

S4 to near S2 piezometers, and fine-grained lake sedi-

ments underlie the tailings between S2 and S1 piezom-

eters (Fig. 2). The Camp tailings have undergone more

than 70 a of oxidation. The remaining tailings were

deposited in the Woods tailings impoundment and have

been exposed to oxidation for more than 50 a. The

Woods tailings encompass an area of 40 ha and com-

pletely infill Trap Lake and about half of Woods Lake.

A NW-trending valley between the former minesite and

the Woods tailings separates the two impoundments. In

both impoundments a massive (>1 m thick) continuous

hardpan layer is present between 0.5 and 2.0 m depth

from the tailings surface. The hardpan follows the
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topography of the tailings surface and slopes toward the

edges of the impoundment, thereupon pinching out

adjacent to surface-water bodies and groundwater dis-

charge zones.
3. Methods

3.1. Piezometer network

The tailings impoundments were instrumented with 5

piezometer nests (Fig. 2), each nest consisting of 2–6

drive-point and (or) bundle piezometers. Fourteen sin-

gle-point piezometers were installed around the perime-

ter of the Camp impoundment (Fig. 3). Drive-point

piezometers were installed in the tailings by direct-push

methods using a gasoline-powered vibrating hammer.

Bundle piezometers were installed by pushing to the req-

uisite depth a hollow drill casing with a knock-out tip on

the base.

Rising-head piezometer-response tests were per-

formed to estimate the hydraulic conductivity of the tail-

ings. Hydraulic conductivities were calculated using the

Hvorslev (1951) method. Hydraulic head measurements

were made using a Solinst water-level tape. Water levels

were measured in all piezometers on August 3, 2000, on

July 10 and 31, August 12, and September 29, 2001, and

on June 9 and July 26, 2002.

3.2. Tailings pore gas and solids

Samples of tailings pore gas were collected with

drive-point sampling tubes and were analyzed for O2

in the field using a portable meter, Nova model
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LBD50. Pore gas was measured at 10 cm increments

from the surface of the tailings to the depth of O2 gas

depletion at all piezometer-nest locations.

At all piezometer-nest locations continuous cores of

the tailings were collected from the tailings surface to re-

fusal. Cores were collected in thin-wall Al tubes of 5.1 or

7.6 cm diameter. Where hardpan was encountered, a

backhoe was used to excavate a pit through to the

underlying unconsolidated tailings. At the bottom of

the excavated pit, tailings samples were collected using

the piston core-barrel method described by Starr and

Ingleton (1992). Samples of hardpan were collected from

the walls of the excavated pit by a horizontal coring

method using Al tubing of 5.1 or 7.6 cm diameter. All

cores were cut into 20–30 cm lengths, then immediately

frozen except for the S2 and S3 cores, which were imme-

diately sampled to determine pore-water composition.

At each site, an additional core was collected for miner-

alogical and geochemical characterization. Total

extractable carbonate was measured using the method

of Barker and Chatten (1982), and total S was deter-

mined using a LECO induction furnace. Samples of

the tailings solids were analyzed for total metal concen-

trations using HF/HNO3 extraction followed by induc-

tively coupled plasma–optical emission spectrometry

(ICP–OES) analysis. Physical properties of the tailings

were determined through measurements of grain-size

distribution, bulk density, particle density, and volumet-

ric moisture content. The particle density was measured

with an air comparison pycnometer, Beckman model

930. The porosity was calculated from the measured

bulk density and particle density.

Tailings samples for mineralogical examination were

dried at room temperature. Portions of the dried sam-

ple were selected for polished thin sections, which were

prepared by Vancouver Petrographics Ltd. without the

use of water, thereby minimizing the dissolution of

readily soluble minerals. The polished thin sections

were examined by optical microscopy, using both

transmitted and reflected light. Areas of the optical sec-

tions were examined further by scanning electron

microscopy (SEM) and electron-microprobe analyses.

The SEM study utilized a Phillips XL-30 instrument

with a coupled energy-dispersion analyzer, located at

the University of British Columbia (UBC). The tailings

material was also examined by X-ray diffractometry

(XRD) using a Siemens rotating-anode instrument at

UBC.

3.3. Tailings pore-water sampling

Pore water from the vadose zone was sampled using a

squeezing technique. Pore water from cores S3 and S2

was squeezed in the field. All remaining cores were

immediately frozen after collection and were shipped

to the University of Waterloo, where the core sections
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were thawed prior to extraction. The squeezing tech-

nique, as described by Patterson et al. (1978), and as la-

ter modified by Smyth (1981) and Blowes et al. (1991),

involved adding a viscous immiscible liquid (Paraplex)

to the top of each core, then applying pressure with a

sealed plunger to displace the Paraplex and pore water

down through the core. The resulting water samples

were collected in 60 mL syringes and passed through

0.45 lm cellulose-nitrate filters. This squeezing tech-

nique minimizes the contact between pore-water samples

and atmospheric O2, limiting oxidation during sample

collection. Determinations of pore-water Eh and pH

were made at least 3 times during the collection of each

unfiltered sample to obtain representative results. The

Eh was measured using an Orion Pt redox electrode

(model 96-78BN), calibrated in Zobell�s solution (Nord-

strom, 1977) and Light�s solution (Light, 1972). The pH

was measured using an Orion Ross combination elec-

trode (model 815600) calibrated with standard buffer

solutions at pH 7, 4, and 1. Measurements of alkalinity

were made on filtered samples using a Hach digital titra-

tor and bromcresol green/methyl red indicator and with

0.16 N H2SO4. One aliquot of water was acidified with

12 N trace-metal grade HCl to a pH of <1 for cation

analysis, and another aliquot was left unacidified to

use for anion analysis. All samples were immediately re-

frigerated until analysis.

3.4. Groundwater sampling

Pore water from the saturated zone was collected

from the piezometers by using a peristaltic pump and

polyethylene tubing. All piezometers were bailed dry

and allowed to recover prior to sampling. Measurements

of Eh and pH were made in a sealed flow-through cell,

maintained at groundwater temperature (�8–10 �C).
Calibration of the Eh and pH probes was checked before

and after each sampling point. Temperature and alkalin-

ity were measured at each location. Samples were filtered

with cellulose-nitrate filters and split into two aliquots

for anion and cation analysis. All samples were refriger-

ated until they were analyzed following the same meth-

ods as for samples collected from the vadose zone. 3H

in samples collected from the piezometers in nests S1,

S14, S2, S3, and S4 was analyzed in the Environmental

Isotope Laboratory at the University of Waterloo. The

analytical results are reported as 3H Units (TU). Dis-

solved H2S was determined on 50 mL filtered aliquots

using the methylene blue procedure (Standard Methods

for the Examination of Water and Wastewater, 1992).

Samples for CH4 analysis were unfiltered, not acidified,

and were collected in 50 mL glass serum bottles sealed

headspace-free using Teflon-lined septa. The CH4 sam-

ples were shipped on ice and analyzed within 72 h by a

gas chromatograph equipped with a flame-ionization

detector.
3.5. Water chemistry

Samples collected in the field and laboratory to deter-

mine cation and anion concentrations were analyzed by

the National Laboratory for Environmental Testing,

Environment Canada, Burlington, Ontario. Analyses

for Al, As, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg,

Mn, Mo, Na, Ni, Pb, Si, Sr, V, and Zn were by ICP–

OES. Concentrations of SO4 were determined using an

automatic colorimetric procedure or ion chromatogra-

phy. Quality control and accuracy were evaluated by

analyzing several standards covering a range of concen-

tration, by analysis of field replicates and splits, and by

addition of standards to unknown samples to assess for

matrix effects.

3.6. Geochemical modeling

Groundwater chemistry was interpreted with the

assistance of the equilibrium/mass-transfer model

MINTEQA2 (Allison et al., 1990). The database of

MINTEQA2 was modified to make it consistent with

that of WATEQ4F (Ball and Nordstrom, 1991). MINT-

EQA2, which was used to calculate the saturation indi-

ces for discrete minerals, allows oxidation–reduction

potentials (ORP) either to be entered as measured Eh

or to be calculated from a measured oxidation–reduc-

tion couple. In acid mine waters, high activities of both

Fe(II) and Fe(III) provide a dominant and reversible

couple responsive to Pt Eh electrodes (Nordstrom

et al., 1979). Pore water from the Camp tailings contains

high concentrations of dissolved Fe(II) and Fe(III);

therefore, Eh values were entered directly into MINT-

EQA2 for speciation of Fe in the model calculations.
4. Results and discussion

4.1. Hydrogeology

At the time of sampling, the depth of the water-table

in the Camp tailings was 5.7 m below the tailings surface

at S4, and intersected the tailings adjacent to Camp

Lake (Fig. 2). Groundwater flow is directed downward

from the NW and slopes gradually to the edges of the

impoundment (Fig. 2). The average hydraulic head

measured at piezometer nest S4 was 0.5 m higher than

the head measured at S1. The bearing of the ground-

water gradient in the Camp tailings during the study per-

iod ranged from 284 to 279� (average 281�), and the

overall magnitude was 0.004 as calculated using ma-

trix-solving functions in a program formulated by Dev-

lin (2003) (Fig. 3).

The hydraulic conductivity (K), measured from 13

piezometers, ranges from 4.7 · 10�6 to 1.10 · 10�7

ms�1, with an arithmetic average of 1.5 · 10�6 ms�1.
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The average calculated porosity of the tailings was 0.44.

Grain-size distributions were measured on 22 samples

extracted from various depths throughout the Camp

impoundment. The average d10 (mm) of the Camp tail-

ings, which is the grain-size diameter at which 10% by

weight of the particles are finer, ranges from 0.04 to

0.1 mm. Hydraulic conductivities of the tailings were

estimated using methods developed by Slichter, and Be-

yer. Methods by Slichter and Beyer are ideal for sedi-

ments with a d10 ranging from 0.01 mm < d10 < 5 mm

to 0.06 mm < d10 < 0.6 mm, respectively (Vukovic and

Soro, 1992). The arithmetic average K calculated from

the grain-size analysis was 8.3 · 10�6 ms�1 (using the

method of Slichter) and 2.7 · 10�6 ms�1 (using the

method of Beyer), somewhat higher than values ob-

tained from rising-head tests. Recharge for the Camp

tailings, calculated using the Dupuit–Forchheimer equa-

tion (Freeze and Cherry, 1979) with K = 8.3 · 10�6 ms�1

(method of Slichter) was estimated to be 108 mma�1,

which accounts for 22% of the annual precipitation

(478 mma�1).

Atmospherically derived 3H was used to determine

the groundwater velocity across the Camp tailings. 3H

is used as a tracer in hydrologic studies (Plummer

et al., 1993) to determine groundwater velocities for travel

times greater than 40 a (Robertson and Cherry, 1989).
3H values measured in piezometers from the Camp tail-

ings range from <6 to 122 TU. 3H concentrations in-

crease along the groundwater flowpath from S4 to S1

(Fig. 4). At S1 adjacent to Camp Lake, 3H ranges from

6 to 122 TU. The highest TU values at S1 occur at a

depth of 3.8 m (122 TU) and 5.8 m (121 TU), indicating

that this water infiltrated during the peak of atmospheric

nuclear testing between 1962 and 1964. Groundwater

concentrations of SO4, Fe, and other metals are elevated

across the tailings, including areas of high 3H concentra-

tions, suggesting that meteoric precipitation has dis-

placed AMD water downward and across the tailings

into Camp Lake (Fig. 4).

The groundwater velocity, determined with the

Darcy equation, water-table gradient, and average

porosity and grain-size analysis by using average K val-

ues calculated from the methods of Slichter and of Be-

yer, was 7 and 2 ma�1, respectively. These calculations

assume that the mine road to the north is an impermea-

ble boundary and that the groundwater flowpath begins

at the edge of the impoundment near S4, extending

across the tailings to Camp Lake. Groundwater velocity

derived from the 3H data was calculated from the dis-

tance peak 3H concentrations traveled along the ground-

water flowpath since infiltration in the mid 1960s. The

groundwater velocity calculated from the 3H data ranges

between 1.7 and 3.4 ma�1, within range of the velocity

calculated using the grain-size analysis. Results from

the 3H groundwater velocities suggest that the travel

time for one pore volume of meteoric precipitation to
discharge through the Camp tailings from S4 to S1 is

40 a.

The groundwater velocity was calculated to be 0.7

ma�1 from the piezometer-response tests using the

method of Hvorslev, an order of magnitude less than

the 3H and grain-size values. Several factors may con-

tribute to the discrepancy between the 3H velocity and

piezometer-response test. Piezometers installed into the

tailings were wrapped with a mesh of stainless steel to

protect the Geotextile and NYTEX screen filters. As

the piezometer was being driven through the tailings

with a vibrating hammer, fine particles within the tail-

ings may have accumulated and packed around and

within the steel mesh, reducing the measured K of the

surrounding media.

The hydraulic conductivity of the lake sediments

underlying the Camp tailings from piezometer nest S2

to S1 ranges between 3.1 · 10�10 and 8.8 · 10�11 ms�1

calculated from the piezometer rising-head response-test

method of Hvorslev (1951). Vertical hydraulic gradients

within the lake sediments are upward, with the greatest

gradient observed at piezometer nest S1.
4.2. Sulfide oxidation

The primary non-sulfide gangue assemblage of the

Camp tailings consists mainly of quartz, K-feldspar, al-

bite, and biotite. Other primary minerals, mostly in

accessory amounts (1–2%) are chlorite and amphibole.

Trace amounts of talc [Mg3Si4O10(OH)2], ilmenite [Fe-

TiO3], magnesite [MgCO3], sillimanite [Al2 SiO5], rutile

[TiO2], titanite [CaTiSiO5], gahnite [ZnAl2O4], and gar-

net ½Fe2þ3 Al2ðSiO4Þ3�, with a few occurrences of cordier-

ite [Mg2Al4Si5O18], epidote [Ca2Al2 (Fe3+, Al)Si3O12

(OH)], siderite [FeCO3], clinopyroxene [(Ca,Na)(Mg,

Fe,Al)(Si,Al)2O6], and hematite [Fe2O3] were observed

in the tailings.

The Camp tailings consist of up to 60 wt% sulfide

minerals, principally pyrrhotite and pyrite. Mineralogi-

cal examination of the tailings indicates that the ratio

of pyrrhotite:pyrite is 1:1 to 2:1, with pyrrhotite equaling

or exceeding pyrite in all samples. Other primary sulfide

minerals in the tailings are sphalerite, chalcopyrite, mar-

casite [FeS2], and trace amounts of arsenopyrite. The

oxidation of pyrrhotite and pyrite by atmospheric O2

can be represented as:

Feð1�xÞ
pyrrhotite

Sþ ð2� 1

2
xÞO2 þ xH2O) ð1� xÞFe2þ þ SO2�

4 þ 2xHþ

ð1Þ

FeS2
pyrite

þ 7

2
O2 þH2O ) Fe2þ þ 2SO2�

4 þ 2Hþ ð2Þ

The Fe(II) shown in reactions (1) and (2) can be further

oxidized to form Fe(III), which under mildly acidic to
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near-neutral pH conditions, will precipitate as Fe3+ oxy-

hydroxide as represented by the reaction:

Fe2þ þ 1

4
O2 þ

3

2
H2O ) aFeOOH

geothite
þ2Hþ ð3Þ

Under very low pH conditions (pH <3), Fe(III) can

remain in solution and react with the sulfide minerals

through:

Feð1�xÞSþ ð8� 2xÞFe3þ þ 4H2O

) ð9� 3xÞFe2þ þ SO2�
4 þ 8Hþ ð4Þ

FeS2 þ 14Fe3þ þ 8H2O ) 15Fe2þ þ 2SO2�
4 þ 16Hþ

ð5Þ

In this case, Fe(II) becomes the dominant form of Fe

in solution. Reactions (4) and (5) indicate that for every

mole of Fe(1�x) S and FeS2 oxidized by Fe(III), 8 and 16

moles of H+ are generated, respectively. The primary

mechanisms for sulfide oxidation at pH conditions <3

involves Fe3+ as the main oxidant (Nordstrom, 1982).

A detailed description of sulfide oxidation reactions is

given by Blowes et al. (2003b).
Table 1

Sulfide alteration index (SAI) of tailings from piezometer site S3

Index Alteration

10 Almost complete oxidation of sulfides; tr

9 Only sparse pyrite and chalcopyrite; no p

8 Pyrite and chalcopyrite common, but cha

of pyrite dissolution; no pyrrhotite or sph

7 Pyrite and chalcopyrite proportions norm

6 Pyrrhotite absent but sphalerite common

5 Pyrrhotite represented by marcasite pseu

4 First appearance of pyrrhotite, but only

3 Cores of pyrrhotite abundant

2 Well-developed cores of pyrrhotite, with

and pseudomorphs are absent

1 Alteration restricted to narrow rims on p
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Fig. 5. Depth profiles of the sulfide alteration index (SAI), concentrat

volumetric moisture content (H), porosity (n), and saturation measure

table is at a 4.6 m depth.
Oxidation reactions in the Camp tailings over the

past 70 a have resulted in extensive depletion of sulfide

minerals in the near-surface zone of the tailings. Using

microscopic analysis, the degree of sulfide alteration

intensity (SAI) (Blowes and Jambor, 1990) of the tailings

is classified on a scale of 1–10 as described in Table 1.

Vertical profiles of SAI, gas-phase O2, wt% S and

CaCO3, and the volumetric moisture content for piez-

ometer nest S3 are shown in Fig. 5. Pore-gas O2 concen-

trations decrease from atmospheric concentrations of

20.9% to less than 0.9% in the upper 50 cm of the tail-

ings. An abrupt increase in the abundance of total S,

mainly as sulfide minerals, from 9 to 25 wt% S and a de-

crease in SAI at 50 cm coincide closely with the rapid

depletion of pore-gas O2, which is a consequence of O2

consumption in accordance with reactions (1) and (2).

Core extracted from piezometer nest S3 is oxidized

visibly to a depth of 90 cm, varying in color from

rusty-red at the surface of the tailings to a mustard yel-

low at 90 cm below ground surface. At a depth of 90 cm,

a black massive hardpan layer is present. Extensive oxi-

dation has occurred in the upper 30 cm of the tailings,

with near-obliteration of all sulfide minerals. The princi-
aces of chalcopyrite ± pyrite

yrrhotite or sphalerite

lcopyrite proportion higher than normal possibly because

alerite

al; pyrrhotite absent but sparse sphalerite present

domorphs

as remnant cores

narrower alteration rims; replacement by marcasite decreasing,

yrrhotite

fur

%)
30

CaCO3

(wt %)
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2.0

Θ, n, Saturation
(%)
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Sat.

ions of O2 gas, weight percent of sulfur and carbonate minerals,

d at S3. The cross-hatched area represents hardpan. The water



M.C. Moncur et al. / Applied Geochemistry 20 (2005) 639–659 647
pal alteration products of sulfide minerals in the oxi-

dized zone of the tailings are goethite, lepidocrocite,

jarosite, and native S. At a depth of 40 cm, pyrite and

chalcopyrite are unaltered, but sphalerite and pyrrhotite

are absent. The first appearance of sphalerite occurs at a

depth of 60 cm, but pyrrhotite is absent, suggesting that

pyrrhotite is the sulfide mineral most susceptible to

replacement in the Camp tailings. Pyrrhotite first ap-

pears at the top of the hardpan (90 cm) as remnant cores

within pseudomorphs of marcasite (Fig. 6). At a depth

of 115 cm, well-developed cores of pyrrhotite are pres-

ent, and marcasite is restricted to narrow alteration rims.

The observed order for decreasing resistance to oxida-

tion of sulfide mineral in the Camp tailings is: chalcopy-

rite = pyrite>sphalerite>pyrrhotite. The partial
Fig. 6. Photomicrographs in plain reflected light, width of field 0.625 m

The photo on the left, which is of tailings from 90 cm depth, illustrates

left of the largest grain of pyrite is pyrrhotite with a narrow whitish rin

in which only a residual core of pyrrhotite remains. Above the residual

after pyrrhotite. Likewise, the darkish grains intergrown with sphaleri

the greater alteration resistance of sphalerite relative to that of pyrrho

depth, pyrite and sphalerite are unaltered, and near the center are core

outermost thin rind of whitish marcasite.

Fig. 7. The photomicrograph to the left shows whitish grains of pyrite

The black rims on the pyrite grains consist of S-bearing epoxy, suggest

thin outermost rind is Fe oxyhydroxide. Width of field 0.625 mm; sam

backscattered-electron (BSE) image to the right, wherein the thin ri

former grains of pyrrhotite (e.g., the three marked with �v�).
alteration to complete pseudomorphism of pyrrhotite

is a common feature within the oxidized zone of the tail-

ings; however, the replacement of pyrite is less obvious

and is expressed as a depletion rather than as a grada-

tion to residual cores as is the case with pyrrhotite. A

few grains of pyrite exhibit black alteration rims consist-

ing of S-bearing epoxy, suggesting that the rims were

originally water-soluble Fe sulfates formed locally prior

to the development of the Fe3+ oxyhydroxide rims that

typically characterize the alteration of pyrite (Fig. 7).

Sulfide minerals below the water table do not exhibit

alteration, although a significant amount of dissolved

H2S (0.03–0.10 mgL�1) was observed in tailings water

collected from the piezometers. The H2S can be pro-

duced through reaction of acidic waters with pyrrhotite
m; abbreviations are py pyrite, po pyrrhotite, and sp sphalerite.

various stages toward the pseudomorphism of pyrrhotite; to the

d of marcasite, and immediately above the rimmed grain is one

-core grain, and also to its right, are pseudomorphs of marcasite

te at the far right are marcasite after pyrrhotite, thus illustrating

tite. In the photo on the right, which is of tailings from 110 cm

s of pyrrhotite rimmed by voids (black) that are succeeded by an

and non-sulfide gangue minerals cemented by Fe oxyhydroxide.

ing that the rims were originally water-soluble Fe sulphates. The

ple depth 5 cm at site S3. Part of the same area is shown in the

nds around large, blackish particles are interpreted to outline
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and sphalerite (Nordstrom and Alpers, 1999). The H2S

could also be produced by bacterially mediated SO4

reduction reactions (Gould and Kapoor, 2003). Meth-

ane concentrations measured in piezometers range from

1.1 to 222 lgL�1, indicating that methanogenesis may

be occurring.

4.3. Pore-water chemistry

Seventy years of sulfide oxidation of the Camp tail-

ings has resulted in the generation of low-pH tailings

pore water that contains high concentrations of metals

and SO4. Above the hardpan layer, the pH of the tailings

pore water is as low as 0.67, and the Eh ranges from 800

to 680 mV (Fig. 4). The pH increases abruptly where the
hardpan is first encountered, gradually increasing with

depth. The Eh decreases at the hardpan and continues

to decrease with depth. Across the tailings, high concen-

trations of Fe, SO4, and most dissolved metals coincide

with low pH conditions (<1) at the top of the hardpan

and increase with depth through the hardpan to just

above the water table (Fig. 8). Extremely high concen-

trations of Fe (129,000 mgL�1), SO4 (280,000 mgL�1),

Zn (55,000 mgL�1), Al (7200 mgL�1), Cd (97 mgL�1),

Co (110 mgL�1), Cu (1600 mgL�1), Cr (3 mgL�1),

Mn (260 mgL�1), Ni (15 mgL�1), Pb (8 mgL�1), and

As (40 mgL�1) were observed in the vadose zone of

the impoundment. Measurable alkalinity was rarely de-

tected at any location in the unsaturated zone. Table 2,

which is an updated version of that in Nordstrom and



Table 2

Comparison of some of the most acidic waters and highest concentrations of metals derived from tailings pore water, surface water,

and underground mine workings

Parameter (gL�1) (except pH) pH Cu Zn Cd As Fetotal SO4

Sherridon tailings (tailings pore water)a 0.67 1.6 55 0.1 0.05 129 280

Heath Steele (tailings pore water)b 0.80 0.6 6 n/a n/a 48 85

Genna Luas (surface water)c 0.60 0.22 10.8 0.06 0.07 77 203

Iron Mountain (mine shafts/drifts)d �3.6 4.76 23.5 0.21 0.34 141 760

Other sites (mine shafts/drifts/pore wateri) 0.67e 468f 50g 0.04h 22i 57i 209h

a Moncur et al. (2003).
b Blowes et al. (1991).
c Frau (2000).
d Nordstrom et al. (2000).
e Goleva et al. (1970).
f Clarke (1916).
g Braeuning (1977).
h Lindgren (1928).
i Giere et al. (2003).

M.C. Moncur et al. / Applied Geochemistry 20 (2005) 639–659 649
Alpers (1999), compares some of the most acidic waters

and highest concentrations of metals derived from min-

ing environments. Concentrations of dissolved Zn from

the Camp tailings are among the highest reported for

waters impacted by mining activities.

Directly above the water table, most metals and SO4

show a sharp decrease in concentration. Below this

depth the concentrations are lower, but still remain well

above regulatory standards. This concentration front

likely represents a peak period of sulfide oxidation reac-

tions during which very high concentrations of oxida-

tion products were released to the vadose zone pore

waters. Although dissolved concentrations of metals

and SO4 decrease below the water table, the concentra-

tions remain elevated throughout the impoundment,

with Fe and SO4 values up to 60,600 and 91,600 mgL�1,

respectively, in the deeper groundwater (Fig. 4). Across

the tailings, from piezometer nest S4 to S1, high concen-

trations of Fe, SO4, Zn, Al, Cu, Cr, Co, Cd, Pb, Ni, and

As were detected in nearly all piezometers. Alkalinity in

the groundwater ranges between 0 and 127 mgL�1 (as
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impoundment.

The ionic strength of the tailings pore water varies

from 0.14 to 12.7, beyond the optimum range of activ-

ity corrections calculated with MINTEQA2 using the

Extended Debye–Huckel or Davies equations (Blowes

et al., 1991; Ptacek and Blowes, 2000). Application of

the Pitzer equations using PHRQPITZ (Plummer

et al., 1988) allows the determination of activity coeffi-

cients for high ionic strength waters. The database of

PHRQPITZ was modified to include parameters re-

quired to apply the Pitzer equation to mine drainage-

waters (Ptacek and Blowes, 2003). In addition, the

MINTEQA2 database was modified to include equilib-

rium constants derived from the WATEQ4F. These

equilibrium-constant values were selected to improve

predictive modeling for high-Fe and -SO4 mine waters.

Saturation indices of pore water from the Camp tail-

ings were calculated for melanterite and gypsum using

PHRQPITZ and MINTEQA2 (Ptacek and Blowes,

2003) (Fig. 9). Both models show similar trends in
 (g L-1)
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RQPITZ, after Ptacek et al. (2001).
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saturation indices for melanterite. The tailings pore

water is undersaturated with respect to melanterite near

the surface of the tailings, and then becomes saturated

at 1 m depth, where the activities of Fe, SO4, and Ca

increase. Results from PHRQPITZ calculations show

that gypsum attains saturation at a 1 m depth, but

MINTEQA2 calculations indicate supersaturation.

For concentrated solutions, saturation indices for

SO4-bearing minerals calculated with PHRQPITZ have

been observed to correspond more closely to expected

saturation states (Ptacek and Blowes, 2000). The dis-

crepancy between the saturation index values calcu-

lated using the ion-association model adopted by

MINTEQA2 and the PHRQPITZ calculation results

arises from the application of the extended Debye–

Huckel equation beyond the range of accuracy (Blowes

et al., 1991; Ptacek, 1992; Ptacek and Blowes, 2000,

2003). This discrepancy is more pronounced for gyp-

sum than melanterite. Equilibrium constants are typi-

cally determined from dissolution experiments which

dissolve the mineral in pure water. Because the solubil-

ity of gypsum is lower than that of melanterite, the

gypsum equilibrium constant values are derived from

a solution with a lower ionic strength than for melan-

terite. As a result, the effect of the high ionic strength

waters observed at Sherridon is more pronounced on

the gypsum SI values than for the melanterite SI

values.
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4.4. Acid neutralization

The oxidation of sulfide minerals results in the release

of H+ into the tailings pore water. Gangue minerals

incorporated in the tailings can neutralize the H+.

Examples of gangue that can contribute appreciably to

acid-neutralizing reactions include calcite, dolomite,

and aluminosilicate minerals. Their dissolution typically

leads to a distinct sequence of pH-buffering plateaus

(Blowes and Ptacek, 1994; Jurjovec et al., 2002; Blowes

et al., 2003a). At the Camp impoundment, the pore-

water pH increases in 3 distinct steps separated by pla-

teaus of reasonably uniform pH. These plateaus occur

at a pH of 5.6, 4.3, and 1.4, corresponding to the disso-

lution of carbonates, Al hydroxides, and aluminosili-

cates, respectively. Similar pH-buffering sequences have

been observed at other sulfide tailings impoundments

(Dubrovsky et al., 1984; Blowes and Jambor, 1990;

Blowes et al., 1991; Coggans et al., 1999; Johnson

et al., 2000).

Carbonate minerals in the Camp tailings make up

<0.05 wt% in the vadose zone and <1 wt% in cores of

the deeper tailings below the water table. Mineralogical

analysis indicates that carbonate minerals are absent in

the vadose zone of the S3 profile, except at a depth of

91 and 114 cm, where a few grains of primary siderite

were observed. Geochemical modeling using MINTE-

QA2 indicates that the tailings pore water is undersatu-
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rated with respect to calcite [CaCO3] throughout the

impoundment (Fig. 10). Calculations using MINTEQA2

also suggest that the tailings water becomes saturated to

supersaturated with respect to siderite at a depth of 7.2

m (Fig. 10), consistent with the first observation of alka-

linity (Fig. 8). Water samples collected from S1, S2, and

S3 at depth have pH values that range from 5.4 to 5.8,

and are saturated with respect to siderite, suggesting that

siderite dissolution is an important pH-buffering reac-

tion deeper in the tailings.

The second pH plateau ranges from 3.9 to 4.9, from

the top of the hardpan extending downward into the

water table, and corresponds to pore-water concentra-

tions of Al as high as 4980 mgL�1. The abrupt increase

in pH at the depth of the hardpan may be due to the dis-

solution of a secondary Al mineral. Similar pH ranges,

along with elevated concentrations of Al, were observed

in Al(OH)3 buffering zones by Dubrovsky et al. (1984),

Blowes (1990), Coggans et al. (1999), and Johnson

et al. (2000). Calculations usingMINTEQA2 indicate that

the pore water above the hardpan layer is consistently

undersaturated with respect to gibbsite, rapidly becomes

saturated near the top of the hardpan, and remains at or

near saturation through the vadose zone (Fig. 10). At

depth, where the pore water is saturated with respect to

siderite, the water becomes supersaturated with respect
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Fig. 11. Mineral distribution versus depth at S3. In the plot for FeO(O

lepidocrocite. Scale on the x axis corresponds to the abundance of the

a specific X-ray reflection where: 0 – no detection; 1 – very weak de

detection; 5 – very strong detection. The cross-hatched area represen
to gibbsite, and the concentrations of Al decrease to

<3.1 mgL�1. These observations suggest that a second-

ary Al-bearing mineral within and below the hardpan

is dissolving. This dissolution, represented as Al(OH)3,

can be described through the reaction:

AlðOHÞ3 þ 3Hþ () Al3þ þ 3H2O ð6Þ

The dissolution of Al(OH)3 consumes 3 moles of H+;

however, the Al3+ is released and can reprecipitate in

areas of higher pH, releasing H+.

During the mineralogical study, no secondary

Al(OH)3 minerals were identified. This could be because

the masses of Al are low and Al(OH)3 precipitates

are difficult to identify, or because other Al-bearing min-

erals are present (Blowes et al., 2003a). Despite the

overwhelming predominance of Fe in the system at

Sherridon, minor amounts of secondary alunite [KAl3-

(SO4)2(OH)6] were observed to coexist with secondary

SO4 rims that occur at the margins of pyrrhotite grains

in the hardpan. Speciation modeling indicates that the

pore water becomes saturated or supersaturated with re-

spect to alunite within the hardpan layer (Fig. 10). Alu-

minum was also detected by EDS analyses to be present

in jarosite and in amounts up to 9 wt% in association

with Fe-oxyhydroxide minerals compositionally corre-

sponding to [(Fe,Al)OOH].
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Gangue minerals contributing to acid-neutralization

reactions are predominantly aluminosilicates, among

which are biotite and lesser amounts of chlorite.

Fig. 11 represents the vertical variation in the distribu-

tion of aluminosilicate minerals and secondary precipi-

tates determined using X-ray diffractometry. The scale

in Fig. 11 is based on the abundance of the mineral on

a sample-to-sample comparison of the peak height of a

specific X-ray reflection, such as (001) for biotite and

(002) for chlorite; therefore, the scale is relative, and

no percentages are implied.

The extremely low pH of the pore water (pH 0.67–2)

in the upper 90 cm of the tailings has depleted nearly all

biotite, chlorite, and smectite to the top of the hardpan

layer. The derivation of dissolved Al and K in the pore

water of the tailings is from the dissolution of alumino-

silicates. When pH values are near neutral, such as dur-

ing the earliest stages of sulfide oxidation, incongruent

dissolution of biotite (Kalinowski and Schweda, 1996;

Malmström et al., 1996) may result in vermiculitization

of the biotite (Banfield and Eggelton, 1988; Murakami

et al., 2003):
KðMg2FeÞðAlSi3ÞO10ðOHÞ2 þ 5Hþ þ 0:25O2 þ 3H2O

) 0:5Al2Si2O5ðOHÞ4 þFeðOHÞ3 þ 2H4SiO4 þKþ þ 2Mg2þ

ð7Þ
The alteration of one mole of biotite to vermiculite

and thence to kaolmite, as in reaction (7), results in

the consumption of 5 moles of H+, precipitation of Fe

oxyhydroxide, and release of K+ and Mg2+ to the pore

waters. The first ions released during the dissolution of

biotite are alkali and alkaline-earth cations (Rufe and

Hochella, 1999) where K+ may precipitate from solution

as jarosite, releasing 6 moles of acid:
Fig. 12. On the left is a photomicrograph of tailings from 41 cm depth

mm. The photo shows at the center a large lath of former biotite, still

amorphous hydrous silica. The photo on the right is a BSE image of si

as the lighter grey lath-like portion at the bottom right. Site S3, dept
Kþ þ 3Fe3þ þ 2SO2�
4 þ 6H2O

() KFe3ðSO4Þ2ðOHÞ6 þ 6Hþ ð8Þ

The precipitation of jarosite is a commonly observed

reaction in oxidized tailings impoundments (Jambor,

1994). Jarosite forms mainly in acidic environments

(Barker et al., 1998) and was observed throughout the

oxidation zone of the tailings. XRD analysis indicates

a moderate to very strong detection of the secondary

minerals jarosite, goethite, lepidocrocite, and gypsum

in the upper 90 cm of the tailings (Fig. 11). Geochemical

modeling of the tailings pore water also indicates that

this water approaches or becomes saturated with respect

to jarosite, goethite, lepidocrocite, and gypsum in areas

within the upper 90 cm of the tailings.

Only traces of hydrobiotite, which is a 1:1 interlayer

of biotite and vermiculite, were identified in the low-pH

zone where biotite is depleted. In the biotite-depleted

areas, silica pseudomorphs after biotite were observed

to contain little Mg2+ or Al3+ (<0.5 wt% of each as oxi-

des), and are interpreted to be silica remnants after

leaching of the original Mg–Fe–Al content (Fig. 12).

An increase in H+ ion activity in the pore water through

reactions (1), (2), (3), (4), (5) and (8) will increase the dis-

solution rate of biotite (Kalinowski and Schweda, 1996),

consuming the acid-neutralization potential. At a pH be-

low 3.1, biotite will dissolve congruently and secondary

minerals should not precipitate (Taylor et al., 2000). The

congruent dissolution of biotite, using the stoichiometry

observed for the mineral in the Camp tailings, leads to

the following reaction:

K0:95ðMg1:76Al0:44Fe0:61ÞAl1:26Si2:74O10ðOHÞ2
þ 11:4Hþ þ 0:09O2

) 0:95Kþ þ 1:76Mg2þ þ 0:61Fe3þ þ 1:7Al3þ

þ 2:74H4SiO4 þ 1:22H2O ð9Þ
, site S3; transmitted light, crossed polarizers, width of field 2.6

with good cleavage traces but now a pseudomorph consisting of

milarly replaced biotite, but with an unreplaced remnant evident

h 5 cm, width of image 0.325 mm.



Fig. 13. Upper left photomicrograph in plain transmitted light shows the partial replacement of albite by amorphous hydrous silica

that forms a complete rim; width of field 1.2 mm; albite (ab), quartz (qz), amphibole (am). To the right is the corresponding BSE image.

The whitish exterior film is Fe oxyhydroxide. The lower left photomicrograph in plain transmitted light, width of field 0.625 mm, shows

an oval grain of quartz within amphibole that is extensively replaced by silica. At the lower right is a BSE image showing an amphibole

grain that is veined and rimmed by (darker) amorphous hydrous silica. The outermost rind and nearby white particles are Fe

oxyhydroxides; width of field 350 lm.
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The dissolution of 1 mol of biotite consumes 11.4

moles of H+, releasing Mg2+, Fe3+ and Al3+ into the

pore water. As sulfide oxidation and acid generation con-

tinue, products from the initial incongruent-dissolution

reactions (Fe oxyhydroxides and Fe hydroxysulfates)

may dissolve, resulting in additional acid neutraliza-

tion (Blowes, 1990). Above the hardpan there is also

evidence that the more stable aluminosilicates have

been susceptible to replacement, thereby contributing

to acid neutralization. Grains of albite [(Na0.65-
Ca0.34K0.01)R1.00(Si2.64Al1.37)R4.01O8], cordierite [(Mg2.07
Fe0.07Na0.06Mn0.02)R2.22Al4.00(Si4.74Al0.23)R4.97O18], and

amphibole [(Na0.48Ca0.15K0.06)R0.69(Ca1.58Fe0.39Mn0.03)R2.00
(Mg2.51Fe1.73Al0.63Ti0.13)R5.00(Si6.33Al1.67)R8.00O22.93F0.07]

exhibit rims and veinlets of secondary silica that have

partly replaced the minerals (Fig. 13). The dissolu-

tion of albite, cordierite and amphibole releases

additional Al, K, Fe, and Mg, along with Ca, Na,

and Mn, to the pore water. The depletion of alumino-

silicate minerals in the upper meter of the tailings,

and the presence of a significant amount of residual

sulfide minerals in this zone after 70 a of oxidation,
suggest that the zone of low-pH pore water will likely

expand as sulfide oxidation and acid generation

continue.

4.5. Hardpans

The Camp tailings have two distinct types of hard-

pans. A massive (>1 m thick) hardpan that is present

throughout the impoundment ranges in depth from 0.5

to 2 m below ground surface and is mainly cemented

by Fe2+ minerals. Above this ferrous iron hardpan are

thin (1–10 cm), discontinuous hardpan layers composed

of Fe3+-bearing minerals.

4.5.1. The ferrous iron hardpan

A blackish ferrous hardpan is present throughout the

impoundment, but pinches out at the edges adjacent to

water bodies and zones of groundwater discharge. At

piezometer nest S3, the hardpan is 40 cm below the zone

of active oxidation and is 1 m thick. The surface is

strongly cemented and is difficult to penetrate even

with a backhoe. During pit excavations to penetrate
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the hardpan in July 2000, layers of fibrous melanterite

[FeSO4 Æ 7H2O] up to 1 cm thick were observed along

the surface of the hardpan. The melanterite was also ob-

served to have crystallized in situ along vertical fractures

and horizontal bedding planes in the upper 15 cm of the

hardpan. Energy-dispersion and XRD analysis of the

melanterite indicated it to be almost pure FeSO4 Æ 7H2O

with only a trace amount of Cu (<0.25 wt%) and with

Zn, Mg, and Mn below detection limits. During pit ex-

cavations a year later (July, 2001), encrustations of mel-

anterite were not encountered along the surface of the

hardpan. Precipitation records show that there was a

greater amount of rainfall prior to sampling in 2001

than in 2000. The formation of melanterite may tem-

porarily retard the release of Fe(II), SO4, and indirectly

H+, to the pore water; however, melanterite is highly sol-

uble and can be rapidly dissolved by rainwater (Jambor

et al., 2000; Frau, 2000), which could explain the ab-

sence of the mineral during the 2001 pit excavation.

Mineralogical examination of hardpan samples indi-

cates that the principal components of the pore-filling

cements are Fe2+ minerals, including melanterite and

rozenite, and lesser amounts of the Fe3+ -bearing miner-

als such as jarosite, goethite, lepidocrocite, and ferrihy-

drite (Fig. 11). Gypsum was also observed as a major

cement-forming secondary mineral within the hardpan.

Blowes et al. (1991) encountered a similar hardpan layer

at the Heath Steele mine in New Brunswick, Canada,

where the predominant cementing minerals were melan-

terite and gypsum. MINTEQA2 and PHRQPITZ calcu-

lations indicate that the pore water in the Camp tailings

at the top of the hardpan attains saturation with respect

to melanterite and is supersaturated with respect to gyp-

sum, jarosite, goethite, and lepidocrocite, consistent with

the mineralogical observations. The precipitation of

Fe2+ sulfates, gypsum, jarosite, and Fe oxyhydroxides

limits the pore-water SO4, Fe, and Ca concentrations.

The high sulfide content in the Camp tailings consumes

atmospheric O2 near the tailings surface, and reduces

Fe(III) to Fe(II) deeper in the tailings. This reaction re-

sults in lower concentrations of Fe(III), whereas concen-

trations of Fe(II) and SO4 are sufficient to attain

saturation with respect to Fe2+ SO4 minerals below the

zone of oxidation (Blowes et al., 1991).

High moisture contents were observed above the

hardpan at S3. The moisture content increases from

the tailings surface to the top of the massive hardpan,

and then sharply decreases within the hardpan layer

(Fig. 5). The porosity of the tailings decreases from

0.45 at the surface of the tailings to 0.36 at the top

of the hardpan, then abruptly decreases to an average

of 0.23 within the hardpan layer (Fig. 5). The decrease

in porosity within the hardpan is due to the precipita-

tion of secondary minerals, which infill pore spaces.

Saturation of the tailings is 50% at the surface, in-

creases with depth, and becomes 100% within the upper
0.5 m of the hardpan. The results in Fig. 5 suggest that

the low permeability of the hardpan limits the amount

of recharge, causing water to pool above the hardpan

and creating a perched water table. The permanent

water table is 4.6 m below the surface near S3. The

flow of groundwater derived from the vadose zone

can be due either to a transient rise in the water table

during storm events (Blowes and Gillham, 1988; Al

and Blowes, 1996) or to perched water-table condi-

tions. The water table at S3 was not observed to fluc-

tuate more that 0.7 m during the study period from

July 2000 to June 2002. It is hypothesized that an

important transport pathway of metals to the surface-

water flow system at the Camp tailings is the result

of groundwater flow along the surface of the hardpan

layer. This flow is constrained by the contrast in

hydraulic characteristics between the hardpan layer

and the overlying tailings. During some of the pit exca-

vations through the hardpan layer, the tailings directly

above the hardpan appeared to be more saturated than

the overlying tailings, and in one case the water oozed

from the pit walls above the hardpan immediately after

a rain event.

During rainfall events, surface seeps develop along

the flanks of the tailings impoundment. Pore water

with a geochemical composition similar to that of

water directly above and within the hardpan discharges

at these seepage zones. Seepage water is greenish and

contains high concentrations of Fe (67,800 mgL�1),

SO4 (151,000 mgL�1), Zn (164 mgL�1), Al (1130

mgL�1), Cd (3.9 mgL�1), Mn (103 mgL�1), Pb (1.7

mgL�1), As (1.8 mgL�1) and a pH of 3.20. Along

the fringes of the seepage zones during late fall and

early spring, when temperatures are low, accumulation

of melanterite was observed. Geochemical modeling of

the seepage water indicates that it is saturated with re-

spect to melanterite (SI = 0.074). The formation of

melanterite and the color of the seepage water suggest

that most of the Fe in the pore water is Fe(II). The low

pH of the seepage water may slow the oxidation of

Fe(II) and limit accumulation of Fe3+-bearing minerals.

No evidence of Fe3+ precipitates is observed along the

flowpath of the seepage water until the water dis-

charges into surface water bodies, where massive accu-

mulations of Fe3+ minerals are present. During the

summer months, when temperatures are higher, melan-

terite is not observed at the seepage zones; however, a

whitish gray powdery precipitate blanketed the seepage

area. Mineralogical analysis was not conducted on the

whitish gray mineral, but it is likely rozenite [FeS-

O4 Æ 4H2O], possibly with associated szomolnokite

[FeSO4 Æ H2O]. With increasing temperature or decreas-

ing water activity, melanterite typically dehydrates to

rozenite (Jambor and Traill, 1963; Alpers et al., 1994;

Chou et al., 2002). These results suggest that shallow

lateral flow related to a transient, perched water table



Fig. 14. Photomicrograph in plain reflected light shows sec-

ondary covellite-like grains of blue Cu sulfides (cv). Also

present are white, homogeneous pyrite (py) and darker,

variably heterogeneous pseudomorphs of marcasite (mr) after

pyrrhotite. Sample was extracted from a depth of 90 cm. Width

of field 0.625 mm.
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is resulting in the discharge of high concentrations of

metals, SO4, and acid to the tailings surface and adja-

cent water bodies. Although the Fe2+-bearing hardpan

may divert some infiltrating water directly to surface

waters, the hardpan does not prevent infiltrating water

from penetrating deeper into the tailings, as is evident

from the extremely high concentrations of metals and

SO4 in the pore water of the hardpan and underlying

water table.

4.5.2. The Fe3+-bearing hardpan

Above the Fe2+ hardpan, in the zone of active oxi-

dation, are thin (1–10 cm), discontinuous, yellow–

orange to dark red–brown hardpan layers. Mineralogi-

cal analysis indicated that the cementing materials of

these hardpans are primarily composed of secondary

goethite and lepidocrocite, ferrihydrite, jarosite, and

gypsum (Hawthorne and Kennedy, 1987; Kamineni

and McGregor, 1989). Previous studies of inactive

mine-tailings impoundments have reported similar

hardpans composed of Fe(III) cementing minerals

(e.g., Blowes and Jambor, 1990; Blowes et al., 1991;

Tassé et al., 1997; Coggans et al., 1999; Johnson

et al., 2000; McGregor and Blowes, 2002; Courtin-

Nomade et al., 2003; Giere et al., 2003). At the Camp

tailings, the massive Fe2+-bearing hardpan has formed

in advance of the oxidation front. The oxidation front

is migrating downward over time; therefore, it is likely

that the massive Fe2+-bearing hardpan is also moving

downward over time. The discontinuous Fe3+-bearing

hardpans present in the oxidized zone may be relics

of the original Fe2+ hardpan.

4.6. Geochemical correlations

The order of abundance of metals in the unoxidized

tailings solids, as determined by metal concentrations,

is Fe > Al > Zn > Cu > Mn > Co > Pb > Ni > Cr (aver-

age concentrations 246 mgg�1 Fe, 31 mgg�1Al, 7.7

mgg�1 Zn, 2.2 mgg�1 Cu, 0.25 mgg�1 Mn, 0.08 mgg�1

Co, 0.07 mgg�1 Pb, 0.01 mgg�1 Ni, and 0.005 mgg�1

Cr). A similar order of abundance was observed in max-

imum pore-water concentrations measured at piezome-

ter nest S3, except for concentrations of dissolved Zn,

which are 3 times greater than those of dissolved Al.

4.6.1. Zinc and Cd

Zinc is released to the pore water by the oxidation of

sphalerite [(Zn0.96Fe0.04)R1.00S]. The very high concen-

trations of Zn are present because sphalerite was not

recovered from the ore during the early period of tailings

deposition. Calculations with MINTEQA2 indicate that

the tailings water is undersaturated with respect to all

discrete Zn-bearing secondary minerals included in the

database. Mineralogical analysis did not detect any sec-

ondary Zn precipitates, but SEM analysis revealed the
presence of Zn in all of the Fe oxyhydroxide samples

analyzed. The occurrence of Zn with Fe oxyhydroxides

suggests that removal of Zn through coprecipitation or

adsorption reactions is likely the dominant solid-phase

control on the mobility of Zn.

Results from electron-microprobe analyses indicate

that sphalerite is the primary source of Cd. Of the 3

sphalerite grains analyzed, the Cd content was well

above detection limits. The high concentrations of Cd

observed within the tailings pore water are likely due

to the abundance of sphalerite in the tailings. Geochem-

ical modeling suggests that the pore water in the tailings

is undersaturated with respect to Cd minerals, and sec-

ondary Cd precipitates were not encountered during

the mineralogical study.

4.6.2. Copper, Pb, and Cr

The oxidation of chalcopyrite is the primary source

of dissolved Cu in the tailings pore water. Concentra-

tions of Cu in the tailings pore water reach a maximum

of 360 mgL�1 directly above the hardpan, then rapidly

drop to <1.2 mgL�1 within the hardpan at piezometer

nest S3. Mineralogical studies indicate grains of second-

ary Cu sulfides, predominantly covellite [CuS], first ap-

pear within the top of the hardpan and continue to be

detected with depth (Fig. 14). Geochemical modeling

shows that the pore water is undersaturated with respect

to all other Cu-bearing secondary minerals in the

MINTEQA2 database. The abrupt decrease in dissolved

Cu in the vicinity of the first detection of covellite sug-

gests that the precipitation of secondary Cu–sulfide min-

erals is controlling Cu concentrations. Covellite was

identified as the secondary solid-phase control of dis-

solved Cu in the Waite Amulet tailings (Blowes and
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Jambor, 1990), Heath Steele tailings (Boorman and

Watson, 1976; Blowes et al., 1991), Copper Cliff tailings

(Coggans et al., 1999), and Nickel Rim tailings (Johnson

et al., 2000).

Although the principal candidate for a source of Pb

is galena, it was not detected during the mineralogical

analysis of the tailings. However, during the field study

in 2001, samples of galena up to several cm in length

were found in waste-rock piles. Galena was not recov-

ered during mineral processing, and it is therefore

likely that most galena was lost to the tailings. Elevated

concentrations of Pb were observed in all water sam-

ples, with the maximum concentration 8.4 mgL�1. Sat-

uration indices suggest that the pore water becomes

saturated with respect to anglesite [PbSO4] where the

pH is >3.9. Anglesite was not observed during mineral-

ogical analysis, probably because of the sparseness of

galena, but secondary anglesite has been identified in

other impoundments and may control Pb

concentrations.

Microprobe analyses indicate that magnetite [Fe2+-

Fe3+O4], biotite, and amphibole are the likely sources

of Cr in the pore water. Another source of Cr could

be uvarovite garnet [Ca3Cr2(SiO4)3]; garnet was ob-

served during the mineralogical analysis of the tailings,

and a few small crystals were also observed in the

waste-rock piles. Froese and Goetz (1981) identified

the presence of chromite [FeCr2O4], Cr-bearing musco-

vite [K(Al,Cr)2AlSi3O10(OH)2], and uvarovite in out-

crops in the vicinity of the mine. Dissolved Cr was

observed in almost all water samples. Saturation indices

indicate that the pore water is undersaturated with re-

spect to all Cr minerals in the MINTEQA2 database.

Traces of Cr were observed in Fe oxyhydroxides, sug-

gesting that the oxyhydroxides can be a solid-phase sink

for Cr.

4.6.3. Cobalt and As

Microprobe analyses indicate that the main sources

of dissolved Co are pyrite and pyrrhotite. Concentra-

tions of Co reach a maximum directly above the hard-

pan and decrease with depth to below detection limits.

Cornell (1991) suggested that Co could be incorporated

into the structure of goethite, but Co was not detected in

Fe oxyhydroxides within the Camp tailings.

The primary source of As is arsenopyrite, observed as

trace amounts within the tailings. In most groundwater

conditions, As occurs both as As(III) and As(V) (Smed-

ley and Kinniburgh, 2002). The dominant oxidation

state of As in the tailings pore water, expressed in

mgL�1, is As(III), and the maximum As(III)/As(V) ratio

is 12.3. Arsenic shows a geochemical distribution similar

to that of Cu, with the maximum concentration occur-

ring directly above the hardpan, then decreasing sharply

at the hardpan interface. Secondary As precipitates were

not observed during mineralogical examinations, but As
can be attenuated by adsorption onto Fe oxyhydroxides

and Fe sulfates (Courtin-Nomade et al., 2003).
5. Conclusions

Sulfide oxidation reactions in the Camp tailings

impoundment have consumed nearly all sulfide minerals

to a depth of 0.5 m. Oxidation products released from

the weathered tailings have resulted in pore waters con-

taining extremely high concentrations of dissolved met-

als, SO4, and acid. Carbonate minerals are depleted

throughout the vadose zone and well into the water ta-

ble. The most soluble Al-silicate minerals, i.e., biotite,

chlorite, and possibly smectite, are consumed to a 1 m

depth near the hardpan layer. The acid front produced

from sulfide oxidation has migrated ahead of the oxida-

tion front, consuming the acid-neutralization potential

and leaving only the relatively unreactive silicate and

Al-silicate minerals. The principal neutralization reac-

tions controlling the pore-water pH and the concentra-

tions of dissolved metals occur at a 1 m depth within

the top of the hardpan where there is an abundance of

acid neutralization minerals.

Although the Camp tailings have undergone 70 a of

sulfide oxidation, the zone of active oxidation has pene-

trated the tailings to a depth of only 0.5 m. The unsatu-

rated zone is 4.6 m thick, indicating that 4 m of tailings

are potentially available to oxidation. When tailings

pore water from the vadose zone migrates into the water

table, oxidation products can be transported in the

groundwater for up to 40 a before discharging to adja-

cent surface-water bodies. The abundance of sulfide

minerals and lack of neutralizing minerals in the tailings

suggest that, without the implementation of an effective

remedial program, sulfide oxidation in the vadose zone

will continue to release acid and elevated concentrations

of metals and SO4 to the tailings pore water for many

more decades to centuries.
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