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ABSTRACT

The Spenceville Pit in Nevada County, CA, has been Alled with
acidic mine drainage for approximately 75 yr and is an active source
of acidity and trace metals to an adjacent stream. This study was
conducted te characterize the aqueous chemistry of the Spenceville
Pit to better understand pit lake geochemistry. Filtered samples were
collected at regular depth intervals and analyzed for Ca, Mg, Na, K,
Fe, Al, Mn, Cu, Zn, Ba, 5i, Pb, and P, The geochemical speciation
model MINTEQA2 was used to calculate the activity ratios of Fe** (aq)
to Fe’*{aq) based on measurement of oxidation-reduction potential
using a combination Pt/Ag-AgCl electrode, and to calculate saturation
indices for various mineral phases. Sampling of the Spenceville Pit in
summer (August) and in winter (December) shows that the deeper
waters exhibit considerably higher concentrations of metals compared
with the shallow waters, and that the water colutnn may be permanently
stratified. Neither the scavenging of trace metals (Cu, Ni, and Zn) by
particulate iron-hydroxide minerals nor their precipitation as metal
sulfides exerts significant control on the distribution of metals in the
pit water. Instend, elemental distributions appear te be controlled by
the process of cyclic filling and cvaporation. Analysis of mineral
saturation states in the pit water and x-ray diffraction analysis of
the bottom sediments indicate that gypsum (CaSO,-2H;0), goethite
(a-FeOOI), jarosite [KFes(804)2(0M)g], jurbanite (AIOHSO,5H,0),
and strengite (FePQ,:21;0) are solids that may potentially control
elemental concentrations in the water colurmn,

EXISTING PIT MINE LAKES in the western USA pose
potential threats to local ground and surface water
quality. In the state of Nevada alone, more than 30 pit
mine lakes with the capacity to hold a total of approxi-
mately 1.2 X 10" L of water will begin to form during
the next 20 yr as groundwater flows into abandoned open
pits (Miller et al., 1996). The water quality of existing
pit lakes is highly variable and generally reflects the
mineralogical composition of the pit wall rock. For exam-
ple, the Cortez Mine (Cortez, NV} was a carbonate-
hosted metal mine that began filling with water in the
mid-1970s. The Cortez Pit contains good quality water,
exhibiting a pH of approximately 8.0, and has concentra-
tions of trace metals (e.g., Cu, Cd, Pb, and Zn) and
total dissolved solids that meet applicable drinking water
standards (Bird et al., 1994; Miller et al., 1996). In
contrast, the Berkeley Pit (Butte, MT) contains acidic
water (pH = 3.0) that resuits from the oxidation of
pyrite (FeS;) and other metal sulfides. The concentrations
of trace metals and total dissolved solids in the Berkeley
Pit are significantly elevated and potentially toxic to
aquatic life (Davis and Ashenberg, 1989; Miller et al.,
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1996). In addition to pit wall mineralogy, the overall
water balance of pit lakes is another important factor
controlling the water quality of pit lakes.

In recent years, it has been recognized that circujation
patterns in pit lakes may affect observed depth distribu-
tions of dissolved Q,(g) and other constituents in the
water column. The relative depth of the pit lake, or the
ratio of the maximum depth as a percentage of the mean
diameter of the lake at the surface (Wetzel, 1983), is
one of the most important physical factors affecting the
degree of seasonal turnover caused by the mixing action
of winds. Hence, the relative depth of a pit lake affects
the depth distributions of dissolved constituents (Lyons
et al., 1994; Miller et al., 1996). In a recent study of
pit lake limnology {Doyle, 1996), two shallow pit lakes
(25 and 55 m deep) were observed to undergo seasonal
turnover of the entire water column, while deeper pit
lakes (110 and 130 m) exhibited seasonal turnover only
of the upper portion of the water column. The extent of
pit lake turnover is especially important because of its
potential role in affecting the depth distributions of redox-
sensitive elements (e.g., Fe, As, and Cr) in the water
column.

The majority of pit lakes in North America are less
than 25 yr old (Miller et al., 1996), The increasing
number of pit lakes has prompted studies to determine
the geochemical processes controlling metal transport in
these settings. An understanding of these processes is
required to provide a basis for predicting the water
quality of future pit lakes and to assess environmental
risks (Pillard et al., 1996; Lyons et al., 1994). The
objectives of the present study were to (i) determine the
chemical composition of water samples collected from
various depths in the Spenceville Pit, (ii) identify the
dominant geochemical processes that control metals con-
centrations in the water column, and (iii) discuss the
role of seasonal variation relative to chemical composi-
tions and stratification within the pit lake waters, The
results of this study provide additional information on
metals distributions within the water column of pit lakes.
The results also show that certain geochemical and limno-
logical processes that control metal concentrations and
distributions within the water column of acidic pit lakes
are analogous to those that operate in higher pH, natural
lakes,

SITE DESCRIPTION

Approximately 2.3 X 107 L of acidic, metalliferous
water occupies an open pit at the abandoned Spenceville
Cu Mine in southwestern Nevada County, CA. The
Spenceville Mine was initially operated by the San Fran-

Abbreviations: PVC, polyvinyl chloride; ICP-AES, inductively coupled
plasma-atomic emission spectrometry; DOC, dissolved organic carbon;
SHE, standard hydrogen electrode; SI, saturation index; XRD, x-ray
diffraction.
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cisco Copper Company between 1875 and 1888, when
approximately 140000 Mg of pyrite ore containing 5%
Cu were excavated (Bradley, 1930). The principle sulfide
minerals were chalcopyrite (CuFeS;) and pyrite (FeSz),
and the ore deposit occurred as a continuous vein approxi-
mately 91 m long and 5 to 17 m wide. When the under-
ground mine collapsed, mining was continued in an open
cut (Fig. 1a) that was exposed to a length of 90 m and
a depth of 23 m (Aubury, 1908). Mining operations
ceased in 1888 owing to a fall in the price of Cu,
and in 1890 the Imperial Paint and Copper Company
established a furnace and paint mill on the property,
where red-metallic (Fe,05) paint was manufactured from
the abandoned, roasted ore heaps (Bradley, 1930). In
1897, the property was acquired by the Spence Mineral
Company, which reopened and dewatered the collapsed
mine workings before the extraction of low-grade pyritic
ore, that was used to manufacture sulfuric acid. Produc-
tion operations finally ceased at the Spenceville Mine
between 1916 and 1918 (Bradley, 1930), and the pit was
subsequently flooded as a result of groundwater seepage
and surface runoff (Fig. 1b).

The Spenceville Pit is 77 m long and approximately
28 m wide (Fig. 2). When filled to a water surface
elevation of 102 m, the pit has a surface area of 2.0 X%
10° m?, a total volume of 2.3 X 107 L, and a maximum
depth of 17 m. The relative depth of the Spenceville Pit
is 34%. In comparison, the Berkeley Pit at Butte, MT,
is approximately 1.8 km long and 1.4 km wide, was
excavated to a depth of 542 m, and exhibits a fairly
similar relative depth of 30% (Davis and Ashenberg,
1989). Although small in comparison, the Spenceville
Pit is a significant source of localized surface water
contamination. In winter, the pit becomes completely
filled with water and overflows into Little Dry Creek.
In summer, water continues to move laterally into Little
Dry Creek through Eocene iron-oxide cemented terrace
deposits, which overlie the metavolcanic bedrock (Fig.
la).

MATERIALS AND METHODS
Water Sampling and Analytical Methods

The water column of the Spenceville Pit was sampled at
two locations (Fig. 2) on 31 Aug. 1994 (summer) and on 28
Dec. 1994 (winter). At Sampling Station A, water samples
were collected from the 0.3-, 1-, 2-, 3, 4-, 8-, and 9-m depths.
At Sampling Station B, water samples were collected from
the 0.3-, 1-, 2, 3-, 4-, 8-, 10-, and 15-m depths; an additional
sample was collected at the 12-m depth during the winter
sampling. Immediately before sampling, in situ measurements
of pH, specific conductance, temperature, and dissolved O,(g)
were made with an Aqua Check Model 51601 Portable Water
Analyzer extended to depth. The instrument was calibrated
using standard solutions, and the readings were automatically
corrected for the effects of temperature, pressure, and salinity.
The flux of photosynthetically active radiation (400~700 nm)
was measured at all depths with a Li-COR LI-192SA underwa-
ter quantum sensor. Approximately 2 L of sample were col-
lected with a cylindrical, horizontal polyvinyl chloride (PVC)
bottle equipped with a stainless steel split-barrel messenger.
One-hpndred mL of sample were filtered through a 0.20-pm
pore-size polycarbonate membrane filter into a 250-mL, acid-

washed polypropylene bottle. The samples were then acidified
with high-purity nitric acid to a pH of approximately 1.0 and
placed on ice for transport to the laboratory. The filtered,
acidified samples were stored in the dark at 4°C for no more
than 2 wk before determination of total dissolved Ca, Mg,
Na, K, Fe, Al, Mn, Cu, Pb, Zn, Ba, Si, and P using inductively
coupled plasma atomic emission spectrometry (ICP-AES)
(APHA, 1992). The concentration of SO, as §, was determined
by the ICP method described by Raue et al. (1991). A filtered,
nonacidified 30-mL subsample was collected at the same time
and stored on ice for analysis of dissolved organic carbon
(DOC) using a Shimadzu TOC-5050 carbon analyzer. Element
detection limits were calculated as three times the standard
deviation of a nitric acid blank (pH = 2) that was filtered in
the field using laboratory deionized-distilled water. Measured
precisions for all analytes were <5% based on analysis of
standard solutions, and charge imbalances calculated for the
speciated solutions using the geochemical speciation model
MINTEQA2 (USEPA, 1991) were <8%.

The oxidation-reduction potential (Eh) was measured imme-
diately upon retrieval of the sample using a combination Pt/
Ag-AgCl electrode, and the results were used to calculate the
activity ratios of Fe**(aq) to Fe’*{aq) in the water samples.
The calculations were performed using the chemical equilib-
rium model MINTEQA2 (USEPA, 1991). The Pt electrode
was immersed in a 250-mL subsample, and a stable reading
was obtained within 2 min. Exposure of the sample to air
during this time did not affect the measured Eh readings, and
this was confirmed by monitoring the solution Eh of a sample
of Spenceville sediment pore water collected without head
space as it was purged with pure O(g) for 20 min in the
laboratory. A stable Eh reading of 300 mV (not normalized
to the Standard Hydrogen Electrode, SHE) was maintained
for at least 20 min, and thus the oxidation rate of Fe’*(aq)
was shown to be too slow to be detected in the measured Eh
readings. These observations are in agreement with previous
studies that have shown that in acidic, iron-rich solutions, the
measured Eh is a valid indicator of the redox status of the
water and is not affected by presence of dissolved O;(g) (Singer
and Stumm, 1970; Sung and Morgan, 1980; D.D. Runnells
et al,, 1993, unpublished), Supporting studies have shown that
the use of a Pt electrode is a valid method for determining
Eh, and thus the activity ratio of Fe**(ag) to Fe**(aq) in
acidic, iron-rich water, such as the water in the Spenceville
Pit (Nordstrom et al., 1979; Ball and Nordstrom, 1985; Davis
and Ashenberg, 1989; Levy et al., 1997), Oxidation of ferrous
Fe is very slow (hours to days) in acidic waters, but the
measurements in this study were made immediately upon sam-
pling to further ensure that no change in Eh had occurred.
The Eh measurements reported here were standardized relative
to the SHE using Zobell’s Solution (APHA, 1992).

Total suspended solids were measured on water samples
from the winter sampling. Approximately 700 mL of sample
were collected in 250-mL polypropylene bottles and cooled
with ice. Within 24 h, the samples were filtered through dried
(70°C for 3 h) polycarbonate-membrane filters (0.20 pum).
Following filtration of the sample, the filters were dried (70°C
for 3 h), reweighed, and the concentration of suspended solids
was calculated by dividing the mass of suspended solid by the
volume of water filtered.

Total sulfide was measured on location at all depths during
the summer sampling utilizing the methylene-blue method
(APHA, 1992) and a portable spectrophotometer. Based on
the resulis of these measurements, sulfide analyses on waters
collected during the subsequent winter sampling were carried
out utilizing the Orion Model 94-16 Ag/Ag,S electrode to
gain higher sensitivity, These analyses were accomplished by
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Fig. 1. (a) The Imperial Paint and Copper Co., about 1890. The large excayation was left by the San Francisco Copper Co., which operated
the mine from 1875 to 1888. (b)) The abandoned Spenceville Mine in 1994. Note the Fe-oxide cemented terrace deposits (a), overlying the
metayoleanic hedrock, that transport dissolved metals and acidity to adjacent Little Dry Creek.

mixing 15 mL of sample with 15 mL of sulfide antioxidant sulfides during transport to the laboratory. Dissolved sulfide
buffer (NaOH + ascorbic acid) immediately upon sampling, was then measured with the Ag/Ap,S electrode in the laboratory
and by placing the samples on ice to prevent oxidation of within 24 h.
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Fig. 2. Bathymetry of the Spenceville Pit showing Sampling Stations
A and B,

To identify potential precipitation reactions that may act to
control metal concentrations in the pit water, the saturation
index (SI) for solids was calculated by MINTEQA2 using the
equation:

SI = log JAP/K.,) [1]

where IAP is the ion activity product observed in solution, and
K, 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 oversaturation indicates that
the precipitation of the respective mineral phase is thermody-
namically possible. At SI = 0, the solution and the solid
phase(s) being considered are in apparent equilibrivm. In this
study, apparent equilibrium was defined when the SI value for
any solid phase under consideration was between —0.50 and
+0.50, due to the inherent uncertainties in the analytical and
thermodynamic data,

Sediment Sampling and Mineralogical Methods

Sediment from the pit lake floor was collected in winter
with a spring-loaded box-type sampler and stored in 500-mL
polyethylene bottles without head space at 4°C during transport
to the laboratory. Samples of the sediments were centrifuged
at 12 000 g for 20 min, and the Eh, pH, and sulfide concentra-
tions of the extracted interstitial water were measured as de-
scribed above. An aliquot of the supernatant liquid was filtered
through a 0.20-um pore-size filter and acidified with high-
purity nitric acid for dissolved metal analysis by ICP, Triplicate
samples of the sediment were digested for total elemental
analysis (Lim and Jackson, 1982), and the amount of entrained
pore water in the sample was calculated from a moisture
determination. Total sediment metal concentrations were cor-
rected for metals present in the entrained pore water by sub-
tracting the mass of metal entrained in each sample.

The mineralogical composition of the sediment was deter-

mined by preparing a sample of the wet sediment as a paste
mount (Theisen and Harward, 1962) followed by x-ray diffrac-
tion (XRD) analysis. For comparison, an air-dried sample (<2
mm) of the adjacent mine tailings, the dominant source of
sediment to the pit, was analyzed by XRD as a random powder
mount (Jackson, 1979). The samples were analyzed with a
Scintag XDS-2000 diffractometer using Cu~-Ka radiation with
a Ge solid-state detector and calibrated to better than 0,01
degrees 2-theta using a corundum (¢~-ALOs) standard. Mineral
phases were identified with XRD by calculating distances be-
tween diffraction planes from the recorded diffraction peaks
and comparing them with reference standards (Joint Comm,
on Powder Diffr. Stand., 1993).

Water Balance Calculations

A water balance calculation was performed for the Spence-
ville Pit to estimate the amount of time that was required for
pit filling after mining operations had ceased. The water balance
consists of three inflow elements and four outflow elements.
Inflow consists of (i) surface runoff during storms, (ii) precipita-
tion onto the pond surface, and (iii) groundwater inflow through
the metavolcanic bedrock. Outflow consists of (i) surface water
overflow from the pit when it becomes filled, (ii) evaporation
from the pond surface, (iii) groundwater outflow through the
metavolcanic bedrock, and (iv) groundwater outflow through
the terrace deposits when the pit becomes filled. The water
balance was calculated on a monthly basis using a computer
spreadsheet. Surface water runoff was calculated using methods
described by the Soil Conservation Service (Haan et al., 1994),
and evaporation rates were estimated from the tabulated evapo-
transpiration coefficients provided by Pruitt and Snyder (1985).
Average monthly precipitation values were obtained from re-
cords of the California Department of Water Resources (1981).
Monthly groundwater inflow through bedrock was calculated
using Darcy’s Law, assuming that the thickness of the bedrock
aquifer (15 m) and the hydraulic gradient (0.066) remains
constant, and using an average hydraulic conductivity of ap-
proximately 4 % 1075 cms~' (S.S. Papadopulos and Associates,
1988, unpublished).

RESULTS
Chemistry of the Water Column

The specific conductance profiles show that the Spence-
ville Pit is chemically stratified (Fig. 3a). The conduc-
tance values were nearly constant in the upper 3 m
{Locations A and B) and a stagnant water mass of higher
salinity was identified between the 10- and 15-m depths
(Location B). The two water masses are separated by a
zone exhibiting an abrupt increase in salinity. In patural
lakes that are permanently stratified (meromictic lakes),
these zones are referred to as the mixolimnion, chemo-
cline, and the monimolimnion, respectively (Wetzel,
1983); for convenience, we have adopted this terminol-
ogy in the discussion of pit-lake stratification.

In summer, the specific conductance values ranged
from 3.51 dS m™' at the surface to 13.1 dS m™' at
the monimolimnion. In winter, the specific conductance
values in the monimolimnion were comparable (12.8 dS
m™~"), but the specific conductance values at the surface
were lower in winter compared with summer (1.25 dS
m™') as a result of incomplete surface mixing following
a rainfall event that had occurred the previous day. The
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Fig. 3. Selected chemical and physical properties of the Spenceville Pit waters, Open circles = 31 Aug. 1994 (sunumer); closed cirefes = 28 Dee.
1994 {winter). Data points corresponding to depths of 0.3, 1, 2, 3, 4, and B m represent the means fyom Sampling Locations A and B,
Precisions of the analyses were: specific conductance (£3%), dissolved Ox(g) (5%}, temperature (£1°C), Eh (15 mV), and pH (10.10

units).

similarity between the conductance profiles observed in
the summer and winter indicates that the pit is probably
permanenily stratified (Fig. 3a).

The concentration of dissolved Oa(g) was highest in the
surface waters, but decreased rapidly in the chemocline
to produce an anoxic monimolimnion (Fig. 3b). The
temperature profiles (Fig. 3c) show that the warmest and
coldest temperatures were both observed at the pit surface
(0.3 m) during summer and winter, respectively, and
that seasonal oscillations are damped below a depth of
approximately 8 m. The surface-water temperature was
19°C cooler in winter (Fig. 3¢) and resulted in the higher
dissolved O{aq) concentrations observed in winter at
the lake surface (Fig. 3b) (Wetzel, 1983). Light penetra-
tion into the surface water was greatest in summer, but
was absent below a depth of 4 m in both seasons (Fig.
3d).

The measured Eh values ranged from approximately
480 to 850 mV (Fig. 3¢). The Eh at the surface was 75
mV lower in winter than in summer, and the values
generally decreased with increasing depth. A 23-mV Eh
increase in suminer and a 163-mV Eh increase in winter
was observed between the 0.30- and 4-m depths, relative
to the surface, The pH values in the water column (Fig,
3f) decreased with increasing depth down to the lower
chemocline, and increased thereafter in the monimolim-
nion, where the highest pH value in the water column

was recorded (pH = 2.89), (Only pH values from the
winter sampling are reported due to difficulties in elec-
trode calibration during summer sampling.) Sulfide con-
centrations measured with the Ag/AgS ¢lectrode were
below the detectable limit (1077 M).

The concentrations of dissolved C, P, and suspended
particles generally increased with increasing depth in the
water column (data not shown). The concentrations of
DOC exhibited irregular trends with depth in the mixo-
limnion, ranging from 21.4 t0 26.5 wmol L', The DOC
concentrations increased with increasing depth below
this zone, however, and ranged from 137 pmol L™' at
the 4-m depth to 599 pmol L' at the [5-m depth.
Phosphorus concentrations were 3.23 pmol L' in the
mixolimnion and then increased with increasing depth
below 3 m. In the chemocline, the P concentrations
continued to increase from 10,7 to 14.5 pmol L', and
similar P concentrations were measured in the monimoli-
mnion (12.3 pmol L™Y). Suspended particle concentra-
tions were lowest in the mixolimnion (0.20-1.0 mg L),
increased in the chemocline (1.2-6.1 mg L"), and
reached a maximum at the 15-m depth (26 mg L™").

The concentrations of the major and trace elements
at each depth for gach location are given in Table |
(summer) and Table 2 (winter). Lead and Ba were below
the detectable concentrations (2.4 and 3.6 pumol L',
respectively) in virwally all of the samples and thus these
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Table 1. Selected chemical characteristics of the Spenceville Pit water samples collected on 31 Aug. 1994,

Depth Eh S0, Fe (Fe*+/Fe't)t Si Al Mg Ca Na Cu Mn Zn Ni K
m my mmol L-! pmot L-!
Sampling Station A
Mixolimnion
0.3 757 203 2.2 0.085 1.59 2.53 4.48 4.42 1.02 0.563 117 379 2.44 38,9
1 790 203 2.69 0.023 1.61 2.53 4.44 4.29 1.04 0.573 122 399 2.40 44.3
2 790 20.4 271 0.023 1.70 2.60 4.40 4,29 1.06 0.565 119 393 2,50 34.3
3 617 2.4 123 14.2 1.65 5.23 7.98 5.84 1.20 1.38 169 589 5.52 3,58
Chemocline
4 651 52.7 16.5 3.38 1.86 6.67 8.80 6.19 1.24 1.87 173 587 6.98 5.37
6 629 102 38.0 599 2.51 12.3 13.9 8.41 1.52 3.98 269 812 14.0 bdi
8 604 128 53.0 14.1 2.64 14.9 17.6 9.38 1.64 4.03 357 1460 16.9 2.60
9 589 131 59.2 24.8 2.62 15.8 18.7 9.63 1.79 3,97 410 1760 21.6 bd
Sampling Station B
Mixolimnion
0.3 782 20,5 3.84 0.036 1.63 2.57 4.57 4.42 1.09 0.568 135 445 307 35.8
1 757 19.5 2,96 0.088 1.62 2.59 4.36 4.34 1.05 0.527 125 422 3.20 51.2
2 795 21.0 2.81 0.018 1.58 2.45 4.40 4.47 1.06 0.524 120 444 an 58.8
3 647 44.0 12.7 4,32 1.69 5.11 7.94 5.94 1.16 1.29 186 606 7.14 30.7
Chemocline
4 652 52.8 16.0 3.37 1.82 6.04 8.56 6.14 1.24 1.65 186 687 8.67 25.6
8 599 124 54.0 2.49 2.66 15.3 17.0 9.18 1.67 4.15 375 1460 20.3 10.2
10 579 136 63.5 16.1 2.77 16.0 19.3 9,71 1.81 3.74 462 1940 23.5 bd
Monimolimnion
15 484 137 76.7 1400 2.10 14.2 22,1 9.66 2.82 1.60 464 2310 23.5 235

t Activity rate of Fe**(aq) te Fe't(aq) calculated from total dissolved Fe concentrations and Eh measurements using the geochemical speciation model

MINTEQA2 (USEPA, 1991).
$bd = below detection = 2,60 pmol L-t for K.

data are not included in Tables 1 and 2. The elemental
concentrations show that the pit water chemistry is domi-
nated by Fe, Al, Ca, Mg, and SOy, and exhibits metal
distributions similar to those reported for the Berkeley
Pit (Davis and Ashenberg, 1989). The elemental profiles
generally resemble the specific conductance profiles (Fig.
3a), with distinctly varying trends in the mixolimnion,
chemocline, and monimolimnion. The data indicate that

shortly after the addition of fresh waters from a winter
rain, a 2-stratum mixolimnion is present, as shown by
the dilution of the surface (0.3 m) metal concentrations
in winter (Table 2) compared with summer (Table 1).

The existence of chemical stratification resulted in
element concentrations and ionic strengths that increased
with increasing depth in the water column, The dissolved
constituents listed in Tables 1 and 2 represent ionic

Table 2. Selected chemical characteristics of the Spenceville Pit water samples collected on 28 Dec. 1994,

Depth  Eh S0, Fe (Fe**+/Fe’*)t Si Al Mg Ca Na Cu Mn Zn Ni K
m (mV) mmol L-! umol L-!
Sampling Station A
Mixolimnion
0.3 706 6.81 1.40 0,510 0.310 0.975 1.05 1.22 0.318 0.126 35.1 B2.5 bd} 49.1
1 179 16.8 2.80 0.021 1.39 1.94 3.44 in 0,831 0.400 96.7 265 bd 62.7
2 828 20.5 3.05 0,003 1.56 2.24 4.20 3.9 0970 0.513 111 317 1.43 47.1
3 853 22.8 3.76 0,001 1,51 2,73 4.65 4,22 1.06 0.534 122 338 1.36 40.7
Chemoctine
4 658 33.7 10.3 2.41 1.65 4,26 7.40 5,50 1,19 1.04 159 424 2,59 36.1
6 630 83.1 27.6 10.6 2.21 9.60 12,1 7.41 1.48 2,715 244 794 5.67 258
8 614 116 48.0 §.54 2.46 14.4 16. 9,11 1,68 4.25 330 1260 8,91 16.6
9 600 127 54.6 14,2 2.24 15.3 17.8 9.63 1.74 4.22 379 1680 10,5 25.3
Sampling Station B
Mixolimnion
0.3 686 721 1.39 1.30 0.318 1,01 1.09 1.29 0.338 0.134 36.2 84.4 bd 45,0
1 793 18.6 2.52 0.011 1.33 1.95 3.69 3,49 0.987 0.442 97.6 274 bd 49,9
2 838 22,2 3.09 0.002 1,57 2.23 4.53 4,04 0.992 1.560 114 332 1.53 46.3
3 853 22.5 3.85 0.001 1.60 2.77 4.65 4,24 1.09 0,518 121 337 1.36 45,5
Chemocline
4 652 39.7 10.7 2.74 1.7 4.41 7.53 5.61 1.24 1.18 169 48 291 31.0
8 614 123 48.0 8.10 2.44 14,4 15.9 908 170 4,39 335 1260 9.30 13.0
10 585 144 62.4 23.6 2.28 16.2 19.8 10.2 1.82 4.09 433 1910 11.3 22.8
Monimolimnion
12 569 156 70.6 42.3 2.26 17.4 21.6 10.3 1.92 4,11 504 2390 14.1 17.1
15 504 169 85.0 520 2.05 16.9 24.3 10,9 2.29 2.66 584 2690 15.9 127

1 Activity rato of Fe’*(aqg) to Fe’*(aq) calculated from total dissolved Fe concentrations and Eh measurements using the geochemical speciation model

MINTEQA2 (USEPA, 1991),
1 bd = below detection = 1,30 pmol L-! for Ni,
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strengths ranging from 0.030 M in the mixolimnion
(0.3-m depth) to 0.33 M in the monimelimnion (15-m
depth). Tonic strengths in the dilute winter surface waters
were 0,019 M. In the chemocline, the elemental concen-
trations increased with increasing depth, resulting in the
increasing specific conductance values with increasing
depth in this zone. The constituents Ca, Mn, Ni, and
SO, behaved conservatively in the monimolimnion. In
other words, their concentrations remained essentially
constant between the lower chemocline and the mixolim-
nion, indicating no net loss or gain of these constituents
in the deeper waters resulting from processes such as
precipitation~dissolution, adsorption-desorption, or
groundwater inflow-outflow. Sodinm, Mg, Fe, K, and
Zn concentrations, however, continued to increase with
increasing depth in the mixolimnion. Copper, Al, and
Si concentrations actually decreased between the upper
and lower monimolimnion during both seasons.

Sediment Pore Fluid Chemistry

The Spenceville Pit sediment is unconsolidated and
was determined to be approximately 60 c¢m in thickness,
based on the difference between the depth at which the
sediment sampler contacted the pit bottom and the depth
at which sediment was collected with the cylindrical
water sampler. The sediment Munsell color (wet) is 10R
4/4, or weak red. The elemental analysis of the sediment
pore fluid, and the concentration of these elements rela-
tive to their concentrations near the sediment-water inter-
face (15-m depth), are given in Table 3. The concentra-
tions of Ca, Mg, Mn, Zn, Si, SO4, and Ni in the pore
flnid were virtually the same as their concentrations at
the 15-m depth. The concentrations of Na, K, and Fe,
however, were enriched in the pore water relative to
concentrations at the 15-m depth. Aluminum and Cu
concentrations continued to decrease across the sedi-
ment-water interface, as they did in the lower monimoli-
muion (Tables | and 2), resulting in lower pore water

Table 3. Sclected chemical and physical properties of the Spence-
ville Pit sediment and pore water,

Relative pore

Component Sedimentt Pore water} water conc.§
Ca 146 10.9 1.00
Mg 1530 4.9 1.03
Na 5900 2.8¢ 1.23
K 11 000 0.294 2,32
Fe 390 000 97.2 114
Al 24 000 153 0.91
Cu 840 1.78 0.67
Ni <80 0.016 0.99
Mn 853 0.604 1.03
Zn 350 2.74 1.02
Si 446 000 2.08 0.99
) 390 000 161 0.96
pH - 3.42 -
Eh - 509 mV -
L H:S(aq) - 24 x WM -
Crganic C not measured 9.49 mmol L—! -

+ Sediment concentrations in mg kg~ '. Concentration reported on a dry-wt,
basis and corrected for the entrained pore fluld, The sediment was 54%
H;O on a dry wi, basis.

 Element concentratlons are in mmol L%

§ Value represents the concentration in the porc water relative to the
concentration in the water column at the 15-m depth,

concentrations of Al and Cu relative to those at the 15-m
depth (Table 3).

The porewater pH was 3.42, significantly higher than
the monimolimnetic water (2.89), and the measured Eh
was 509 mV. The calculated activity ratio of Fe?*(aq)
to Fe'*(aq) was 396. Sulfide was detectable only in the
pore fluid, with a concentration of 2.1 X 107° M. The
concentration of DOC in the pore water was 9.49 mmol
L-!, significantly higher than that in the overlying water
(0.60 mmol L"), Dissolved P concentrations in the pore
water {11.6 wmol L~!) were essentially the same as those
in the monimolimnion.

Sediment Mineralogy

The x-ray diffractograms of the Spenceville Pit sedi-
ment and the adjacent tailings revealed characteristic
diffraction peaks corresponding to hematite (Fe,Os),
quartz (0-Si10,), and jarosite [KFea(SO4),(OH)l, and the
x-ray patterns of the sediment and the adjacent mine
tailings were essentially identical. The mineralogical
composition of the sediment is consistent with the results
obtained from the acid dissolution of sediment samples
{Table 3). The data in Table 3 show that the sediment
composition was dominated by Fe, S, X, and Si. The
sediment also contained high concentrations of Al
(2.4%), but the host phase for Al was not identified.

Geochemical Modeling

The results of the MINTEQAZ chemical speciation of
the waters sampled in winter are presented in Table 4.
Speciation data for the surface waters (0.3-m depth, Lo-
cations A and B), the lower mixolimnion (3-m depth,
Locations A and B), the lower chemocline (10-m depth,
Location B}, the lower monimolimpion (15-m depth,
Location B), and the pore waler are presented, The
calculations indicate that the speciation of Fe(IIl) is domi-
nated by FeSO{(aq), whereas Fe(Il} exists primarily as
Fe?*(aq) in the mixolimnion and in the chemocline, and
as FeSO§ (aq) in the monimolimnion and in the sediment
pore water, Inthe surface waters, Al and Caexist primar-
ily as free ions, but the SO4 complexes of Al and Ca
become more abundant with increasing depth in the pit.
The dominant orthophosphate species is HPO7 (aq). The
majority of the P, however, is present as FeH:POJ3 " (aq)
in the surface waters, mixolimnion, and chemocline, and
as FeH.POJ(aq) in the monimolimnion and sediment
pore water, consistent with the increasing proportions
of Fe(ll) to Fe(lll) that were calculated for the lower
depths and based on Bh measurements (Tables 1 and 2).

For the trace elements, the calculations indicate that
the majority of the dissolved Cu, Ni, and Zn generally
exists as free ions, and the remainder forms ion pairs
with SO4 (Table 4). The proportion of Cu and Ni com-
plexed with 8Oy increased with increasing depth in the
water column, reflecting the increased concentration of
S0O4. The proportions of free and complexed metal ions
are similarly distributed in the chemocline and the moni-
molimnion, and also in the sediment pore water. For
Zn, the disulfate ion pairs became significant in the lower
depths of the water column.
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Table 4. Distribution of selected agueous species and saturation
indices for solid phases in the Spenceville Pit (winter profile)
calculated nsing MINTEQAZ.7

Mixolim-~ Monimol-
Surface nion Chemocline imnion Pore
Parameter 0.3m) (3m) (10 m) (15 m) water
Distribution of aquecous species
Iron (I1I)

% Fet 13 10 6 3 5

% FeQH** 10 4 1 3 9

% FeSO} 67 7 58 54 49

% Fe(SO4- 5 13 35 37 32
TIron (II)

% Fer* 83 75 57 55 55

% FeSO} 17 25 43 43 45
Aluminium

% Al 52 41 23 19 22

% AISO} 49 41 K 30 30

% AL(50.)1 8 18 47 51 48
Calcium

% Ca®t 78 69 52 49 50

% CaSOY 22 k)| 48 51 50
Phosphoerus

% H,PO; 12 5 10 16 13

% FeH,PO} 1 - g 77 80

% FeH,POi* 86 95 47 4 5
Copper

% Cu?* 78 68 51 48 50

% CuSO{ 22 32 49 52 50
Nickel

% Ni* 80 70 52 50 52

% NSO} 20 30 47 50 48
Zine

% Zn*+ 15 63 35 32 34

% ZnS0§ 24 33 39 39 38

% Zn(SC.)i~ 1 4 26 29 38

Saturation indices for solid phasesy
AIOHSO,

(jurbanite) -0.39 -0.21 +0.29 +0.69 +1.2
KAIL(S0,)(OH)s

(alunite) -26 =34 -3.1 -0,01 +3.6
Fe(OH);

(ferrihydrite) =097 ~15 -2.6 -2.6 -~ 0.86
a-FeOOH (goethite) +2.7 +2.4 +1.5 +1.6 +32
CaS0,-2H,0

(gypsum) ~096 -0.27 +0.31 +0.35 +0.34
Fe,Q; (hematite) +10  +9.8 +7.9 +8.1 +12
KFexS504):(0H);

(jarosite) +69 +7.4 +5.4 +5.1 +8.9
FePO,' 2H,0

(strengite) +0.77 +0.08 +0.11 —-0.24 +0.85
Si0; nH,0

{amorphous) +017  +0.25 +0.30 +0.24 +0.28
FeS (mackinawite) ~88 ~—110 - 65 - 57 - 62
ZnS (sphalerite) -8  -100 - 61 —52 ~ 87
CuS (covellite) -69 —88 —~48 —40 —45

+ Data from surface and mixclimnion are averages from Locations A and
B; data from chemocline and monimolimnion are Irom Location B,

} Saturation index = log (ion actlvity product{IAP]/solubility constant(K,.])
for solid phases. Log (IAP/K;,) > 0 indicates oversaturation of the respec-
ti;e solid phase, log (IAP/K,,) < 0 indicates undersaturation of the solid
phase,

The calculated SI values for jurbanite (AIOHSO,) and
alunite [KAL(SO4).(OH)s] are negative in the shallow
waters, but the positive SI values calculated for the
lower depths indicate that precipitation of these solids
is thermodynamically possible (Table 4). The waters
were undersaturated with respect to ferrihydrite
[Fe(OH)i] at all depths, but oversaturated with respect
to the Fe-bearing phases goethite (a-FeOOH), hematite,
and jarosite. Equilibrium conditions were calculated for
gypsum (CaSO42H,0) and amorphous silica (Si-

0,nH,0) at all depths (Table 4) and for strengite (FeP-
0;°2H,0) in the mixolimnion, chemocline, and moni-
molimnion. Due to the low sulfide concentrations,
extreme degrees of undersaturation were observed for
mackinawite (FeS), sphalerite (ZnS), and covellite
(CuS).

Water Balance Calculations

The results of the Spenceville Pit water-balance calcu-
lations indicate that the magnitude of the inflow compo-
nents are surface runoff (1.35 X 107 L yr™!), precipitation
(1.70 x 10° L yr™"), and groundwater inflow (9.35 X
10° L yr~"). The magnitude of the dominant outflow
components are direct evaporation from the water surface
(2.78 x 10° L yr7!) and groundwater outflow through
the metavolcanic bedrock (4.42 X 10° L yr=! ). The
remaining 1.29 X 107 L yr™' represents the inflow that
initially filled the Spenceville Pit. After the initial pit
filling, the remaining inflow of 1.29 X 107 L yr~! drains
from the pit via surface water overflow and ground-
water outflow through the terrace deposits that overlie
the metavolcanic bedrock. From the known volume of
the excavation (2.28 X 107 L), the initial filling of the
Spenceville Pit was calculated to take approximately 2 yr,
and thus the pit has been inundated for about 75 yr.

DISCUSSION
Development of Chemical Stratification

Chemical distributions in the water column of the
Spenceville Pit are characteristic of a meromictic lake
with poor mixing and significant chemical stratification.
In a recent study of 260 lakes in North America, Ander-
son et al. (1985) cited (i) protection from wind-induced
mixing and (ii) relative depths >5% as the most important
factors contributing to the persistence of meromictic
conditions. The relative depth of the Spenceville Pit is
34% and the pit waters are protected from wind mixing
by the local topograplty. The inherent high relative depths
of pit lakes, combined with the addition of acidic mine
waters exhibiting high ionic strengths, predispose the
waters to chemical stratification.

During the early stages of filling, ground and surface
waters (hat entered the pit became concentrated through
evaporation. The rain and surface waters that subse-
guently entered the pit were dilute relative to the existing
pit waters, and the water column became chemically
stratified as a result of density gradients and protection
from wind-induced mixing. In winter, the addition of
overland flow and rainwater results in a near-surface
layer that is less dense than the deeper waters, and the
presence of this 2-layer stratum is detectable through
both the diluted shallow water metal concentrations mea-
sured in winter (Tables 1 and 2) and the specific conduc-
tance, Eh, and pH values in winter that indicate relatively
dilute waters near the pit surface (Fig. 3a, 3e, and 3f).
The existence of this two-layer stratum is only temporary,
however, because sufficient wind energy exists to induce
mixing of the upper 3 m of the pit water. The cycle
of evaporation followed by dilution repeats each year,
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resulting in deeper waters that are apparently sufficiently
saline to offset the seasonal changes in density at the
surface caused by heating and cooling. These processes
result in chemical stratification of the water column
that appears to be permanent; however, more frequent
sampling would be necessary to assess the seasonal turn-
over of the Spenceville Pit.

Groundwater inflow to the Spenceville Pit is another
process influencing the elemental profiles. The data in
Tables 1 and 2 show that the relative increases in concen-
tration with depth for elements that are expected to
display conservative behavior (e.g., Na and Mp) are
variable, For example, Table 1 shows that Na concentra-
tions increase from a mean value of 1.06 mmol L' at
the surface to 2.82 mmol L™ at the bottom of the pit, or
by a factor of 2.7. Magnesium concentrations, however,
increase from a mean value of 4.53 mmol L' at the
surface to 22.1 mmol L' at the pit bottom, or by a
factor of 4.9. These observations indicate that groundwa-
ter inflow contributes to the observed elemental concen-
tration profiles with depth in the Spenceville Pit, either by
elemental additions (e.g., Mg) or by dilution (e.g., Na).

Chemical and Biological Processes
in the Water Column

The chemical composition of the Spenceville Pit water
is dominated by dissolved Fe, Al, Ca, Mg, and SOs.
The low pH values (<2.60) are typical of acid mine
waters produced from the microbially catalyzed oxidation
of sulfide minerals (e.g., pyrite) (Nordstrom, 1982a).
The range in Eh values is within the range reported for
the Berkeley Pit (Davis and Ashenberg, 1989) and falls
within the category of mine waters that are in contact
with the atinosphere, as described by Garrels and Christ
(1965). Concentrations of DOC in the shallow waters
of the pit range from 21.4 to 137 pumol L', whereas
the common range for DOC concentrations in natural
lakes is approximately 170 to 830 wmol L' (Drever,
1988). Dissolved P concentrations in the mixolimnion
(3.23 wmol L"), however, are typical of those commonly
observed in freshwater lakes; below a depth of 3 m,
they are quite elevated in comparison (10.7-14.5 pmol
LY (Faust and Osman, 1981; van der Leeden et al.,
1990). Thus, photosynthetic activity appears to be limited
in the pit water when compared with the majority of
freshwater lakes, based on the relatively low DOC con-
centrations and the relatively high P concentrations ob-
served, Undoubtedly, the high H ion concentrations and
the elevated free metal ion concentrations result in condi-
tions that are unfavorable for the growth of photosyn-
thetic organisms.

Iron is an important constituent in the pit water because
precipitated Fe hydroxides have the potential to scavenge
trace metals from the water column as they precipitate
and settle (Benjamin and Leckie, 1981; Sigg, 1985).
Trace metal scavenging by suspended particulates, how-
ever, does not appear to be a significant factor controlling
trace metal distributions in the Spenceville Pit, due to
the low suspended particle concentrations observed and
the low adsorption affinities of Cu and Zn at the pH ranges

encountered (Benjamin and Leckie, 1981; Dzombak and
Morel, 1990). This conclusion is also supported by the
work of Schultz etal. {1987), who demonstrated complete
metal desorption from ferrihydrite as the pH was de-
creased from 9.5 to 4.5. Davis and Ashenberg (1989)
further concluded that scavenging of trace metals by
amorphous Fe hydroxides in the Berkeley Pit was insig-
nificant due to the acidic nature of the pit water,

The data in Tables 1 and 2 show that distributions of
Ni and Zn in the water column are similar to those of
the major ions, suggesting that the elemental profiles are
controlled by the cyclic evaporation and filling and by
the groundwater inputs, as discussed above. A decrease
in soluble Cu concentrations, however, was observed
between the lower chemocline and the sediment pore
water {Tables 1, 2, and 3), but is difficult to explain on the
basis of particle adsorption or precipitation, Geochemical
calculations (MINTEQA2) show that the pit water is
undersaturated with respect to several cupric minerals
that are commonly associated with acid mine water in
various geochetnical environments (Alpers et al., 1994),
e.g., covellite (CuB), antlerite {Cux(SOH(OH}], bro-
chanite [Cuy(SO4{OH)s], and chalcanthite (CuSOy -
5H:0}) (Table 4).

Table 4 shows that the waters were oversaturated with
respect to goethite, although the slow growth kinetics
of goethite probably result in metastable phases of ferri-
hydrite and microcrystalline goethite, which tend to be
more common in acid-mine environments (Alpers et al.,
1994; Bigham, 1994), Oxidation of Fe(Il) in the shallow
waters followed by precipitation of Fe(lil) results in a
net release of 2 moles of protons per mole of Fe, resulting
in the lower pH values observed in the lower mixolimnion
and chemocline (Fig, 3f):

Fe?*(aq) + 1/40,(g) + H* (aq)~>
Fe'* (aq)-+ 1/2H0() 121
Fe'*(aq) + 2H;0()~a-FeOOH(s) + 3H* (ag) [3]

The activity ratios of Fe?*(aq) to Fe**(aq), calculated
from Eh measurements and total dissolved Fe concentra-
tions at each depth (Tables 1 and 2), are consistent with
the processes of Fe oxidation and precipitation in shallow
waters, as depicted above. The ratio of Fe?*(aq) to
Fe*"(aq) in the shallow pit water was 15 times higher
in winter compared with summer, reflecting recent inputs
of Fe**(aq) in winter surface runoff from the surrounding
mine tailings, Oxidation of Fe(ll) to Fe(Ill) resulted in
a marked decrease in the ratio of Fe?*(aq) to Fe*"(ag)
in the oxygenated lower mixolimnion when compared
with the shallower waters. This trend was more pro-
nounced in winter, and is illustrated by the increasing
Eh measurements witk depth in the mixolimnion (Fig.
3e).

Below the mixolimnion, an increase in the activity
ratios of Fe?*(aq) to Fe**(aq) with depth was observed
(Tables 1 and 2). Although abiotic processes, such as
ferric Fe precipitation, may act to increase the activity
ratios of Fe**(aq) to Fe*(aq), this would not explain
the increase in Fe(Il) concentrations., A more plausible
explanation for the decreasing Eh values in the water
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column is based on the reduction of Fe(IIl) below the
mixolimnion, coupled with oxidation of organic matter,
The clinograde oxygen profile (Fig. 3b) is a distinct
characteristic of permanently stratified, natural lakes,
and is an indication of microbial activity that results in
greater removal of oxygen by biological oxidation of
organic matter than can be supplied by mixing of the
shallow and deep waters (Wetzel, 1983; Balistrieri et
al., 1994).

Utilization of soluble and particulate forms of Fe(II)
as an electron acceptor in the oxidation of organic matter
has been demonstrated by a diverse population of micro-
organisms, under a variety of conditions (Lovley, 1991):

4 q-FeOOH(s) + CH,O(s) + 8H*(aq) =
4Fe**(aq) + COx{g) + 7TH0) f43

The consumption of protons and production of Fe(II)
illustrated in Eq. [4] are consistent with trends in decreas-
ing Eh and increasing pH that were observed near the
bottom of the pit (Fig. 3e and 3f), where particle concen-
trations were highest. The increasing pH values with
depth in the monimolimnion (Fig. 3f) and in the pore
water (Table 3) are also indicative of bacterial SO4 reduc-
tion, a process that results in the production of alkalinity
and the incorporation of S as inorganic fortns in sediments
affected by acid mine drainage. The measurable sulfide
concentrations in the sediment pore water (Table 3)
provide further evidence of biological transformations
of Fe and S near the bottom of the pond.

A high degree of jarosite oversaturation was calculated
in the Spenceville Pit at all depths (Table 4). This mineral
is ubiquitous in acid-mine environments, where condi-
tions of oversaturation are commonly observed (Nords-
trom, 1982a; Jambor, 1994), Although kinetic barriers
may act to slow the precipitation of jarosite in the pit
waters (Alpers et al.,, 1994), jarosite was identified by
XRD analysis of the tailings and bottem sediments. The
equilibrium conditions calculated for strengite also indi-
cate that it is a solid phase that may potentially control
P concentrations,

Elevated Al concentrations in the Spenceville Pit most
likely result from the enhanced dissolution of alumino-
silicate minerals as a result of their contact with the
acidic waters (Nordstrom, 1982b). Saturation indices
representative of equilibrium conditions were calculated
for alunite in the monimolimnion, and for jurbanite in
the mixolimnion and the chemocline (Table 4), indicating
the potential for these minerals in controlling Al solubil-
ity. Nordstrom (1982b) also implicates basaluminite
[Al(SO4)(OH)y SH,0] as a possible solid phase that
may control Al solubilities in acid mine environments.
Basaluminite, however, is metastable with respect to the
above-mentioned Al minerals, and the data for this study
lie below the solubility line for basaluminite in the dia-
gram provided by van Breeman (1973). The SI values
for jurbanite and alunite at the 15-m depth (Table 4)
indicate near-equilibrium conditions between the two
minerals, but they were not identified in the sediments
by XRD analysis. Sediment analyses, however, indicate
that Al comprises 2.4% of the sediments by weight, and

that S is also a significant component (3.9%) of the
sediment. In addition, pore water S and Al concentrations
indicate a net loss of these elements relative to the 15-m
depth (Table 3). These observations suggest that jurbanite
is the likely phase that controls Al solubility in the
Spenceville Pit. Jurbanite was also implicated as an Al
solubility control in the Berkeley Pit (Davis and
Ashenberg, 1989).

The Spenceville Pit waters were calculated to be at
equilibrium with respect to gypsum in the mixolimnion
{Table 4). In addition to goethite and jarosite, gypsum
is one of the most abundant secondary minerals found
in sulfide-rich tailings impoundments (Jambor, 1994).
Although gypsum equilibrium was calculated in the
Spenceville Pit, the characteristic XRD peaks for gypsum
were not identified in the sediments; in addition, sediment
Ca concentrations were low (<0.02%) (Table 3) and
the concentrations of dissolved Ca remained constant
throughout the monimolimnion and into the interstitial
water (Tables 1, 2, and 3). Based on the equilibrium
cenditions observed, gypsum precipitation may act to
control Ca concentrations in the Spenceville Pit waters.

CONCLUSIONS

A detailed study of the Spenceville Pit water column
indicates that certain chemical properties and mineral
solubility controls operate that are unique to acidic pit
lakes. Striking similarities in the pH, redox state, mineral
saturation states, and concentration profiles of the major
and trace elements exist in comparison with the Berkeley
Pit at Butte, MT, though on a much smaller scale, The
minerals gypsum, gocthite, jarosite, and jurbanite were
identified as solids that may control metal solubility in
the Spenceville Pit waters.

Unlike natural, higher pH lakes, where scavenging
of trace meials by particulate Fe hydroxides can be
significant, trace metal distributions in acidic pit lakes
are more often controlled by the processes of seasonal
filling and evaporation. These processes, coupled with
the inherent high relative depths of pit lakes, predispose
the pit lakes to chemical stratification. High salinities
are produced by evapoconcentration of the pit water,
and this eventually results in the genesis of deeper waters
that are sufficiently dense to offset seasonal changes in
density at the surface caused by heating and cooling.
These observations are consistent with our current under-
standing of the relationships between physical dimensions
and stratification of pit lakes.

Other physical and geochemical processes that occur
in acidic pit lakes are not unique to these environments
but may operate in natural, higher pH lakes as well.
Water column profiles of specific conductance, dissolved
oxygen, and temperature in acidic pit lakes are character-
istic of a meromictic lake that exhibits poor mixing. The
data from this study suggests that microbial oxidation
of organic C is coupled with Fe(Il) reduction in water
below the zone of mixing, where dissolved Ou(g) is
absent. In an analogous fashion to natural lakes, this
process results in reducing conditions in monimolimnetic
waters, The combination of high Fe(II} and low organic
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C concentrations in pit lakes, however, limits the extent
of SO4 reduction. Thus, sulfide concentrations are low,
precluding the guantitative precipitation of trace metals
as diagenetic metal sulfides.
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