


estimates of pH, As, and SO4 concentrations can be
predicted using existing datasets and geochemical
codes coupled with a realistic conceptual model of a

pit lake system.
One of the primary problems with modeling water

quality in future pit lakes is that the few pit lakes in

existence are either inaccessible or have not been in
existence long enough to have attained steady state
conditions either geochemically or hydrologically.

However, the authors were able to obtain a relatively

complete historical dataset from Getchell Gold
Corporation in eastern Humboldt County, NV for 3
pit lakes that were in existence from 1968 to 1983. The

importance of an historical dataset is that it can be
used to calibrate a conceptual model of a mine pit lake
environment.

The methods are applied to modeling water quality
in the historical North pit lake on the Getchell Gold
Corporation property. Mining operations in the North

pit are currently inactive and the pit is pumped dry at
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Fig. 1. Locations of current and future open-pit mines that will contain water upon cessation of mining activities. Filled circles in-

dicate pits that currently contain water; open circles indicate pits that will contain water in the future (after Shevenell et al., 1999).
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present to maintain dry operating conditions for
underground mining operations. Future environmental
concerns for this pit, as well as the other pits at

Getchell, are focused primarily on the generation of
high concentrations of As and SO4 sulfate, as well as
potentially low pH from oxidation of sul®de minerals.

The Getchell Mine is well-known for its abundance of
the As minerals, realgar, and orpiment (Hotz and
Willden, 1964), and elevated concentrations of As have
been measured in both the pit lakes and local ground-

waters.

2. Background

2.1. Geology and mineralogy

The Getchell Mine is located in eastern Humboldt
County, NV, northeast of the town of Winnemucca.

The minesite is situated at the northern end of the
Getchell Trend that includes other currently active
open-pit mining operations for disseminated Au as-
sociated with As-bearing sul®de mineral phases

(Fig.1).
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The geology of the Getchell North pit is dominated
by the Getchell fault zone, a N±S trending feature

(Fig. 2), which has emplaced the Lower Cambrian to
Lower Ordovician Preble Formation above the
Ordovician Comus Formation. Tertiary volcanic

rocks are exposed along the eastern ¯ank of the
North pit, and a small dike of Osgood Mountain
granodiorite stock cuts the Preble on the western

¯ank of the pit. The Preble and Comus Formations
in the Osgood Mountains area are partly coeval and
similar in lithology. The Preble Formation lithology

is characterized by phyllitic shale and slate, inter-
bedded limestone, and micaceous sublitharenite and
quartz arenite. Comus lithologies are similar to Preble
but lack regional metamorphism (Madden-McGuire,

1991) and are predominantly an alternating sequence
of dolomite, limestone, and shale (Hotz and Willden,
1964).

Mineralogy of the Preble includes quartz, K-feld-
spar, calcite, muscovite, and pyrite. Greenstone-facies
metamorphic rocks in the Preble consist of plagioclase,

biotite, muscovite, and hornblende. Minerals observed
in samples of Comus are quartz, calcite, calcic plagio-
clase, and muscovite. Tertiary volcanic rocks are com-

posed primarily of quartz and feldspars with some
biotite. Unaltered granodiorite consists of quartz,
orthoclase, plagioclase and biotite. Main sul®de min-
erals at the Getchell Mine include realgar, orpiment,

pyrite and arsenopyrite (Joralemon, 1951; Hotz and
Willden, 1964).

2.2. Water levels and water chemistry

Getchell North pit lake attained a maximum

depth of 34 m in 1983, and water was primarily
contributed by groundwater with some surface water
in¯ow. The premining water level is unknown, but
assumed to be equivalent to the elevation of the

water in the pit in 1983. Although no premining
water levels are available at the site, water levels
believed to be una�ected by dewatering operations

have been measured in the vicinity of the North pit
lake. One well (MMW5) is located upgradient of
the pit, separated from the pit by one major fault

and several minor faults and had a measured water
level of 1851 m in February 1990. Another well
(93-27) located just downgradient of the former pit

lake had a measured water level of 1670 m in 2/93.
Because the measured pit lake elevation in 1983
was 1697 m, a value that lies between the two
water levels measured in nearby wells, it is likely

that this 1983 value is very nearly equal to the pre-
mining water level in the pit area. Therefore, it is
assumed that a water level elevation of 1697 m rep-

resents the steady state water level in the pit lake.
The assumption of this near steady state water level

is further supported by the measured water levels in
the lake, which show only slight increases with time

toward the end of the data record (Fig. 3).
Historical geochemical surveys from the North pit

lake are either limited to reporting As, SO4, TDS and

pH, or the samples were composited over the entire
depth pro®le of the North pit lake. No speci®c docu-
mentation was provided regarding procedures used to

composite the historical samples except to state that
equal proportions of pit waters were collected at 2 lo-
cations, one section at the south end and one section

at the north end, and at 3 depths within the lake and
mixed prior to sample analysis. The top sample was
taken 5 feet below the surface, the bottom sample was
taken 5 feet above the pit bottom, and the middle

sample was taken at approximately mid±depth between
the other two samples. These composited data are im-
portant in that they provide clues to water chemistry

in the historical North pit lake and provide the basis
for the model calibration.
The composited samples from January 1982 and

April 1982 are complete for both major and minor
ions. The analyses appear to be of high quality with
electroneutrality for the two analyses at <2%. Field

measurements include pH temperature and conduc-
tivity. According to ®eld notes, 2 composited samples
were ®ltered and acidi®ed (one with HNO3 and one
with H2SO4), and one sample was un®ltered and

unpreserved. Although the size of the ®lter is not given
in ®eld notes, it is assumed to be a 0.45 mm ®lter.
Analyses for the April 1982 samples were conducted at

the Water Analysis Laboratory, Desert Research
Institute, Reno, NV. Major cations, metals, and total
As were measured on the ®ltered, acidi®ed (HNO3)

sample and anions on the un®ltered, unpreserved
sample using atomic absorption spectrometry. Total
suspended solids and turbidity were measured on the
un®ltered samples (Table 5) (M. Miller, Water

Analysis Laboratory, Desert Research Institute, pers.
comm.).
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3. Conceptual model and method

3.1. Pit lake characteristics

Pit lakes possess several characteristics that dis-
tinguish them from natural lakes. Pit lakes generally
have a greater depth relative to surface area than most

natural lakes, a characteristic that in¯uences circula-
tion of the water column. Table 1 compares natural
and pit lakes in Nevada and shows that pit lakes are

consistently smaller than natural, closed±basin lakes
and the surface area to depth ratios of pit lakes are
>3 orders of magnitude smaller, a factor that can
reduce the e�ect of evaporation on the total lake

volume. Pit lakes exhibit thermal and chemical strati®-
cation and seasonal turnover, much like natural lakes,
but the greater relative depth of pit lakes makes them

more likely to develop a permanently strati®ed anoxic
bottom layer or to be meromictic (Anderson et al.,
1985; Doyle and Runnells, 1997). The hydrology of pit

lakes di�ers from natural lakes because groundwater
¯ow commonly dominates in¯ow, whereas surface

water dominates in¯ow to natural lakes (Atkins et al.,

1997).
Pit lake systems involve large-scale processes as well

as micro-scale processes. Large-scale processes that

a�ect water quality in a pit lake may include the evol-
ution of background geochemistry of local ground-
waters, seasonal strati®cation and turnover, and

evaporation. Micro-scale processes that may a�ect
water quality in a pit lake may include mineral surface
area reactivity, dissolution and oxidation rates, and

extent of wall rock reaction. Figure 4 links the macro-
and micro-scale processes that are operative in a pit
lake environment.

3.2. Hydrology

In order to evaluate the e�ects that pit lakes may

have on water quality, knowledge of the water volumes
and ¯uxes into and out of the lakes is required.
Because the main hydrologic factor considered here in

the geochemical conceptual model is the total ¯uid
volume, details of the groundwater ¯uxes and losses
via evaporation will be discussed elsewhere. Only the
general water balance method is included here.

An analytical (spreadsheet) water balance method
was employed in this work to model pit lake ®lling for
the North pit lake at the Getchell Mine. Pit lake ®lling

rates and water balances have been conducted pre-
viously and published for the Twin Creeks, NV open
pit (HCI, 1996); hypothetical pit lakes in California

and Nevada (Havis and Worthington, 1997); Voisey's
Bay, Labrador pit lake (Bursey et al., 1997); and an
unnamed pit lake (Naugle and Atkinson, 1992).

Similar procedures were followed to estimate pit lake
®lling in the current work as in previous work.
However, in the current work at Getchell, a known
water level versus time curve could be constructed

based on historical data (Fig. 3), and hence, water
levels, volumes, and ¯uxes into the pit could be com-
puted based on known rather than modeled water level

values.
In order to determine the timing of lake ®lling,

volumes of water in the pit at discrete times, and the

Table 1

Comparison of hydrologic properties of pit lakes with those of natural lakes

Surface area (km2) Depth (m) Surface area/depth ratio

Getchell mine

North pit lake 0.023 34.15 0.67

Center pit lake 0.026 36.26 0.72

South pit lake 0.047 22.88 2.06

Natural lakes

Walker Lake (Thomas, 1995) 164 55 2987

Pyramid Lake (Lebo et al., 1994) 438 102 4294

Fig. 4. Diagram illustrating the components of the pit lake

conceptual model. In this study, the authors have considered

local geology, groundwater (GW) chemistry, wall rock min-

eral/water interaction, physical limnological processes, and

mineral precipitation.
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potential in¯ow and out¯ow rates into and out of the
pit lakes, a simple water balance was constructed for

the lakes:

DS � Pÿ E� R� GWi � GWo �1�
where DS is the change in storage in the pit lake,

P = precipitation, E = evaporation, R = runo�,
GWi=groundwater in¯ow to the pit,
GWo=groundwater out¯ow from the pit. Because it

was assumed that steady state was reached when the
pit was full in 1983, DS equaled zero for dates follow-
ing 1983.

Precipitation data were acquired from the US Soil
Conservation Service, and the data supplied were cal-
culated using the PRISM method (Daly et al., 1993;
Natural Resources Conservation Service, 1995). These

data were queried in the current study to obtain repre-
sentative precipitation data for the Getchell area. An
empirical method was used to estimate potential eva-

potranspiration (PET) for the state of Nevada
(Shevenell, 1996), in which a statewide GIS model was
constructed that estimates PET on a 1 km grid for

each of the 12 months of the year. These GIS grids
were queried to determine the PET value associated
with the pit lakes at the Getchell Mine. Following the
methods of previous work at pit lakes (e.g. PTI, 1996),

the HELP model (Schroeder et al., 1994) was used to
estimate the evaporation from, percolation into, and
runo� from the pit walls (R ) between the lake surface

at the current time step and the rim of the pit. All 3 of
these parameters (P, E and R ) were computed using
the known water level, and hence, surface area of the

top of the pit lake that was obtained from an equation
describing stage-volume-surface area relationships (Fig.
3). Also from these relationships, the total volume of

water in the pit at any time (and associated water
level) was known.
Combined groundwater in¯ow minus out¯ow from

the Getchell North pit lake was obtained by di�erence

from Eq. 1 as a combined term:

�GWi ÿ GWo� � �V2 ÿ V1� ÿ Pÿ R� E �2�

where, V2 and V1 are the total volumes in the pit lake

at two di�erent time steps. Therefore, using a water

level vs. time curve and the stage-volume-surface area

relationships, P, R and E were computed using the

known surface area at each time step (month). The pit

lake volumes (V1 and V2) were also known from these

relationships, and GWi±GWo, that must have entered

the pit to obtain the known pit volume, were com-

puted by di�erence at each time step.

Assumptions that were used in the water balance

calculations are: (1) no evaporation from the lake

occurs during months with average temperatures less

than freezing; (2) no surface water in¯ow; (3) no runo�

out of the lake was allowed (any excess water assumed

to discharge as groundwater out¯ow from the lake);

(4) calculations are updated on a monthly basis; (5)

evaporation from the lake and precipitation inputs to

the lake were allowed to occur over only the area rep-

resented by the surface area of the top of the pit lake

as calculated from the previous time step.

The results of the water balance computations indi-

cate the surface areas and annual volumes that can be

anticipated when the North pit lake is full, and at

steady state (Table 2). Using these volumes and ¯uxes,

mean residence times within the pit lake can be esti-

mated. The total possible in¯ow (GWi) into the lake

was estimated by multiplying the area upgradient of

the pit lake to the groundwater divide by 15% of the

precipitation falling over that area to obtain approxi-

mate recharge. At steady state, it is assumed that all

recharge upgradient of the pit lake ¯ows into the lake,

and this volume is an estimated 33,000 m3/a. Using

this in¯ow, and the annual volumes gained and lost

from Table 2, the North pit lake will ¯ush within 9.4 a

(110% ¯ushing/a). This indicates that 10% of the pit

lake volume will be lost to evaporation and ground-

water out¯ow, and 10% will be gained via ground-

water in¯ow, precipitation and runo� from the pit

walls. If it is assumed that all out¯ow from the lake is

via evaporation, and none leaves the lake as ground-

water out¯ow (i.e. Q2=0 and only 15,858 m3 enters

the lake via groundwater in¯ow, which is 48% of the

Table 2

Volumes and ¯uxes computed using simple water balance for Getchell's North pit lake. GWiÿGWo is net groundwater ¯ux

Lake volume (m3) 387,699 vs. 401,620 m3 from Conoco, 1982; 4% di�erence

Water level (m) 34.03 vs. 34.15 m measured; <1% di�erence

Top surface area (m2) 22,746

Precipitation (m3/a) 5743

Runo� (m3/a) 2621

Evaporation (m3/a) 24,222

GWiÿGWo(m
3/a) 15,858
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computed value of 33,000 m3), then the lake will ¯ush
every 16 a.

3.3. Geochemical conceptual model

Results from hydrologic model data are used to
develop a small-scale geochemical conceptual model in
which the total volume of the pit lake is 1000 cm3, the

same volume of ¯uid that is used in the reaction path
model EQ3/6 (Wolery and Daveler, 1992). Table 3
compares the maximum depth, top surface area, rela-

tive depth (maximum depth to surface area), and total
volume of the historical and conceptual pit lakes.
Total surface area of pit wall rock in the conceptual

small-scale model that is in contact with pit waters is
14.7 � 10ÿ3 m2 and is de®ned for determination of
the surface area of individual mineral phases in contact
with pit waters.

3.3.1. Pit lake analogs

Because pit lakes do not currently exist on the
Getchell property, analogs to the historical Getchell
North pit lake have been used to estimate physical lim-

nological conditions. Temperature and DO pro®les in
D pit lake and temperature pro®les from B-zone pit
lake, both located in northern Saskatchewan (Doyle
and Runnells, 1997), and temperature and DO pro®les

from Aurora pit lake in western Nevada (Atkins et al.,
1997) were used for comparison. D pit lake is 26 m
deep and has a relative depth of 18%, which is closest

to the 22% relative depth of Getchell North pit lake.
B-zone pit lake is deeper than the maximum depth of
Getchell North pit lake at 55 m. Aurora pit lake is 17

m deep and has been chosen as a second analog
because it is a�ected by climatic in¯uences most similar
to Getchell North pit lake. Because the geology of
each of these lakes is unique, other geochemical par-

ameters, such as total As concentration and pH with
depth, cannot be compared to historical Getchell
North pit lake. DO pro®les may also be a unique par-

ameter, depending on wall rock mineralogy and degree
of biological productivity.
Temperature and DO pro®les were measured in the

upper 15 to 20 m of the D pit lake and show turnover
of the entire water column in spring and fall and strati-
®cation during the summer (Doyle and Runnells, 1997)

(Fig. 5(a)). Thickness of the epilimnion (upper layer)
from temperature data appears to be 18 m. The DO

pro®le shows measured values that are approximately
in equilibrium with the atmosphere throughout the
thickness of the epilimnion during summer strati®ca-

tion (15-July-86), whereas DO values in the hypolim-
nion (layer below thermocline zone) are increasingly
depleted (clinograde O2 curve).

B-zone pit lake shows thermal strati®cation during

the summer months and turnover during spring and
fall (Doyle and Runnells, 1997) (Fig. 5(b)). The thick-
ness of the epilimnion during summer strati®cation

appears to range between 8 to 10 m. Depth pro®le
plots of temperature and DO from Aurora pit lake
also show summer strati®cation with the epilimnion

layer developing in the upper 8 to 10 m of the pit lake.
Seasonal turnover appears to occur in Aurora pit lake
during spring and fall (Fig. 6(b)).

Considering studies of D, B-zone and Aurora pit
lakes (Atkins et al., 1997; Doyle and Runnells, 1997),
it is assumed that the historical Getchell North pit lake
was dimictic (turned over twice yearly) and holomictic,

meaning that the entire water column mixes during
turnover. Temperatures for the North pit lake are esti-
mated to be 178C for the epilimnion and 48C for the

hypolimnion during summer strati®cation. Winter stra-
ti®cation is estimated to be isothermal at 48C for both
the hypolimnion and epilimnion. The epilimnion is

estimated to comprise approximately 10% of the total
pit lake depth with the hypolimnion comprising 90%.

3.3.2. Model assumptions
No direct measurements of redox potential within

an existing pit lake have been reported using either
redox couples or ®eld Eh measurements. Because Eh
does not correlate well with DO concentrations in
natural lakes, DO cannot be used as a direct indicator

of redox (Hutchinson, 1957). Redox potential of pit
lake waters is perhaps the most important constraint
on a model system, and lack of information on this

aspect importantly a�ects model results. The authors
have assumed that the redox state of the epilimnion is
constrained by equilibrium with O2 in the atmosphere,

and that the hypolimnion is isolated from the atmos-
phere, so that its redox state is controlled primarily by
interaction with wall rock minerals. Although the de-

Table 3

Comparison of historical pit lake to conceptual model. Total volume is reduced to 1000 cm3 in conceptual model to accommodate

geochemical model limitations. Relative depth of historical pit lake is maintained in conceptual pit lake

North pit lake Max. depth Top surface area Rel. depth, % Total volume

Historical 34.15 m 22,746 m2 20 401,620 m3

Conceptual 4 cm 250 cm2 020 1000 cm3
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Table 4

Absolute and relative dissolution rates and proportions of wall rock composition for reactant minerals used in simulations of

Getchell North pit lake

Reactant minerals Mol% wall rock Log rate

(mol/m2/s)

Relative rate

(�quartz rate)

References

Silicates

Quartz 25 ÿ13.39 1 Rimstidt and Barnes, 1980

Muscovite 20 ÿ13.07 2.1 Lin and Clemency, 1981

Kaolinite 5 ÿ13.28 1.29 Nagy et al., 1991; Carroll and Walther, 1988; 1990

Anorthite 5 ÿ8.55 6.9 � 103 Fleer, 1982

Microcline 5 ÿ12.50 7.8 Schweda, 1989

Annite 5 unknown 2.1 assumed muscovite rate

Carbonates

Calcite 10 ÿ6.0 2.5 � 107 Plummer et al., 1978; Svensson and Dreybrodt, 1992

Dolomite 5 ÿ8.0 2.5 � 105 Busenburg and Plummer, 1987

Sul®des/Sulfates

Pyrite 5 ÿ9.4 1.0 � 104 Williamson and Rimstidt, 1994

Realgar 2 unknown 1.0 � 104 assumed pyrite rate

Orpiment 8 unknown 1.0 � 104 assumed pyrite rate

Arsenopyrite 4 unknown 1.0 � 104 assumed pyrite rate

Scorodite 1 unknown 1.0 � 104 assumed pyrite rate

R.N. Tempel et al. / Applied Geochemistry 15 (2000) 475±492 483



composition of organic material and photosynthetic
activity may also contribute to redox conditions, these
processes have not been quanti®ed in pit lakes and are

not included in the preliminary simulations.
In modeling the epilimnion in a pit lake, the calcu-

lation proceeds under conditions of equilibrium with

O2 (10ÿ0.7 tm.) and CO2 (10ÿ3.5 atm.) in the atmos-
phere. To represent such conditions, the ®xed fugacity
option is employed in EQ3/6 (Wolery and Daveler,

1992). The hypolimnion of a pit lake is modeled with-
out the ®xed fugacity option because the hypolimnion
is separated from the atmosphere by the epilimnion
and metalimnion (thermocline zone) and receives a

limited supply of O2 and CO2. For simplicity, the
metalimnion is neglected because it represents a zone
of transition between the epilimnion and hypolimnion

layers.
Model calculations have been conducted assuming

two 6-month intervals per year representing summer

and winter strati®cation events. Between each of the
strati®cation events is a mixing event that represents
spring or fall turnover. Water compositions that result

from 6 months of pit water/wall rock interaction in
both the epilimnion and hypolimnion are mixed in the
approximate proportions that are estimated for the
North pit lake (10% epilimnion; 90% hypolimnion).

The water composition that results from the mixing
event is used as input to the next winter or summer
strati®cation event, and the sequence of calculations is

repeated over several years. An assumption in model
calculations is that turnover is instantaneous and that
wall rock mineral reaction is negligible during a turn-

over event. The mean pit water residence time of ap-
proximately 10 a is considered to be the average time a

liter of water resides in the pit lake reservoir. This sim-
pli®es the calculation by neglecting the 110% ground-
water in¯ow per year and is done to focus on the more

dominant process of lake turnover.

3.4. Mineral dissolution and oxidation rates

Dissolution and oxidation rates of pit wall rock min-
erals are important in constraining the extent of water/

wall rock reaction that takes place during the residence
time of the pit waters. Dissolution and oxidation rates
considered in this study are given in Table 4. The
quartz dissolution rate is chosen as a reference rate

because quartz dissolves slowest of any of the minerals
used in the model, and rates of dissolution for minerals
other than quartz are determined relative to the quartz

dissolution rate. The oxidation rate for pyrite has been
determined from the methods of Williamson and
Rimstidt (1994) using a pH value of 7.5 and DO con-

centration of 3.0 mg/L. The pH value is the median of
the values measured in the historical North pit lake
waters. Because DO was not measured in the historical

North pit lake, the concentration used in estimating
the oxidation rate of pyrite was taken from measure-
ments of the Aurora pit lake waters in Atkins et al.
(1997). Oxidation rates for orpiment, realgar and

arsenopyrite in the neutral pH range are not known
(D. Rimstidt, pers. comm.), and thus the pyrite rate is
assumed for these minerals. Using relative dissolution

and oxidation rates in geochemical model calculations
provides a convenient alternative to using absolute dis-
solution rates in some geochemical reaction path codes

(i.e. EQ3/6, CHILLER), and can eliminate or minimize
convergence problems.

Table 5

Comparison of modeled results after 8.5 a with a historical composited water analysis. Starting groundwater composition is also

shown for comparison. Concentrations in mg/L, unless noted otherwise

Composite 1/26/82 Composite 4/28/82 Modeled hypolimnion Modeled epilimnion Modeled turnover MMW5 skarn/shale

Na 46 38.1 23.0 23.0 23.0 23.0

K 16 10.8 7.7 5.0 7.4 2.0

Mg 63 72.7 323 378 328 12.0

Ca 554 530 105 124 107 191.0

Fe nd 0.16 0.1 < 0.001 < 0.001 0.21

Al nd 0.2 1.0 � 10ÿ8 1.0 � 10ÿ8 1.0 � 10ÿ8 nd

As 0.14 0.38 0.57 96.3 10.1 0.17

HCO3 127 119 74.0 75.7 73.7 195.2

SO4 1610 1570 1503 1644 1518 380.0

SiO2 12.8 11.0 0.45 0.32 0.43 20.7

pH 7.5 7.7 8.2 8.2 7.9 6.7

TDS 2465 2420 2054 2366 2085 854

TSS 24

Turbidity 12 NTUa

a Nephelometric turbidity unit.
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Although mineral dissolution rates can be pH and
CO2 dependent, in the calculations dissolution rates
are assumed to be constant over the range of geochem-

ical conditions observed in Getchell North pit lake
waters. This assumption is reasonable because histori-
cal pH measurements are near-neutral, and CO2 levels
in the epilimnion are controlled by the atmosphere.

3.5. Water chemistry and rock composition

Because in¯ow into the historical Getchell North pit
lake was dominated by groundwater, it has been
assumed that the geochemistry of North pit lake

waters can be estimated by reacting wall rock minerals
with the chemistry of a local groundwater.
Contribution by surface waters is considered negligible
here because little, but unknown quantities of surface

water were noted to drain into the historical pit lakes.
If surface waters were found to be important, the geo-
chemical calculations would need to be modi®ed

because the addition of surface water would dilute pit
waters.
A representative groundwater was collected and ana-

lyzed (Table 5) during January 1997 from groundwater
monitoring well MMW5, located 0.25 km upgradient
of the present-day North pit because historical ground-

water analyses were not complete for major ions. The

MMW5 groundwater is a CaSO4 water-type with an

As concentration of 0.17 mg/L that is in equilibrium

with realgar.

In the conceptual model, the authors assume that

the wall rock composition of present-day North pit is

representative of the historical North pit lake wall

rock. Although Getchell North pit has been mined

since 1983, the exposed geology of the North pit was

not modi®ed signi®cantly by mining based on histori-

cal and present-day geologic maps of the area (Fig. 2)

(Hotz and Willden, 1964; Getchell Gold Corp, 1997).

Reactant minerals in the conceptual pit lake rep-

resent the various lithologies and the proportions of

those lithologies in the wall rocks of the Getchell

North pit. Table 4 lists the reactant minerals, percen-

tages of wall rock composition, dissolution or oxi-

dation rates used in the reaction path calculation, and

the references from which the rate data were obtained.

Scorodite (FeAsO4�2H2O) has been included as a reac-

tant mineral because it is a common weathering pro-

duct of As-bearing ore deposits (Dove and Rimstidt,

1985) and is observed at Getchell (R. Bowell, pers.

comm.). The EQ3/6 database has been modi®ed to

include scorodite using data obtained from Robins

(1987).
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3.6. Extent of wall rock reaction

The extent of wall rock reaction is a key component
of the conceptual model and represents the amount of

wall rock that is reacted with pit lake waters during a
6-month winter or summer season. The extent of wall
rock reaction, or reaction progress (Helgeson, 1970), is

based on the pit wall rock surface area in contact with
the pit waters, dissolution rate of the reactant minerals,
and the percentage of the reactant minerals in the pit

wall rocks. Additionally, a reactivity factor represents
the magnitude of e�ects, such as increased surface area
due to fracturing of wall rocks and microbial me-
diation of sul®de oxidation rates, and is determined

speci®c to a pit lake system. The expression for the

extent of reaction is:

Extent of reaction�mol of quartz� � wall rock surface area�m2�
� % wall rock composition

� dissolution rate�mol=m2=s� � reactivity factor � s=6 months

where wall rock surface area in the conceptual pit lake
(cylinder)=4.7 � 10ÿ3 m2; % wall rock composition is
the reactant mineral (typically quartz); dissolution rate

(typically quartz); a reactivity factor of 103 is used to
account for the di�erence between estimated and
observed values of dissolved species, and secs/6
months=1.6 � 107.
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Fig. 8. Dissolved species concentrations resulting from simulations of spring and fall turnover of the entire water column.

Table 6

Historical data from Getchell North pit lake with depth. Data for total dissolved solids, SO4, and As are in mg/L

Winter 1982 Spring 1982 summer 1983

3 ft 20 ft 40 ft 60 ft 75 ft 0 ft 5 ft 25 ft 50 ft 65 ft 5 ft 30 ft 55 ft 80 ft

pH 7.3 7.5 7.5 7.5 7.5 7.9 7.8 7.7 7.6 7.5 7.9 7.9 7.3 7.1

TDS 2455 2500 2394 2504

SO4 1640 1520 1550 1490

As 0.55 0.59 0.29 0.44
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3.7. Reactivity factor

Without a reactivity factor of 103, estimated SO4 sul-

fate levels are an order of magnitude too low com-

pared to observed values. Therefore, the extent of

water/rock reaction in the actual pit lake is higher

than that predicted using just the parameters of wall

rock surface area, % wall rock composition, and dis-

solution rates given in Eq. 3 above. Of these 3 par-

ameters, wall rock surface area and dissolution rate

are the least well-known in ®eld conditions. Factors

that may in¯uence wall rock surface area and dissol-

ution rates are rock fracturing in the Getchell area,

rock roughness, mineral surface reactivity, and mi-

crobial mediation. In the present conceptual model,

the authors have considered the in¯uences of these fac-

tors collectively as the reactivity factor, and once the

factor has been computed, it remains constant in all

simulations of the Getchell North pit lake.

Getchell North pit is located within the Getchell

fault zone that was formed during uplift of the Osgood

Mountains to the west. As a result of tectonic move-

ments, the North pit walls are highly fractured, thus

increasing the reactive surface area of the pit walls.

Fracturing during blasting for mining may also con-

tribute to the increase of reactive surface areas.

Elsewhere, reactive surface areas in fractured rocks in

contact with groundwaters are estimated to increase by
a factor of 0103 to 105 (Paces, 1973; Torgersen et al.,
1990), or for every square meter of wall rock surface

on the pit walls, pit waters will be in contact with 103

to 105 m2 of reactive rock surface along fractures.
Rock roughness enhances the reactivity factor by

increasing the surface area of the wall rock that is in
contact with pit waters. Mineral surface reactivity, re-
lated to numbers and types of surface dislocations,

may decrease the % reactive surface area (100% min-
eral surface reactivity is assumed at present).
Microbial mediation of sul®de oxidation may

increase the extent of water/rock interaction in a pit

lakes system by increasing the dissolution rate par-
ameter. Rates of oxidation of Fe sul®des are known to
increase in lignites in the presence of Thiobacillus fer-

roxidans by about an order of magnitude (Pugh et al.,
1984). At present, the in¯uence of microbes on oxi-
dation rates of As-sul®de minerals are not known or

explicitly considered.

4. Results and discussion

Evolution of pit lake chemistry has been simulated
using the described method over an 8.5-a period
because that is the length of time that the historical pit
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was approximately full of water. To simplify the calcu-
lations, it is assumed that both dimictic limnological
conditions and water/rock interaction did not begin

until the pit was completely full. Results are plotted
against time for epilimnion, hypolimnion, and seasonal
turnover conditions (Figs. 6±11), and include dissolved

species in concentrations >10ÿ6 mg/L along with min-
eral phases controlling the dissolved species concen-
trations.

4.1. Comparison of pH values

Results of simulations in the epilimnion show that
pH values ¯uctuate between 8.1 during the summer

and 8.2 during the winter after year 1 (Fig. 6).
Historical pH values in the upper 8±10 m (<33 ft.) of
Getchell North pit lake ranged between 7.3 and 7.5 in
winter of 1982 (equivalent to 7 a after 4/75, the esti-

mated pit full date), ranged from 7.7 to 7.9 in spring
of 1982, and was 7.9 in the summer of 1983 (equival-
ent to 8.5 a after pit full) (Table 6).

In the hypolimnion, simulated pH values drop to 8.2
after summer year 6 (Fig. 7). Observed values from
historical data range from a high value of 7.6 (at 50

ft.) in spring of 1982 to a low value of 7.1 (at 80 ft.) in
summer 1983 (Table 6). Estimated pH values from sea-
sonal turnover simulations decline over time to a low

of 7.9 by spring of year 9, and match observed values
(Fig. 8).
pH in model calculations is controlled primarily by

carbonate mineral equilibria. Throughout simulations
of the epilimnion, hypolimnion, and seasonal turnover,
calcite and magnesite precipitate as separate phases

(Figs. 9±11). In a real system, calcite and magnesite
would not precipitate as distinct phases, instead, they
would precipitate as a Mg-calcite solid solution com-

position. The higher modeled pH values, especially in
hypolimnion waters, may suggest that less carbonate
wall rock was available in the historical pit lake than
in the modeled pit lake system, or that groundwater or

surface water input was higher than assumed in the
model.

4.2. Sulfate concentrations

Observed SO4 concentrations obtained during the
summer of 1983 (Table 6) reached a maximum of 1640
mg/L from a sample taken in the epilimnion at 5 ft

and a minimum of 1490 mg/L at 80 ft in a sample col-
lected in the hypolimnion. Sulfate values estimated in
the model epilimnion reach 1644 mg/L in spring of

year 9 (Fig. 6) and match the observed values (0.2%
di�erence) because the reactivity factor (Eq. 3) was
adjusted to 103 to achieve the close match. Modeled
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values from the hypolimnion and seasonal turnover
are 1503 mg/L and 1518 mg/L, respectively (Figs. 7

and 8), and also match observed values closely (1490
to 1550 mg/L). Sulfate concentrations in the epilim-
nion simulations are not a�ected by mineral precipi-

tation because sulfate minerals, including gypsum, are
undersaturated. Gypsum is also undersaturated in
model calculations of composited water analyses from

the historical North pit lake. In comparison, SO4 con-
centrations are controlled in the hypolimnion by re-
duction of SO4 to sul®de and precipitation of pyrite

and realgar.

4.3. TDS values

Di�erences between historical and modeled TDS
values are small with an estimated epilimnion TDS
value (2366 mg/L) at spring year 9 di�ering from his-

torical measurements at an equivalent point in time
(summer 1983; Table 6) by 3.6 to 5.4% (Fig. 6).
Modeled TDS values (2054 mg/L) in the hypolimnion

match less closely with observed measurements and
di�er by 14.2 to 18.0% (2394 and 2504 mg/L; Table
6);(Fig. 7).

Di�erences in observed and estimated TDS values
are primarily the result of di�erences among Ca, Mg

and HCO3 concentrations in composited historical
analyses and modeled results. Historical Ca, Mg and

HCO3 concentrations are only available in two com-
posited analyses dated 1/26/82 and 4/28/82 that show
high concentrations of Ca (554 and 530 mg/L, respect-

ively), lower concentrations of Mg (63 and 72.7 mg/L),
and HCO3 concentrations of 127 and 119 mg/L (Table
5). By comparison, modeled Ca is lower than observed

values in the epilimnion (124 mg/L) and in the hypo-
limnion (105 mg/L). Modeled Mg is higher in the epi-
limnion (378 mg/L) and in the hypolimnion (323 mg/

L) than observed values, and estimated HCO3 concen-
trations are lower than observed values at 75.7 mg/L
and 74 mg/L in the epilimnion and hypolimnion, re-
spectively (Table 5). Composited waters are slightly

supersaturated with calcite, which is one reason that
observed Ca values are higher than modeled Ca
values.

Modeled Mg concentrations are higher than
observed values because dolomite precipitation is sup-
pressed in model calculations and the higher solubility

of the solid solution endmember magnesite causes Mg
to accumulate in pit waters. Slight supersaturation of
calcite in composited waters is evidence that the kin-

etics of calcite precipitation in pit waters is a relatively
slow process. The di�erence in the ratios of Mg/Ca in
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observed (0.14) and estimated (3.1) waters may be the
result of poor thermodynamic data for Mg-bearing

clay minerals that control Mg concentrations in the
natural system.
Dissolved SiO2 concentrations are 25 to 65 times

higher in composited and MMW5 well waters than
model water calculations (Table 5). This di�erence can
be explained by the kinetically slow precipitation and

resulting supersaturation of quartz or amorphous silica
in natural waters. The calculated concentration of dis-
solved SiO2 in equilibrium with quartz in pit lake and

groundwater samples is approximately 1.9 mg/L.
Levels of Na and K are also lower in modeled

waters compared to natural waters (Table 5). Sodium
concentrations are essentially conservative in the calcu-

lations because Na-bearing mineral phases were not
included in the reactant mineral assemblage.
Geochemical analyses of both the Comus and Preble

Formations, the predominant wall rock formations,
showed only the presence of K-feldspar and Ca-plagio-
clase in small amounts. The granodiorite dike and the

tu�aceous rocks (Fig. 2) contained some sodic feld-
spars, but the mol% of Na-feldspars in the overall pit
wall mineralogy comprised <1% and was, therefore,

neglected in the reactant mineral assemblage.
Considering the low Na concentration in modeled
waters, a few mol% of a Na-bearing mineral phase,
such as albite, should be included in future reactant

mineral assemblages. Low K concentrations in mod-
eled waters may also indicate that the mol% of K-
bearing minerals in the conceptual model (muscovite,

microcline, and annite) were lower than in the actual
pit wall rock. Potassium concentrations in composited
waters are in equilibrium with illite and stilbite,

whereas in modeled waters K-bearing minerals are
undersaturated.
Modeled Al concentrations are uniformly around

10ÿ8 m and are held at such low values by precipi-

tation of gibbsite and smectite mineral phases (Figs. 9±
11). Actual Al concentrations from the North pit lake
range from not detected to 0.2 mg/L (Table 5). The

high measurement may be due to analysis of a poorly
®ltered sample.

4.4. Arsenic concentrations

Because the purpose of the work is to develop a

method to estimate the As concentrations in pit lake
waters over time, the comparison between estimated
and observed As concentrations and interpretations of

di�erences are of greatest concern. Interestingly, 15 a
after the historical Getchell North pit lake began ®ll-
ing, observed As concentrations never exceeded about

0.6 mg/L (Table 6). In the model calculations, esti-
mated As concentrations are nearly constant at 0.57
mg/L in the hypolimnion (Fig. 7), but epilimnion simu-

lations resulted in estimated As concentrations as high
as 96 mg/L (Fig. 6). Seasonal turnover simulations

resulted in an intermediate estimate of about 10 mg/L
(Fig. 8).
Estimated As concentrations are controlled in hypo-

limnion simulations at a nearly constant value of 0.57
mg/L by equilibrium with realgar (AsS) (Fig. 10). By
comparison, in the epilimnion and seasonal turnover

simulations, As is not controlled by equilibria with As-
bearing minerals. In reality, As may be controlled in
part in the epilimnion by equilibria with arsenate salts,

but thermodynamic data for many of these minerals
are not known, and therefore, they are not present in
the reaction path model database. Scorodite may con-
trol As concentrations in nature in the epilimnion.

However, scorodite is undersaturated in epilimnion
simulations, primarily because of low Fe activity.
Undersaturation for scorodite may also be due to an

incomplete dataset for the Fe±As system in the model
database (Doyle et al., 1994).
An alternative explanation to low observed As con-

centrations in the epilimnion is adsorption to probable
hydrous oxide and clay mineral phases. While adsorp-
tion to hydrous Fe(III) oxides (HFO) may be an im-

portant mechanism elsewhere, its importance at
Getchell needs further investigation primarily because
of low Fe content in the Getchell system. Evidence for
low Fe content in the system includes (1) paucity of

Fe-bearing phases in host rocks; geochemical analyses
show Fe2O3 contents of host rocks to be 4 wt% or
less; and (2) low pyrite content in sul®de minerals; pyr-

ite comprises about 20% of the sul®de minerals with
As-bearing sul®de phases comprising the remaining
80% so that As content exceeds the Fe content by a

factor of about 4:1 (Hotz and Willden, 1964).
Despite low Fe concentrations in the Getchell sys-

tem, adsorption to other mineral surfaces, such as
gibbsite and clay mineral phases, may be e�ective

mechanisms in controlling As concentrations (e.g.
Anderson et al., 1976; Frost and Gri�n, 1977). Model
calculations predict precipitation of both gibbsite and

smectite in epilimnion simulations, and total suspended
solids measured from un®ltered composited samples
(along with `dissolved' Al analyses of 0.2 mg/L)

suggest that colloids may be important in the Getchell
North pit lake system.

5. Summary

The work to date predicting As concentrations in a
mine pit lake environment can be summarized as fol-

lows:

. Model results after 8.5 a compare favorably with
pH, TDS, and SO4 values measured in two historical
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composited waters and one depth pro®le.
. Modeled As concentrations compare favorably with

observed As concentrations in the hypolimnion
where model results suggest that realgar saturation
controls As levels. In the epilimnion, model results

do not match observed As concentrations which
suggests that mechanisms, such as precipitation of
arsenate salts (other than those included in the

model database) or adsorption to hydrous oxide
mineral surfaces, may control As levels in an actual
pit lake system. Adsorption to HFO surfaces is unli-

kely because of the low Fe content in the Getchell
system, but Al(HO)3 (gibbsite) and clay mineral sur-
faces may be important in controlling natural As
concentrations.

. The empirical reactivity factor is critical in model
calibration and represents the increases in the extent
of wall rock reaction caused by fracturing, rock

roughness, mineral surface reactivity, and microbial
mediation of mineral oxidation. More ®eld studies
are needed to quantify this factor for individual

sites.

Continuing work will consider the e�ects of variable
groundwater ¯ux, evaporation, and adsorption to hy-

drous oxide mineral surfaces in controlling As concen-
trations in a mine pit lake environment. Additionally,
the factors causing di�erences in Mg/Ca ratios between
observed and modeled waters will be investigated.
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