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Technical Article

A Screening-Level Laboratory Method to Estimate Pit Lake Chemistry

Andy Davis

Geomega, 2995 Baseline Rd, Suite 202, Boulder, CO 80303; e-mail: andy@geomega.com

Abstract. An analog pit lake (APL) test has been
developed to predict pit lake water quality following
closure of an equatorial copper-gold mine. The juvenile
(0-9 years after closure) pit lake (JPL) water budget will
comprise 10% rainfall; 26% surface runoff; 40%
wallrock runoff, and 24% deep groundwater inflow. The
mature (>65 years after closure) pit lake (MPL) will
consist of 39% rainfall; 29% surface runoff; 15%
wallrock runoff; 3% deep groundwater inflow, and 1%
shallow groundwater inflow, with the balance (13%)
contributed by the JPL. Wallrock runoff due to incident
precipitation was replicated in humidity columns,
subaqueous wallrock leachate by leaching columns of
each rock type with groundwater, rainwater by addition
of sea salt to deionized water, and surface runoff by a
sample from a local creek. The solutions were
combined in aquaria and the appropriate fraction
evaporated, 7% for the JPL and 36% for the MPL.
Electron microprobe analysis of precipitates identified
clays and Al, Cu, and Zn adsorbed to ferrihydrite
surfaces. A preliminary pit design resulted in an acidic
(pH 3.3) JPL containing 7 mg/L Cu. However, by
modifying the design to exclude a potentially acid-
generating andesite unit, the JPL water quality improves
(e.g., pH 6.7; Cu 0.002 mg/L). The MPL pH with the
andesite would be 6.1 (Cu = 2.2 mg/L), while the final
design results in a pH of 7.1 and 0.22 mg/L Cu. The
APL test can also be used to corroborate numerical
models predictions and assess the efficacy of mitigation
alternatives.
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Introduction

Innovations in ore extraction techniques over the last 15
years have resulted in the development of large pits to
extract low-grade ore, primarily in sulfide/limestone
hosted settings. When the ore is exhausted, dewatering
ceases and the cone of depression formed around the pit
recovers, with groundwater discharging into the pit
through the wallrock. While this issue has received
attention in Europe (e.g., Schultze and Geller 1996;
Geller et al. 1998) and Canada (Morin and Hutt 1995),
pit lake water quality has only been studied relatively
recently in the U.S. (Davis and Eary 1997; Shevenell et
al. 1999; Eary 1999; Shevenell 2000). This interest has
been heightened by the acidic (pH 3) high metal (Cu =

600 mg/L) condition of the Berkeley Pit lake (Davis
and Ashenberg 1989) and concern that pit lake water
quality will generally be poor (NRC 1999). This issue
will continue to be important from the perspective of
water quality and potential ecological impacts as open
pit mining increases throughout the world, and in
particular in the western United States. However, not all
open pit mines are destined to be acidic, especially in
terrain where the wall rock has substantial neutralizing
capacity, and inflow through calcareous rocks (typically
neutral pH with low metal concentrations) exceeds that
through oxidized sulfide-bearing rock units (often low
pH with higher metal concentrations). Indeed, existing
pit lakes cover a wide spectrum of chemical conditions
(Miller et al. 1996), ranging from benign (e.g., the
Cortez Pit Lake) to those that exceed primary and
secondary drinking water standards (e.g., the Berkeley
Pit Lake). The range in chemistry is substantial, due to
site-specific geologic, hydrologic, and geochemical
variables that control the ultimate chemistry of the
mature pit lake (Shevenell et al. 1999).

Predicting future pit lake chemistry has been the subject
of intense research (e.g., PTI 1996; Geomega 2001;
Ludwig and Balkenhol 2001) that has been necessitated
by permitting and bonding requirements, securing
funding for mining projects, and early definition of
potential mitigation approaches in the event of
potentially unacceptable water quality after mine
closure. In this paper, we describe an analog pit lake
(APL) test designed to quickly estimate pit lake water
quality using site waters and wall rock, and its
application to an actual site. Variations on the test could
also be used for rapid screening of alternatives, e.g., the
effect of modifying the pit design, infilling, and of
amendments on pit lake water quality.

Geologic and Hydrogeologic Regime

We applied the APL test to the mining of a large
equatorial copper-gold porphyry sulfide deposit.
Mineralization is hosted in a tonalite intrusive complex,
with diorite and metavolcanic (andesite) wallrock. The
area contains numerous faults and joints, a result of
three episodes of intrusions and associated faulting. A
large diorite laccolith is the result of the first intrusive
episode, itself later intruded by tonalite stocks and dikes
during two later episodes (Figure 1). Chalcopyrite
(CuFeS,) and bornite (CusFeS,) with minor chalcocite



(Cu,S) are the principle hypogene minerals, overlain by
volumetrically insignificant supergene enrichment and
by a gossan up to 85 m thick. The deposit is being
mined using conventional open pit methods with
ultimate pit walls ranging in height from 630-850 m.
The mine will be located in steep terrain between the
headwaters of two drainages about 10 km inland from
the coast, with the highest point of the deposit at 555 m
above sea level. Excavation of the pit will modify the
local groundwater table by creating a sink during
mining because of dewatering operations over the
estimated mine life (30 years).

Oxidation of exposed sulfide minerals in the ultimate
pit surface (UPS) wall rock will modify the initial
groundwater seeping into the pit following facility
closure. Near-surface sulfide oxidation occurs naturally
in the area, as evidenced by acidic seeps and springs
located near the top of the drainages, with 15 of the 87
exploratory pH measurements reported near the mine
site between 3.6-6.0 (Figure 2) and with Cu in analyzed
samples up to 3 mg/L (Table 1), similar to the
chemistry of other streams emanating from volcanic
areas (Delmelle and Bernard 1994). These data are also
consistent with other reports of elevated dissolved
metals and low pH in surface and ground water in
contact with undisturbed mineral deposits throughout
the world (Runnells et al. 1992).

The groundwater table mimics the topography, with the
water table 50 m below ground surface (bgs) beneath
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the ridges, and 10 m bgs in the valleys. Infiltration of
precipitation recharges the surficial groundwater
system, some of which discharges into adjacent valleys.
The remainder of the groundwater flows into a deeper
regional system that discharges into lowland areas
southeast of the site. The hydraulic conductivity of the
unfractured rock ranges from 107-10% cm/s, with
diorite more permeable than andesite, while the
hydraulic conductivity in the fault zones is higher (10™*-
10~ cm/s). Hence groundwater inflow (estimated at 3E6
m’/yr) into the ultimate pit will be predominantly
fracture controlled. When the pit is full (~65 years after
mine closure), overflow will enter the drainage to the
east (Figure 1). The APL experiments simulate the
juvenile pit lake (JPL) chemistry after 9 years (when the
pit lake will be ~250 m deep and contain 16% of the
total volume), and the mature pit lake (MPL), which
will be ~540 m deep containing ~52.5E6 m’ of water.

The Pit Lake Paradigm

The chemical composition of a pit lake depends on both
hydrological and geochemical processes that may
change over time as the pit fills, eventually reaching
steady-state conditions (Figure 1). Hydrological
processes are important because the water in the pit lake
will be derived from a number of different sources
including, 1) shallow and deep groundwater infiltration
through perimeter wall-rocks, 2) runoff of incident
precipitation from the pit walls, 3) artificial diversion of
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Figure 1. Schematic geologic cross-section, pit lake water budget and water column chemistry. The juvenile pit lake
(JPL) contribution is represented by the numerator and the mature pit lake chemistry contributions by the
denominator (Table 2). The JPL contributes 13.5% of the water to the mature pit lake.
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Table 1. Geochemistry of background seeps and springs (A-F) collected in the footprint of the ore deposit prior to
disturbance of the area (mg/L unless noted). See Figure 2 for well locations. Potassium was not analyzed in surface
water but was typically <5 mg/L in groundwater with equivalent chemistry. MW 2-1 and MW-1-3P are shallow and
deep wells, respectively.

Constituent A B C D E F MW 2-1 MW-1-3P

pH (s.u.) 3.9 6.8 67 61 77 3.6 7.6 6.8

Cond (uS/cm) 380 240 200 150 250 430 400 610

Al 3.5 06 04 14 06 3.6 0.4 <0.3

Ca 6.9 14 11 5 23 20 38 62

Fe 5.6 35 08 0.08 0.02 7.7 0.03 1.1

K n.a na na na na na 1.3 1.1

Mg 17 13 61 22 8.1 10 12 20

Na 7.3 11 15 15 12 21 26 24

Cl 13 12 10 10 13 12 10 11

SOy 110 75 65 50 42 150 48 170

NO;-N 0.02 0.01 0.01 0.15 0.18 0.05 0.05 0.17

As (ug/L) 2 2 1 <1 1 2 7 5

Cu (ug/L) 107 1 180 303 14 660 3 <1

Mn (ug/L) 280 170 60 85 13 390 170 337

Ni (ug/L) 8 <2 2 <2 <2 5 <2 <2

Zn (ug/L) 81 13 23 82 6 191 <1 860

Table 2. Relative contribution of waters to juvenile and mature pit lakes

a) Juvenile Pit Lake

Fluid Analog Contribution (%) Volume (L)

Deionized Water + Instant Ocean Rainfall 10.2 0.51

Boulder Creek water Arboreal Runoff 26.2 1.31

Humidity Cell 1 Effluent Wall Rock Runoff 39.5 1.98

Tonalite Column Effluent Deep Tonalite Inflow 0.7 0.04

Deep Andesite Column Effluent Deep Andesite Inflow 15.6 0.78

Deep Diorite Column Effluent Deep Diorite Inflow 7.8 0.39
Total 100.0 5.00

b) Mature Pit Lake

Fluid Analog Contribution (%) Volume (L)

Deionized Water + Instant Ocean Rainfall 39.1 11.58

Boulder Creek water Arboreal Runoff 28.7 8.50

Humidity Cell 2 Effluent Wall Rock Runoff 15.3 4.53

Tonalite Column Effluent Tonalite Inflow 0.02 0.005

Shallow Andesite Column Effluent Shallow Andesite Inflow 0.4 0.13

Deep Andesite Column Effluent Deep Andesite Inflow 2.1 0.62

Shallow Diorite Column Effluent Shallow Diorite Inflow 0.2 0.04

Deep Diorite Column Effluent Deep Diorite Inflow 0.7 0.21

Juvenile Pit Lake Water Juvenile Pit Lake Water 13.5 4.00
Total 100.0 29.62

surface runoff into the pit lake (arboreal runoff), and 4) exposed sulfidic rocks react with air, incident

direct precipitation into the pit lake. The lake chemistry precipitation, and/or groundwater to produce solutions

will be a function of the flux and chemistry of these that are a function of: 1) the oxidizeable sulfide content

flows, on which is superimposed the geochemical of the wallrock, 2) the alkalinity of the infiltrating
processes that occur in the UPS. At this interface, groundwater, 3) the buffering capacity (i.e., lithology)
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Figure 2. Configuration of the mine area showing
shallow (MW2-1) and deep (MW-1-3P) monitoring
wells and drainage features, with the ambient pH of
previously existing seeps and springs (see Table 1 for
chemistry) superimposed on the ultimate pit surface
footprint. Designations A through F represent surface
water sampling locations. Arrows on tributaries indicate
prior surface water flow.

of the wallrock, 4) the extent of formation of
amorphous ferric hydroxide [Fe(OH)3am)], 5)
site-specific variables, such as moisture content and
temperature, 6) the diffusion rate of oxygen into the
wallrock (controls sulfide oxidation kinetics), and 7) the
seasonal rate of lake overturn and oxygenation to depth
(Davis et al. 2002).

Oxidation of sulfide minerals, particularly pyrite in the
UPS, generates acidity in pit lakes following reaction
chemistry that has been described previously
(Nordstrom 1982; Fennemore et al. 1998). Conversely,
in carbonate-buffered solutions, ferrihydrite precipitates
on reactive pyrite surfaces, reducing reaction rates and
the rate of formation of acid rock drainage (Nicholson
etal. 1988). In practice, the acid-generating capacity of
the pit wall rock is determined by the net carbonate
value (NCV), which is the difference between the acid
generation potential (AGP) and the acid neutralization
potential (ANP). AGP and ANP are specified in terms
of %S and %CO,, respectively (Sobek et al. 1978), as
measured on a carbon-sulfur analyzer after
distinguishing the different carbon species, i.e., organic
and carbonate, and between sulfate and sulfide sulfur
(Newmont 1995). The AGP = 1.37 (S?), where S is
the % sulfide-S measured in the rock, and the 1.37
coefficient represents the formula weight of CO,
divided by the atomic weight of S. The ANP = 3.67

(Ccor )» Where Ccog- is the % carbonate carbon

measured in the rock. The 3.67 coefficient is derived
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from the formula weight of CO, divided by the atomic
weight of carbon (the %CO, NCV can be converted to
kg CaCQO3/1000 metric tons of rock by dividing by
0.044). When the ANP exceeds the AGP by a factor of
>1.5, acid generation is inhibited, while at lower ratios,
acid generation is likely (Lapakko 1992; Chapman et al.
2000), although the U.S. EPA (1994) asserts that
ANP/AGP ratios of <3 represent a range of uncertainty.
In contrast, long-term (>160 weeks) column tests
indicate that an NNP:AGP of >2.7 should result in a net
neutral pH condition (Chapman et al. 2000).

The UPS NCV of the deposit was characterized from
827 paired C and S analyses on a LECO 344 analyzer
following the method of Newmont (1995). In the pit,
approximately 75% of the UPS will consist of
metavolcanics, with NCVs typically ranging from -2 to
+2 (Figure 3). There is also potential for exposure of an
acid-generating andesite unit (NCV —4 to —7) in the
northeast perimeter of the highwall that could adversely
influence the pit lake chemistry in the event of
uncontrolled surface runoff into the pit. Indeed, one of
the objectives of this study was to assess the nature of
this impact as part of responsible mine planning.

The UPS wall rock contributing to the JPL consists of
meta-andesite, tonalite, and hornblende diorite (Figure
3). The meta-andesite (n =474; x ANP=0.33, x AGP=
0.60, x NCV =-0.28) will occur at all UPS elevations
(Figures 4a and 5a). Tonalite will only be exposed
below —50 m, hence contributes to the JPL runoff but
not directly to the MPL runoff. This unit consists of an
old tonalite with a slightly negative to slightly positive
(-1 to +1) NCV (n = 44; x ANP = 0.50%, x AGP=
0.50%, x NCV =-0.24), and a young tonalite (n = 48;
X ANP=0.44; x AGP=0.38; Xx NCV =-0.15) (Figure
5b). The diorite unit (n=261; x ANP=0.18; x AGP =
0.56, x NCV = -0.42) NCV ranges from -2 to +2
(Figures 4b and 5c¢). Hence the NCV distribution was
known as a function of depth for the entire UPS.

The contribution of the various hydrological and
geochemical processes to the lake chemistry changes
over time as the pit fills. As ground water discharges
into the pit, acidity and iron will be flushed from the
wall rock, facilitating precipitation of amorphous ferric
hydroxide (AFH) in the water column (Figure 1). AFH
sequesters metals in solution either by sorption or
coprecipitation as it settles through the water column to
form a metal-rich basal sludge (Miller et al. 1996) that
limits metal solubility in the water column (depending
on the system pH). For example, cation concentrations
from closed basin lakes, existing pit lakes, and modeled
pit lakes generally increase with decreasing pH, while
anion concentrations are higher in more alkaline
conditions (Davis and Eary 1997).
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Figure 3. Distribution of NCVs in the UPS showing the
Juvenile Pit Lake (JPL) and Mature Pit Lake (MPL)
water surface elevations (above mean sea level); A =
metavolcanics (andesite); D = diorite; YT = young
tonalite, OT = old tonalite

Methods

The experiment consisted of initial simulation of JPL
chemistry, followed by simulation of MPL chemistry.
To simplify the experiments, wall rock was excluded
from the APLs on the basis that reactivity had been
accounted for during the leaching cycles, while the
rubbleized base of the pit was assumed to be adequately
represented by the crushed rock used in the column
tests.

Relationship between Simulated Inflows and Analog
Volumes

Water fluxes to the pit from the various sources were
based on the results of a MODFLOW groundwater flow
model (Golder 1995). The groundwater inflow rates to
the pit through each unit were calculated by assigning a
rock type to each model cell that intersected the UPS,
and summing the fluxes to calculate the total flux into
the pit for that rock type over time. Based on site-
specific rain gauge data correlated with other local data,
incident precipitation onto the pit lake surface and wall
rock will be ~1.8 m/yr. Initial pan evaporation data
indicates that evaporation from the pit lake will be ~1.3
m/yr, while arboreal runoff (calculated from a water
balance study) will be ~0.7 m/yr (Golder 1995). Hence
appropriate fluid volumes from humidity cells
(representing high wall runoff) and the column
effluent(representing groundwater discharge through
the UPS) was mixed with precipitation in the
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Figure 4. The NCV distribution and frequency by
lithologic unit in the shallow (-50 to +278 m) interval
of the UPS for a) meta-andesite and b) diorite

appropriate ratios to simulate JPL and MPL influent
solutions (Table 2).

Generation of Characteristic Solutions

To obtain characteristic highwall runoff leachate,
humidity columns were run following the protocols of
Sobek et al. (1978) and ASTM (1996). The juvenile pit
wall consists of 22% diorite and 78% andesite, while
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Figure 5. The NCV distribution and frequency by
lithologic unit in the deep (—300 to —50 m) interval of
the UPS for a) meta-andesite, b) tonalite (occurring in
the UPS only below —50m), and c) diorite
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the mature pit wall will comprise 13% diorite and 87%
andesite (Table 3). The relative contributions by
lithological NCV class were obtained from —10 mesh
(2mm) drill core rejects and seeded with Thiobacillus
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ferrooxidans (cell density of 10°~107/mL) to facilitate
sulfide oxidation. The material was packed into
columns in 10 separate lifts (tamped between lifts), and
dry air pumped through each column for three days,
followed by humid air (air bubbled through water) for
three days. On the seventh day, 1L of deionized water
was allowed to infiltrate by gravity through each cell.
Geochemical parameters (pH, Eh, Fe'?) were measured
on each effluent aliquot, with the process continuing for
24 weeks (deemed adequate to assess the propensity for
acid rock drainage; ASTM 1996) during which 21
samples were collected at approximately weekly
intervals (Figure 6).

To determine the water quality discharging through
each lithological unit into the pit, groundwater collected
from shallow (MW2-1; 24-65m) and deep (MW-1-3P;
100m) monitoring wells from the site (Figure 2) was
pumped through PVC columns. The columns (5 cm id x
36 cm) were packed with ~1kg of each rock type (Table
3) prepared as described previously. Initially, the rock
material in the columns was allowed to oxidize (to
simulate conditions at the exposed pit surface) by
running a stream of air alternating from dry to humid
through each column for 8 months, a period adequate to
at least oxidize any peripheral sulfides. For context,
humidity cells that have undergone oxidation cycles for
5 months are deemed to be representative of the long-
term acid generation potential (ASTM 1996).
Subsequently, deep and shallow groundwater collected
from the site was pumped through the columns
containing the deep and shallow rock types,
respectively, at 40 mL/hr (representative of predicted
groundwater discharge rates). Different volumes of
groundwater were processed through each column
depending upon the experimental requirements (Table
2) and the effluent from each individual column
combined to generate the appropriate volume necessary
for either the JPL or MPL test.

The rainfall component consisted of deionized water to
which 1.9 mg/L of Instant Ocean (a synthetic sea salt)
was added to simulate near-ocean rainfall, the amount
determined by normalizing the amount of Na to that in
tropical near-ocean precipitation (De Carvalho and
Leprun 1991). The arboreal runoff component consisted
of water collected from Boulder Creek, a pristine
mountain stream in Colorado, the chemistry of which
(Table 4) was similar to arboreal runoff near the site
(Table 1). The creek water contained 3.4 mg/L
dissolved organic carbon and 9.4 mg/L of total
inorganic carbon.

APL Deployment

Three 38 L glass-walled aquaria were used as pit lake
analogs. Both the JPLs and MPLs included two
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Table 3. Distribution of rock types and NCV values for leaching experiments

Aerial Exposure (Runoff)

Sub-aqueous Exposure (Groundwater Discharge)

Juvenile Pit % NCV Juvenile Pit % Contribution NCV
Diorite (22%) 12 -1.86 Tonalite 100 0
70 -0.26
9 0.56 Diorite 56 -0.3
9 -0.02 22 0.56
22 -0.02
Andesite 16 -2.54
46 -0.71 Andesite 50 -0.37
38 0.44 50 0.44
Mature Pit Mature Pit
Diorite (13%) 13 -1.86 Diorite 100 -0.26
79 -0.26
4 0.56 Andesite 60 -0.37
4 -0.02 40 0.44
Andesite 45 -2.54
31 -0.71
21 0.44

replicates (J-1, J-2 and M-1, M-2), while the third
(J-3and M-3) excluded the potentially acid-generating
highwall andesite unit (AGHAU; Figure 3) by omitting
the shallow runoff component from both these APLS.
Hence J-3 and M-3 could simulate either mine plan
modification or implementation of run-on and runoff
control, e.g., routing up-gradient flow and incident
precipitation on the -NCV AGHAU away from the lake
through diversion ditches into an adjacent holding pond.

The volume of water representing each component was
added to each JPL aquarium and heating pads placed
under each to increase the water temperature to 25°C to
enhance evaporation until the original volume
decreased from SL to 4.64L (93% of the original
volume) over a 5-day period. Specific conductivity, pH,
and temperature were measured regularly. The
precipitate that settled to the base of the aquarium was
separated from the supernatant by filtering the floc
through a pre-weighed 0.45 um cellulose acetate
membrane filter. The filter was air-dried, weighed, and
metal concentrations measured in both the precipitate
[after digestion (U.S. EPA 1986)] and the fluid phase.
Waters were analyzed for metals (inductively coupled
plasma), for anions by ion chromatography (EPA
Method 300.0), and alkalinity (EPA Method 310-1)
(U.S. EPA 1993). Floc mineralogy was characterized by
Electron Microprobe Analysis (EMPA), following the
method of Davis et al. (1992).

The combined influents representing the MPL (M-1,
M-2, and M-3) resulted in 29.6L in each aquarium
(Table 2). Water from J-2 added to M-2 had 95% of the
precipitate removed for EMPA, while the J-1 and J-3
water added to M-1 and M-3 contained the original

amount of precipitate to simulate pit lake evolution in
the presence of basal sludge. All MPLs were evaporated
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Figure 6. Humidity column pH and sulfate profiles for:
a) the JPL UPS, and b) the MPL UPS; (13% diorite,
87% metavolvanics), NCV=1.25
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Table 4. Selected geochemical parameters of the APL components and resulting geochemistry of the mixtures (mg/L

unless otherwise noted) and precipitates

PIT LAKE
COMPONENTS Eh
INFLUENTS pH mV Alk SO, Al Ca
Tonalite (gw) 6.9 -10 82 470 <0.008 38
Deep 74  -13 92 147 <0.008 26
Andesite (gw)
Shallow 7 -2 144 454 <0.008 35
Andesite (gw)
Deep Diorite 7.4 0 93 150 <0.008 29
(gw)
Shallow 2.7 280 0 *ok 660 1260
Diorite (gw)
Rainfall 6.7 -19 24 02 <0.008 0.03
Arboreal 6.6 -15 60 10 <0.008 11
Runoff
Juvenile WR 2.8 370 0 52 28 25
Runofft!
Mature WR 6.6 240 25 ¥k <0.008 12
Runofft?
APL TEST WATER Eh
MIXTURES pH mV  Alk SO, Al Ca
J-1 33 118 0 102 12.2 23
J-2 33 107 0 65 11.7 22
J-3 6.7 -68 42 43 <0.008 16
M-1 6.2 165 5 31 <0.008 22
M-2 6.1 160 3 29 0.057 22
M-3 7.1 103 28 27 0.018 13
PIT LAKE PRECIPITATES (mg/kg)
S Al Ca Cu

J-2 5200 29100 3600 860
M-1 11500 102000 1400 18800
M-2 7600 73900 1700 9400
M-3 1000 55400 4400 87400

46600

Cu Fe K Mg Ni Sr Zn
0.08 <0.01 34 34 0.010 79 0.053
<0.002 <0.01 15 18 0.010 1.6 0.004
0.013  <0.01 30 44 0.011 4.2 0.015
<0.002 <0.01 13 13 0.010 3.3 0.007
1990 0.79 9 1020 0.133 47 195
<0.002 <0.01 0.04 0.04 0.010 0.08 0.002
<0.002 0.13 1 54 0.011 1.4 0.004
16 18.9 13 81 0.021 5 0.770
<0.002 <0.01 24 23 0.011  0.59 0.006
Cu Fe K Mg Ni Sr Zn
7 1.06 9.9 17 0.016 3.3 0.41
6.6 1.11 8.6 15 0.016 3.2 0.38
<0.002 0.01 3.1 55 0.01 1.2 0.005
2.2 0.01 4.2 9.5 0.011 1.7 0.26
2.4 <0.01 3.9 9.4 0.014 1.5 0.27
0.22 <0.01 24 4.8 0.011 093 0.089
Fe K Mg Ni Sr Zn
OR 1400 15700 7 560 53
OR 600 2700 9 160 170
2600 4100 22 240 160
66400 600 2200 280 1600 3400

OR: Over Range; **: analytical interference; " juvenile pit wall rock humidity cell (see Table 3); ® mature pit wall rock

humidity cell (see Table 3); gw = groundwater

to 18.8L (63% of their original volume) based on the
calculated evaporative loss (Golder 1995). Geochemical
parameters were measured routinely, and the water
chemistry and precipitates in the 3 aquaria analyzed at
the conclusion of the experiment (after 6 days).

Results and Discussion
UPS Wall Rock Runoff

The JPL wall rock humidity cells (representing runoff
from the aggregate UPS) decreased to pH 2.3 after 13
weeks, recovering slowly to pH 4 after 18 weeks
(Figure 6a) with Fe up to 115 mg/L. The aggregate
water quality was acidic (pH 2.8), containing 16 mg/L
Cu, 18.9 mg/L Fe, but only 52 mg/L SO,” (Table 4). In
contrast, the MPL wall rock humidity cell pH remained
circumneutral (except for a temporary depression to 5.6
after week 13) with low Fe (<0.05 mg/L) and generally

lower redox levels (Figure 6b) because of the reduced
contribution from the shallow AGHAU in the MPL.
Sulfate was initially leached from both cells, probably
as a result of surface salt dissolution.

Groundwater Discharge

The groundwater passing through the exposed wall rock
units that will contribute to the lakes had a pH between
6.9-7.4 (Table 4), except for the shallow diorite
groundwater (2.7), which also contained 660 mg/L Al,
1990 mg/L Cu, and 195 mg/L Zn, but only 0.79 mg/L
Fe.

APL Tests
Acidic juvenile wall rock runoff and shallow diorite

ground water adversely affects the pit lake
geochemistry (pH 3.3 for both J-1 and J-2), compared to
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J-3 (AGHAU runoff excluded) with a pH of 6.7 (Figure
7). The difference in pH is reflected in the JPL metals
concentrations, higher in J-1 and J-2 than in J-3 by a
factor of 1.3 to >>1000. For example, Cuin J-1 and J-2
averaged 6.8 mg/L, compared to <0.003 mg/L Cuin J-3
(Table 4). The AGHAU has more impact than the
diorite because the AGHAU contributed 31% to the
JPL, compared to 0.2% from the shallow diorite
groundwater throughflow (Figure 1). This effect carried
over into the MPLs, where M-3 had a slightly higher
pH (Figure 7) and lower dissolved metals (Table 4) than
either M-1 or M-2.

Precipitates formed within 3 hours of mixing had settled
to the bottom of the tank after 18 hours (J-1, 0.47g; J-2,
0.49¢g). The EMPA identified AFH and clay precipitates
in both J-1 and J-2, while no precipitate formed in J-3,
presumably because omission of the high wall runoff
resulted in just 0.01 mg/L Fe in that APL test (Table 4)
compared to > Img/L in the other two. Precipitation of
AFH in M-1 (0.33g), M-2 (0.29g), and M-3 (0.20g) was
consistent with the stability of AFH at the Eh/pH
conditions of those fluids (Figure 8) and with leaching
from the shallow diorite unit (0.79 mg/L Fe) by
groundwater throughflow (Table 4).

The mineralogy of the precipitates forming in the APL
test comprised amorphous metal-bearing precipitates
rather than phases with ordered structure. For example,
as postulated by others (Tempel et al. 2000), the JPL
floc precipitating in acidic conditions primarily
consisted of a mixed AFH and Mg-K-Al clay (Figure
9a), while the pH 6.1 MPL floc (including AGHAU
runoff) was a mixed ferrihydroxide/basaluminite
containing 4% copper (Figure 9b). In the absence of the
AGHAU runoff, the pH of M-3 increased to 7.1,
resulting in more effective attenuation of copper (0.22
mg/L) compared to J-1 and J-2 (averaging 2.3 mg/L Cu)
and minimal sulfate in the ferrihydroxide matrix (Figure
9c; Table 4). The removal of solutes by precipitation
reactions is generally consistent with those remaining in
solution (Table 4) and with the measured pH and Eh in
M-1, M-2, and M-3.

As a way of quantifying the removal of metals from
solution by sorption/precipitation, Logarithmic Floc
Enrichment Factors (pFEFs) representing the metal
ratio in the floc compared to the fluid phase (Table 4)
were calculated from:

pFEF; = logio [Floc; (mg/kg) / Solution; (mg/L)]

The pFEFs ranged from 1.6 for Na, to 6.5 for Al (Table
5), generally increasing with pH. Most values were
within the range of experimental distribution
coefficients (Kd values) reported in the literature
(Thibault et al. 1990; Table 5) or higher, due to co-
precipitation with AFH.
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Figure 7. Evolution of pH with (J-1, J-2, M-1, M-2)
and without highwall runoff (J-3 and M-3) in a) the JPL
and b) the MPL
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Figure 8. Influent leachate water (x) and APL test (®)
Eh-pH data superimposed on the Fe-O-H system at
25°C and 1 bar; J=juvenile APLs, M = mature APLs,
T= tonalite, DD = deep diorite, SD = shallow diorite,
DA = deep andesite, JWWR = juvenile wall rock
runoff, MWWR = mature wall rock runoff. The
chemical evolution between the JPL and analogous
MPL is designated by dashed arrows.
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Geochemical Modeling

The geochemical processes occurring in the
experimental pit lake solutions were simulated using
PHREEQC (Parkhurst 1995). The solutions were mixed
in the appropriate proportions (Figure 1) and charge
balanced by the addition or subtraction of Na’, CI’, or
SO,?, then evaporated to 7% for the JPLs and 37% for
the MPLs, and equilibrated with atmospheric partial
pressures of CO, (10 atm) and O, (10 atm). The
solutions were also allowed to equilibrate with solids
that precipitated in the APL test or are known to form
rapidly in acidic to slightly alkaline solutions, e.g.,
ferric oxyhydroxide (FeOOH), tenorite (CuO), barite
(BaSQ,), basaluminite (Aly(SO4)(OH),0.5H,0), and
micro-crystalline gibbsite [Al(OH);]. The mass of
precipitated FeOOH was determined and then
designated as a sorbing surface for ionic species, and
the solutions re-equilibrated with the pertinent
adsorption/desorption equilibria to compare with the
analytical data.

The JPL solutions with high-wall runoff (J-1 and J-2)
were similar to the measured values (Table 6) with the
exception of SO,” (used to charge balance the
solutions). The MPL simulations, both with the andesite
unit (M-1 and M-2) and in its absence (M-3) were also
in good agreement with the measured values except for
Cl (used to charge balance the solutions).

Conclusions

The APL test provides a rapid screening tool to estimate
the evolving water quality of future pit lakes. As such, it
augments the predictive capability of pit lake models
(e.g., PITQUAL, Davis et al. 2002; MINEWALL,
MEND 1995) by providing information on the
precipitates that control metal solubility in pit lake
water columns and identifying any pit lake components
that may become of regulatory concern. This test
resulted in a conservative estimate of pit lake water
quality because the attenuation capacity of inundated
UPS (which could be represented by a layer of
representative rock on the base of the APL) was not
included.

In addition, the test provides another method of
predicting chemogenesis or validating numerical
simulations of the aqueous chemistry as a function of
time and infilling. Finally, the APL test could be used to
assess the lake water quality of different pit shell
designs intersecting variable lithological fractions, the
effects of high wall failure on pit lake chemistry, and
the efficacy of remedial alternatives designed to modify
pit lake chemistry upon closure. These may include
addition of alkaline tailings to potentially acid pit lakes,
modification of the UPS to preclude acid-generating
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Table 5. Floc enrichment factors (L/kg)

LogFEF pH Al Ba Be Ca Cd Cu K Mg Mn Na Ni S Sr V  Zn
J-2 33 340 281 271 221 409 212 222 301 252 .75 265 206 224 276 215
M-1 62 NDW 279 370 1.79 NDW 393 216 246 246 159 292 254 198 315 280
M-2 6.1 611 326 377 189 416 359 284 264 281 166 321 238 220 3.19 277
M-3 7.1 648 412 445 252 465 559 NDP 266 382 248 440 NDP 324 501 459
Low log Kd NR -40 240 008 1.00 1.8 118 020 148 NR 1.00 NR -030 NR 215
High log Kd NR 495 348 195 3.00 242 230 113 489 NR 356 NR 392 NR 4.00

NDW: not detected in water; NDP: not detected in ppt (Kd = 0); Kd range reported in Thibault et al. (1990); NR: not reported

Table 6. Measured vs. modeled analytes in the APL test (mg/L); M-3 lacked the juvenile runoff component

Analyte J-1 J2 PHREEQC J-3 PHREEQC M-1 M-2 PHREEQC M-3 PHREEQC
Al 120 120 12.0 <.008 0.01 <008 0.06 0.04 0.02 0.11
Ca 23.0 220 20.9 15.7 10.3 218 222 17.0 13.0 15.6
Cu 6.99 6.61 6.67 <.002 0.00 2.18  2.42 2.61 0.22 0.04
Fe 1.06 1.11 0.00 0.01 0.00 0.01  0.00 0.00 0.00 0.00
K 9.89 8.64 9.54 3.11 4.22 421  3.86 3.79 2.40 2.60
Mg 168 153 14.8 5.60 5.93 9.53  9.39 9.71 4.76 7.61
Mn 1.02  0.88 0.89 0.13 0.11 047 048 0.70 0.20 0.54
Na 221 210 20.2 14.5 15.4 107 9.33 13.57  10.12 9.89
P 0.60 0.59 1.05 0.59 0.41 059 0.58 0.48 <0.30 0.53
Sr 335 321 3.13 1.17 1.04 1.68 1.52 1.75 0.93 131
Zn 041 038 0.33 0.01 0.00 026 027 0.53 0.09 0.40
Cl 520 5.50 5.28 5.20 4.96 590 430 58.6 5.50 5.45
F 0.50 0.50 0.32 0.20 0.12 020 0.10 0.19 0.20 0.12
S04 102 65.0 263 43.0 44.1 31,0 29.0 39.1 27.0 33.3
Alkalinity 0.00  0.00 0.00 51.0 44.5 6.00  4.00 0.56 34.0 26.6
pH (su) 330  3.30 3.29 6.70 8.14 620 6.10 6.03 7.10 7.88

surfaces, and either partial or complete infilling through
in-pit translocation of waste rock or backfilling.
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