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Abstract

Factors controlling the chemical composition of water interacting with finely-crushed kimberlite have been investigated
by sampling pore waters from processed kimberlite fines stored in a containment facility. Discharge water from the diamond
recovery plant and surface water from the containment facility, which acts as plant intake water, were also sampled. All
waters sampled are pH-neutral, enriched in SO4, Mg, Ca, and K, and low in Fe. Pore-water samples, representing the most
concentrated waters, are characterized by the highest SO4 (up to 4080 mg l�1), Mg (up to 870 mg l�1), and Ca (up to
473 mg l�1). The water discharged from the processing plant has higher concentrations of all major dissolved constituents
than the intake water. The dominant minerals present in the processed fines and the kimberlite ore are serpentine and oliv-
ine, with small amounts of Ca sulphate and Fe sulphide restricted to mud xenoclasts. Reaction and inverse modeling suggest
that much of the water-rock interaction takes place within the plant and involves the dissolution of chrysotile and Ca sul-
phate, and precipitation of silica and Mg carbonate. Evapoconcentration also appears to be a significant process affecting
pore water composition in the containment facility. The reaction proposed to be occurring during ore processing involves
the dissolution of CO2(g) and may represent an opportunity to sequester atmospheric CO2 through mineral carbonation.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The environmental consequences of mining and
processing kimberlite ore for the production of dia-
monds has been a relatively unstudied subject. In
particular, the impact of the discharge and storage
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of finely crushed kimberlite slurry on the quality
of surface water in an arctic environment is
unknown. In Canada, economic diamond deposits
were first discovered in the Northwest Territories
in 1991. By 2003, two mines were operating and
producing approximately 15% of the world’s dia-
monds by value (Law-West, 2003). The diamonds
are extracted from kimberlite pipes made of hetero-
geneous rock composed largely of Mg silicate min-
erals but commonly containing xenoliths and
xenoclasts of other material, including mantle-
derived minerals as well as sediments incorporated
.
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during intrusion. At the EKATI diamond mine,
where this research was conducted, the fine fraction
of the processed kimberlite waste is stored in a con-
tainment facility created from two modified lake
basins. The water in the containment facility is iso-
lated from downstream surface waters by an imper-
meable dam and only released if water quality
criteria are met. The natural surface waters in the
area are characterized by very low dissolved solid
content and little buffering capacity. The research
described in this paper was conducted to determine
the chemical consequences of combining crushed
kimberlite and nearly pristine water. The objectives
were to chemically and mineralogically describe the
water-rock system and to elucidate the processes
that were controlling the composition of water in
the containment facility.

2. EKATI diamond mine

EKATI opened in late 1998 as the first commer-
cial diamond mine to operate in Canada. It is
located approximately 300 km NE of the city of
Yellowknife (Fig. 1) and approximately 200 km
south of the Arctic Circle. This location is above
the tree line and within the zone of continuous per-
mafrost in Canada’s Arctic, where the climate is
Fig. 1. Map of Canada showing the
cold (mean annual temperature of �11.8 �C) and
dry (mean annual precipitation of 250–300 mm;
mean open-water evaporation of 200–350 mm,
Rescan Environmental Services Inc., 1996).

The mine is situated in the Archean granite-
greenstone terrain of the Slave Structural Province
of the Canadian Shield. More than 150 kimberlites
occur on the property, most in the form of small
pipes with surface areas less than 5 ha, and a signif-
icant number of these pipes are of economic impor-
tance. The kimberlites range in age from 45.2 ± 0.8
to 74.7 ± 6.8 Ma (Nowicki et al., 2003; based on
Rb-Sr and U-Pb dating).

The processed kimberlite studied as part of this
investigation was derived from the top portion of
the Panda kimberlite, the first pipe to be mined at
EKATI. The host rock of the Panda kimberlite is
a white to grey, medium to coarse-grained, weakly
foliated to massive biotite granodiorite with an
average composition of 40% quartz, 45% feldspar
and 15% biotite (Kjarsgaard et al., 2002; Rescan
Environmental Services Inc., 1996). The Panda kim-
berlite, like all kimberlites at EKATI, originally
occupied the bottom of a small lake. This lake
was drained and the overlying 15 m to 25 m of gla-
cial and lacustrine sediments were stripped prior to
mining. The original pre-mining surface area of the
location of the EKATI mine.



Fig. 2. Long Lake Containment Facility (LLCF). Shaded regions
represent the approximate maximum extent of each cell when
filled with processed kimberlite fines.
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Panda pipe was approximately 3.1 hectares (Carlson
et al., 1998).

Like many kimberlites of the Lac de Gras area,
the Panda kimberlite is dominated by bedded, vol-
caniclastic kimberlite, which was probably resedi-
mented back into the crater after eruption
(Carlson et al., 1998). This material consists pre-
dominantly of olivine macrocrysts, mudstone, and
granodiorite xenoliths in a dark, fine-grained matrix
composed of serpentine, carbonate and clay miner-
als. Xenocrysts of garnet, chrome diopside, chro-
mite, as well as fossils, including wood fragments,
are common throughout the pipe (Carlson et al.,
1998; Nowicki et al., 2003).

The extraction of diamonds from the kimberlite
ore involves crushing, washing, sorting, and identifi-
cation of diamonds using X-ray fluorescence.
Approximately 13,000–16,000 wet tonnes of kim-
berlite ore are processed daily at EKATI (Day
et al., 2003). Water for the processing circuit is
pumped from a water-reclaim barge located within
the processed kimberlite containment facility.
Within the processing plant, kimberlite that has pre-
viously been crushed to particles <75 mm is con-
veyed through a circuit where the ore is further
crushed, washed, and ultimately sorted into two size
fractions: (1) <1 mm; and (2) approximately 1–
25 mm. The <1 mm fraction, known as processed
kimberlite fines, is sent to a thickening tank to help
facilitate dewatering of the fines and recovery of
process water. This fine fraction comprises approx-
imately 70% of the total processed kimberlite, and is
analogous to mill tailings produced from base and
precious metal mines.

Once the processed kimberlite fines have been
thickened to a solids content of approximately
45% by weight, they are hydraulically pumped from
the process plant to the processed kimberlite fines
containment facility, known as the Long Lake Con-
tainment Facility (LLCF). To assist in the settling
of fine particles from the process water, a coagulant
and flocculant are added to the processed kimberlite
fines slurry before it enters the thickening tank. The
dose of coagulant (PERCOL 368) and flocculant
(PERCOL E-10) added to the Panda fines slurry is
approximately 35 g and 120 g per tonne of ore pro-
cessed, respectively (EBA Engineering Consultants
Ltd., 1998). These are the only two chemicals added
to the processed kimberlite fines.

As shown in Fig. 2, the LLCF is an engineered
former lake basin located approximately 3 km west
of the process plant. The LLCF has been divided
into 4 cells (B, C, D, and E), each separated by filter
dykes composed of granite waste rock and glacial
till, which have been designed to help control tur-
bidity in the LLCF discharge released to the receiv-
ing environment. An ice-core dam at the outlet of
the containment facility isolates the LLCF water
from the natural drainage of the region. Generally,
kimberlite waste is deposited in the LLCF from
north to south so that the oldest material (from
1998) is found in the northernmost portion of Cell
B. Drilling conducted in March 2001 revealed that
the northern portion of Cell B has developed a stra-
tigraphy comprised of three distinct units (Rollo,
2003). The upper layer extends to approximately
1 m below the surface and is characterized by dense,
ice-bonded kimberlite fines with a distinctive lack of
visible ice layers or lenses. This represents the active
layer that develops during the warm summer
months. There are no ice lenses or layers in this unit
because, as the active layer develops in the summer,
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any ice that was present melts and drains from the
fines. All pore-water samples reported in this study
have been collected from this layer during the sum-
mer season when the active layer has thawed. The
second layer extends from 1 m to approximately
5 m below the surface of the fines. This zone is typ-
ified by cm-scale rhythmic layering of kimberlite
fines and ice, thought to represent winter deposition
within the LLCF. The third unit extends from
approximately 5 m depth to the bottom of the con-
tainment facility and is composed of completely sat-
urated unfrozen processed kimberlite fines (Rollo,
2003).

3. Previous work

Prior to the commencement of mining operations
in August 1998, unprocessed and simulated pro-
cessed kimberlite was geochemically characterized
(Norecol Dames and Moore, 1997). Both static
and kinetic testing were conducted to help deter-
mine acid generation potential (AP) and neutraliza-
tion potential (NP) of the rock types, as well as
determine metal leaching rates in an effort to model
discharge from the LLCF.

Static testing, using the Sobek ABA procedures
(Sobek et al., 1978), indicates that Panda kimberlite
has a high mean NP (240 kg CaCO3/t) and a rela-
tively low AP (13 kg CaCO3/t), suggesting that there
is no potential for the generation of acidic drainage
from unprocessed Panda kimberlite (NPR = 18,
where NPR is net potential ratio). Simulated tail-
ings were also produced using Panda kimberlite
and subjected to static testing. As was the case for
the unprocessed kimberlite ore, static test results
from the simulated processed kimberlite fines from
the Panda kimberlite indicate a high NP (490.6 kg
CaCO3/t) and a relatively low AP (9.7 kg CaCO3/
t), suggesting that there is no potential for the gen-
eration of acidic drainage from processed Panda
kimberlite (NPR = 51).

As well as static testing, column tests were used
to simulate the conditions that would exist along a
flow path through the LLCF. Testing was con-
ducted using 4 simulated tailings samples, including
Panda kimberlite, and involved filling a plastic col-
umn with approximately 2 kg of sample and then
re-circulating cold (�3 �C), de-ionized water
through the column at a rate of 2 l/week for several
weeks. Results from these tests indicate that dissolu-
tion of Panda tailings produces constant pH values
(between 7 and 8) and metal release rates that are
initially rapid, and then become erratic with rela-
tively low concentrations having no apparent
increasing or decreasing trends (Norecol Dames
and Moore, 1997). In addition, the slow dissolution
of silicate minerals was predicted to be the domi-
nant weathering mechanism in kimberlite material.

Day et al. (2003) conducted an investigation on
the geochemical characteristics of coarse kimberlite
reject material stored in a subaerial pile adjacent to
the LLCF, as well as the composition of pore and
seep water found issuing from this storage pile. This
study found that the coarse reject material has high
NP values of 78–337 kg CaCO3/t. The water sam-
pled was relatively high in total dissolved solids,
including SO4, Mg and, in some cases, Fe, which
the authors interpret to be the result of low annual
precipitation, minor sulphide oxidation coupled
with neutralization by Mg silicates, possibly magni-
fied by freeze concentration.

The geochemical reactivity of kimberlite material
from the Diavik Diamonds Project, located immedi-
ately south of EKATI within the Lac de Gras kim-
berlite field, was investigated by Baker et al. (2003).
Laboratory-based acid–base accounting and humid-
ity cell tests were used to determine the potential
behaviour of processed kimberlite waste from Dia-
vik when stored in a surficial impoundment. Their
research indicates that, similar to Panda, the Diavik
pipe is predominantly pyroclastic kimberlite com-
posed of serpentine and olivine and that weathering
of this material in a surface impoundment will pro-
duce an effluent with a pH near 8.

While the studies mentioned previously are the
only two other investigations of water-rock interac-
tions of Lac de Gras kimberlite materials, studies
from other kimberlite bodies have yielded results
similar to those observed in the Lac de Gras kimber-
lite investigations. Borisov et al. (1995) investigated
the water issuing from diamond quarries in East
Siberia and noted pH values of approximately eight
as well as total dissolved solid concentrations
approaching 4 to 8 g/l. These waters were dominated
by SO4, Cl, Mg and Ca. Sader et al. (2003) sampled
groundwater from exploration drillholes at 5 kim-
berlite sites in Northeastern Ontario and found high
pH values (typically 8–12), as well as high Na, K,
Mg, Ca, and SO4 concentrations. Researchers inves-
tigating the controls on spring waters issuing from
ultramafic bodies dominated by olivine and serpen-
tine have found Mg- and HCO3-dominated solu-
tions (Barnes and LaMarche, 1969; Barnes et al.,
1967, 1978; Bruni et al., 2002; Pfeifer, 1977). These



1526 H.A. Rollo, H.E. Jamieson / Applied Geochemistry 21 (2006) 1522–1538
studies suggest that the water compositions observed
were a result of the open system dissolution of serp-
entinites in meteoric waters (Bruni et al., 2002).

4. Sampling

4.1. Water

Water samples were collected each summer from
2000 to 2002, and included: (1) processed kimberlite
pore-water (60 samples); (2) process plant discharge
water (9 samples); and (3) surface water from the
LLCF (18 samples). Processed kimberlite fines pore
water was collected from the active (seasonally
unfrozen) layer of the processed fines located in the
northern portion of Cell B (Fig. 2). These samples
were acquired using suction lysimeters, which were
installed within the unsaturated zone approximately
10 to 20 cm above the water table or the frost table,
whichever was closer to the surface. Each lysimeter
was purged 3 times prior to analytical sampling. Pro-
cess plant water was collected from the discharge spi-
got delivering fines and process water to the
containment facility. Surface water samples were col-
lected from the upstream side of Dyke B and Dyke C,
respectively (9 samples each), with Dyke C water
samples collected from the end of the water-reclaim
barge that pumps water to the process plant to be
used in the washing of crushed kimberlite ore.

All water samples were prepared in the same
manner. Each water sample was vacuum filtered
with a 0.45 lm cellulose acetate bottle top filter
and a hand pump. The aliquot destined for cation
analysis was preserved with high purity trace-ele-
ment grade (15.9 M) HNO3, the aliquot used for
anion analysis was left unpreserved and filled to
capacity in order to minimize headspace, and the
DOC aliquot was preserved with high purity con-
centrated H2SO4 and stored in an amber glass bot-
tle. All samples were stored at 4 �C. In addition, pH,
conductivity, temperature, and alkalinity were mea-
sured in the field at the time of collection. Attempts
to evaluate the redox state of the water were limited
by the fact that the waters were clearly in redox dis-
equilibrium as shown by the presence of relatively
high DOC (probably related to the wood fragments
present in the kimberlite) and high dissolved O2

(Table 1) (Langmuir, 1996). The waters were ana-
lyzed for a wide range of cations by ICP-MS and
for anions by ion chromatography (Table 1).

A comprehensive QA/QC program, including
field blanks, field duplicates, travel blanks, analyti-
cal replicates, and certified reference materials, was
instituted in order to evaluate the quality of data
obtained from the water sampling program. These
data do not indicate any significant contamination
or analytical issues with the LLCF water data.
Any water sample with a calculated charge imbal-
ance greater than ±15% was not included in subse-
quent analysis.

4.2. Solids

Two types of solid samples were collected for this
investigation: (1) unprocessed Panda kimberlite;
and, (2) processed kimberlite fines. Four Panda
kimberlite samples were collected in July 2000 from
recently blasted material in the open pit. In addi-
tion, 20 samples were collected from drill core
obtained from a 1995 exploration drilling program.
These drill holes were selected due to the fact that
they were oriented sub-horizontally across the top
portions of the Panda pipe. Therefore, these sam-
ples were assumed to be representative of the ore
that was mined, processed, and deposited in the
northern portion of Cell B in late 1998. In addition,
27 samples of the processed kimberlite fines were
selected from cores that were collected immediately
adjacent to each pore water sampling site. These
core samples were collected by pushing, or hammer-
ing, a length of 5 cm inside diameter PVC pipe into
the fines until the frost table was reached. A rubber
stopper was then placed in the top of the pipe to
help create a partial vacuum as the core sample
was removed. Core samples were frozen within 1 h
of collection to help arrest any further reaction.

Eighteen polished thin sections of kimberlite ore
and 27 sections of processed kimberlite fines were
prepared using cool-curing epoxy and no water to
ensure that soluble and reactive phases were not
altered. An ARL-SEMQ electron microprobe
equipped with an EDS (energy dispersive) spec-
trometer was used to investigate the identity and
composition of minerals present within the samples.
Standard analytical conditions were used in the col-
lection of data, including an accelerating voltage of
15 kV, a take-off angle of 52.5�, an emission current
of 100 mA, a beam current of 40 nA, and a collec-
tion time of 200 s.

Sulphide and SO4 concentrations were deter-
mined using direct combustion and BaSO4 gravime-
try, respectively (Crock et al., 1999). It was assumed
that no other significant forms of S were present in
kimberlite and processed kimberlite samples, and



Table 1
Average water compositions from the four types of waters collected for this study

Processed fines porewater Process plant discharge Upstream side of Dyke B Upstream side of Dyke C
(N = 60) (N = 9) (N = 9) (N = 9)

Temp (�C) 11.89 (3.01) 14.78 (5.07) 12.16 (2.19) 12.39 (2.27)
pH 7.38 (0.52) 8.38 (0.61) 7.96 (0.69) 7.42 (0.51)
SO4 1597 (1243) 212 (167) 128 (56) 92 (43)
Mg 328.9 (257.8) 49.8 (27.5) 33.2 (15.8) 25.9 (10.7)
Ca 191.0 (145.5) 25.7 (18.3) 20.1 (9.6) 17.6 (5.8)
Alkalinitya 57.3 (21.5) 64.2 (10.6) 57.2 (23.5) 38.8 (17.9)
K 27.3 (12.2) 64.1 (19.7) 24.2 (8.9) 20.4 (11.3)
Na 13.4 (6.4) 15.3 (4.7) 7.5 (3.4) 9.1 (3.8)
Cl 5.3 (1.0) 30.8 (16.3) 11.2 (5.8) 25.4 (17.4)
Si 5.90 (1.54) 4.36 (0.66) 1.60 (0.60) 1.53 (0.63)

Ag 0.0008 (0.0008) 0.0002 (0.0001) 0.0001 (0) 0.0001 (0)
Al 0.0182 (0.0290) 0.0010 (0.0008) 0.0049 (0.0026) 0.0046 (0.0015)
As 0.0058 (0.0019) 0.0126 (0.0041) 0.0059 (0.0034) 0.0039 (0.0021)
B 0.0214 (0.0108) 0.0528 (0.0227) 0.0234 (0.0059) 0.0211 (0.0096)
Ba 0.032 (0.017) 0.316 (0.230) 0.116 (0.019) 0.149 (0.015)
Cd 0.00131 (0.00073) 0.00066 (0.00032) 0.00043 (0.00036) 0.00038 (0.00037)
Co 0.00138 (0.00096) 0.00051 (0.00019) 0.00028 (0.00018) 0.00019 (0.00011)
Cr 0.00096 (0.00102) 0.00258 (0.00317) 0.00346 (0.00375) 0.00209 (0.00223)
Cu 0.00391 (0.00224) 0.00156 (0.00094) 0.00209 (0.00183) 0.00172 (0.00112)
Fe 0.530 (0.640) 0.046 (0.050) 0.068 (0.073) 0.047 (0.059)
Mn 0.0754 (0.0526) 0.0161 (0.0119) 0.0093 (0.0086) 0.0065 (0.0052)
Mo 0.771 (0.339) 0.409 (0.116) 0.223 (0.117) 0.158 (0.086)
Ni 0.154 (0.117) 0.055 (0.073) 0.021 (0.009) 0.016 (0.007)
Pb 0.00017 (0.00013) 0.00006 (0.00012) 0.00009 (0.00007) 0.00007 (0.00003)
Sb 0.00473 (0.00107) 0.02793 (0.00823) 0.00967 (0.00654) 0.00951 (0.00462)
Se 0.00398 (0.00465) 0.00258 (0.00101) 0.00099 (0.00080) 0.00093 (0.00045)
Sr 2.48 (1.85) 0.52 (0.29) 0.33 (0.14) 0.29 (0.11)
U 0.00076 (0.00066) 0.00020 (0.00016) 0.00027 (0.00020) 0.00031 (0.00014)
V 0.0153 (0.0304) 0.0039 (0.0020) 0.0015 (0.0004) 0.0010 (0.0004)
Zn 0.0175 (0.0157) 0.0042 (0.0037) 0.0020 (0.0015) 0.0025 (0.0017)
NH3–N 0.788 (0.768) 1.121 (0.430) 0.186 (0.247) 0.210 (0.164)
F 0.103 (0.059) 0.076 (0.005) 0.070 (0.017) 0.070 (0.026)
NO3–N 7.22 (18.9) 5.24 (3.43) 2.03 (1.63) 3.81 (0.87)
NO2–N 0.222 (0.570) 0.201 (0.133) 0.380 (0.429) 0.263 (0.318)
PO4–P 0.0149 (0.0082) 0.0250 (0.0279) 0.0056 (0.0051) 0.0042 (0.0046)
DOC 8.71 (5.13) 6.20 (5.25) 9.38 (7.57) 7.51 (6.00)
DO2 6.0 (3.1) 8.2 (1.0) 10.4 (0.9) 10.0 (0.7)

Bracketed values indicate the standard deviation for each parameter. All parameters reported to be below detection were assigned the
detection limit value for statistical calculations.

a Alkalinity reported as mg/l CaCO3.

H.A. Rollo, H.E. Jamieson / Applied Geochemistry 21 (2006) 1522–1538 1527
sulphide-S was determined as the difference between
these two values. Inorganic C concentration in the
suite of samples was determined using coulometric
titration.

X-ray diffraction analyses were conducted on the
clay-sized fraction (<5 lm) of the LLCF processed
kimberlite fines. The method used to separate the
<5 lm size fraction is based on Stoke’s Law for
the settling rate of particles in a fluid. This size frac-
tion was separated by washing the >0.6 mm size
fraction of processed fines with distilled water while
using an ultrasonic gun to dislodge fine-grained
material from the surface of larger grains. The
resulting suspension was centrifuged for approxi-
mately 20 s at 1000 rpm. This step was used to cause
all material that was >5 lm to settle out, leaving
particles <5 lm in suspension. Next, the suspension
was centrifuged again for 60 s at 6000 rpm, causing
all material to settle out of suspension. The superna-
tant was decanted and the residue was poured onto
a glass slide and allowed to dry subsequent to X-ray
diffraction analysis, which was conducted and inter-
preted using the techniques described by Brindley
(1980).
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5. Results and discussion

The main objectives of this research were to: (a)
geochemically and mineralogically describe the
water-rock system in the LLCF; and, (b) to eluci-
date the processes that were controlling the chemis-
try of waters found in the LLCF.

5.1. Water chemistry

Table 1 lists analyses of the four kinds of water
samples collected for this investigation. Average
pore-water, discharge water, and surface water val-
ues from 2000 to 2002 are listed in this table
together with standard deviation values (in paren-
theses). These data demonstrate that all water sam-
ples collected from the LLCF are dominated by
dissolved SO4, Mg, Ca, K, Na, HCO3, Cl, and Si.
Similar to water samples collected from the coarse
kimberlite reject material described by Day et al.
(2003), LLCF processed fines pore-water pH values
are approximately neutral, total Fe concentrations
are very low, and trace metal concentrations are
generally low.
Fig. 3. Piper diagram for water samp
Fig. 3 is a Piper diagram, which plots, both sep-
arately and collectively, the relative content of the
major cations and anions in the four types of water
samples collected from the LLCF. While both the
cation and anion ternary plots in Fig. 3 indicate that
the four types of LLCF water samples contain dif-
fering relative cation and anion compositions, the
most significant chemical distinctions between water
types can be drawn from the cation ternary. This
diagram demonstrates that the LLCF water samples
fall into three main chemical types, based on their
relative cation content. The first type, composed
solely of pore-water samples, is characterized by rel-
ative cation proportions of approximately 55–80%
Mg, 20–30% Ca, and up to 20% Na + K. The sec-
ond water type found within the LLCF, composed
solely of process plant discharge water samples, is
characterized by approximately 40–65% Mg, 10–
20% Ca, and 20–50% Na + K. The third distinct
chemical type found in the suite of LLCF waters
collected for this investigation, composed solely of
surface waters collected from both the upside of
Dyke B and Dyke C, is characterized by a relative
cation distribution of approximately 30–55% Mg,
les collected from 2000 to 2002.



Fig. 4. Temporal behaviour of major solutes from (a) Dyke B
and (b) Dyke C.
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30–40% Ca, and 15–35% Na + K. It is important to
note that while there is overlap in the absolute sol-
ute concentrations of the four types of LLCF water
samples, as indicated in Table 1, Fig. 3 indicates
that there is a significant difference between the
chemical signature of the three water types identi-
fied, showing that water-rock reactions are taking
place.

Pore-water, discharge water, and surface water
samples were collected over three field seasons in
order to evaluate annual variation, with two sample
suites collected during the final field season; one at
the beginning of the summer and one at the end
of the summer, in order to evaluate seasonal
changes in solute concentrations. Results indicate
that while there is little seasonal change in solute
concentrations in pore-water or Dyke B surface
water samples, there is a steady increase in Dyke
C surface water concentrations, most likely a result
of the constant input of process plant discharge
water to Cell C during this investigation (Fig. 4).

The concentrations of most of the solutes in pro-
cessed kimberlite fines pore-water samples do not
exhibit any strong increasing or decreasing trends
over the 3a. Exceptions include decreases in Fe, Cr
and NH3 and increases in H+ and B over time.

5.2. Kimberlite ore and processed kimberlite fines

Kimberlite ore and processed fines examined for
this study originated from the upper portions of the
Panda pipe, which is dominated by volcaniclastic
kimberlite with lenses and blocks of epiclastic sedi-
ments throughout. More than 70% of the rock con-
sists of serpentine and forsteritic olivine, with lesser
spinel, pyroxene, garnet, phlogopite, pyrite, calcite
and smectite.

Mud xenoclasts are present throughout the
Panda kimberlite as clasts ranging in size from sev-
eral mm to several cm. In hand specimen the mud-
clasts are uniformly fine-grained, dark grey to
black in colour, and in thin section, the mudstone
is medium to dark brown and opaque (Fig. 5). X-
ray diffraction analysis of the mud xenoclast indi-
cates that smectite, quartz, and pyrite are the main
minerals present in this material. Due to the similar-
ity in appearance of the kimberlite groundmass
material and the mud xenoclasts, it is difficult to dis-
cern how much of the mudstone has been incorpo-
rated into the kimberlite, which is in agreement
with previous studies indicating that much of the
volcaniclastic kimberlite from the Lac de Gras area
contains mud-rich inter-clast matrices (Field and
Scott-Smith, 1998; Graham et al., 1998).

Sulphide minerals are restricted to the mud xen-
oclasts in the Panda kimberlite. The very fine framb-
oidal grains of pyrite observed in the mudstone
xenoclasts in unprocessed ore range in size from
approximately 0.5–10 lm in diameter, with the
majority less than 5 lm in diameter. The framboidal
habit of these pyrite grains is indicative of precipita-
tion by SO4-reducing bacteria in marine sediments,
which is consistent with the presence of marine
dinoflagellate and fish fossils found within mud-
stone clasts from the Lac de Gras region, suggesting
that the Western Interior Seaway extended over the



Fig. 5. (a) Panda kimberlite polished thin section indicating the location of mud xenoclasts (M). Note the variable size and shape, and
fine-grained nature of these clasts and the similarity in appearance of the mud and kimberlite matrix on the left side of the image. Also note
the olivine and serpentine grains embedded into the margins of mud xenoclasts (FOV = 34 mm · 22 mm). (b) Magnified view of area
indicated by the white box in (a). Note the deflection of the planar fabric of the mud xenoclasts around the embedded grains suggesting
pre-lithification incorporation of the mud into the kimberlite (FOV = 2 mm · 1.34 mm).
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Slave, for at least a short time, during the Upper
Cretaceous (Doyle et al., 1998; Field and Scott-
Smith, 1998; Nassichuk and Dyke, 1998; Nassichuk
and McIntyre, 1995; Nowicki et al., 2003).

Sulphate minerals were not easily identified in the
kimberlite ore by optical means. However, X-ray
element mapping and EDS spectra indicate the pres-
ence of a Ca- and S-rich phase within the mud xen-
oclasts, most likely a Ca sulphate (Figs. 6 and 7).
These maps show that Ca sulphate is found as
fine-grained disseminations, as well as fracture fill-
ing precipitates within the clasts.

The Panda kimberlite also contains ancient wood
fragments, present as pieces up to 1 m in length, dis-
persed throughout the pipe. The wood, which is
similar to the redwoods Sequoia and Metasequoia,



Fig. 6. Backscattered electron image of mud xenoclast from Panda kimberlite accompanied by Ca, Fe, and S X-ray element maps of the
same region. Small Fe sulphide grains and a larger fraction filling of Ca sulphate are shown. Operating conditions: 15 kV accelerating
voltage, 125 nA beam current, 200 times magnification, 1000 passes. The ‘·’ noted on the Ca and S maps note the position of the EDS
spectrum shown in Fig. 7.

Fig. 7. Energy dispersive spectra collected from the location marked ‘·’ in Fig. 6.
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appears relatively fresh and unaltered with marginal
amounts of permineralization (Nassichuk and
Dyke, 1998; Nassichuk and McIntyre, 1995).

The processed kimberlite fines are medium green-
grey with no observable reaction fronts or Fe oxide
staining, and have mineralogy similar to the kimber-
lite ore discussed previously. Saponite, chrysotile
and phlogopite were identified in the clay fraction
by XRD. Similar to the kimberlite ore, pyrite in
the fines is found only within mudstone fragments
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and is present as framboidal grains ranging in size
from approximately 0.5–10 lm in diameter, with
the majority less than 5 lm in diameter. These pyrite
grains maintain their framboidal habit and do not
exhibit any evidence of oxidation, such as rims or
Fe oxide staining around the grains.

During dry periods in the summer, a fine-grained
white efflorescent crust forms on the surface of the
processed kimberlite fines. As soon as it rains, this
efflorescent precipitate immediately dissolves.
X-ray diffraction analysis of this material
indicates that it is predominantly hexahydrite
(MgSO4 Æ 6H2O).

As seen in Table 2, inorganic-C is higher in fines
relative to the ore, SO4–S is concentrated in the
mud, and almost absent from the fines, and sul-
phide-S is concentrated in the mud xenoclast, and
does not change from ore to fines. The relatively
large increase in inorganic-C content in the fines rel-
ative to the ore indicates that carbonate minerals
most likely have precipitated in the processed kim-
berlite fines at some point after mining of the ore.
The pattern of SO4–S concentrations is exactly
opposite to that of inorganic C with the highest con-
centrations of SO4–S in the mud xenoclasts and the
Table 3
Mean saturation indices from LLCF water samples

Formula Pore-wate

Chrysotile Mg2Si2O5(OH)4 �1.42
Forsterite Mg2SiO4 �7.31
Enstatite MgSiO3 �2.72
Diopside CaMgSi2O6 �3.93
Goethite FeOOH 5.38
Gypsum CaSO4 �0.78
Montmorillonite �5.0
Saponite �3.8
Calcite CaCO3 �0.17
Amorph. SiO2 SiO2 �0.79
Brucite Mg(OH)2 �3.94
Magnesite MgCO3 �0.35
Sepiolite Mg4Si6O15 Æ 6H2O �1.98
CO2(g) CO2 �3.30

Table 2
Inorganic-CO2, sulphate-S, and sulphide-S analyses of mud xenoclasts

Sample type Inorganic-CO2 (wt%) Sulp

P5 Mean P95 P5

Mud xenoclast (6) 0.40 0.50 0.68 0.18
Kimberlite ore (3) 1.10 1.40 1.91 0.12
Kimberlite fines (17) 1.38 2.38 3.04 0.01

P5 and P95 represent the 5th and 95th percentile values. Bracketed num
lowest concentrations in the processed kimberlite
fines, indicating that mud xenoclasts are the main
source of sulphate minerals in the kimberlite ore
and that SO4 is being removed from the processed
kimberlite at some point after the ore is extracted
from the open pit. Similar to SO4–S, sulphide-S is
most concentrated in the mud xenoclasts. The differ-
ence in sulphide-S between the ore and the fines is
insignificant, which is consistent with the observed
fine-grained, apparently unoxidized pyrite and Ca
sulphate in the mud, and suggests that dissolved
SO4 originates mostly from sulphate minerals found
in mudstone material.

5.3. Controls on water chemistry

Saturation indices calculated using PHREEQC
(Parkhurst and Appelo, 1999) and the Lawrence
Livermore National Laboratory database included
with the software indicate that chrysotile, forsterite,
enstatite, diopside, and gypsum (representing Ca
sulphate), all of which are minerals found in the
Panda Kimberlite, are undersaturated in all waters
from the containment facility (Table 3). This sug-
gests that dissolution of all or some of these miner-
r Discharge Dyke B Dyke C

�0.57 �0.21 �5.99
�6.50 �6.26 �10.12
�2.46 �2.51 �4.45
�3.59 �3.53 �7.41

4.90 4.70 4.38
�1.94 �2.14 �2.32
�2.6 �1.4 �1.5
�3.5 �2.6 ��3.3
�0.05 �0.19 �1.02
�1.00 �1.39 �1.43
�3.18 �3.42 �4.78
�0.10 �0.36 �1.25
�1.77 �2.44 �10.22
�3.59 �3.73 �3.23

, kimberlite ore, and processed kimberlite fines

hate-S (wt%) Sulphide-S (wt%)

Mean P95 P5 Mean P95

0.27 0.38 1.82 2.54 3.19
0.14 0.16 0.20 0.21 0.22
0.04 0.09 0.17 0.25 0.35

bers indicate the number of samples analyzed.
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als produces the Mg–Ca–SO4 character of the dis-
charge and pore waters. Montmorillonite and sapo-
nite are consistently oversaturated in all LLCF
waters, calcite is undersaturated in pore- and sur-
face water samples and near saturation in discharge
water samples, and silica is close to saturation in
pore-water samples but undersaturated in discharge
and surface water samples. As well, it should be
noted that Fe(OH)3 is slightly supersaturated in
the pore-water samples.

5.3.1. Pore-water
The ephemeral efflorescent Mg sulphate on the

surface of the processed kimberlite fines suggests
that evaporation may be an important factor affect-
ing pore-water composition. Sulphate has been cho-
sen as a conservative tracer due to the fact that it is
present in a wide range of concentrations and is not
seen to precipitate from solution until very high
salinities are reached. Analysis of data from the
suite of pore-water samples collected for this study
indicates that, in addition to SO4, Ca and Mg (the
most abundant cations) remain concentrated in
solution as evaporation progresses (Fig. 8a,b).
These data suggest that no minerals containing
these elements are precipitating from the pore-
waters sampled (with the exception of the Mg sul-
phate forming occasionally from extreme evapora-
tion of near-surface solutions, as described above)
and that the behaviour of these elements in solution
is largely controlled by evaporation. However, silica
and HCO3 concentrations are relatively constant at
all degrees of evaporation (Fig. 8c,d), suggesting
that there is some mechanism controlling the con-
centration of each of these two dissolved constitu-
ents. In addition, Na and K plot in a linear trend
below the calculated evaporation field suggesting
that these two elements are being progressively
removed from solution during evaporation
(Fig. 8e,f).

Aqueous stability diagrams have been con-
structed in order to investigate the minerals and
reactions that might be controlling the chemistry
of a given solution. All phase diagrams were con-
structed using the dissolution reactions and equilib-
rium constants found in the Lawrence Livermore
National Laboratory thermodynamic database dis-
tributed with the PHREEQC software. A projection
of the LLCF water sample compositions on the
MgO–SiO2–Al2O3–H2O phase diagram (Fig. 9)
indicates that amorphous silica is controlling the sil-
ica content of LLCF waters. The average P CO2

for
LLCF samples, as determined from CO2(g) SI values
(Table 3), is relatively constant with values ranging
from 10�3.73 atm up to 10�3.23 atm. As well, the SI
values for calcite and magnesite in Table 3 suggest
that calcite and magnesite are undersaturated in
the pore and surface water samples. However, it
should be noted that the discharge water has calcite
and magnesite SI values close to 0. These data sug-
gest that alkalinity in the LLCF is currently being
controlled by ambient atmospheric CO2 concentra-
tions. The mechanism removing Na and K from
solution could be the result of a combination of
mechanisms including clay mineral precipitation,
ion exchange, surface adsorption, and biogenic
action (Eugster and Jones, 1979). Note that for
most water samples, saponite and kaolinite are
indicated to be stable, but not necessarily
precipitating.

In most examples of evaporation, Cl is chosen as
the conservative tracer since it forms highly soluble
salts and is present in solution until the very latest
stages of evaporation. However, Cl in pore-water
samples from EKATI maintains a relatively con-
stant concentration, ranging from 3 mg/l up to a
maximum of 7.5 mg/l (Table 1), and no Cl-bearing
phases were identified to be supersatured in pore-
water samples. It has been noted that kimberlite
readily absorbs PO4 and As (Graham, 2002), both
of which act as hydrolyzed anions in solution. Craw
(2000) suggested that Cl� ions, as well as alkali ions,
could be adsorbed to phyllosilicates as part of the
progressive groundwater alteration of schist. The
absorptive ability of kimberlite material could help
to explain the relatively constant Cl concentrations
observed within the fines pore-water, but further
work is required to more fully explain this
phenomenon.

While the causes of the Cr and B concentration
variations in pore waters are unknown, it is likely
that the increase in H+ (decreasing pH) is, in part,
a result of the oxidation of NH3 from remnant
blasting residue, forming NO3. This decrease in
the pH of pore waters is probably not the result of
sulphide oxidation, since SO4 is not observed to
increase over time.

5.3.2. Surface water

The temporal changes in the surface water at
Dyke B appear to be directly related to changing
water levels and dilution, most significantly by snow
melt runoff which ponded in the south end of Cell B.
Water levels immediately North of Dyke B were sig-



Fig. 8. Plots showing the behaviour of (a) Mg, (b) Ca, (c) Si, (d) alkalinity, (e) Na, and (f) K during evaporation of the LLCF processed
kimberlite pore-water. The two solid lines bracket the range of concentrations that can be expected through evapoconcentration of the
most dilute pore-water samples.
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nificantly higher in 2001 than either 2000 or 2002,
which coincided with a marked decrease in solute
concentrations in Dyke B water samples during this
time (Fig. 4a). These data suggest that solute behav-
iour at Dyke B during this investigation was con-
trolled by dilution.

Similar to the results from seasonal sampling, the
increasing annual trend of all solutes at Dyke C



Fig. 9. Mineral stability diagram for the MgO–SiO2–Al2O3–H2O
system constructed at 12 �C. Note that Al is assumed to be
conservative in this diagram.

Table 4
Dyke C surface water and process plant discharge water analyses
used in inverse modeling calculations

Dyke C Discharge

Sample Date 04-Jul-02 09-Jul-02
Temperature (�C) 16.35 20.25
pH 8.08 7.74
DO 9.99 7.84

Alkalinity (mg/L CaCO3) 43.6 59.6
Ca 17.8 54.1
Fe 0.005 0.018
K 33.7 81.2
Mg 30.5 90.2
Na 12.3 22.5
Si 2.00 4.9
Cl 43 55
SO4 118 472
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appears to be directly influenced by the discharge of
process plant water to Cell C (Fig. 4b).

5.3.3. Process plant discharge water

The reactions that occur through the mineral
processing circuit directly affect the composition of
waters in the containment facility. Inverse modeling
has been used, together with representative water
analyses and Panda kimberlite mineralogy, to calcu-
late phase transfers that could be responsible for the
water chemistry being discharged from the process
plant during the crushing and washing of Panda
ore. The majority of water that entered the contain-
ment facility during this investigation was taken
from the north side of Dyke C and was used in
the processing of kimberlite ore before it was dis-
charged to the LLCF. Therefore, Dyke C and pro-
cess plant discharge water samples exist along the
same flow path through the process plant.

Although numerous models of calculated mass
transfers are mathematically possible, geochemi-
cally reasonable scenarios were selected based on
knowledge of the minerals involved and their stabil-
ity under the conditions present in the processing
plant (Hudson-Edwards et al., 2005). Table 4 lists
the process plant discharge and Dyke C water anal-
yses that were used to perform inverse modeling cal-
culations. Only major elements were used for
inverse modeling because they make up more than
90% of the water analyses, on an equivalent basis,
and their abbreviation does not significantly affect
charge balance of these solutions. Chloride was
included since its concentrations increase noticeably
through the mineral processing circuit, and Fe was
included to investigate the role of sulphide oxida-
tion. The phases included in the mass-balance calcu-
lations (Table 5) were chosen based on the
mineralogical work discussed previously. Although
no significant concentrations of Cl-bearing minerals
were found in the kimberlite ore, halite was added
to the list of phases to represent a source of Cl (Eary
et al., 2003; Hudson-Edwards et al., 2005).

Four separate scenarios were modeled. The first
scenario assumed that gypsum is the main source
of SO4 and that the increase in Fe through the pro-
cess plant is negligible. Therefore, Fe was omitted
from the solution chemistry as well from the phases
used in these calculations. Scenario two was similar
to scenario one, except fayalite was included as a
source of Fe. This scenario was intended to deter-
mine the amount of fayalite required to produce
the change in dissolved Fe concentrations observed.
The third scenario included both gypsum and pyrite
as potential sources of SO4. Pyrite was included in
this scenario to determine the amount required to
account for the increase in dissolved Fe. Finally,
scenario 4 represented the end-member situation in
which all the dissolved SO4 is due to pyrite oxida-
tion alone. However, all models generated using this
scenario require the precipitation of a large amount
of chrysotile, a result that is unlikely since chrysotile
in undersaturated in the discharge water. Such a
process is also unlikely for kinetic reasons. There-
fore, no models generated using scenario 4 were
considered geochemically feasible. Table 5 depicts
the three most reasonable sets of mole transfers pro-
duced from these models. All calculations were



Table 5
Mass transfer models calculated using PHREEQC

Mineral Formula 1 2 3

Magnesite MgCO3 �17.88 �17.86 �17.63
Chrysotile Mg3Si2O5(OH)4 5.959 5.954 5.875
CO2(g) CO2 17.88 17.86 17.63
Forsterite Mg2SiO4 – – –
Gypsum CaSO4 Æ 2H2O 0.003954 0.004151 0.004147
Halite NaCl 0.0006 0.0005957 0.0005922
Saponite-Ca Ca0.165Mg3Al0.33Si3.67O10(OH)2 �0.01789 �0.01908 �0.01907
Saponite-K K0.33Mg3Al0.33Si3.67O10(OH)2 0.003012 0.004247 0.004239
Saponite-Mg Mg3.165Al0.33Si3.67O10(OH)2 0.01500 0.01495 0.01493
Saponite-Na Na0.33Mg3Al0.33Si3.67O10(OH)2 �0.0001234 �0.0001106 �0.0001048
Am. Silica SiO2 �11.92 �11.91 �11.75
Fayalite Fe2SiO4 NI 0.0000001261 NI
Pyrite FeS2 NI NI 0.000000252

The three sets of inverse calculations correspond to scenarios described in the text. All mole transfers are reported in terms of moles of
phase transferred per kilogram of solution. Positive mole transfers indicate dissolution and negative mole transfers indicate precipitation.
Note that dashes indicate that the phase was not indicated to dissolve or precipitate by the model and NI indicates that the phase was not
included in modeling calculations.
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repeated using calcite instead of magnesite as the
carbonate mineral, which produced very small dif-
ferences in mole transfers (e.g. mole transfer of gyp-
sum increased from 0.003954 to 0.004195)
compared to those in Table 5 (Rollo, 2003).

Table 5 indicates that the main mole transfers in
all geochemically feasible models are the dissolution
of chrysotile and CO2(g), and the precipitation of
amorphous silica and a carbonate mineral. While
the carbonate listed in Table 5 is magnesite, essen-
tially identical quantities of calcite would be precip-
itated if that was the chosen carbonate mineral. A
small amount of gypsum is shown to dissolve in
all cases. The net mole transfer of saponite in all
models is essentially zero. Fig. 9 indicates that sap-
onite is stable in LLCF waters. Therefore, the mass-
transfer of the various saponite minerals to and
from solution can be considered in terms of sorption
and cation exchange reactions between clay miner-
als in the kimberlite. Note that all models that
included Fe involved very small mole transfers of
the Fe-bearing phase and did not significantly affect
the mole transfers of other phases.

These data suggest that the net reaction occur-
ring during the processing of kimberlite ore is:

Mg3Si2O5ðOHÞ4ðsÞ þ 3CO2ðgÞ

! 3MgCO3ðsÞ þ 2SiO2ðsÞ þ 2H2OðlÞ

The proposed reaction, shown above, involves the
dissolution of chrysotile and CO2 in the process
plant water and the precipitation of magnesite and
amorphous silica. This is consistent with the fact
that the inorganic C content increases from ore to
fines (Table 2), and the calculated SI value of silica
and carbonate minerals are near saturation in dis-
charge waters (Table 3). This is the same reaction
proposed for most mineral carbonation schemes
(e.g. Lackner, 2002), and suggests that crushed kim-
berlite may provide a potential option for safe
sequestration of anthropogenic C emissions. Cipolli
et al. (2004) have used reaction path modeling to
demonstrate that CO2 injection into serpentinite res-
ervoirs would sequester a significant amount of CO2

within several decades. Hansen et al. (2005) have
suggested that the mineral transformation that pro-
duced carbonate-altered serpentinite at Atlin, Brit-
ish Columbia, is a natural analogue to proposed
CO2 sequestration processes.

The modeling results suggest that CO2 sequestra-
tion is actively occurring in the kimberlite process-
ing plant. As kimberlite ore is crushed and
washed, CO2 from the atmosphere appears to dis-
solve in the process water producing protons. These
protons, together with dissolved carbonate, then
react with chrysotile to form magnesite and silica.
Further work is focusing on whether mineral car-
bonation using serpentine-rich kimberlite can be
used to reduce CO2 emissions at the diamond mine.

Discharge water is undersaturated with respect to
gypsum indicating that, if present, gypsum will dis-
solve. The kimberlite ore contains an average SO4–S
concentration of 0.14% (Table 2) while the pro-
cessed kimberlite fines contain essentially no SO4–
S, suggesting that the small amount of SO4 in the
ore dissolved during processing. The mass-balance
calculations presented in Table 5 are consistent with
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these observations since the models indicate that the
dissolution of a small amount of gypsum accounts
for the increase in SO4 concentrations observed
through the processing plant circuit.

6. Conclusions

Analysis of water samples indicate that all waters
from the LLCF are dominated by SO4, Ca, Mg, Na,
K, and HCO3. In addition, these samples have cir-
cumneutral pH values and low total dissolved Fe.
Both the kimberlite ore and the processed kimberlite
fines are similar in mineralogy, consisting predomi-
nantly of chrysotile and forsterite. Both sulphide
and sulphate minerals were identified and found
only in mudstone xenoclasts. All the dissolved SO4

appears to have originated from the kimberlite ore,
but the sulphides do not show any signs of oxidation,
either macroscopically or microscopically. In addi-
tion, there is no Fe oxide staining in the LLCF.

The results of the investigation suggest that the Ca
sulphate present in the mud xenoclasts, although vol-
umetrically minor, is the origin of the relatively high
dissolved SO4 and at least some of the Ca in the dis-
charge and pore waters. High dissolved Mg origi-
nates from the dissolution of chrysotile, the
volumetrically dominant mineral in the ore. Pyrite
dissolution, which is not apparent in thin section, is
relatively unimportant at this stage of the chemical
evolution of these waters. Eventually the pyrite
may oxidize in those fines in the active layer that
are briefly unfrozen during the short Arctic summer.
The implication for diamond mine operators in the
Lac de Gras kimberlite field is that the amount of dis-
solved SO4 in mine waste water is directly related to
the amount of mud xenoclasts present, as these mate-
rials host both the sulphate and sulphide minerals.

The study also indicates that the composition of
the water in the LLCF is primarily the result of
water-rock interactions occurring within the pro-
cessing plant. Dissolution of Mg silicates and Ca
sulphate occurs very rapidly as the ore spends
approximately 1 h in the processing plant. Craw
(2000) has shown that water interacting with fresh
excavated greenschist facies schist acquires a dis-
tinctive composition indicative of water-rock reac-
tion including chlorite dissolution very rapidly, on
the scale of weeks or months. At EKATI, once
the processed fines are deposited in the LLCF, evap-
oration during the short, dry Arctic summer is the
dominant control on water chemistry, increasing
Ca, Mg, and SO4 concentrations. Modeling indi-
cates that amorphous silica and a carbonate mineral
precipitate in the fines, although further work is nec-
essary to confirm this. The results suggest that the
water-rock interaction in the processing plant
includes the dissolution of atmospheric CO2 and
mineral carbonation processes similar to those pro-
posed for CO2 sequestration schemes, which is sup-
ported by recent experiments in the authors’
laboratory (Lee, 2005).

The Panda kimberlite is the first of 8 pipes that
will be processed at EKATI diamond mine. Given
that the mineralogy of the kimberlite and xenoclas-
tic components, and the nature of water-rock inter-
actions in the processing plant are critical in
controlling effluent water composition, it is unclear
whether the processes identified in this study will
continue, or be replaced by others.
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