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An ideal engineered soil cover can mitigate acid rock drainage (ARD) by limiting water and gaseous O2

ingress into an underlying waste rock pile. However, the barrier layer in the soil cover almost invariably
tends to develop cracks or fractures after placement. These cracks may change water flow and O2 trans-
port in the soil cover and decrease performance in the long run. The present study employed a 10-cm-
wide sand-filled channel installed in a soil barrier layer (silty clay) to model the aggregate of cracks or
fractures that may be present in the cover. The soil cover had a slope of 20%. Oxygen transport through
the soil cover and oxidation of the underlying waste rock were investigated and compared to a controlled
column test with bare waste rock (without soil cover). Moreover, gaseous O2 transport in the soil cover
with channel and its sensitivity to channel location as well as the influence of the saturated hydraulic
conductivity of the channel material were modeled using the commercial software VADOSE/W. The
results indicted that the waste rock underlying the soil cover with channel had a lower oxidation rate
than the waste rock without cover because of reduced O2 ingress and water flushing in the soil cover with
channel, which meant a partial soil cover might still be effective to some extent in reducing ARD gener-
ation. Gaseous O2 ingress into the covered waste rock was more sensitive to the channel location than to
the saturated hydraulic conductivity of the material filling the channel. Aqueous equilibrium speciation
modeling and scanning electron microscopy with energy dispersive X-ray analysis indicated that second-
ary minerals formed as a result of the oxidation of the waste rock included gypsum and goethite in the
covered waste rock and schwertmannite and other Fe oxides in the uncovered waste rock. The findings of
the study provided insight into the effect of channel flow on O2 transport and oxidation of the covered
waste rock, which may help to improve soil cover design and construction to minimise the generation
of preferential flow in the barrier layer.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The diffusion coefficient of gaseous O2 in water is much smaller
than in air, therefore, the gaseous O2 flux through an engineered
soil cover into the underlying reactive waste rock could be reduced
significantly when the barrier layer in the soil cover maintains high
water saturation (Nicholson et al., 1989; Yanful, 1993; O’Kane
et al., 1998). As a result, a lot of research has focused on maintain-
ing high saturation in the barrier layer in resistive soil covers.
Among the research topics studied, the capillary barrier effect,
which is produced by placing a fine-grained material over a
coarse-grained material, has probably received the most attention
over the years. The capillary barrier concept is usually employed in
soil cover design to meet the high saturation requirement of the
barrier layer (e.g. Aubertin et al., 1994; Woyshner and Yanful,
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1995; Yanful et al., 2003; Weeks and Wilson, 2005; Bussière
et al., 2007). The water content of the barrier layer can be influ-
enced by a number of factors including soil properties, climatic
conditions, soil cover configuration, and the geometry of the soil
cover. For example, Bussière et al. (2003) investigated an inclined
soil cover and found that the upslope section of the cover had a
lower saturation than the downslope. Stormont (1996) found that
a layered capillary barrier was more effective than a homogeneous
capillary barrier at the same slope of 10%.

Preferential flow in a soil cover can also influence the water
content of the barrier layer. Water flow in macropores (Beven
and Germann, 1982), fingered flow (Hill and Parlange, 1972; Selker
et al., 1992), and funnel flow (Kung, 1990; Walter et al., 2000) are
three different preferential flow mechanisms. Among them, water
flow in macropores is the main concern related to the soil cover
performance and is the subject of the present study. Beven and
Germann (1982) reviewed factors that cause the formation of
macropores in soils. These factors include soil fauna, plant roots,
dessication, freeze–thaw cycles, and subsurface flow erosion.
chemistry of percolate water from reactive mine waste rock underlying a
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Preferential flow has also been found to occur in soil covers in the
field by several researchers. For example, Taylor et al. (2003) re-
ported that infiltration increased and soil cover performance de-
creased at the Rum Jungle mine site in Australia after 10 a due to
shrinkage, plant root penetration and animal invasion. Adu-Wusu
and Yanful (2006) found that preferential flow occurred in pilot
test soil covers incorporating geosynthetic clay liner and sand–
bentonite mixture as barrier materials in the third year at the
Whistle mine site in Canada. Although preferential flow has been
found to impact infiltration or percolation in soil covers in the field,
little has been done in the laboratory to examine the effect of pref-
erential flow on soil cover performance, especially O2 transport in
the soil cover. A laboratory study offers better control of influenc-
ing factors and allows an evaluation of the effect of each factor on
cover performance indicators such as water balance, O2 ingress and
residual oxidation of the covered waste.

In the present study, a soil cover (Test 1) consisting of sand and
silty clay was installed over reactive mine waste rock in the labo-
ratory. A 10-cm-wide channel filled with sand was installed in the
silty clay layer to simulate preferential flow (referred to as channel
flow in this paper) in the barrier layer. The purpose of the experi-
ment (Test 1 or cover with channel) was to investigate the effect of
channelling on water balance, O2 transport and waste rock oxida-
tion. The sand-filled channel was designed to represent the aggre-
gate of fissures and/or cracks that frequently develop in compacted
clayey soils used as barrier layers. The macroporosity of the chan-
nel with respect to the silty clay layer was 3.4%, and the macrop-
ores in the channel accounted for 10.4% of pore volume of the
silty clay layer. The configuration of the channel used in the exper-
iment is not uncommon with respect to preferential flow pathways
occurring in field soils. Song and Yanful (2010a) discussed the
channel configuration in detail and showed that the channel
macroporosity of 3.4% was similar to values for macropore net-
works studied by other researchers (e.g. Germann and Beven,
1981; Zehe and Flühler, 2001). Measurements and modeling of
the impact of the channel on the water balance for the cover have
been presented by Song and Yanful (2010a,b). The present study
deals with O2 influx to the waste rock with channelled cover and
the geochemistry of the resulting percolate water from Test 1.
For comparison, a column test (Column 1 or waste rock without
cover) was also set up to investigate waste rock oxidation. The col-
umn test had the same rainfall frequency and intensity as the cov-
ered waste rock. Although two tests had different scales, this
comparison can still provide information on how the presence of
the channel pathway influenced oxidation of the underlying waste
rock.

A commercial finite element software, VADOSE/W (GEO-SLOPE,
2004), was used to model the distribution of O2 in the waste rock in
Test 1. It was also used to further analyze the effects of the location
of the channel and the saturated hydraulic conductivity of the fill
material on O2 concentration and O2 flux through the soil cover.
The aqueous equilibrium speciation program, PHREEQC (Parkhurst
and Appelo, 1999), was employed to investigate the geochemistry
of percolate waters from Test 1 and Column 1. The objectives of the
present paper are (1) to present the oxidation characteristics of the
covered waste rock (Test 1) and uncovered waste rock (Column 1);
(2) to model the distribution of O2 in the waste rock with the slop-
ing, channelled cover (Test 1); and (3) to present the effects of the
location of the channel and the saturated hydraulic conductivity of
the channel filling material on O2 transport.

The same computer program VADOSE/W has been used by the
authors (Song and Yanful, 2010b) to model the hydrogeological
behaviour of the same channelled cover (i.e., Test 1). During the
water flow modeling, hydraulic properties (such as the soil–water
characteristic curve and unsaturated hydraulic conductivity func-
tions) of the materials were calibrated using a step-by-step ap-
Please cite this article in press as: Song, Q., Yanful, E.K. Oxygen influx and geo
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proach. The hydrogeological modeling results indicated that
percolation was sensitive to both the channel location and the sat-
urated hydraulic conductivity of channel filling material. The suc-
cessful hydrogeological modeling provided a foundation to
further evaluate the influence of channelled cover on gaseous O2

flux because the gaseous O2 flux is intrinsically affected by water
movement in the cover. Oxygen influx and geochemical speciation
modeling in the present study could provide further understanding
of the influence of the channelled cover on gaseous O2 transport in
the cover and hence on the geochemistry of the infiltrated waters
draining the underlying sulfidic waste rock. Thus the present work
differs from but builds on the two previous papers published by
the authors (Song and Yanful, 2010a,b).
2. Materials and methods

2.1. Materials

Materials used in the experiments included waste rock, silty
clay and construction sand. The waste rock was obtained from
the Mattabi mine site near Ignace, Ontario, Canada. Before its use
in the experiments, the waste rock was crushed, sieved, and
washed. The crushed particle size of the waste rock was less than
12.5 mm (passing No. ½ in. sieve). The waste rock contained sul-
fide-bearing minerals including pyrite, sphalerite, chalcopyrite
and pyrrhotite, and gangue minerals such as quartz, clinochlore,
muscovite and mica. The silty clay and sand were obtained from
a suburb of London, Ontario, Canada. The dominant minerals in
the sand were quartz, dolomite, and calcite. The silty clay com-
prised mainly quartz, calcite, dolomite, illite and chlorite. The most
abundant elements in the waste rock included Fe (18.6%), S
(17.6%), Zn (3.6%), Ca (0.9%) and Al (0.6%). The most abundant ele-
ments in the silty clay were Ca (11.8%), Fe (1.7%), Al (1%) and S
(0.2%). The most abundant elements in the sand were Ca (19.6%),
Fe (0.8%), Al (0.3%) and S (0.1%). The detailed elemental composi-
tion and geotechnical properties of the test materials have been
presented by Song and Yanful (2010a).
2.2. Experiment setup

The experimental unit used in Test 1 (waste rock with the slop-
ing channelled soil cover) was a plastic box measuring
120 cm � 120 cm � 25 cm (width � height � thickness). The box
was placed on a steel frame. A rainfall distributor installed above
the box during wetting periods was designed to simulate precipi-
tation. There were two outlets attached to the sidewall of the
box to collect runoff and interflow and three outlets at the bottom
to collect percolation. The test materials were placed in the box in
layers. The surface of the waste rock layer had a slope of 20%, so the
height of the waste rock ranged from 11 cm at the lowest point to
35 cm at the highest point. The compacted silty clay layer and
uncompacted sand layer were 50 cm and 30 cm in height, respec-
tively. The silty clay was compacted as a 5-cm-thick sublayer at a
time outside the box and was then moved and placed in the box.
The water content of the silty clay layer was controlled at 2% above
the optimum water content (15.8%) during the compaction. A 10-
cm-wide channel filled with the same sand as the overlying sand
layer was installed in the silty clay layer. The channel was located
30 cm from the highest point of the soil cover. The section of the
soil cover in the box is shown in Fig. 1a. The porosity of the sand,
silty clay, and waste rock in Test 1 was 0.41, 0.36 and 0.26, respec-
tively. Fig. 1a also shows the O2 sampling ports in the soil cover in
Test 1. In total, 11 oxygen sampling ports were installed in the soil
cover. Water traps (not shown in Fig. 1a) were installed in Outlets
2–5 to prevent gaseous O2 from entering, from side and bottom of
chemistry of percolate water from reactive mine waste rock underlying a
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Fig. 1. (a) Vertical section of the test soils and instrumentation in Test 1 (waste rock with channelled cover); (b) vertical section of Column 1 (waste rock without cover).
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the box, into the waste rock layer. A rubber stopper (not shown in
Fig. 1b) was used to avoid gaseous O2 entering into the waste rock
from the bottom Outlet C1 in Column 1.

The tapered column used in Column 1 measured 20.2 cm in
diameter at the bottom, 22.2 cm at the top, and 28.2 cm in height
(Fig. 1b). The column was sealed at the bottom with a 6-mm diam-
eter outlet for effluent collection. The height of the waste rock in
the column was 25 cm, which was similar to the average height
(23 cm) of the waste rock in Test 1. Two O2 sampling ports located
10 cm apart were installed in Column 1. The dry density of the
waste rock in Column 1 was 2.06 g/cm3, and the porosity was
0.27. This porosity was slightly different from the porosity (0.26)
of the waste rock placed in Test 1. This minor discrepancy was
probably due to errors associated with the installation of the test
units (such as weighing accuracy) of the waste rock. The waste
rock was homogenized before being used in the experiments.

2.3. Measurements

Extensive measurements were carried out in Test 1 to obtain a
number of parameters including soil temperature, suction, water
content, runoff, interflow, percolation, precipitation and O2 con-
centration (Song and Yanful, 2010a). Precipitation, percolation
and O2 concentration in Column 1 were also measured. The O2

sampling ports incorporated rubber septa that automatically
sealed after drawing a sample of air using a syringe with a needle.
A volume of 2-mL of air was extracted from the O2 sampling port
and injected into an O2 analyzer (Quantek Instruments, Model
905V) to measure the O2 concentration. The O2 analyzer was cali-
brated in the atmosphere before each sampling. The O2 concentra-
tion in the experiments was monitored every 3 days.

A number of chemical parameters for the percolate waters from
Test 1 and Column 1 were measured, which included pH, Eh (redox
potential), electrical conductivity, acidity, alkalinity, SO2�

4 concen-
tration and dissolved metal concentrations. Percolate water pH
was measured using an ORION 410A pH meter (Thermo Scientific),
and electrical conductivity and Eh were measured with a multi-
parameter handheld meter (WTW, Multi 340i). Acidity and alkalin-
Please cite this article in press as: Song, Q., Yanful, E.K. Oxygen influx and geo
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ity were measured by titration with 0.01 N NaOH and 0.02 N
H2SO4, respectively, through an automated titration device (Metr-
ohm AG, 785 DMP Titrino). The SO2�

4 concentration of the percolate
water was measured using a high performance liquid chromatog-
raphy (HPLC) system (Waters Corporation, Waters 432 Conductiv-
ity Detector). Dissolved metal ions were determined using
inductively coupled plasma-optical emission spectrometry (ICP-
OES) (Varian Inc., Vista-Pro).

The precipitation frequency employed in the experiments was
to simulate drying and wetting cycles at Whistle mine site, near
Capreol, Ontario, Canada. The precipitation intensity for Test 1
and Column 1 was the same. Fig. 2 presents the precipitation inten-
sity and water amount added in Test 1 and Column 1. The test per-
iod was from February 8 to July 8, 2008 for Test 1 and from
February 25 to July 25, 2008 for Column 1. Air temperature and rel-
ative humidity in the laboratory were also recorded during the
experiments.
2.4. Acid base accounting test

An acid base accounting (ABA) test was employed in the study
to evaluate the acid generating or neutralizing potential of the
waste rock. The ABA test includes the measurement of neutraliza-
tion potential (NP) and acid generation potential (AP). The suscep-
tibility of the waste rock to acid generation is determined based on
the difference between NP and AP or the ratio of NP to AP. The dif-
ference between NP and AP is called the net neutralization poten-
tial (NPP), that is, NPP = NP–AP, while the ratio of NP to AP is the
neutralization potential ratio (i.e. NPR = NP/AP). If the NNP value
is less than �20 kg CaCO3/tonne, the material is a potential acid
producer. The material is not likely to form acid if the NNP value
is greater than 20 kg CaCO3/tonne. For NNP value between �20
and 20 kg CaCO3/tonne, it is difficult to determine the acid poten-
tial just from the ABA test results (USEPA, 1994). In the present
study, the ABA test was performed according to the modified Sobek
method (MEND, 1991). The AP was calculated from the amount of
sulfide–S, which was the difference between total S and SO4–S.
chemistry of percolate water from reactive mine waste rock underlying a
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2.5. Oxygen transport in VADOSE/W

Oxygen transport is simulated in the program VADOSE/W (Eq.
(1)) by accounting for O2 diffusion in both air and water phases
and for decay (Krahn, 2004):

@ðheqCÞ
@t

¼ Deff
@2C
@x2 þ Deff

@2C
@y2 � k�heqC ð1Þ

where C is the pore gas O2 concentration, heq is the effective poros-
ity, Deff is the effective diffusion coefficient, and k� is the bulk O2 de-
cay coefficient. The effective porosity is defined as Eq. (2) (Aubertin
et al., 2000).

heq ¼ ha þ Hchw ð2Þ

where ha is the volumetric air content (or air filled porosity), hw is
the volumetric water content, Hc is the dimensionless Henry’s equi-
librium constant (Hc is approximately 0.03 at 20 �C). The bulk O2 de-
cay coefficient, k�, is defined as

k� ¼ ln 2
t�1=2

ð3Þ

where t�1=2 is the half-life of the O2 decay.
During modeling, the program can calculate Deff using the meth-

od of Collin and Rasmuson (1988) based on the simulated satura-
tion. The half-life t�1=2 is an input parameter. Eqs. (1) and (2) show
that O2 transport and O2 distribution in the soil cover are dependent
on water flow. However, water flow is independent of O2 transport
during the flow modeling, which provides a convenient way to cal-
ibrate relevant parameters to O2 transport, especially, the half-life of
O2 (or the bulk decay coefficient) due to O2 consumption. Except for
the upper boundary, all other boundary conditions in the O2 trans-
port modeling were set as zero flux. The upper boundary was the cli-
matic boundary. The initial O2 concentration in the model was set to
180 g/m3 for all nodes. This value was close to the measured O2 con-
centration of 13.6% at the beginning of the test. The half-life of the O2

decay in the waste rock was set to 0.005 a (the optimum value for the
tested waste rock obtained from model calibration).

As mentioned above, the modeling of water balance in Test 1
provided a basis for the modeling of O2 transport. Just like the
water balance (Song and Yanful, 2010b), the modeling of O2 influx
in the present study also involved two stages. The first stage was to
calibrate the half-life or bulk O2 decay coefficient. This was done by
fitting the simulated O2 concentrations in the cover soils (mainly
silty clay) and the waste rock to the measured results in Test 1
(cover with channel). It should be noted that this method of
obtaining the half-life or bulk O2 decay coefficient was evaluated
by comparison with the SO2�

4 release method and with other pub-
lished methods in a previous publication (Song and Yanful, 2010c).
Please cite this article in press as: Song, Q., Yanful, E.K. Oxygen influx and geo
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After obtaining the bulk O2 decay coefficient, the effects of location
of the channel pathway and saturated hydraulic conductivity of the
channel filling material on O2 transport in the cover were modeled.
The location of the channel pathway was expressed as a normal-
ized distance (x), defined as the ratio of the horizontal distance be-
tween the mid-point of the channel pathway and the highest point
of the soil cover to the total horizontal length of the soil cover.
Therefore, the normalized distance will increase with the location
of the channel pathway moving from upslope to downslope of the
soil cover. When investigating the effect of the saturated hydraulic
conductivity of the channel filling material on O2 transport, the
channel pathway was set at the same position as built in Test 1
(i.e. x = 0.29). Table 1 lists the cases modeled in the present study.

2.6. Geochemical speciation modeling

The difference between the oxidation rate of the covered waste
rock (Test 1) and that of the uncovered waste rock (Column 1)
could produce drainage with different water chemistry and, possi-
bly, different secondary minerals. The ion speciation model PHRE-
EQC (Parkhurst and Appelo, 1999) was employed to assess the
possible formation or dissolution of secondary minerals based on
the water chemistry data from the effluents (final effluents) in Test
1 and Column 1. One of the outputs from PHREEQC is the satura-
tion index (SI) of individual potential minerals calculated as

SI ¼ Log10
IAP
Kso

� �
ð4Þ

where IAP is the ion activity product of a mineral, Kso is the equilib-
rium constant or solubility constant. The SI value is an indication of
the mineral’s potential state in the water. The thermodynamic data-
base in Minteq v4 (USEPA, 1999) was used for the modeling.
Schwertmannite (Fe8O8(OH)6SO4) solubility constant of log Kso =
18.0 (Bigham et al., 1996) and enthalpy of �452.7 kJ/mol modified
from Majzlan et al. (2004) were added to the database. The input
data used in PHREEQC modeling are listed in Table 2. The data rep-
resent values for effluents or drainage waters obtained at the end of
the test since the geochemistry of the last extraction would reflect
the final status of the waste rock in the two tests. This final status
would provide information on possible secondary mineral precipi-
tation or dissolution.

2.7. Secondary mineral identification

Scanning electron microscopy (SEM) with energy dispersive
X-ray analysis (EDX) was employed to confirm the formation of
secondary minerals predicted by PHREEQC. Samples of waste rock
obtained after the tests were divided into six groups according to
chemistry of percolate water from reactive mine waste rock underlying a
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Table 1
Modeling cases to investigate the effect of channel flow on O2 transport through the soil cover.

Modeling case Type of case Purpose Properties of the channel pathway

Normalized distancea,
x, (m/m)

Saturated hydraulic
conductivity (m/day)

Case 1 Experimental test (Test 1) To calibrate model 0.29 24.2

Case 2 Hypothetical case To evaluate the effect of the location
of the channel pathway on oxygen influx

0.04 24.2

Case 3 Hypothetical case 0.54 24.2
Case 4 Hypothetical case 0.71 24.2
Case 5 Hypothetical case 0.96 24.2

Case 6 Hypothetical case To evaluate the effect of hydraulic
conductivity of channel material on oxygen influx

0.29 242

Case 7 Hypothetical case 0.29 121
Case 8 Hypothetical case 0.29 48.4
Case 9 Hypothetical case 0.29 12.1
Case 10 Hypothetical case 0.29 4.84
Case 11 Hypothetical case 0.29 2.42

a Normalized distance (x) is the ratio of the horizontal distance from the mid-point of the channel to the highest point on the soil cover over the total horizontal length of
the cover.

Table 2
Input data (measurements obtained from the final effluents) used in PHREEQC
modeling.

Identifier Test 1a (mg/L, except for
pH and pe)

Column 1b (mg/L, except for
pH and pe)

pH 7.6 6.7
Pe 3.8 4.7
Al 1.39 � 10�2 9.31 � 10�2

Sb 1.29 � 10�2 3.98 � 10�3

As 6.01 � 10�3 4.10 � 10�3

Ba 2.24 � 10�2 8.51 � 10�3

Cd 7.51 � 10�4 6.67 � 10�2

Ca 5.99 � 102 6.44 � 102

Co 1.64 � 10�3 2.36 � 10�2

Cu 2.45 � 10�3 5.84 � 10�2

Fe 9.26 � 10�2 3.87 � 10�2

Pb 1.72 � 10�2 8.63 � 10�2

Mg 6.78 � 101 4.95 � 101

Mn 4.86 � 100 5.80 � 100

Ni 6.55 � 10�3 7.63 � 10�2

K 2.45 � 101 4.43 � 100

Se 8.33 � 10�3 9.90 � 10�2

Si 3.45 � 101 1.85 � 101

Na 1.21 � 101 2.84 � 100

Sr 1.12 � 100 5.97 � 10�1

SO2�
4

1.48 � 103 1.39 � 103

Zn 8.96 � 10�1 1.86 � 101

Alkalinity (as
CaCO3)

1.69 � 10+2 1.91 � 101

a Test 1: Waste rock with channelled cover.
b Column 1: Waste rock without cover.
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the extent of oxidation identified visually. Sub-samples identified
visually to be the mostly severely oxidized were used for analysis.
The mounted samples for SEM analysis were coated with Au. The
mineral chemistry was determined using the Hitachi 3400-N vari-
able pressure scanning electron microscope (VP-SEM) equipped
with an EDX spectrometer at 12 kV accelerating voltage. The min-
erals were confirmed by normalized weights of the detected ele-
ments in the scanned area and the crystals in the image
combined with the output from the PHREEQC modeling.

3. Results

3.1. Acid base accounting test results

The paste pH of the waste rock was 5.8. Total S (mainly from
pyrite and sphalerite) accounted for 19.7% and the SO4–S was
Please cite this article in press as: Song, Q., Yanful, E.K. Oxygen influx and geo
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0.5%, so the calculated AP (acid generation potential) was 600 kg
CaCO3 equivalent per tonne of the waste rock. The NP (neutraliza-
tion potential, mainly produced by calcite) was 29 kg CaCO3 equiv-
alent per tonne of the waste rock. As a result, the waste rock had a
net neutralization potential (NNP) of �571 kg CaCO3 equivalent
per tonne and was, therefore, identified to be a potential acid
producer.
3.2. Results of measured and modeled oxygen concentrations

Fig. 3 shows the measured O2 concentration profiles at the
downslope section (O1–O5) in Test 1. During rainfall events (e.g.
May 8, 2008), the O2 sampling ports O1, O2 and O3 were filled with
water (hence zero readings were recorded). However, O2 concen-
trations at O4 and O5 were almost the same, approximating 6.5%.
During drying periods, the O2 concentration in the sand layer
(O1) was approximately 20.8%, which was close to the atmospheric
O2 concentration (20.9%). Oxygen concentrations in the silty clay
layer decreased with depth. For example, the O2 concentration
was 13.5% at O3 and 10.6% at O4 on April 8, 2008. Sampling port
O2 was filled with water following the first rainfall events, there-
fore the O2 concentration at this point was not available. Oxygen
concentrations at O5 were relatively stable with a value of approx-
imately 11.5% in the dry periods. For a particular time, the O2 con-
centration at O4 (in the silty clay) was close to or even lower than
the O2 concentration at O5 (in the waste rock), implying that gas-
eous O2 was not transported from O4 to O5 in Test 1. This phenom-
enon was attributed to the presence of the sand-filled channel in
the silty clay layer. Gaseous O2 would have been transported more
easily through the sand-filled channel to arrive in the underlying
waste rock layer than through the silty clay layer because the sand
in the channel would have a higher diffusion coefficient than the
silty clay (Song and Yanful, 2010a).

During the rainfall events (Day 85–91) shown in Fig. 4, the mea-
sured and modeled O2 concentrations in the waste rock decreased
quickly, but then increased steadily in the drying periods. The mea-
sured O2 concentrations downslope (O5) in the waste rock were
between 6.2% and 12.1%, and the modeled O2 concentrations at
the same location ranged from 5.2% to 11.5%; thus the modeled
O2 concentration matched the measured results very well at the
downslope section (O5) of the waste rock. Similarly, the modeled
O2 concentrations (6.7–14.2%) upslope (O11) in the waste rock
agreed well with the measured values (7.8–14.7%). Therefore, VA-
DOSE/W provided reasonable predictions of gaseous O2 transport
chemistry of percolate water from reactive mine waste rock underlying a
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when the optimum O2 consumption half-life value (0.005 a) was
input in the modeling.

The modeled O2 concentrations in the waste rock downslope
(O5) and upslope (O11) at different locations of the channel path-
way are shown in Figs. 5a and 5b, respectively. First of all, the mod-
eled O2 concentration at both locations O5 and O11 decreased
significantly during the rainfall events and then increased steadily
in the following drying periods. Secondly, the distribution of gas-
eous O2 concentration in the waste rock depended on the location
of the channel pathway. Closer to the channel, higher O2 concen-
trations occurred. When the location of the channel pathway chan-
ged from the downslope section to the upslope section of the soil
cover (i.e. x decreased), the O2 concentration decreased at the
downslope section (O5) and increased at the upslope section
(O11). For example, the O2 concentration values at the end of the
modeling period were 13.9% at O5 and 10.1% at O11, respectively,
for x = 0.71 (Case 4) and 9.9% at O5 and 13.5% at O11, respectively,
for x = 0.04 (Case 2). Due to the influence of the slope of the soil
cover on the water content of the channel sand, the modeled gas-
eous O2 concentrations at O5 or O11 were different even if the dis-
tance between the channel and the modeled point was the same.
For example, in Case 4 (x = 0.71) and Case 5 (x = 0.96) the channel
pathway had the same distance to O5, but the O2 concentrations at
the end of the modeling period were 13.9% in Case 4 and 12.3% in
Case 5. Similar results can be found at O11 with an O2 concentra-
tion of 14.1% in Case 1 (x = 0.29) and 13.5% in Case 2 (x = 0.04).

Fig. 6 shows the modeled O2 concentrations in the waste rock
(O5 and O11) when the channel pathway location was kept the
same as the experimental case (x = 0.29), but the saturated hydrau-
Please cite this article in press as: Song, Q., Yanful, E.K. Oxygen influx and geo
sloping channelled soil cover. Appl. Geochem. (2011), doi:10.1016/j.apgeochem
lic conductivity (Ks) of the channel filling sand was varied. Only the
modeled O2 concentrations obtained from Case 1, Case 6 and Case
11 are presented because other hypothetical cases gave similar re-
sults. Fig. 6 indicates that O2 concentrations at O5 and O11 have
the same trends when Ks of the channel material is varied. With in-
crease in Ks, the O2 concentration at O5 and O11 increased slightly,
and most of the increase occurred at the beginning of the drying
period. At the end of the drying period, the O2 concentrations be-
came close to each other for different saturated hydraulic conduc-
tivity values. For example, O2 concentrations at O5 on Day 104
were 10.5% in Case 6 (Ks = 242 m/day) and 9.6% in Case 11
chemistry of percolate water from reactive mine waste rock underlying a
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(Ks = 2.42 m/day), but on Day 152 the O2 concentrations were
11.5% in Case 6 and 11.2% in Case 11. Similar results were found
at O11. Fig. 6 also shows that the O2 concentration upslope (O11)
was higher (approximately 2.6%) than the value downslope (O5)
in the drying periods for each saturated hydraulic conductivity of
the channel material. During rainfall events, the O2 concentration
at O5 and O11 decreased significantly. However, the rainfall events
caused a larger decrease in the O2 concentration at O11 than at O5
because of the proximity of the channel to O11.

Fig. 7 shows the cumulative O2 flux into the waste rock layer for
various locations of the channel pathway. The O2 flux increased
when the channel pathway moved from the downslope section
to the upslope section of the soil cover (i.e. the normalized distance
of the channel pathway, x, decreased). At x = 0.29 (Case 1), the
maximum cumulative O2 flux was calculated to be 102 g. The O2

flux decreased sharply when the channel was very close to the ups-
lope boundary. Since the O2 decay coefficient was the same for the
all modeled cases, the difference in the cumulative O2 flux was
mainly caused by the difference in the O2 diffusion coefficients
resulting from the variable water contents in the cover soils, espe-
cially in the channel pathway. Because the total modeling time was
the same for each modeling case, the average daily O2 flux was ex-
pected to have a similar relationship to the location of the channel
pathway, as the cumulative O2 flux did. The upslope and down-
slope boundaries may, to some extent, influence O2 flux because
gaseous O2 had a longer transport pathway with the channel close
to the boundaries than with the channel at other locations. The
modeled cumulative gaseous O2 flux into the underlying waste
rock without channel (i.e. an intact cover) was 0.34 g over the same
period (151 days).

The cumulative O2 influx increased with an increase in the sat-
urated hydraulic conductivity of the channel filling material
(Fig. 8), but the difference in O2 influx among the modeled cases
was not significant. For example, the cumulative O2 flux was
100 g for Ks = 2.42 m/day (Case 11) and 104 g for Ks = 242 m/day
(Case 6). Again, these small differences in the cumulative O2 influx
may be attributed to the different O2 diffusion coefficients result-
ing from the difference in water contents. Based on the modeled
O2 distribution in the waste rock (Fig. 6) and the modeled O2 influx
into the waste rock (Fig. 8), it can be inferred that the performance
of the soil cover may reduce significantly when a channel pathway
develops in the barrier layer. The hydraulic properties of the chan-
nel filling sand and silty clay showed that the air entry value was
0.4 kPa for sand and 80 kPa for silty clay, and the saturated hydrau-
lic conductivity was 24.2 m/day for sand and 0.0000082 m/day for
silty clay. This hydraulic contrast between the channel filling sand
and silty clay resulted in the calculated effective O2 diffusion coef-
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ficient of 8.0 � 10�6 m2/day for the silty clay and 2.8 � 10�1 m2/
day for the channel sand (Song and Yanful, 2010a).

Measured O2 concentrations from two O2 sampling ports in Col-
umn 1 (waste rock without cover) had a value of approximately
20.7%, which was close to the O2 concentration in the atmosphere.
As a result, it was impossible to estimate O2 flux from the mea-
sured O2 concentration profile in Column 1.
3.3. Percolate water geochemistry in Test 1 and Column 1

The measured pH of the percolate water in Test 1 (waste rock
with channelled cover) was higher than that in Column 1 (waste
rock without cover) as shown in Fig. 9. For example, the pH values
of the percolate water in Test 1 ranged from 6.6 to 7.8, while values
in Column 1 were between 6.1 and 6.7. There may be two reasons
for the difference: (1) the covered waste rock in Test 1 oxidized
more slowly than the uncovered waste rock in Column 1; (2) the
drainage from the overlying soil cover layers (mostly from the
sand) in Test 1 had a higher pH value and could have neutralized
the pore water in the waste rock in Test 1. For example, the paste
pH was 8.3 for the sand, 7.6 for the silty clay and 5.8 for the waste
rock. The pH of the percolate water in both Test 1 and Column 1
decreased significantly at Day 85 due to increased oxidation result-
ing from the long drying period.

After the second rainfall events (Day 92), the mass of cumula-
tive SO2�

4 released from the waste rock was 907 mg/kg in Column
1 and 530 mg/kg in Test 1 (Fig. 9), and the corresponding oxidation
rate was 8.6 mg (SO2�

4 )/kg/day in Column 1 and 5.0 mg (SO2�
4 )/kg/

day (ignoring the packing period) in Test 1. It should be noted that
the measured cumulative SO2�

4 release rate in Test 1 was probably
underestimated due to the precipitation of a secondary mineral,
such as gypsum, compared to the calculated O2 influx. Based on
the modeled O2 influx, there was a total of 102 g of gaseous O2 in-
gress into the underlying waste rock during 151 days of testing.
The corresponding oxidation rate was 7.7 mg (SO2�

4 )/kg/day when
the molar ratio of gaseous O2 consumption to SO2�

4 production
based on the stoichiometry of the pyrite oxidation reaction was
1.75:1.0 (Hollings et al., 2001). The oxidation rate of the waste rock
in Column 1 (waste rock without cover) was higher than that in
Test 1. Since O2 did not limit waste rock oxidation in Test 1, based
on the observed O2 concentrations in Fig. 4 (except during the per-
iod of precipitation), the above mentioned difference in oxidation
rates between Column 1 and Test 1 may be attributed to the effect
of water flushing. This observation is consistent with the findings
of Song and Yanful (2008) who reported that partially covered
waste rock oxidized less than the uncovered waste rock due to re-
duced flushing and, consequently, limited availability of fresh sul-
fide-bearing mineral surfaces for oxidation.
chemistry of percolate water from reactive mine waste rock underlying a
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The measured concentrations of Pb and Ni in the percolate
water in Column 1 were generally much higher than those in Test
1, especially after the long drying period (Day 85) as shown in
Fig. 10. For example, the measured Pb concentrations in Column
Table 3
Measured metal(loid) concentrations in the percolate water from Test 1 and Column 1.

Metal ion Test 1a

Mean (mg/L) Standard deviation (mg

Al 1.34 � 10�2 7.80 � 10�4

Sb 9.60 � 10�3 5.95 � 10�3

As 6.95 � 10�3 1.03 � 10�3

Ba 1.26 � 10�2 7.50 � 10�3

Cd 7.10 � 10�4 3.90 � 10�4

Ca 5.60 � 102 5.99 � 101

Co 1.82 � 10�3 5.80 � 10�4

Cu 7.66 � 10�3 6.44 � 10�3

Fe 9.16 � 10�2 5.49 � 10�2

Pb 1.25 � 10�2 3.78 � 10�3

Mg 7.11 � 101 1.81 � 101

Mn 3.13 � 100 1.30 � 100

Ni 5.80 � 10�3 1.36 � 10�3

K 2.38 � 101 7.90 � 100

Se 4.94 � 10�3 3.63 � 10�3

Si 3.54 � 101 3.79 � 100

Na 1.92 � 101 8.06 � 100

Sr 1.09 � 100 1.64 � 10�1

Zn 4.92 � 10�1 5.91 � 10�1

a Test 1: Waste rock with channelled cover.
b Column 1: Waste rock without cover.

Please cite this article in press as: Song, Q., Yanful, E.K. Oxygen influx and geo
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1 were 0.02–0.29 mg/L and 0.01–0.41 mg/L for Ni, while during
the same period the measured concentration in Test 1 was less
than 0.02 mg/L for Pb (the detection limit was 0.01 mg/L for Pb)
and less than 0.01 mg/L for Ni (with a detection limit of 0.01 mg/
L). These results are in agreement with the measured pH values
and released cumulative SO2�

4 . The lower contaminant metal con-
centrations (e.g. Pb, Ni) in the percolate water in Test 1 might be
attributed to (1) the lower oxidation rate of the waste rock in Test
1; (2) the higher pH of the percolate water in Test 1, which could
have enhanced metal precipitation. The difference in scales of Test
1 and Column 1 could also produce variations in the measured ion
concentrations in the percolate waters obtained from Test 1 and
Column 1, because of possible difference in flow patterns. An at-
tempt has been to minimise the impact of this variation in the
analysis by normalizing the cumulative SO2�

4 release from the
two set-ups with respect to the mass of waste rock (mg/kg) used
in each experiment (Fig. 9).

Table 3 presents average metal concentrations measured in the
percolate waters from Test 1 and Column 1. In general, most alka-
line and alkaline earth metals had higher concentrations in Test 1
than in Column 1. Some metals, such as Ca, K and Na, had higher
concentration in Test 1 than in Column 1 probably due to their
Column 1b

/L) Mean (mg/L) Standard deviation (mg/L)

6.08 � 10�2 4.61 � 10�2

6.99 � 10�3 2.63 � 10�3

1.25 � 10�2 7.96 � 10�3

7.58 � 10�3 2.65 � 10�3

5.18 � 10�2 8.24 � 10�2

4.89 � 102 1.39 � 102

2.72 � 10�2 4.99 � 10�2

1.49 � 10�2 1.74 � 10�2

2.04 � 10�1 2.26 � 10�1

8.77 � 10�2 8.21 � 10�2

1.26 � 102 1.96 � 102

8.17 � 100 1.56 � 101

7.43 � 10�2 1.32 � 10�1

6.19 � 100 2.63 � 100

1.30 � 10�1 8.72 � 10�2

2.78 � 101 6.72 � 100

8.93 � 100 5.06 � 100

7.42 � 10�1 3.06 � 10�1

2.43 � 101 5.35 � 101

chemistry of percolate water from reactive mine waste rock underlying a
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leaching from the overlying soil cover layers (mainly, the sand
layer). The mineralogical analysis and Toxicity Characteristic
Leaching Procedure (TCLP) (USEPA, 1992) tests indicated that Ca
was much more abundant in the sand and silty clay than in the
waste rock. The measured metal (Al, Cd, Zn, Cu, Fe and Mn) concen-
trations were higher in Column 1 than in Test 1. This difference in
percolate water quality was due to the reduced oxidation of the
covered waste rock (Test 1) and the higher pH of the leachate from
the overlying sand layer. However, over the monitoring period
(5 months) of the experiments, only Zn concentration in the perco-
late water (24.3 mg/L) from the uncovered waste rock exceeded
the Metal Mining Effluent Regulations (MMER) (Environment Can-
ada, 2006).

Table 4 presents the minerals that potentially controlled the
chemistry of the final percolate waters and their saturation indices
(SI values) as predicted by PHREEQC. Aluminum concentrations
were likely controlled by Al2O3 and amorphous Al(OH)3 in Column
1 and by boehmite and gibbsite in Test 1, based on the SI values.
The concentration of SO2�

4 was likely controlled by barite and gyp-
sum in Column 1 and Test 1. Percolate water from Test 1 was
supersaturated with respect to ferrihydrite and saturated with re-
spect to Fe3(OH)8, while percolate water from Column 1 was super-
saturated with respect to ferrihydrite and schwertmannite.
Goethite and lepidocrocite also had the potential to form in both
tests. Thus these minerals likely influenced Fe concentrations in
the percolate water in both tests. Potassium concentration was
likely controlled by K-jarosite in Test 1 and Column 1. In general,
Table 4 indicates that most minerals controlling dissolved species
concentrations in the percolate water in Test 1 were similar to
those in Column 1 due to the similar environment in both tests.
However, the difference in pH and metal concentrations in the per-
colate waters due to the different oxidation rates of the waste rock
Table 4
Minerals potentially controlling the chemistry of percolate waters from Test 1
(covered waste rock) and Column 1 (uncovered waste rock) and their saturation
indices predicted by PHREEQC.

Minerals Formula Test 1a Column 1b

Al(OH)3 (am)c �2.0 �0.45
Al2O3 �2.1 0.99
Al4(OH)10SO4 �4.2 3.7
Alunite KAl3(SO4)2(OH)6 �2.7 3.8
Anglesite PbSO4 �2.9 �1.6
Anhydrite CaSO4 �0.32 �0.31
Barite BaSO4 0.56 0.11
Boehmite AlOOH 0.22 1.8
Celestite SrSO4 �1.1 �1.4
Chalcedony SiO2 0.68 0.41
Cristobalite SiO2 0.48 0.21
Cu(OH)2 �2.5 �2.0
Cuprite Cu2O �3.8 �2.7
CuSe 1.3 3.9
Diaspore AlOOH 2.0 3.5
Fe3(OH)8 �0.18 �4.6
Ferrihydrite Fe(OH)3 2.8 1.2
Gibbsite Al(OH)3 0.55 2.1
Goethite FeOOH 5.6 4.0
Gypsum CaSO4�2H2O �0.06 �0.04
K-Jarosite KFe3(SO4)2(OH)6 2.3 �0.65
Lepidocrocite FeO(OH) 4.9 3.2
Na-Jarosite NaFe3(SO4)2(OH)6 �1.5 �4.3
Pb(OH)2 �1.5 �1.9
Quartz SiO2 1.1 0.86
SbO2 �1.2 �0.80
Schwertmannite Fe8O8(OH)6SO4 12 1.9
Tenorite CuO �1.5 �0.95
Zincite ZnO �1.7 �2.1

a Test 1: Waste rock with channelled cover.
b Column 1: Waste rock without cover.
c am means amorphous.
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in Test 1 and Column 1 and the addition of leached dissolved ions
from the overlying cover layers in Test 1 likely had some effect on
the types of minerals controlling the percolate water chemistry.
4. Discussion

The half-life used in the modeling to account for the decrease in
O2 concentration due to O2 consumption in the waste rock was
0.005 a, which meant the corresponding bulk O2 decay coefficient
(the optimum bulk O2 decay coefficient) was 0.38 day�1. This value
was less than the bulk O2 decay coefficient (0.67 day�1) calculated
from the measured SO2�

4 release rate in Column 1 using the equa-
tion proposed by Song and Yanful (2010c). In this calculation, the
volumetric water content used to estimate the effective porosity
of the waste rock was 0.145, the average oven dry volumetric
water content measured at the end of the test. The discrepancy be-
tween the optimum and calculated bulk O2 decay coefficient could
be attributed to the measured SO2�

4 release rate in Column 1. The
measured SO2�

4 release indicated that the waste rock in Column 1
had a larger SO2�

4 release rate than in Test 1. When the SO2�
4 release

rate (5.0 mg (SO2�
4 )/kg/day) measured in Test 1 was used, the cal-

culated bulk O2 decay coefficient was 0.40 day�1, which is close
to the bulk O2 decay coefficient obtained from the program calibra-
tion. This suggests that the Song and Yanful (2010c) method of
using the SO2�

4 release rate to estimate the bulk O2 decay coeffi-
cient gives reasonable values if a reliable SO2�

4 release rate is used.
Using the SO2�

4 release rate to calculate the O2 decay coefficient, as
in the present study, provides a reasonable method to estimate an
initial O2 decay coefficient for O2 concentration modeling. More-
over, the oxidation rate of the waste rock expressed as the SO2�

4 re-
lease rate can be easily obtained from a humidity cell test, which
has become a routine test in mine rock identification (Price,
2005). If the oxidation rate (7.7 mg (SO2�

4 )/kg/day) obtained from
the modeled O2 influx (102 g over 151 days) was used, the calcu-
lated bulk O2 decay coefficient would be 0.6 day�1, which is
slightly larger than the optimum value (0.38 day�1). However,
the bulk O2 decay coefficient can still be used to obtain a reason-
able initial estimate of O2 concentration in the waste rock if the
oxidation rate is not available.

The sensitivity analysis indicated that changing the location of
the channel pathway would have greater effect on O2 flux than
changing the saturated hydraulic conductivity of the channel
material. However, the relationship between the modeled O2

fluxes and the saturated hydraulic conductivity of the channel
material showed that even a relatively small saturated hydraulic
conductivity (2.4 m/day) of the channel material could cause a
considerable amount of O2 to flux into the underlying waste rock
and compromise cover performance. Thus measures should be ta-
ken in soil cover design and construction to prevent the develop-
ment of macropores in barrier layers. Otherwise, repairs must be
undertaken quickly to prevent increased O2 ingress from the mac-
ropores to the underlying mine waste. The modeled cases indicate
that the part of the waste rock that was close to the channel path-
way had a relatively large O2 concentration compared to farther
locations. This result may be employed to identify the location of
the channel pathways or other macropores developed in barrier
layers in soil covers. For example, if a waste rock pile underlying
a soil cover is divided into many small square cells, and O2 sensors
are installed in each cell to monitor the O2 concentration, then it
would not be too difficult to locate macropores that can potentially
transport significant quantities of O2 into the waste rock pile
through the measured O2 concentration contour. Some mapping
technologies and optimization methods may facilitate the analysis
of the measured O2 concentration contours to quickly locate the
position of the macropores.
chemistry of percolate water from reactive mine waste rock underlying a
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Fig. 11. SEM images of waste rock samples obtained in Test 1 (a) and in Column 1 (b) after experiments indicate that gypsum and goethite are present in the waste rock
sample in Test 1 and schwertmannite is present in Column 1. Compounds 1 and 2 are minerals with Fe, O and S elements. Compound 1 has 14% O (weight percentage) and
Compound 2 has 28% O. Sulfide comprises pyrite (major part) and pyrrhotite.
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Based on SEM–EDX analysis, goethite and gypsum were found
to be the secondary minerals present in the waste rock sample ob-
tained in Test 1 after test (Fig. 11a), and schwertmannite could be
present in the waste rock sample obtained from Column 1 after
test (Fig. 11b). It was also found, from the SEM–EDX analysis, that
O2 contents increase with distance from the unoxidized face of the
waste rock sample obtained from Column 1 (after test), suggesting
that the oxidation of the waste rock may be consistent with the
shrinking core model (Davis and Ritchie, 1986; Ritchie, 2003;
Molson et al., 2005). Goethite was considered more likely to form
than lepidocrocite in Test 1 because goethite is more stable than
lepidocrocite (Schwertmann and Taylor, 1977). The reason that
PHREEQC predicted a higher SI value for goethite is that a lower
solubility constant (log Kso) value (0.491) of goethite was used in
the Minteq v4 database. Bigham et al. (1996) reported that the
log Kso value for goethite was 1.4. If the log Kso of goethite
were changed to 1.4 in PHREEQC, the predicted SI values for
goethite would be 4.6 in Test 1. The lower solubility constant
increased the predicted saturation index under the same condi-
tions. The calculated formulae for schwertmannite present in
the waste rock sample in Column 1 (Fig. 11b) after the test
was Fe8O8(OH)4.8(SO4)1.6�6.7H2O, which is in the range of the
schwertmannite formula, Fe16O16(OH)x(SO4)y�nH2O with 16 � x =
2y and 2.0 6 y 6 3.5 (Bigham et al., 1994). Sensitivity analysis indi-
cated that the PHREEQC predicted SI values of schwertmannite
greatly depended on its formula, and less dependent on electron
activity of the percolate water.

5. Conclusions

Tests involving mine waste rock underlying a soil cover with a
channel flow pathway (Test 1) and waste rock without a cover
(Column 1) were performed in the laboratory. The commercial fi-
nite element program VADOSE/W was calibrated and used to mod-
el the O2 transport in Test 1, and the computer program PHREEQC
was used to predict the possible secondary minerals in the perco-
late waters from both Test 1 and Column 1. The study focused on
O2 transport and geochemistry of the percolate water. Based on
the results, the following conclusions may be drawn:

(1) Waste rock closest to the channel (preferential flow path-
way) had higher O2 concentrations than waste rock in the
periphery, indicating that the channel in the barrier layer
was a major passage for O2 ingress into the underlying waste
rock. This finding may help to locate channel or preferential
flow pathways that form in barrier layers in soil covers.
Please cite this article in press as: Song, Q., Yanful, E.K. Oxygen influx and geo
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(2) Modeling of O2 concentrations in the waste rock layer
underlying the soil cover with channel indicated that the
actual flushing condition was an important factor when esti-
mating the O2 decay coefficient from measured SO2�

4 release
rate.

(3) Oxygen ingress into the waste rock underlying the soil cover
with channel was more sensitive to the location of the chan-
nel than to the saturated hydraulic conductivity of the chan-
nel filling material.

(4) The waste rock underlying the soil cover with channel oxi-
dized less than the uncovered waste rock due to less flush-
ing, implying a fractured or channelled cover with
preferential flow can still mitigate ARD to some extent.

(5) Minerals controlling percolate water chemistry in Column 1
were similar to those in Test 1 because of similar environ-
ments in the two tests. Gypsum possibly influenced
SO2�

4 concentrations in the percolate water in both tests. Fer-
rihydrite, goethite, lepidocrocite, and schwertmannite likely
controlled Fe concentration in both tests. SEM–EDX con-
firmed the formation of gypsum and goethite in the waste
rock with the channelled soil cover and schwertmannite in
the uncovered waste rock.
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