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Abstract

A full-scale reactive barrier, utilizing bacterially mediated SO4 reduction to promote metal sulfide precipitation and
alkalinity generation, was installed in August 1995 at the Nickel Rim mine site near Sudbury, Ontario. Monitoring of
groundwater chemistry over a 3-a period allows assessment of long-term reactive barrier performance. The overall rate of
SO, removal within the barrier declined with time by 30% from an initial rate of 58 to 40 mmol 1=! a~! 38 months after
installation. Over the same time, the rate of Fe removal declined by 50% from 38 to 18 mmol 1=! a~—!. The degree of SO4
reduction and Fe sulfide precipitation within the barrier is both spatially and temporally variable. Spatial differences are
primarily the result of different residence times due to hydraulic conductivity variations of the treatment material. Tem-
poral variations are likely the result of a decline in organic C availability and reactivity over time and seasonal variations in
the rate of SO,4 reduction. Temperatures in the aquifer fluctuate from a low of 2 °C in the winter to a high of 16 °C in the
summer and the rate of SO4 reduction in the summer is nearly twice as great as the winter rate. An effective activation
energy (E,) of 40 kJ mol~! can account for the temperature-induced changes. In Year 3, the barrier removed > 1000 mg/1
SO, and >250 mg/l Fe, demonstrating the long-term viability of this remedial approach. © 2002 Published by Elsevier

Science Ltd.

1. Introduction

A full-scale permeable reactive barrier was installed
August 1995 in a sand aquifer at the Nickel Rim mine site
in Ontario, Canada (Benner et al., 1997) (Fig. 1). The
reactive barrier intercepts a groundwater plume, emanat-
ing from a tailings impoundment. The groundwater is
characterized by elevated concentrations of Fe(II), SO4
and Ni and and a pH between 5 and 6 (Bain et al., 1999)
(Fig. 2). Upon discharge to the surface, the oxidation of
Fe(II) and precipitation of Fe (oxy)hydroxides produces
acidity and the surface water pH is 2.
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The barrier is installed into an alluvium-filled valley
and abuts underlying bedrock at the sides and base. The
reactive barrier contains organic C in the form of
municipal compost which promotes SO4 reduction and
metal sulfide precipitation and increases the alkalinity of
the effluent (Benner et al., 1999). The reactive mixture in
the barrier is composed of a 1:1 (by volume) mixture of
pea gravel and compost (Benner et al., 1997). The com-
post material consists of partly degraded leafy material
and wood chunks of 0.5-3-cm diameter. Sulfate reduc-
tion is bacterially mediated and populations of SOy,
reducing bacteria are 5 orders of magnitude higher
within the barrier compared to the up-gradient aquifer
(Benner et al., 1999; 2000). Iron and SO, are primarily
removed by precipitation of Fe sulfides and the accu-
mulating mineral phase is mackinawite (FeS) (Herbert
et al., 2000). Removal of Fe(II) prevents the generation
of acidity when the groundwater discharges to the sur-
face and the addition of alkalinity increases ground-
water buffering capacity. This paper presents results of
3a of monitoring, defines rates of SO4 and Fe removal,
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Fig. 1. Map view of Nickel Rim reactive barrier installation showing mine tailings impoundment, groundwater flow path, and loca-

tions of reactive barrier and monitoring well transects.

and describes spatial and temporal variations in barrier
performance.

2. Methodology

Five centimeter multi-level monitoring wells and 1 cm
bundle piezometers were installed along 3 transects
parallel to groundwater flow (Figs. 1 and 2). These wells
were installed using a gasoline powered vibrating ham-
mer (Dubrovsky, 1986). Samples of groundwater were
collected bi-annually from November 1995 to October
1998. Water samples were collected from installed wells
using a peristaltic pump and passed through 0.45 pm
filters. Samples for cation analyses were acidified to pH
< 1 using 12 N trace metal grade HCI. All samples were
refrigerated at the field site and stored refrigerated until
analyzed at the University of Waterloo or the Falcon-
bridge Ltd. Analytical Laboratories. Concentrations of Al,
As, Ca, Fe, K, Mg, Mn, Na, Ni, S, Zn, were determined by
inductively coupled plasma emission spectrometry and
SOy, and Cl, by ion chromatography. Determinations of
pH (ORION™ Ross 815600 combination electrode or
Accumet™ standard 13-620-108 gel filled combination
electrode) and Eh (ORION™ 9678BN combination
electrode) were made at each piezometer using sealed
cells maintained at groundwater temperature. The pH
electrode was calibrated using pH 4.0 and 7.0 buffer
solutions (traceable to NIST). The performance of the
Eh electrode was confirmed using prepared Zobell’s
solution (Zobell, 1946; Nordstrom et al., 1977) and
Light’s solution (Light, 1972). Determinations of alkali-
nity were made in the field by titration with standardized

H,SO, using a digital titrator (Hach Instruments Ltd.).
Total sulfide was determined in the field colorimetrically
using a spectrometer.

The geochemical speciation/mass transfer computer
code MINTEQAZ2 (Allison et al., 1990), adjusted to be
consistent with the WATEQ4F database (Ball and
Nordstrom, 1991), was used to aid in the interpretation
of aqueous geochemical data. Input parameters were Al,
Ca, Cl, Fe, K, Mg, Mn, Na, Ni, Si, SOy, Zn, alkalinity
and pH. All dissolved Fe was assumed to be in the
Fe(II) oxidation state.

Sediment cores were collected using a 5 cm diameter
driven coring device adjacent to well nests RW29, 30, and
31 in September 1997 (Fig. 2). Cores, collected in Al casing,
were sealed with plastic caps and refrigerated until ana-
lyzed. Sediment was analyzed for most probable numbers
(MPN) of SO4 reducing bacteria and dehydrogenase
activity which can be generally correlated with bacterial
respiratory activity and used as an index of microbial
activity (Ladd, 1978). A detailed description of the bacter-
ial analysis methods can be found in Benner et al. (1999).

The two-dimensional finite element model FLO-
TRANS (Guiguer et al., 1994) was used to conduct
simulations of flow and conservative Cl transport along
Transect A—A’ parallel to flow and passing through the
reactive barrier. The objective of the modeling was to fur-
ther quantify and constrain the velocity distribution
within the barrier. Modeling was conducted based on the
Cl tracer data within the barrier and down-gradient aqui-
fer. High concentrations of soluble Cl contained in the
installed compost material provided an in situ tracer of
groundwater flow through the barrier. Excess compost
at the surface also produced elevated Cl concentrations
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Fig. 2. Cross-sectional profiles through the reactive barrier and Nickel Rim aquifer parallel to groundwater flow along Transect A—A’.
Profiles show sampling well locations and dissolved concentrations of SOy, Fe and alkalinity (as CaCO3) for July 1997. After Benner

et al., 1999.

in the surface water, including the water recharging the
aquifer on the down-gradient side of the barrier. The
modeling was conducted using a uniform grid of 100 by
100 nodes representing a 30 by 3.5 m domain. The left
and right boundaries were assigned specified head so that
a gradient of 0.016 was established with flow from left to
right (Fig. 3). The top of the transect down gradient from
the barrier was assigned a specified flux to reflect surface
water recharge to the aquifer in this region. A no flow
condition was assumed for the remaining boundaries. The
initial hydraulic conductivity field was based on previous
flow modeling of Bain et al. (1999). Transport boundary
and initial conditions were assigned to reflect low back-
ground Cl concentrations in the aquifer, high initial CI
concentrations in the barrier, and elevated Cl con-
centrations in the surface recharge water down gradient
of the barrier.

3. Results
3.1. Physical flow

Field-measured water levels indicate that ground-
water flow is perpendicular to the barrier installation
and generally parallel to Transect A-A’ (Fig. 1). The
hydraulic gradient across the barrier (0.016) is slightly
lower than the average gradient for the adjacent aquifer
(0.02) indicating that the average hydraulic conductivity
of the barrier is greater than that of the aquifer. Direct
measurement of hydraulic parameters within the barrier
has proven difficult. Clogging of well screens by the reac-
tive organic material has prevented development of a good
hydraulic connection between monitoring wells and the
barrier groundwater. However, the distribution of dis-
solved Cl concentrations with time yielded information
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Fig. 3. Flow and transport modeling boundary and initial conditions.

about the nature of groundwater flow through the barrier.
The transport of Cl indicates that flow through the barrier
is heterogeneous, with higher flow velocities through the
central portion of the barrier (Figs. 4 and 5). These tracer
data provide a direct measurement of the groundwater
velocity through the reactive barrier and indicates a
bulk groundwater velocity for the aquifer of approxi-
mately 16 m a=!.

The computer transport modeling solution was cali-
brated based on changes in CI concentrations with time.
Model calibration was achieved by adjustment of the
hydraulic conductivity field (Fig. 3). The flow solution is
constrained by, and consistent with, the field hydraulic
head measurements (Bain et al., 1999), CI tracer data
(Fig. 4), and observed rates of treatment within the
barrier (Fig. 6). The flow modeling confirmed an aver-
age groundwater velocity for the aquifer of 16 m a=!.
With a barrier thickness of 4 m, the average residence
time within the barrier is 90 days. The modeling sug-
gests that velocities through the middle of the barrier
are approximately 3 times faster (residence time ~60
days) than at the top and base (residence time ~165
days). The flow solution presented should not be con-
sidered unique. However, it provides a well-constrained
model of the flow field that can assist in determining
treatment rates within the barrier.

3.2. Trends in Fe and SO, removal

Data collection over the lifetime of the barrier was
primarily along Transect A—A’ and data from this
transect will be used to assess barrier performance.
Along this transect, concentrations of SO4 and Fe are
higher through the central portion of the barrier, while
alkalinity values are higher at the top and bottom.
These spatial trends are evident in all 7 sampling events
over the 3-a of monitoring.

Chemical profiles collected in May and October of
1998 along Transects E-E’ and F-F’ and parallel to
Transect A—A’ provide a more complete view of Fe and
SO, removal in the barrier for that time period (Figs. 7
and 8). Iron and SO4 concentrations are spatially vari-
able and the trends along each transect are distinct.
There is not always a correlation between elevated influ-
ent concentrations and elevated concentrations within
the barrier, suggesting the degree of removal varies with
flow path. Profiles along Transect F—F’ show high input
concentrations in the center of the aquifer corresponding
to elevated concentrations within the central portion of
the barrier. However, along transect E, the highest input
concentrations are found at the top of the aquifer while
the highest values within the barrier are in the bottom of
the profile. Along all transects, trends in SO, and Fe
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concentrations are similar; where SO, is high, Fe is also
elevated and where SOy, is low, Fe is also low. As along
Transect A—A’ (Fig. 2), alkalinity values are elevated where
SO, and Fe concentrations are low (data not shown).
Vertically averaging concentrations along Transect
A-A’ reveal horizontal trends in removal. The hor-
izontal trends in SO4 and Fe as groundwater passes
through the barrier are similar for each of the 7 sam-
pling dates over a 3-a period (Fig. 9). Average input
concentrations of SO, ranges from 24 to 36 mmol 1~!
and average output ranges from 12 to 26 mmol 1-!. The
rate of SO4 removal based on these vertically averaged
values is highest at the front of the barrier. Sulfate con-
centrations decline by almost 20 mmol 1=! between the
input well nest (RW23) and the middle well nest
(RW30), but exhibit less decline from the middle to the
down-gradient well nest (RW31). Vertically averaged
influent Fe concentrations range from 7 to 12 mmol 17!
with effluent concentrations ranging from <1 to 6 mmol
1!, Like SOy, the highest rates of Fe removal are at the
front of the barrier and there is almost no decline in Fe
concentrations from the 2nd to the 3rd well nest within
the barrier. Both SO4 and Fe concentrations in the well
nest down gradient of the barrier tend to be elevated
compared with those found within the barrier.

3.3. Bacterial distribution

Sulfate reduction is the primary reaction resulting in
changes in SO, Fe and alkalinity concentrations (Benner

groundwater flow direction

meters
0 5]

Fig. 4. Field-measured cross-sectional profile of Cl concentrations with time along Transect A—A’.

et al., 1999). Because this reaction is bacterially medi-
ated, profiles of bacterial populations and bacterial
activity provide a measure of reactivity within the bar-
rier. The dehydrogenase assay (DH) can be correlated to
overall bacterial respiration, giving an indication of
bacterial activity (Ladd, 1978). Fig. 10 shows vertical
profiles of SO, reducing bacterial populations (SRB)
and dehydrogenase activity for sediment cores within
the barrier taken adjacent to well nests RW29, 30 and
31. These profiles indicate variations of up to 2 orders of
magnitude with depth, showing the heterogeneous nat-
ure of bacterial distribution and activity within the bar-
rier. Although the vertical distribution is variable, SRB
populations and bacterial activity values tend to be
more elevated through the central portion of the barrier,
corresponding to the zone of higher SO, and Fe con-
centrations.

3.4. Seasonal variations

There are sufficient spatial and temporal variations in
SO, and Fe concentrations in the up- and down-gra-
dient waters to obscure seasonal changes in the rate of
SO, and Fe removal within the barrier. However, a plot
of average concentration of constituents within the bar-
rier (12 sampling points), subtracted from the average
up-gradient concentration does reveal seasonal cycling
(Fig. 11). More SO4 and Fe is removed and more alka-
linity generated in samples collected in the fall compared
to spring. These seasonal fluctuations likely reflect
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changing rates of bacterially mediated SO, reduction
induced by higher groundwater temperatures during the
summer and lower temperatures in the winter.
Groundwater temperatures within the reactive barrier
installation exhibit large seasonal variations (Fig. 12).
Ground surface temperatures range from >25 °C in the
summer to <0 °C in the winter and the groundwater
temperature at 1 m depth varies from 2 to 19 °C. Fluc-
tuations are dampened with depth with seasonal chan-
ges at the 3.6 m depth of about 7°. The temperature
gradient inverts semi-annually with the highest tem-
peratures at the surface during the summer and the

highest temperatures at the base of the barrier during
winter. These shifts in groundwater temperature are the
product of two factors. First, the water table at the
Nickel Rim site is at, or very near, the surface so there is
no unsaturated zone to insulate the groundwater from
changing air temperatures. Second, surface water infil-
trates the aquifer immediately up gradient of the barrier.
The temperature of the surface water ranges from
>25 °C in the summer to 0 °C in the winter.

No measurable difference in groundwater temperature
was detected spatially between the up-gradient aquifer
and the groundwater within the barrier, indicating the
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metabolic processes within the barrier do not affect the
groundwater temperature as it passes through the barrier.

4. Discussion
4.1. Heterogeneous flow

A 3-layer model of flow with slower groundwater
velocities at the top and bottom of the barrier can

explain the bulk Cl distribution. However, the temporal
evolution of Cl concentrations for the 12 sampling

points within the barrier indicates heterogeneities in
groundwater flow rates at a smaller scale (Fig. 5). After
280 days (June 1996 sampling date), Cl concentrations at
all sampling points are less than 0.5 of the initial con-
centration (*32 mmol 1), consistent with the residence
time within the barrier varying from 60 to 165 days.
However, Cl concentrations at many points within the
barrier remain elevated after the first bulk pore volume
has exited the barrier. Chloride concentrations at some
points remain elevated above input concentrations for
>1000 days. This residual tailing in Cl concentrations
suggests the diffusive release of Cl from aggregates of
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low K material (Gillham et al., 1984). Small variations
in the gravel to compost ratio in the reactive mixture
can produce a large hydraulic conductivity contrast. A
change of 5% in the fraction of gravel (from 40 to 45%)
can produce an order of magnitude change in hydraulic
conductivity (Benner et al., 1997). The presence of Cl
tailing indicates that there is slow moving pore water
within the barrier which has a residence time markedly
longer then that estimated from the bulk Cl plume and
associated flow modeling.

4.2. Elevated concentrations down gradient

The horizontal profiles indicate Fe and SO, con-
centrations are often elevated in sampling wells down
gradient compared to those within the barrier (Fig. 9).
Groundwater bypassing treatment by flowing around
the barrier could explain this trend. However, flow
bypassing the barrier through underlying or adjacent
crystalline bedrock is unlikely for the following reasons.
The hydraulic gradient across the barrier is lower than
the adjacent aquifer, indicating that there is no hydrau-
lic force driving water around the barrier. Elevated Fe
and SO, concentrations on the down gradient side of
the barrier are observed in sampling wells in the middle
of the profile, and are not limited to the sides or base
where bypassed water would re-enter the down-gradient
aquifer. Finally, concentrations of SO4, Fe and alkali-
nity in down-gradient well nests always reflect some
degree of treatment; if a large fraction of untreated

water was bypassing the barrier, some wells would likely
exhibit concentrations reflective of no treatment.

An alternative explanation for higher Fe and SO,
values on the down-gradient side of the barrier is hetero-
geneous flow coupled with sampling that is biased towards
a volume average. Because slower moving water in the
barrier has undergone a greater degree of SO, reduction,
this water will tend to have lower concentrations of SOy4
and Fe, and higher alkalinity compared to adjacent, fas-
ter moving water. At the scale of the observed 3 layer
vertical stratification in the barrier, there is a positive
correlation between zones of low hydraulic conductivity
(K) and lower concentrations of SO, and Fe and higher
alkalinity values. Observed CI tailing (Fig. 5) indicates
that spatial variation in flow velocities also occurs on a
smaller scale within the barrier. Although the contribu-
tion of water from these smaller-scale, low K, zones to
the flux through the barrier may be small, the contribu-
tion to the volume within the barrier may be significant.
Within this conceptual model of flow through the bar-
rier, volume-average sampling would result in lower
concentrations of SO, and Fe and higher alkalinity
compared to flux-averaged sampling (Parker and van
Genuchten, 1984). In the down-gradient, non-reactive
zone, no correlation between hydraulic conductivity and
water chemistry exists and volume-biased sampling will
not result in a systematic shift in water chemistry.
Assuming volume biased sampling occurs, the profile in
the down-gradient well nest is likely a better estimate of
average mass fluxes through the barrier.
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4.3. Reactivity or residence time

Flow data suggest that higher rates of removal of SO4
and Fe observed along cross section A—A’ at the top and
bottom of the barrier are the product of variation in
residence time. However, these trends may also be
caused by variations in reactivity. If the observed ver-
tical trends of higher SO4 and Fe removal at the top and
bottom of the profile were the result of variations in
reactivity, bacterial populations and bacterial activity

would be higher in these zones. This trend is not
observed (Fig. 10). In fact, the higher values for both
SRB populations and DH are generally found in the
central portion of the barrier where the distribution of
Cl indicates the water is moving more rapidly and SOy,
and Fe concentrations are highest. These limited data
suggest that the bacterial populations may be respond-
ing to, and not controlling, observed vertical variations
in water chemistry. Although spatial variations in reac-
tivity cannot be discounted, the available data suggests
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Fig. 12. Measured temperature data within the barrier over a one year period. Curves are shown for ground surface temperature, 1.1,

2.0, 3.6 m depths.

that the observed differences in Fe and SO,4 concentra-
tions with depth in the barrier are primarily the product
of variations in residence time.

4.4. Bulk treatment rate

An overall rate of SO4 and Fe removal for the barrier
was calculated based on the change in concentrations
between up- and down-gradient well nests along Trans-
ect A—A’. Fig. 13 shows the vertically averaged molar
concentrations of SO, and Fe for well nests up (RW23)
and down gradient (RW26) of the barrier with time.
Although there are large variations over the 3-a of mon-
itoring, profiles of water entering the barrier indicate that
average SO, concentrations are ~27 mmol 1-! and Fe
concentrations are ~10 mmol 17!, Profiles of down-gra-
dient concentrations with time show SO, concentrations
increasing from <17 mmol 17! to >23 mmol 17! and Fe
concentrations increasing from <1 to about 6 mmol 171,

The differences between up- and down-gradient con-
centrations (RW23 and RW26) are plotted versus time
in Fig. 13c. A linear fit was applied to the collected data
because the limited data did not suggest a more complex
model. However, the decline in rate may not be linear
over the longer term. The change in constituent con-
centrations can be expressed as a change in concentra-
tion (mmol 17'; left-hand axis) or as a removal rate
(mmol 17! a~!; right-hand axis). The removal rate is
calculated as:

Concentration removed = (rate)fg (1)

where the concentration removed (mmol 17') is equal to
the influent minus the effluent, 7z is the residence time in
years, and the rate is expressed in mmol 17! a~!. In this
calculation, an average g of 90 days is assumed. The bulk
removal rate for SO, is initially 58 mmol 1! a~! and
declines to 40 mmol I=! a~! while the Fe removal rate is
initially 38 mmol 17! a=! and declines to 18 mmol I=! a—!.
The calculated bulk rates for SO, and Fe removal for the
barrier represent an average of the rates along different
flow paths and are a function of barrier thickness.

By subtracting effluent from influent concentrations
along each transect in Figs. 7 and 8 it is possible to cal-
culate an average 3-dimensional removal rate for the
barrier in 1998. The average removal for all points for
the May and October data is 17 mmol 1=' SO, and 9
mmol 17! Fe. The vertically averaged amount removed
along the centerline transect (Transect A—A’) for that
same time period is 12 mmol 17! SO,4, and 6 mmol 1~! Fe.
This comparison indicates that, although Transect A—A’ is
generally representative of changes through the barrier,
this transect may underestimate, by about 1/3, overall SO4
and Fe removal. These bulk removal rates mask both
spatial and seasonal variability in treatment within the
barrier and assume that the rate is zero order with respect
to SO, concentrations. However, the rate of SO4 reduc-
tion is a function of SO4 concentration and the rate of
SO, reduction is also influenced by temperature (Bou-
dreau and Westrich 1984, Jorgensen, 1977). Since both
SO, concentrations and groundwater temperature vary
within the barrier, a more complex expression of SOy4
reduction within the barrier is warranted.
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Fig. 13. (a) Vertically averaged concentrations of SOy in the well nests RW23 (up gradient) and RW26 (down gradient) versus time.
(b) Vertically averaged concentrations of Fe in the well nests RW23 (up gradient) and RW26 (down gradient) versus time. (c) Removal
of SO, and Fe based on the difference between RW23 and RW26 (up gradient- down gradient) concentrations versus time. Error bars

reflect one standard error.

4.5. Calculating a rate constant

The rate of bacterially mediated sulfate reduction, as
measured in marine sediments, can be expressed by the
hyperbolic rate equation:

B [SO4]
sulfate removed = g |:k (m>:| ©

where SO, is in mmol 17!, tg is the residence time in
years, k is the effective rate constant and the half satura-
tion constant (K) equals 1.62 mmol I=! (Boudreau and

Westrich 1984; Roychoudhury et al., 1998). This rate
formulation is empirically used to express the behavior
of a reaction limited by availability of a reactant. When
SO, concentrations are much greater than the satura-
tion constant, the fractional term approaches unity, the
rate is zero order and SO, concentrations will decline
linearly. As the SO4 concentration nears the saturation
value, the fractional term becomes smaller, and the rate
approaches 1st order dependence on SO, concentration.
The rate of SO4 reduction decreases and asymptotically
approaches zero as the SO4 concentration approaches
zero. With a K, of 1.62 mmol 17!, the rate of SO,
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reduction at a SO4 concentration of 5 mmol 1! will be
75% of the zero order rate at higher SO4 concentrations.
Within the Nickel Rim barrier, the rate of SOy,
removal declines as SO4 concentration declines (Fig. 9).
This trend is observed despite the vertically averaged SOy
concentrations within and down gradient of the reactive
barrier being generally much greater than 5 mmol 1-!. The
heterogeneous nature of flow through the barrier can
reconcile this apparent contradiction. Assuming that var-
iations in reactivity do not have a major impact on the rate
of SO, reduction, the rate of SO, removal is expected to
remain nearly constant while SO, concentrations remain
above about 5 mmol 1-!. If the rate of flow were uni-
form through the barrier, then the profile of SO4 con-
centration would be expected to decline linearly across
the barrier until concentrations approached 5 mmol 171,
at which point the rate of removal would decline. How-
ever, flow rates (and residence times) vary in the barrier
with flow path (Fig. 14). The SO, concentrations along
the slower flow path at the base of the barrier exhibit a
generally linear decline in concentration until the middle

well nest where concentrations drop below the 5 mmol
1! level. The SO, profile shows little decline from that
point to the down-gradient side of the barrier. Along the
faster, central section of the barrier, SO,4 concentrations
decline less steeply. Sulfate concentrations do not fall
below the 5 mmol 1~! value, there is no obvious break in
slope, and concentrations decline over the entire profile.
These more discrete flow paths produce curves that
more closely follow the Boudreau and Westrich (1984)
hyperbolic rate equation. At the front of the barrier, the
SO, concentration along all flow paths is above 5 mmol
17! (Fig. 14). Sampling indicates that with distance into
the barrier the fraction of pore water with a SO4 con-
centration below 5 mmol L~! increases. The result of
this trend is that the overall bulk rate of SO, reduction
decreases with distance into the barrier, even though the
vertically averaged effluent SO, concentration is above 5
mmol 17! (Fig. 9). Limited sulfide data show elevated
concentrations at the first well nest, which is consistent
with the observed higher rates of SO, reduction at the
front of the barrier (Fig. 9).
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Fig. 14. Trends in concentrations of SO, along slow flow path at bottom of the barrier and fast flow path in the middle of the barrier.
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The distribution of flow path residence times through
the barrier may be complex. However, a simplified model
based on bimodal flow can explain the observed SO,
profiles within the barrier. Fig. 15 shows the 3-a average
field values along the fast and slow flow paths. Predicted
profiles for fast and slow flow paths are calculated using
the rate equation after Boudreau and Westrich (1984).
Along the fast flow path through the center of the
barrier and slow flow path at the base of the barrier, the
residence time and amount of SO, removed is known.
Assuming that K; equals 1.62 mmol 17!, it is possible to
solve for the effective rate constant (k). Data from up
and down gradient of the barrier are used to constrain
curves for the fast and slow flow paths (Fig. 15). The
calculated rate constant (k) equals 47 mmol 17! a—! for
an average groundwater temperature of 9 °C. This
effective rate constant is assumed to be a function of
groundwater temperature and the amount and reactivity
of the organic C. It may also reflect other, unidentified
factors influencing the rate of SO, reduction.

Using the calculated effective rate constant (k), and
adjusting the residence time, curves matching SO4 con-
centrations within the barrier indicate a residence time
on the order of 370 days. These calculated residence
times are consistent with zones of very slow moving
water within the barrier as suggested by the Cl tailing
and apparent chemical bias in volume averaged samples.

The effective rate constant (k=47 mmol 17! a~!) is
very similar to the bulk rate calculated from the average
influent and effluent values (49 mmol 1= a=!). It is
anticipated that because of heterogeneous flow, the bulk
rate would be lower than the calculated rate constant.
That these rates are essentially the same illustrates how

t = 65 days)

Tt
- 0

Q

(t = 370 days)
]

S.G. Benner et al. | Applied Geochemistry 17 (2002) 301-320

flux through the barrier is dominated by water passing
along the faster flow paths. Along the faster flow paths,
SO, concentrations remain high, the fractional term in
the hyperbolic rate equation reduces to unity, and the
resulting rate expression approximates the previously
calculated Oth order bulk rate of SO4 removal. Only for
water associated with the very slow flow paths (e.g. 370
day residence times) do low SO, concentrations impact
the rate of removal.

4.6. Fe removal rates

The rate of Fe removal is also greater at the front of
the barrier (Fig. 16). Profiles of Fe along both fast and
slow flow paths show Fe concentrations declining more
steeply at the front of the barrier. This trend follows
SO,, suggesting Fe removal is closely related to SO4
reduction. If the rate of Fe sulfide precipitation were
more rapid than SO4 reduction, than one would expect
SO, concentrations and the saturation index for the
precipitating SO, mineral phase (mackinawite—FeS) to
remain uniform across the barrier. However, elevated
sulfide concentrations and higher saturation indices for
mackinawite are observed at the front of the barrier,
suggesting that the rate of Fe sulfide precipitation may
be limiting (Fig. 9). The laboratory-determined rate of
FeS precipitation of Rickard (1995) is between 10? and
10° times greater than the observed rate of SO4 reduc-
tion in the barrier. Therefore, limitations on the rate of
FeS precipitation may be the product of transport and
not precipitation processes. Within the barrier, there is
generally excess SOy after consumption of the Fe (com-
pare Figs. 14 and 16). Within zones of slower flow, most
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Fig. 15. Trends along fast and slow, and all flow paths averaged for all sampling periods and modeled rates of SO, removal based on

hyperbolic formulation.
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of the Fe is removed and sulfide concentrations become
elevated. It is likely that the effective rate of Fe removal
is at least partially limited by transport of dissolved
sulfide from these slow zones to adjacent zones of faster
flow where Fe concentrations are higher. Dissolved sul-
fide concentrations (and mackinawite SI values) decline
by an order of magnitude by the first well nest in the
down-gradient aquifer. These observations suggest that
the effective rate of Fe sulfide precipitation may be
slower than that of SO, reduction within the barrier, but
is probably limited by the generation and transport of
dissolved sulfide. Therefore, the rate of Fe removal by
FeS precipitation in the barrier is ultimately limited by
the rate of SO4 reduction.

4.7. Quantifying temperature effects
The Arrhenius equation relates the effect of changing

temperature on the rate of reaction. The Arrhenius
equation can be expressed as:

RW23 RW29

RW30

o ke E. [1_ 1 A3)
8 T 2303R| T, T,

where ki is the rate coefficient at temperature 7; (Kel-
vin), k, is the rate coefficient at temperature 7, (Kelvin),
R (8.314x1073 kJ mol~!' K1) is the gas constant and E,
(k] mol~") is the activation energy of the reaction.
Before applying this equation to the rate of SO4 reduc-
tion in the reactive barrier, the activation energy (E,)
must be defined. The sulfate reduction reaction sequence
is complex and it is likely that the rate of SO4 reduction
is limited by the supply of low molecular weight com-
pounds produced by fermentative activity (Westrich
and Berner, 1984; Boudreau and Ruddick, 1991). In
this application of the Arrhenius equation, E, does not
specifically refer to the activation energy of the SO,
reduction reaction but is defined as an apparent acti-
vation energy and is simply a measure of the response
of the overall rate of SO, reduction to a change in
temperature.
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Letting k> equal the rate coefficient of SO, reduction
as expressed by the zero order function from Fig. 13;

ky = —0.0049(t) + b &)

where ¢ is the date in number of days, b is the y-inter-
cept, T» equals the average annual temperature at 2 m
depth (9 °C), while T, is equal to the sinusoidal tem-
perature function expressing the 2-m depth field-mea-
sured temperature data (Fig. 12):

T) = 8.9843 — 5.8[sin(2()(£)/365 — 150.55)] (5)

where ¢ is the date expressed as number of days. There-
fore, the unknowns are the y-intercept (b) and the
apparent activation energy (E,). A solution is obtained
by simultaneously solving for the y-intercept and E, to
achieve a best fit to the field-collected SO, concentration
data (k) (Fig. 17). The resulting effective E, is 40 kJ
mol~!.

Specifying a range of E, values and solving for the
best fit to the field data suggests the range of effective E,
that provide a reasonable fit (values shown as dashed
lines in Fig. 17). These plots indicate that the field data
constrain the minimum E, value, but do not constrain
the maximum E, value. However, the lowest observed
SO, concentration (maximum removal value) provides
an upper limit on the E,. Concentrations in well nest
RW31 during the fall sampling event reflect water that
passed through the barrier during the period of highest
SO, reduction rates (the month of August). The lowest

vertically averaged concentration measured for SO, for
RW31 is 5 mmol 1-'. This value, subtracted from the
input concentration, can be used to constrain the max-
imum SO, reduction rate in the barrier (stepped hor-
izontal line, Fig. 17). With this constraint on the highest
rate of SO, reduction, the range of potential E, is lim-
ited to a value very close to the best-fit 40 kJ mol~!
value. The modeled curve describes the observed field
data quite well indicating that the observed seasonal
variations in SO4 removal can be attributed to the effect
of changing temperature on the rate of SO4 reduction.
Previous workers have determined changes in SO,
reduction rate with temperature and calculated a range
of apparent E, from 21 to 134 kJ mol~!' (Jorgensen,
1977; Westrich and Berner, 1988; Sagemann et al., 1998,
and references therein). Westrich and Berner (1988) also
determined that the effective E, increases with the age of
the organic matter, presumably because newer organic
C is more easily oxidizable. These previous studies were
conducted on ocean sediment organic matter that is gen-
erally older (and probably less labile) than that used in the
reactive barrier. The calculated E, for the Nickel Rim
barrier is at the lower end of the range of values deter-
mined in previous studies confirming that the organic
material used in the barrier is labile and reactive.
Because SO, reduction is the rate-limiting step in Fe
removal, the rate of sulfide precipitation may approach
thermodynamic equilibrium. Changing temperature can
also potentially influence Fe concentrations by changing
the solubility of the precipitating Fe sulfide. The potential
effect that changing temperature has on the solubility
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product of the precipitating mineral phase mackinawite
can be estimated using the van’t Hoff equation:

AHR [1 1
logKs = logk; + R | =~ 6
oghy =08 1+2.303R[T1 Tz] ©)

where K; is the equilibrium constant at temperature 77,
K is the equilibrium constant at 7, and AHy is the
enthalpy of reaction and is assumed to be constant with
changing temperature. A similar approach to that used
to calculate the affect of temperature on reaction rate
can be taken. If the precipitation reaction is written as:

Fe’* + HS™ <= FeS) + HW K =10*7 (7

K, equals Kiackinawite (Benning et al.,, 2000) at
T,=25 °C, T, is defined by the 2 m depth temperature
function and the enthalpy (AH,) for mackinawite pre-
cipitation is specified as —52.1 kJ mol~!(Benning et al.,
2000). The equation can be solved for the remaining
unknown, K,. Assuming equilibrium conditions and
that Fe and HS™ vary equally, the theoretical change in
Fe concentration can be calculated (Fig. 18). This sinu-
soidal plot is inverse to the observed changes in Fe and
SOy, suggesting that the changes in Fe concentration
cannot be attributed to seasonal variation in mack-
inawite solubility.

The changing solubility of the potentially important
secondary precipitating phases siderite (FeCOj3) and
gypsum (CaSO4-2H,0) may also contribute to the
observed seasonal changes in dissolved SO, and Fe. The
enthalpy of reaction (AHR) for siderite precipitation is
22.2 kJ mol~! (Allison et al., 1990) indicating that side-
rite is less soluble at higher temperatures. Therefore, the
changing solubility of siderite may also contribute to the
seasonal variation in Fe concentrations. The enthalpy of
reaction (AHy) for gypsum is near zero (0.46 kJ mol~")
and the annual 17 °C change within the barrier will have

little effect on gypsum solubility or associated SO4 con-
centrations. It should be noted that the solubilities of
siderite and gypsum are also directly dependent on CO%
and Ca?" activities, respectively, and the seasonal
changes in the solubilities of both of these minerals are
difficult to predict with simple calculations.

4.8. Other sinks for SO, and Fe

The relative rates of SO, and Fe removal and accu-
mulation (based on solid phase extraction data, Herbert
et al., 2000) indicate that the removal of Fe and SO, in
the Nickel Rim barrier is not limited to precipitation of
sulfide mineral phases (Tables 1 and 2). The solid phase
extraction data does indicate that sulfides are the domi-
nant sink for S and Fe in the reactive barrier. However,
in portions of the barrier, the precipitation of siderite
(FeCO3) and gypsum (CaSO,) and the formation of
organic sulfide compounds may also contribute to the
Fe and S accumulating in the solid phase (Benner et al.,
1999; Herbert et al., 2000). Rates based on solid phase
accumulation and aqueous phase removal for Fe and S
show good agreement given the uncertainties associated
with these calculations (compare Tables 1 and 2). A nota-
ble exception is the accumulation rate for S along the slow
flow path. The aqueous removal rate is over 3 times
greater than the solid phase accumulation rate. It is possi-
ble that degassing of H,S can account for the observed
excess SO, removed. Degassing is observed above the
barrier, however, this gas has not been analyzed and it is
unclear if this mechanism can account for a significant
loss of S. Calculated rates of H,S degassing from an
artificial wetland treating acid mine drainage by SO,
reduction were orders of magnitude smaller than sulfide
precipitation as a sink for SO, (Machemer et al., 1993).

The ratios of S:Fe removal and accumulation also
vary with flow path. Along the fast flow path the S:Fe
removal ratio is 0.65:1 and the accumulation ratio is
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Fig. 18. Observed (square boxes) and predicted Fe concentrations with time based on: (1) changing solubility of mackinawite (based
on van’t Hoff equation, AH) and (2) changing rates of H,S generation expressed as SO, removal (based on Arrhenius equation, E,).
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Table 1

Rates of S and Fe removal based on changes in aqueous concentrations (influent-effluent) and estimated residence times®

Flow SO, removed *P° Fe removed & Residence SO, removal rate Fe removal rate S:Fe removal
path (mmol I7! pv~!) (mmol 17" pv—1) time (days) (mmol I-! a=") (mmol I7! a~ 1) ratio

Ave. 13 8 90¢ 53 32 1.7:1

Slow 31 12 3704 31 12 2.6:1

Fast 5 7.7 804 23 36 0.65:1

4 Range in values based on (influent—effluent) sampling 3 months to 23 months after installation.

b pv equals pore volume.
¢ Assuming groundwater velocity of 16 m a='.

d Based on estimated maximum (18 m a~') and minimum (3.9 m a~!) velocities for barrier.

Table 2
Rates of S and Fe removal based on solid phase digestions
(from Herbert et al., 2000)

S removal rate (mmol 1=! a—1)?

Flow path  Sulfides® Sulfate® Organic Degassing
Slow 21 <l 4 ?
Fast 30 6 <l ?

Fe removal rate (mmol 17! a=—1)?

Flow path  Sulfides* Non-sulfides® Other?

Slow 18 <1 ?
Fast 28 14 ?

Totals (mmol 1= a=1)2

Flow path Total S  Total Fe S:Fe ratio
Slow 25 18 1.4:1
Fast 36 42 0.85:1

4 From Herbert et al. (2000), based on average accumulation
from 3 months to 23 months after installation. The following
ratios were used for rate conversion: barrier material composed
of 40% gravel, 20% compost, and 40% water.

® Equals operationally defined acid volatile S (AVS)+ total
reduced S (TRS).

¢ Value is total inorganic SO, estimated pore water SOy.

d Sulfide Fe based on sulfide S assuming 1:1, S:Fe ratio for
AVS, 2:1 for pyrite and no S as elemental S.

¢ Total Fe- sulfide Fe.

0.85:1. Removal by precipitation of mackinawite (FeS)
would result in a S:Fe removal and accumulation ratio
of 1:1. These measured S:Fe ratios suggest an additional
solid phase sink for Fe exists. Solid phase extraction
data indicates that 30% of the accumulated Fe is pre-
sent in a non-sulfide phase (Herbert et al., 2000).
Saturation index values indicate near equilibrium with
respect to siderite. It is possible that precipitation of this
mineral phase is occurring along the fast flow path.
Along the slower flow path, the S:Fe removal ratio is
2.6:1 and the accumulation ratio is 1.4:1. The differences

between these two ratios can be attributed to the accu-
mulation of S in the organic fraction of the solid phase
(Herbert et al., 2000) and, possibly, degassing of H,S.

These accumulating solid phases produce little change
in porosity. At the maximum accumulation rate of 36
mmol 1! a=! the volume fraction of sulfides (assuming
a bulk density of 4 g cm™3) accumulated within the
barrier after 3 a is on the order of 1%. This change in
porosity is unlikely to produce measurable changes in
flow through the barrier.

4.9. Long term trends

Solid phase rate data with time indicate a rapid decline
in the rate of SO4 reduction during the first 3 months and a
more gradual decline from 3 to 23 months after installa-
tion (Herbert et al., 2000). Although this trend is only
based on accumulation rates over 3 sampling periods, it is
consistent with a model of organic matter composed of
fractions of varying reactivity where the most reactive
material is consumed first and overall reactivity asymp-
totically approaches zero (Westrich and Berner, 1984;
Boudreau and Ruddick, 1991). The timing of aqueous
sampling sessions did not record the initial high rate and
the data plotted in Fig. 13 likely represent the later time
period of the curve where reactivity declined more gra-
dually. Extending the trend in SO, reduction into the
future is speculative, but within the generally accepted
models of organic C reactivity (Westrich and Berner,
1984; Boudreau and Ruddick, 1991 and references
therein), the rate of SO, reduction is predicted to decrease
more gradually with time.

4.10. Implications for performance and design

Assuming the average input concentrations of SOy
(30 mmol 17!) and Fe (10 mmol 1=') and a 1:1 removal
ratio, the minimum residence time for removal of
>95% of the Fe in the Nickel Rim barrier is approxi-
mately 90 days. Despite an average residence time
approximately equal to the minimum required residence
time of 90 days, complete removal of Fe is not achieved.
Less Fe is removed than predicted because the low flow
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zones are underutilized for Fe removal; along these slower
flow lines all Fe is removed and excess sulfide generated is
not utilized for mackinawite precipitation. In addition,
when the SO4 concentration drops near the half saturation
constant (Ky), the rate of SO4 reduction will decline.

Specific enhancements to the reactive mixture com-
position to improve homogeneity and barrier perfor-
mance may include increasing the gravel fraction,
selecting a different particle size distribution for the
organic mixture, or choosing a more reactive organic C
material. The costs of any enhancements to barrier
design must be weighed against simply installing a
thicker barrier or replacing the barrier more often.

At the Nickel Rim site, the average air temperature is
only a few degrees lower than at the bottom of the aqui-
fer. Therefore, application of an insulating layer above
the aquifer will produce a more uniform SO, reduction
rate but will result in only a small increase in the annually
averaged rate of SO, reduction. At sites where the aver-
age groundwater temperature is significantly greater than
the average air temperature, insulating the aquifer may
boost barrier performance. Conversely, when the aver-
age air temperature is greater than the average ground-
water temperature, insulating the aquifer may decrease
performance. Increasing barrier thickness will also
decrease the impact of seasonal temperature fluctua-
tions; designing a barrier with a residence time of >1
year would eliminate temperature-induced fluctuations
in concentrations of the effluent waters.

The inclusion of temperature dependence in the rate
equation allows comparison to previous laboratory col-
umn studies of Waybrant (1995). In this laboratory study,
flow-through columns containing organic C were used to
simulate a reactive barrier for SO4 reduction and metal
sulfide precipitation. The input water for the laboratory
column was chosen to match the groundwater in the
Nickel Rim aquifer and the organic mixture used in the
barrier was based on the mixtures used in the column
studies. In this laboratory study, conducted over a 2-a
period at 25 °C, the SO, reduction rate was 280 mmol 1~!
a~!. Normalizing this rate to the average temperature in
the Nickel Rim aquifer (9 °C) results in a rate of 103 mmol
17! a~!, approximately twice the rate observed in the aqu-
eous phase field data. The difference in rate may be, at
least in part, due to differences in organic C content.
The organic content of the column studies was approxi-
mately twice as great as in the Nickel Rim barrier. The
similarity of the rates indicates that the laboratory
column experiments were a good predictor of the
treatment rate in the field installation.

5. Conclusions

In this study, a reactive barrier for acid mine drainage
effluent was assessed. The rate of SO, reduction and

metal sulfide precipitation declined by 30 and 50%,
respectively, over 3 a. Despite this decline, in its third
year of operation, the barrier removed > 1000 mg 17!
SO, and >250 mg 1=! Fe from the groundwater. These
results indicate that reactive barriers can provide long-
term treatment of groundwater containing elevated
concentrations of SO4 and Fe. This work has illustrated
the potential importance of preferential flow and fluc-
tuating temperature in reactive barrier performance and
has provided an approach for quantifying these influ-
ences. Relatively small variations in hydraulic con-
ductivity can result in potentially significant differences in
residence time. In barriers that are reaction rate limited,
these differences in residence time will result in decreased
barrier performance. When the treatment reaction is bac-
terially mediated, accounting for changing groundwater
temperature is critical to predicting contaminant removal
rates. This study indicates that the ‘rule of thumb’ of
twice the reaction rate for each increase of 10 °C pro-
vides a good estimate of the effect of temperature on
SO, reduction. Reactive barrier designs must account
for these spatial and temporal variables and barriers
should be constructed to treat the contaminants along
the fastest flow path under the lowest anticipated treat-
ment rate.
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