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Abstract

A full-scale permeable reactive barrier was installed in August 1995 into an
aquifer impacted by mine drainage waters at the Nickel Rim mine site. near Sudbury.
Ontario. The reuactive barrier (3.6 m x 15 m x 4 m) contains organic compost to promote
bacterially mediated sulfate reduction and subsequent metal sulfide precipitation.
Dramatic changes in concentrations ot SO, (decrease of 2000-3000 mg/L). Fe (decrease
of 270-1300 mg/L). trace metals (e.g.. Ni decreases 30 mg/L) and alkalinity (increase of
800-2700 mg/L) are observed. Populations of sulfate reducing bacteria. dissolved sulfide
concentrations, and isotope HS are elevated compared to the up-gradient aquifer. Solid
phase analysis of the reactive mixture indicates the accumulation ot Fe mono-sulfide
precipitates.

The overall rate of SO, and Fe removal declines with time trom initial rates of 58
and 38 mmol L™ a” respectively. to 40 and 18 mmol L™ a’* respectively. 38 months after
installation. likely due 10 declining organic carbon reactivity. Heterogeneous flow. and
resulting vanation in residence times. produces spatially variable treatment and decreases
barrier performance. The SO; reduction rate vares seasonally by a tactor of 2 which is
attributed to seasonal shifts in groundwater temperature (3-16 °C): an effective activation
energy of E,=10 keal mol™' can account for this change.

Enumeration of bacterial populations in the Nickel Rim groundwater tlow system
indicate elevated populations of iron and sultur oxidizing bacteria are restricted to zones
of groundwater recharge and discharge. Sulfur oxidizers are highest in the tailings (1.27
x 107 MPN/g) where sulfide minerals are exposed to oxygen and iron oxidizers are
highest (9.56 x 10° MPN/g) where effluent discharges to the surtace. Comparatively low
populations of oxidizing bacteria in the tailings reflect low rates of sultide oxidation due
to the high water content in the zone of active oxidation. An observed positive
correlation between populations of sulfate reducing bacteria and sulfur oxidizing bacteria
suggests interdependency.

Numerical flow modeling shows that heterogeneities in hydraulic conductivity
within the aquifer will strongly affect thin barrier performance. while thicker barrier
performance will be more strongly affected by variation in barmier hydraulic conductivity.
More unitform tlow cun be attained utilizing thicker. homogeneous barriers.
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FUGURE 5. ettt et e et ea e s s s s e se e e e e b e e e ebe e eabe s eseessbenetsesaseeseabasbsea ereanns 106

The mineralogy of the tailings trom the surtuce to the 1.6 m depth (Adapted trom Jambor and Owens
11993)). The narrow (2-3 ¢cm) Zone of active sulfide oxidation is located at bottom of the

previously oxidized. orange-stained. tailings.

FIGURE 33 ettt et et b et et e s 107

Vertical profiles for location NR6 in the tailings impoundment of pH. Eh. alkalinity. Fe. SO,. IOB tiron
oxidizing bacteria), SOB tsulfur oxidizing bucteria). SRB (sulfute reducing bucteria and FOC
(solid phase fraction organic carbon). Hashed marks denotes oxidized tailings. horizontai dotted

line indicates the location of the water table. See Figure | for location of profile.

FIGURE S .ottt s es s bbb bbbt sasen bbb e et 12
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Flow Path A profiles of pH. Eh. aAlkalinity, Fe. SO,, [OB (tiron oxidizing bacteria). SOB (sulfur oxidizing
bacteria), SRB (sulfate reducing bacteria and DOC (dissolved phase organic carbon). See Figure |

tor location of Flow Path A,

FIGURE 5.5

Flow Path B profiles of pH. Eh, Alkalinity. Fe. SO, 10B ¢iron oxidizing bacteria). SOB (sulfur oxidizing

bucteria). SRB tsulfate reducing bacteria. See Figure 1 for location of Flow Path B.

FIGURE 5.6

Vertical profiles for tocation NR63 at the base of the tailings dam ot pH. Eh. Alkalinity. Fe. 5Q,, 1OB tiron
oxidizing bucteria), SOB (sulfur oxidizing bucterii). SRB tsulfate reducing bacteria and FOC
tsolid phase fraction organic carbon). Horizontal line indicates the ground surtace (G.S.). See

Figure 1 tor location of profile.

FIGURE 5.7

Vertical profiles tor location RW21 up-gradient of the reactive barrier of pH. Eh. Alkalinity. Fe. SO,. 10B
tiron oxidizing buacteriiy, SOB (sulfur oxidizing bucteriai). SRB tsultate reducing bacteria.

Horizontal line indicates the ground surtace 1G.S0). See Figure | for location of profile.

FIGURE S8 oottt ettt s st e srsa e st b 117

Verticil protiles tor location RW29 within the reactive barrier ot pH. Eh, Alkalinity. Fe. 50, 10B tiron
oxidizing bucteria), SOB (sulfur oxidizing bacteria). SRB osultate reducing bacteria. Horizontal

line indicates the ground surtace (G.S.). See Figure | for location of profile.
FIGURE 5.9
Vertical protiles for location RW24 down-gradient of the reactive barrier of pH. Eh. AlKalinity. Fe. SO,.

[OB (iron oxidizing bacteria). SOB sulfur oxidizing bacteria), SRB sultute reducing bacteria.

Horizontal line indicates the ground surtiace (G.S.). See Figure | for location of profile.
FIGURE 6.1 oottt ettt sttt st st e ettt et v eme st s e seasasastes 128
Shows a three dimensional view of idealized reactive barrier. Simulations cun represent horizontal or
vertical cross sectional views of tlow through the bammier.
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FIGURE 6.2 ...ttt st bbbt er e n 130

Scenario I shows flow with a homogenous K distribution in the aquiter and barrier. The barrier K is ten
times greater than the aquifer. a) 3.0 m thick barrier. by 1.0 m thick barrier. ¢) 0.2 m thick barrier.

d) sume as by, but with low K material bounding top and bottom of domain.

FIGURE 6.3 .ot bbb e bbb s 132

Scenario 11 shows the atfect of virving the barrier K on the “edge etfect”. Homogenous K distribution in
the aquifer and barrier. All simulations the same as Scenirio | (b, but the barrier K is varied.
Barrier is ) 100 times greater than the aquifer. by 10 times greater than the aquifer. ¢y 2 times

areuter than the aquifer.

FIGURE 6.4 et st b e e bbb s 134

Scenario I shows the atfect of an aquifer with heterogeneous K distribution. Same s Scenario [ but a 1.0
m thick high K laver (10 times rest of aquiter) has been placed up and down gradient of the

barmer.

FIGURE 6.5 ..ot bbb s et 135

Scenirio [V shows the affect of varving barrier K on flow in heterogeneous aquifer. The burrier K is
varied. Barrier K is i) 100 times greater. by 10 greater. ) equal to. the K of the aquifer. d) sume

as (b, but with low K muaterial bounding top and boettom of Jomain.

FIGURE 6.6 ..ottt et e e eb e et et 137

Scenario V shows the affect of varving the K distribution in aquiter. The total flux across the domain
remains constunt, but the distribution of high K layers is varied. 1) The high K laver in the aquiter
iy 0.5 m wide with a K 20 times that of the rest of the aquiter. b) The high K layer is 1.0 m wide
with 4 K 10 times that of the rest of the aquiter. ¢) The high K laver is split into 2 lavers each (0.5
m wide with a K [0 times that of the rest of the aquifer. d) same as (¢). but with low K material

bounding top and bottom of domain.

FIGURE 6.7 ...ttt et teee e e s et sttt st s en et e b e es st ne st st s ebns 139
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Scenario VI shows the affect of adding homogeneous mixing zones. Mixing zones are added up und down
eradient of the barrier. a) Same as Scenario I «¢). by High K. 2 m thick block added up gradient
of the burrier. ¢) High K. 1 m blocks added up and down gradient of the barrier. d) Same us (¢)

but high K blocks ure separated from the barrier by 0.3 m of aquifer.

FIGURE 6.8

Scenario VI shows the affect of heterogeneous K in the barrier. Same as Scenario | but 1.0 m wide high K
laver added to barrier. ) 3.0 m thick barrier. by 1.0 m thick barrier. ¢1 0.2 m thick barrier. d) same

as thy, but with low K matenal bounding top and bottom of the domain.
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Chapter 1

Introduction

Discharge of acidic eftluent. often containing high concentrations of toxic trace
metals. from mines and mine waste is an intractable. worldwide environmental problem
with estimated costs of treatment in the 10°s of billions of dollars. The oxidation of
residual sulfide minerals in mines and mine waste can produce acidic waters containing
high concentrations of sulfuate. FelD and trace metals (Figure 1), This effluent often
enters underlying and adjacent aquifers where butfering by mineral dissolution raises the
pH to 4-7 (Morin and Cherry. 1988). However. on discharge to the surtace. the oxidation
of FedIl) to Fe(lll) und the precipitation of ferric oxyhvdroxides re-generates acidic
conditions (pH < 3). mobilizing toxic trace metals and adversely impacting the surtace
water ecosystem. Discharge from mines and mine waste can continue for decades. even
centuries (Dubrovsky er al.. 1985). Treatment of this etfluent is extremely ditficult due to
the high dissolved metal concentrations and low pH conditions.

Current methods for the prevention and treatment of acid mine drainage include
preventing the infiltration of meteoric water. preventing the oxidation of sulfides and
treating the acidic water discharge (Blowes er al.. 1994). Recognition of the significance
and causes of acidic drainage has resulted in changes in the approaches used in the
design and operation of tailings disposal systems. The objectives of these changes are to
prevent the oxidation of sulfides and the mobilization and subsequent release and
transport of reaction products. There is often a time delay of tens ot vears between the

oxidation of the sulfides within the tailings and the eventual discharge to surface water

1



Chapter 1. Introduction 2

bodies. Therefore. even at many tailings impoundments with remedial measures
imposed. discharge of poor quality water will continue tor many vears (Blowes et al.,
1994). Conventional treatment of discharge waters involves precipitation of Fe-
oxyhvdroxides by addition of lime. This approach can be effective but often involves
high operating costs and produces large volumes of metal-rich sludge from which metals
may subsequently leach. The remediation and prevention of acid mine drainage through
the use of permeuble reactive barriers o promote bacterially mediated sulfate reduction
and metal sulfide precipitation may provide an etfective. inexpensive alternative o

conventional collection and treatment programs (Figure 1).

Sulfide Oxidation
FeS., +7/20 +H O =>Fe " +2S0, +2H"

Iron Oxidation
Fe" +1/40 +52H O => Fe(OH)., +2H"

Recctive -
\‘\ Barrier —
" e '\\
NN
.// _'—'/

Sulfate Reduction

SO, +2CH.0 =>H.S + 2HCO,
Fe" +H.S =>FeS, +2H"

Figure 1.1 Schematic of de-coupled sulfur and iron oxidation associated with acid
mine drainage and treatment using sulfate reduction in a permeable reactive
barrier.
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1.1 THESIS OBJECTIVES
In this thesis [ have assessed the use of a full-scale. permeable reactive barrier to
treat acid mine drainage utilizing bacterially mediated sulfate reduction. The objectives

of this thesis can be summarized in five broad questions:

Cun a full-scale reactive barrier promote sulfate reduction and meral sulfide
precipitation, and will the installation result in improved groundwater qualiry?

What are the physical and chemical processes occurring in the reactive barrier
thar impact groundwater chemistry?

What are the rates of these processes. and what are the implications for
reactive barrier performance?

Whart is the distribution of bacterial populations associated with the generation
and trearment of acid mine drainage within the aquifer and reacrive barrier?

What is the impact of reactive barrier geometry on groundwater flow in u
hererogeneous flow field?

1.2 THESIS STRUCTURE

This thesis is presented in a series of chapters. Chapters 2 through 6 have each
been written in manuscript form for submittal to a peer-reviewed journal. Each chapter is
writien to stand alone. resulting in some repetition ot introductory material. Chapters 2. 3
and 4 form the core of the thesis while Chapters 5 and 6 pursue related topics. Chapter 2
describes the installation of the barrier and shows the initial impact on groundwater
chemistry. Chapter 3 describes the biogeochemical processes occurring within the
barrier. Chapter 4 addresses the kinetics of the reactions within the barrier that lead to
improved groundwater quality and also discusses the controlling factors on barrier
performance. Chapter 5 examines the distribution throughout the Nickel Rim aquifer of

bacterial populations which catalyze the generation and treatment of acid mine drainage.
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Chapter 6 presents the results of computer flow modeling that illustrate the importance of
reactive barrier geometry on reactive barrier pertormance and provides assistance tor

reactive barrier design and assessment.
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Chapter 2

Installation and Initial Results

2.1 CHAPTER SUMMARY

The generation and release of acidic drainage. containing high concentrations of
dissolved metals. from decommissioned mine wastes is an environmental problem of
international  scale. A potential  solution o many acid drainage problems is the
installation of permeable reactive barmers into aquifers atfected by drainage water
derived from mine waste materials. A permeable reactive barrier was installed in August
1995 into an aquiter impacted by low quality mine drainage waters at the Nickel Rim
mine site. near Sudbury, Ontario. The reactive mixture. Containing organic matter. was
designed to promote bacterially mediated sultate reduction and subsequent metal sulfide
precipitation. The reactive barrier is instailed to an average depth of 12 feet (3.6 m) and
is 49 feet (15 m) long perpendicular to groundwater flow. The bammier thickness (flow
path length) is 13 feet (4 m). Initial results. collected nine months after installation,
indicate that sulfate reduction and metal sulfide precipitation is occurring. Comparing
water entering the barrier to treated water exiting the barrier: sulfate concentrations
decrease from 2400-4600 mg/L to 200-3.600 mg/L. Fe concentrations decrease from
250-1.300 mg/L to 1.0-40 mg/L. pH increases trom 3.8 to 7.0 and alkalinity (as CaCO»)
increases from 0-30 mg/L to 600-2.000 mg/L. The reactive buarmer has effectively
removed the capacity of the groundwater to generate acidity on discharge to the surface.
Calculations based on compurison to previously run laboratory column experiments
indicate that the reactive barrier should remain effective for at least 15 vears.



Chapter 2. Installation and [nitial Results 7
2.2 INTRODUCTION
Acidic metal-rich drainage from mines and mine wastes is the largest
environmental problem facing the North American mining industry (Feasby. 1991
USDA. 1993). On United States Forest Service lands there are between 20.000 and
50.000 mines generating acidic drainage (USDA, 1993). In Canada. potential acid
generating sites from buse metal mining total over 37.000 acres (Feasby, 199/1). In the
Eastern United States over 4.000 miles of rivers and streams are adversely impacted by
acid mine drainage tfrom coal mining (Kleinmann, 199/). In the Western United States
between 3000 and 10.000 miles of streams are impacted by metal mining (USDA. 1993).
Estimated costs for the stabtlization of these sites are in the billions of dollars (Feasby:,
1991).
Production of acidic drainage results from the oxidation of residual sulfide
minerals and the subsequent oxidation of dissolved Fe(lh (Boorman and Watson, 1976:

Nordstrom. 1979: Dubrovsky er al.. 1984). These reactions can be described as:

(h 2FeS. v +70.+2H.O0 = 450, +2Fe”” +4H .

(2)  4Fe + 0, +10H.O = 4Fe(OH)..s. +8H .

Similar reactions. involving other suifide minerals. can release dissolved As. Cd. Cu. Ni.
Pb and Zn. The oxidation of suifide minerals and the oxidation of Fe™™ are often de-
coupled in mine tailings impoundments. Sultide oxidation (Reaction #1) occurs in the
unsaturated zone of the wilings releasing Fe™. SO,™. and H™ to the tailings pore water.
Al many mine sites infiltrating precipitation water carries these reaction products
downwards through the tailings and into underlying aquifers. Mineral phases within the

mine waste material and aquifer sediment can buffer acidity. resulting in the formation of
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a groundwater plume containing high concentrations ot SO, Fe™" and other metals but
at near-neutral pH (Morin et al., 1988: Blowes, 1990: Blowes and Pracek 1994). Ax this
contaminated groundwater discharges to oxygenated surface-water bodies. Fe™ oxidizes.
releasing a second pulse of acidity to the environment (Reaction #2). Not only are the
resulting low pH conditions harmful to biota. but these conditions also increase the
mobility of toxic trace metals such as Cd. Cu. Ni. and Pb. greatly enhancing their
bioavailability. In many cases the tlux of poor quality water trom tailings impoundments
will continue for many decades. even centuries (Morin er al.. 1988: Blowes. [1990). It
was the objective of this project to significantly decrease the toxicity of mine drainage
effluent by preventing the generation of acidity at discharge to the surtuce by utilizing
sulfate reduction in a porous reactive barmer.

Current methods for the prevention and treatment of acid mine drainage include
preventing the infiltration of meteoric water. preventing the oxidation of sulfides und
treating the acidic water discharge (Blowes er al.. 1994). Recognition of the significance
and causes of acidic drainage has resulted in changes in the approaches used in the
design and operation ot tailings disposal systems. The objectives of these changes are to
prevent the oxidation of suifides and the mobilization and subsequent release and
transport of reaction products. There is often a time delay of tens of vears between the
oxidation of the sulfides within the tailings and the eventual discharge to surtuce water
bodies. Therefore. even at many tailings impoundments with remedial measures
imposed. discharge of poor quality water will continue for many vears (Blowes er al.,
1994). Conventional treatment of discharge waters involves precipitation ot Fe-
oxyhydroxides by addition of lime. This approach cun be effective but often involves
high operating costs and produces large volumes of metal-rich sludge from which metals
may subsequently leach.

The remediation and prevention of acid mine drainage through the use of

permeable. geochemically reactive barriers may provide an effective. inexpensive
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alternative to conventional collection and treatment programs (Blowes, 1990: Blowes et
al., 1995). This paper describes the design und installation of a full-scale reactive barrier
for the treatment of acid mine drainage at the inactive Nickel Rim mine tailings

impoundment near. Sudbury. Ontario.

2.2.1 Sulfate reduction

Bactenally mediated reduction of sulfate can be expressed as:

(3)  SOS + 2CH-0 +2H" = H-§ + 2CO- + 2H-0.

where CH-0 represents a generic organic carbon compound. In the presence of soluble

metals. hvdrogen sulfide can react to form metal sulfides:

(4)  Fe" + H-S = FeS,,, + 2H".

Elements such as As. Cd. Cu. Ni. Pb and Zn cun also react with H-S to form other sulfide
minerals.

This reaction sequence results in decreased concentrations of dissolved SO, Fe.
and other metals. and an increase in alkalinity and pH. All of these changes are desirable
in waters affected by mine drainage. Tuttle (/968) documented naturally occurring
sulfate reduction in a stream contaminated by acid mine waters. Wakao (/979) suggested
that mine waters could be treated using sulfate-reducing bacteria.

Recently. interest in sulfate reduction has tocused on its utility during wetland
remediation of ucid mine drainage. Wetlands are otten designed to treat acid mine
drainage using processes of adsorption to solids within the wetland and Fe oxidation and
precipitation (Reaction #2). Wetlands are also designed to incorporate anaerobic sulfate

reduction (Reactions #3-4) (Mcintire et al.. 1990: Hedin. 1989). The primary method of
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exploiting sulfate reduction has been to torce acidic. metal and sultate-rich surtace water
into the subsurface of the wetland by an induced hydraulic gradient (Mclntire et al..
1990: Machemer and Wildeman, 1992). Others have attempted to utilize sulfate
reduction within bioredactors containing a variety of organic materials (Dvorak et al..
1992; Hammack and Edenborn. 1992: Bechard. 1993 and 1995: Eger and Wagner.
1995).

The success of utilizing sulfate reduction for treatment of acidic mine waters has
been mixed. In many cases sultate reduction and metal sulfide precipitation have resulted
in improved water quality. However. two factors have hampered this approach. First.
high acidity can quickly consume any buftering capacity within the reactive organic
material. resulting in a drop in pH. Acidic conditions limit bacterially mediated sulfate
reduction (Brock and Madigan, 1991). decreasing treatment capacity. Second. where
neutral pH conditions have been maintained. the residence times within the reactive
mixture are often not sutficient to remove the mass of sulfate and metals entering the

system (Eger and Wagner. 19935).

..... Reactive barrier technology

Blowes (/990) proposed in situ sulfate reduction to treat water contaminated with
mine-related wastes within the sawrated zone of tailings or within permeable reaction
zones installed into the aquifer down-gradient ot tilings impoundments. By treating the
water prior to the oxidation of Fe™™ (Reaction #2), the generation of additional acidity.
and accompanying enhanced metal mobility. is prevented. Because contaminated
groundwater is treated without pumping. the volume ot water that is necessary to treat is
smaller. It is also casier 10 maintain the reduced geochemical conditions necessary for
sulfate reduction below the water table within the aquifer. Finally. sulfate reduction is
optimized at the near-neutral pH conditions found in many aquifers.

We have attempted to exploit advantages of treatment within the aquifer using
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the emerging remediation technology of a permeable reactive barrier. This method
consists of installing an appropriate reactive material into the aquifer. so that
contaminated water tlows through the material. The reactive material induces chemical
reactions that remove the contaminants from the water or otherwise cause a change that
decreases the toxicity of the contaminated water. Methods have been developed for the
treatment of chromate (Blowes and Pracek. 1992). halogenated organic compounds
(Gillham and O'Hannesin, 1992 and 1994). nitrate. (Robertson and Cherry, 1995).
phosphate (Baker, 1993, Pracek er al.. 1994, Baker. 1996). and water contaminated by
mine wastes (Blowes and Pracek, 1994. Blowes et al., 1994). For the treatment of
groundwater atfected by leachate derived from mine wastes. the porous reactive barrier
contains organic carbon to enhance sulfate reduction.

Laboratory and field pilot studies have established the potenual utility of this
remedial method. Wavbrant et al.. (7995) and Waybrant (/995) tested a variety of carbon
substrates in both batch und column experiments. Batch experiments identified optimai
organic carbon substrate matenials. Column experiments evaluated the extent and
duration of water treatment under dynamic flow conditions. Influent water contained
elevated concentrations of SO;™ and dissolved Fe and was similar in composition to
aquifer water at the Nickel Rim mine site. The results of these experiments indicute that
sulfate reduction and metal sulfide precipitation are the dominant mechanisms
responsible for removing SO,~. Fe and other metals from the water. An ongoing column
experiment continued to remove 1000 mg/L sulfate after more than 24 months. Small-
scale tield test cells were installed at the Nickel Rim site in the fall ot 1993 and 1994.
These test cells continue to induce sulfate reduction and metals removal within the
aquifer 12 and 24 months after installation. indicating that this technology is transterable

to a field setting (Blowes, 1995).
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2.2.3 Site description

The physical and chemical hydrogeology of the site has been well characterized.
Johnson (/993). Bain et al.. (/995) and Bain (/996) describe the physical hvdrogeology
and aqueous geochemistry of the tailings impoundment and associated groundwater
plume. The tailings impoundment is located at the head of a small alluvial-filled valley
which drains into Moose Luke. approximately 130 m from the tailings dam (Figures |
and 2). The tailings are located in a zone of groundwater recharge. Groundwater from the
tailings follows two tlow paths. Approximately halt the water originating from the
tailings discharges to the surface at the foot of the dam und then tlows towards Moose
Lake as surface water. The remaining groundwater tlows to Moose Luake within the
alluvial aquifer. The water table throughout the alluvial valley is at or very near ground
surtuce. The aquifer is composed of fine-grained. glacio-fluvial quartz-teldspar sand and
is 3 to § meters thick.. Bounded on the sides and at the base by bedrock. the aquiter can
be thought of as a long. sediment-fiiled trough in which groundwater is tlowing. Bain et

al.. (/995) estimated a groundwater velocity in the aquifer ot 15 m/a.

HIGH GROUND AND BEDROCK

Figure 2.1 Map view of the Nickel Rim mine site, location of permeable reactive
barrier installation. location of cross section A-A'.
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Figure 2.2  Cross sectional profile along transect A-A' in Figure 2.1 shows
groundwater discharging both ar the foor of the dam and 10 Moose Lake.

Residual sulfide minerals contained in the tiilings impoundment are being
oxidized and water. migrating downward into the underlying aquifer. is acidic and
contains high sulfate and metal concentrations. The chemical composition of the
contaminated water is evolving as a result of a sequence ot acid neutralization reactions
as minerals in the tilings and aquiter sediment are gradually depleted. These reactions
result in a progressive increase in pH along the groundwater tlow path. This increase in
pH enhances the attenuvation of most metals other than Fe. The resulting plume contains
high Fe and sulfate concentrations (500 to 2000 mg/L Fe and {000 to 7000 mg/L sulfate)
and is slightly acidic (pH 4-6) (Bain. 1996). Both Bain (/995) and Johnson (/993)
predict that poor quality water will continue to discharge from the tailings for at least 50
veurs,

2.3 METHODS
2.3.1 Selection of reactive marerial

The material for the porous reactive barrier must satistv five criteria: it must be

reactive. permeable. have sutficient longevity. and be readily available and inexpensive.
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The material must be sufficiently reactive to reduce sulfate concentrations tound in the
aquifer at Nickel Rim. The material must be permeable enough to accommodate the
groundwater flux rates at the site. The material must sustain its permeability and
reactivity over a time period of yeurs. Finally. the material must be readily available and
affordable with respect to site conditions.

The selection of organic carbon source material for this study was based on
laboratory experiments conducted by Waybrant (/995). The results of these experiments
indicate that leat compost is an effective material tor promoting sulfate reduction. and
that mixtures containing a variety of different carbon sources are most effective. Fresh
organic carbon sources are superior to older sources because they likely contain a higher
concentration of short-chain. single-carbon-bond aliphatics. the primary substrate of
sulfate reducing bacteria (Brock and Madigan, 1991). In addition to an available carbon
source. sulfate reducing bactena also require nitrogen. phosphate and other trace
elements for growth (Brock and Madigan. 1991). Based on these considerations. a
substrate composed of 40¢ municipal compost. 40¢% leat compost. and 209% wood chips
was selected. Municipal compost was selected because it is readily available. is
composed of a variety of materials. is rich in nitrogen and phosphate. as well as other
trace nutrients. and can be acquired at a point during the composting sequence when
only partial decomposition has occurred. Leaf compost was selected because it is readily
available and was shown to be etfective in long-term column expenments. Wood chips
were selected because they are readily available. are a source of fresh carbon and their
larger size may provide additional longevity.

The reuactive mixture must maintain a hyvdraulic conductivity that is sufficient to
accommodate the groundwater flow in the aquifer. To increase the hydraulic
conductivity of the reactive mixture. pea gravel was mixed with the substrate material.
Constant head permeameter tests were conducted to determine an appropriate ratio of

pea gravel to organic material. These tests indicate that hydraulic conductivity of the
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mixture is very sensitive to the ratio of gravel to substrate (Table ) and that small
variations in mixing and packing can have a dramatic impact on hydraulic
conductivities. The hydraulic conductivities ot all mixture ratios were high enough for
use as a reactive barrier material in the Nickel Rim aquifer. It was anticipated that
dissolution of organics would result in some mass loss of the organic material fraction.
To maintain hydraulic conductivity after installation. a ratio of gravel to organics was
selected that would be essentially gravel supported (50¢% gravel and 50¢% organic

material).

Table 1

Hydraulic conductivity of mixtures of gravel und reactive marerial
determined by constant head permeameter.

Precentage Hyvdraulic Conductivity
Gravel wenm/sec)

0% 1.0

60% 0.5

55% 0.3

S0% 0.4

45% 0.05

4U% 0.02

30% 0.0005
Aquifer 0.002

To evaluate the effect of variations in the hydraulic conductivity of the reactive
materiai on the flow regime within the aquiter. groundwater tlow modeling using the two
dimensional finite element model FLONET was conducted. Aquifer parameters tor the
Nickel Rim aquifer were taken trom Bain (/996). This modeling suggests that if the
hydraulic conductivity of the reactive barrier is an order of magniwde greater than the
adjacent aquifer. good flow distribution within the barrier is achieved (Figure 2). There is

little change in the flow regime with additional increases in barrier hydraulic
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~
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conductivity (Figure 2

Cherry (1994).

. These results are consistent with the observations ot Starr and

2 Oals fdety
2 anis (depth)

2 Qxls (depth)
2 axis ({11:!_;_11 i_)

€ -

QXIS [cirecion ot tow) C3xS (QrEeCcn Ct icw)

Figure 2.3 Results of FLONET nodeling showing idealized aquifer in cross-section. Kx
and Kz = hvdraulic conductivity in the X and Z directions . respectively. (a)
Aquifer with no reactive barrier. lower laver is more permeable than upper
laver. (b) Sume as (a) bur with reactive barrier with permeability equivalent to
lower laver of aquifer. (¢) Same as (b) but with reactive barrier 10X more
permeable than aquifer. (d) Same as (b) bur with small laver if higher
permeability within reactive barrier.

Channeling of flow decreases the contact time between the dissolved
contaminants and the reactive material and decreases the total mass of carbon available.
potentially leading to reductions in the effectiveness of the reuactive barrier. Simulations
suggest that even small layers of higher hydraulic conductivity matenial within the barrier
will resuit in significant channeling of flow (Figure 2). To avoid preferential tlow the

mixture must be homogeneous. To achieve a homogeneous mixture. a 130 ft. (40 m)
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conveyer was used to mix the organic material and pea gravel. Gravel and compost were
loaded onto the conveyor simultaneously. and dumped into a single pile. This process

was repeated with the mixed pile until a uniform mixture was obtained.

2.3.2 Barrier installation

The reactive barrier at Nickel Rim was installed where the bedrock valley
narrows to minimize the costs in materials and installation while ensuring that ail
groundwater flowing within the aquiter would pass through the treatment barrier (Figure
1). The reactive barrier was installed by cut and fill excavation: as the aquifer material
was removed to bedrock. the hole was back-filled with the organic carbon and gravel
mixture. The resulting structure stretches across the alluvial valley and is in direct
contact with the bedrock on both sides and at the base. Sand fill was added at the up and
down-gradient sides of the barrier to square off the organic mixture with the sloping
sides of the trench. These sand zones help to distribute tlow evenly through the barrier
and facilitate sampling of the inflow and the outflow. A 12 inch (30 ¢cm) clay cap was
applied on top the barrier to minimize oxyvgen diffusion into. and water tlow out of, the
reactive mixture. The installed reactive mixture is approximately 49 feet (15 my long. 12
feet (3.6 m) deep and 13 feet (4 m) wide (Figure 3).

b

2.3.3  Installation and sampling of monitoring wells

Monitoring wells (27 (5 ¢m) wells and bundle piezometers) were installed in nests
along a transect roughly parallel to groundwater tlow (Figure 4). establishing monitoring
points up and down-gradient of. as well as within. the newly installed porous reactive
barrier. These wells were installed using a gasoline powered vibrating hammer (Blair.

1981: and Dubrovsky, 1986).
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Figure 2.4 Schematic diagram of permeable reactive barrier installation.

Samples of groundwater were collected approximately one month and nine months atter
installation. Water samples were collected from installed wells using a penistaltic pump
and passed through 0.45 um filters. Samples for cation analyses were acidified to pH < |
using 12 N HCI. All samples were refrigerated at the field site and stored refrigerated
until analyzed at the University of Waterloo or Falconbridge Lid. Analytical Laboratory.
Chemical analyses were conducted to determine the concentrations of Al. As. Ca. Cd.
Co. Cr. Cu. Fe. K. Mg. Mn. Ni. Pb. S. Sr. Zn. by Inductively Coupled Plasma Emission
Spectrometry (ICP) or Atomic Adsorption Spectrometry (AA). and SO;. NOs. F and Cl.
by ion chromatography. All dissolved Fe is assumed to be in the Fe (Il) oxidation state.
Dissolved organic carbon was analyzed by a Total Organic Carbon method using a
platinum catalyst and an infrared detector (Standard Methods. 1996). Replicate samples
were collected from severai locations. 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
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piezometer using sealed cells maintained at ground-water 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, 1977) and Light's solution (Light, 1972). Determinations of alkalinity
were made in the field by titration with standardized H.SO, using a digital titrator (Hach

Instruments Lid.).

2.4 RESULTS AND DISCUSSION

2.4.1  Surtace water recharge

A cross-sectional view of the flow tield at the installation site (Figure 4) provides
a4 physical framework for assessing the impact of the reactive barrier on the aquiter. The
organic material used in the reactive barmier contained high CI” concentrations compared
with the aquiter. The leaching of CI' trom the reactive material resulted in the
development of a distinguishable zone of water one month after installation. This zone
contained concentrations of dissolved CI” of up to 6000 mg/L. much greater than the
background concentration in the aquifer. approximately 7 mg/L. In addition to
groundwater tlowing through the barmer. untreated surtace water recharged the aquifer
down-gradient of the reactive barrier (Figure 2). This recharging surface water was
acidic. with high concentrations of SO,” and Fe. Before entering the aquifer. the
untreated surface water tlowed through a pile of compost matenial left over trom the
reactive barrier installation and. therefore. also contained high CI” concentrations. As a
result of this recharge. the aquifer down-gradient of the reactive barrier contained two
merging plumes of CI'. One plume of treated water tflowing from the barner. occupied
the lower portion of the aquifer and a second plume of untreated water. emanating from
the Cl-rich surtace water recharge. occupied the upper portion of the aquifer (Figure 4).

This CI' profile correlates well with the physical flow field profile. It indicates that
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reated water flowing trom the reactive barrier will occupy only the lower portion of the

down-gradient aquifer.
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Figure 2.5 Cross-sectional profiles of reactive barrier and adjoining aquifer. Small
squares indicate sample locations. (a) Schematic diagram showing zone of
aquifer receiving surface water recharge based on head profiles and water
chemistry prior to reactive barrier installation (From Bain. 1996). (b) Profile of
chloride concentrations one month after installation. (¢) Profile of chloride
concentrations nine months after installation.
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2.4.2 Groundwater velocity

The CI' profile after nine months shows the high-Cl plug was located about 12
meters down-gradient indicating an average groundwater velocity of 16 meters a veur.
This value is in good agreement with estimates of groundwater velocities in the aquifer
prior to installation of the permeabie reactive barmer (Bain, 1993). The CI” profile within
the barmier shows high concentrations along the top and base. suggesting there is some

preferential flow through the center of the barrier.

243 Water chemistry

Compantng water entering the barrier to treated water exiting the barrier along
ransect A-A" (Figure 1) nine months after installation. sulfate concentrations decrease
from 2400-4800 mg/L to 200-3.600 mg/L. dissolved Fe concentrations decrease from
250-1.300 mg/L to 1.0-40 mg/L. pH increases from 4-6 to 6.6-7.0 and alkalinity (as
CaCO:) increases from 0-66 mg/L 1o 690-2.300 mg/L (Figure 5). To assess the objective
of preventing the mine effluent from generating acidity on discharge. the capacity of the
groundwater to generate acidity must be calculated. The acid producing capacity of the
water is a function ot the concentration of ions that will generate acidity on discharge. In
most mine effluents. Fe. which forms sparingly soluble oxyhydroxides (Reaction # 2). is
the dominant, acid-generating ion. [n addition to acid producing capacity. the ability of
the water to butfer acidity. the alkalinity. must be known. The tendency ot the water to
produce acidic drainage on discharge can be calculated by subtracting the acid buffering
capacity (the molar equivalents of dissolved carbonate alkalinity) from the acid

producing potential (molar equivalents ot acid produced by oxidation of dissolved Fe):
Potential Acidity =2(moles/L Fe™) - moles/L Alkalinity (as CaCOs).

This is called the potential acidity and is a predictive form of mineral acidity as
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defined by Snoeyink and Jenkins (/980). A positive value indicates a net acid producing
potential and a negative value indicates a net acid consuming potential. The water
entering the barrier had net potential acidity of 7.8 to 46 meg/L. while the water exiting

the barrier had net potential acidity of -16 to -45 meg/L (Figure 5).
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Figure 2.6 Cross-sectional view of reactive barrier and adjoining aquifer. Small
squares indicate sample locations. Concentrations of sulfate and iron in
groundwater and calculated " Potential Acidity” nine months after installation
are shown.
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Iron and SO; removal occurred at a 1:1 molar rato. consistent with the
precipitation of a Fe mono-sulfide (FeS). This stoichiometric constraint on the removal
of Fe and SO, by sulfide mineral precipitation appeared to limit the removal of SO..
Once all of the Fe was removed. approximately haif of the SO; remained. Because Fe
was the primary acid generating constituent in the contaminated groundwater. a removal

ratio that results in excess SO is preferabie 1o a ratio that results in excess Fe.

244 Estimating reactive barrier longeviry

The ultimate success of the porous reactive barmier will be determined by the
longevity over which sulfate reduction and metal sulfide precipitation is maintained. The
ability of the barrier to transform the groundwater from acid producing to acid
consuming is dependent on the removal of Fe. Therefore, change in Fe concentration as
water passes through the barrier is a useful measure of the reactive barrier etfectiveness.
It may be assumed that the limiting tactor will be the ability of the organic carbon to
induce sulfate reduction. Previous work suggests that not all of the carbon is “available™
for sulfate reduction (Eger and Wagner, 1995). It the total usable carbon for sulfate
reduction is limited. the thickness of the permeable reactive barmer will be proportional
to its longevity. In addition. the umount of available organic carbon may also be a
function of the amount of time that the sulfate and organic carbon are in contact. Longer
residence times may overcome potential Kinetic limitations on organic carbon reactivity
and may increase the traction of reactive carbon.

Reuctive barrier longevity can be estimated by comparison with results of
laboratory column experiments conducted by Waybrant et al (/995). In the laboratory
300-1000 mg/L Fe was removed in a column with a residence time of 15 days and a
travel path length of 0.3 m. Assuming a groundwater velocity in the Nickel Rim aquifer

of 16 meters/vear and a barmier thickness of 4 meters. the residence time is 90 days.
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Therefore the barrier residence times are six times longer, and path length is 12 umes
longer than the laboratory columns. Concentrations of Fe entering the reactive barrer are
300-1000 mg/L. which is similar to concentrations used in the laboratory columns.
Comparison of Fe concentration. path length. and residence time suggests that an
estimate of reactive barrier longevity based on laboratory column longevity is
approprniate.

In the laboratory column (Wavbrant er al, 1995). a minimum of 10% of the
carbon has been consumed by sulfate reduction and metal sulfide precipitation.
Assuming that 10% of the carbon in the reactive barrier at Nickel Rim is available. an
estimate of longevity can be made. The barrier contains approximately 1.500.000 moles
of carbon. Assuming that a minimum of 0% of that carbon (~150.000 moles) is
available. the minimum amount of Fe that can be precipitated as sulfides by that carbon
is 75.000 moles (based on stoichiometry of Reactions #3 and #4). Given a porosity of
0.4. groundwater velocity of 16 m/a. and a cross-sectional arei of 43 m". the flux of
water through the barrier is 288 m'/a. With an Fe concentration of 1000 mg/L. the annual
flux will be about 5.100 moles/yr. This suggests that the reactive barrier will be effective
for a minimam of 15 yeuars. This estimate neglects potential losses in efficiency due to
preferential tlow within the barrier. variations in the reactive mixtures used or other
differences due to scaling-up trom bench-scale column experiments to field application.
It is likely that there will be some preferential flow within the barrier. this will result in
decreased efficiency and a shorter operating lifetime. Plugging of the barmer by
accumulation of sulfide precipitates is not anticipated. With the reduction of sulfate and
precipitation of a suifide mineral phase. there is a corresponding conversion of organic
material to HCO:™ (Reactions #3 and #4). Therefore. the process results in the exchange
of organic material. with a specific gravity of | to 2. for solid phase sultides which have
a specific gravity of 3 to 5. Laboratory column studies indicate no change in hydraulic

conductivity after more than 30 pore volumes (Wavbrant, 1996).



Chapter 2. Installation and Initial Results 25

The accumulation of sulfides within the saturated reactive barrier provides long
term mineral stability. The re-oxidation of the sulfides will be limited by the availability
of an electron donor to oxidize the sulfide. Possible oxidizers include O-, NO5'. and Fe™.
Assuming that the hydraulic regime does not undergo significant change and the reactive
barrier remains below the water table. oxygen concentrations are limited to aqueous
solubility. Even at saturation. the product ot sulfide oxidation by oxygen would be on the
order of tens of milligrams per liter. Nitrate is also rarely tfound in groundwater at
concentrations greater than 10 mg/L. Ferric iron concentrations are limited by the low
solubility of iron oxyhydroxides. Significant concentrations of ferric iron occur at pH of
less than 3. pH values less than 3 in groundwater are rare. even in mine drainage settings
(Blowes and Pracek, 1994). In additon. ail other readily oxidizable matenal (e.g.
suifides and organic matter) aiong the flow path within the tailings matenal and aquifer
must be oxidized before an electron acceptor would become available to oxidize sulfides

within the reactive barrier.

2.4.5 Cost of installation

Materials and instaflation costs for the permeable reactive bammer were
approximately $30.000.00 (U.S. funds). Approximately halt ot that cost was materials
and half was installation. This value does not include costs of monitoring and
assessment. Costs will vary from site o site depending on the physical and chemical

characteristics ot the contaminated groundwater plume.

2.5 CONCLUSIONS

Installation of a permeable reactive barrier for prevention of acid mine drainage
has resulted in dramatic improvement in down-gradient groundwater quality. Removal of
>90% of soluble Fe and a greater than ten-fold increase in alkalinity has converted the

groundwater system from acid producing to acid consuming. Calculations based on
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comparison with previous column studies suggest an operational life time of >15 yeurs.
These results indicate that in sire sulfate reduction is a potentially effective treatment
strategy for remediation of groundwater plumes impucted by drainage trom mining
activities. Monitoring of the water quality exiting the barrier will continue for a
minimum of three years. Studies of the biogeochemical transtormations within the

barmier and the aquifer are underway.
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Chapter 3

Barrier Geochemistry and Microbiology

3.1 CHAPTER SUMMARY

A permeable reactive barrier. designed to remove metals and generate alkalinity by
promoting sulfate reduction and metal sulfide precipitation. was installed in August 1995
into an aquifer containing effluent from mine tailings. Passage ot groundwater through
the barrier results in striking improvement in water quality. Dramatic changes in
concentrations of SO, (decrease of 2000-3000 mg/L). Fe (decrease of 270-1300 mg/L).
trace metals (e.g.. Ni decreases 30 mg/L) and alkalinity (increase ot 800-2700 mg/L) are
observed. Populations of sulfate reducing bacteria are 10.000 times greater and bacterial
activity. as measured by dehvdrogenase activity, is 10 times higher within the barier
compared to the up-gradient aquifer. Dissolved sulfide concentrations increase by (0.2-
120 mgL and the isotope S is enriched relative to =S in the dissolved phase SO,”
within the barrier. Water chemistry. coupled with geochemical speciation modeling.
indicates the pore water in the barrier becomes supersaturated with respect to amorphous
Fe sulfide. Solid phase analysis of the reactive mixture indicates the accumulation of Fe
mono-sulfide precipitates. Shifts in the saturation states ot carbonate, sulfate. and suifide
minerals and most of the observed changes in water chemistry in the barrier and down-
gradient aquifer can be aunbuted. either directly or indirectly. to bacterially-mediated
sulfate reduction.

33
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3.2 INTRODUCTION

3.2.1 Acid mine drainage

Discharge of acidic effluent. often containing high concentrations of toxic trace
metals. from mines and mine waste is an intractable. worldwide environmental problem
with estimated costs of treatment n the [0's of billions of dollars. The oxidanon of
residual sulfide minerals in mines and mine waste can produce acidic waters containing
high concentrations of sultate, FetIl) and truce mctals. The oxidation of iron suifide can
be expressed as:

FeS, 5. +70. +2H.O0 = 480, +2Fe¢”" +4H"
This effluent often enters underlying und adjacent aquifers where butfering by mineral
dissolution raises the pH to 4-7 (Morin and Cherry. 1988). However. on discharge 10 the
surface. the oxidation of Fe(ID to FedllD and the precipitation of ferric oxyhydroxides can
re-generate acidic conditions (pH < 3):
4Fe’" +0. +10H.0 = 4FAOH), s +8H"

This generated acidity can mobilize toxic trace metals and adversely impact surtace
water ecosystems. Discharge from mines and mine waste can continue tor decades. even
centuries (Dubrovsky et al.. 1985). Conventional treatment by lime neutralization
produces large volumes of metal-rich sludge and often involves long-term operating
COSLS.

3.2.2  Sulfare reduction

Sulfate reduction and metal sulfide precipitation have the potential to remediate
acid mine drainage (Wakeo er al.. 1979). In natural settings. suifate reduction is
mediated by sulfate reducing bacteria (SRB). Sulfate reducing bacteria are
phylogenetically diverse and utilize a variety of biochemical pathways to reduce sulfate

by oxidation of organic carbon. Sulfate reducing bacteria utilize short chain organic
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carbon compounds or H» to reduce SO; and are often dependent on a consortium of
microorganisms to provide these substrates (Chapelle, 1993). A simplified expression of

the reduction of sultate by lactate can be expressed as:

2CH.CHOHCOO™ +350,” +2H" = 6HCO, +3H.S
The reduction of SO, and the production of dissolved sultide species in the presence of
dissolved metals can result in precipitation of metal sultide mineral phases:

H.S+Fe” = FeS+2H"

Other potential contaminants. including As. Cd. Cu. Fe. Ni. Pb. and Zn. can also react
with sulfide to form sparingly-soluble sulfide minerals. However. acidic waters can
consume generated alkalinity and limit the ability of sulfate reducing bacteria to promote
this reaction sequence (Hao er al.. 1996). This limitation has hampered attempts to
utilize sultate reduction to weat acidic surtuce water associated with mine drainage
(Machemer and Wildeman, 1992: Dvorak et al.. 1992 Bechard et al.. 1995). We have
overcome this obstacle by promoting sulfate reduction within the aquifer. prior to
increased acidification of the effluent upon discharge to the surfuce. Treatment within
the aquifer is accomplished using a passive i situ permeable reactive barrier composed
of organic material (Blowes and Pracek, 1994). The organic carbon promotes sulfate
reduction and metal sulfide precipitation as the contaminated groundwater tlows through

the structure.
3.2.3 Nickel Rim Reactive Barrier

The reactive barrier. containing a mixture of municipal compost (20 vol. ). leaf
mulch (20%). wood chips (9%). gravel (50%). and limestone (1%). was keved o
underlying bedrock at the base and outcropping bedrock at the sides. The installed
barrier extends 20 m across the aquifer. is 3.5 m deep and the barrier is 4 m thick in the
direction of flow. Zones of sand. approximately 1 m thick. were also installed at the up

and down-gradient sides of the organic carbon mixture. These sand zones square off the
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barrier with the sloping sides of the wrench. help to redistribute tlow. and facilitate
uniform sampling. A protective clay cap (30 cm) was placed over the barrier to minimize
oxygen diffusion and flow of infiltrating water into the barrier. The barmier installation is
described in detail in Benner et al. (/997). This barrier is the first tull-scale reactive
barrier in the world designed to treat metals and acid mine drainage using reductive
processes. The installation provides a unique opportunity to evaluate. under controlled
conditions. changes in groundwater geochemistry. Though the barrier is an engineered
system. geochemical changes closely match processes associated with sulfate reduction
in natural settings such as sediments and aquifers. This paper describes geochemical.
microbiological and mineralogical processes occurming within the permeable reactive
barrier and adjoining aquifer.

3.2.4  Nickel Rim Aquifer

A groundwater plume. containing high concentrations of SO, (1000-3000 mg/L). Fe
(200-2000 mg/L). and a pH of 4 to 6. tlows trom the inactive Nickel Rim tailings
impoundment into an adjoining alluvial aquiter (Bain et ul.. 2000: Johnson et al.. 1999).
At the site of the installation. acidic surface water s recharging the aquiter. Figure (a)
shows the tlow field for the Nickel Rim uaquiter prior to the reactive barmer installation
(Benner et al., 1997: Bain et al.. 2000). The aquifer receives water that has entered the
aquifer through the twilings impoundment as well as acidic water infiltrating directly
from the surface above the aquifer. This flow regime resuits in water entering the barrier
from two distinct sources. The protective clay cap prevents infiltration directly into the
barrier. but acidic surtace water continues to enter the aquifer on both the up-gradient
and down-gradient sides. Treated water exiting the down-gradient side of the barrier
occupies only the lower halt of the aquifer whereas the upper half of the aquiter contains
acidic water which has not undergone treatment. Groundwater velocity is approximately
15 m/a (Benner et al., 1997).
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Figure 3.1 Cross-sectional profiles of aquifer and reactive barrier: (a) shows flow
lines for the Nickel Rim aquifer prior to the installation of the reactive barrier
determined by field-collected data and flow modeling from Bain (2000). (b)
sample well and core locations in aquifer and reactive barrier. (¢) location of
geochemically distinct zones along groundwater flow path.
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METHODS

3.2.5 Water Sampling and Analysis

Monitoring wells were installed in nests along a transect roughly parallel to groundwater
flow (Figure 1). Samples of groundwater were collected in September 1995, June and
September 1996, and July 1997 (1. 9. 12, and 22 months after installation). A detled
description of well installation. water sampling and field and laboratory analysis can be
found in Benner et al. (/997). Additional analyses include dissolved organic carbon by
combustion and infrared detection (Standard Methods. 1996). total dissoived sulfide by
methylene blue method (Standard Methods, 1996) and sultur isotope determination by
thermal decomposition of barium sulfate and analysis on a mass spectrometer

(Yanagisawa and Sakai, 1983).
3.2.6  Solid Phase Methods

Samples were collected using a 5 ¢m diameter driven coring device. Cores were
collected in September 1996 for solid phase and mineralogical analysis and in September
1997 for bacterial analysis (Figure 1b). Cores. collected in aluminum casing. were sealed
with plastic caps and refrigerated untl analyzed.

The sultate reducing bacteria were grown in a moditied Postgate medium C in 20
mL serum bottles (Posrgate, 1984). The medium had the tollowing composition in g/L:
KH.PO,. 0.5: NH,Cl. 1.0: Na.SO.. 4.5: CaCl:e2H-0. 0.04: MgSO,e7H:0. 0.06: Na
lactate (60%). 2.92: Na acetate. 1.28: veast extruct. 1.0: FeSQOse7H-O. 0.004: Na
citratee2H>O. 0.3: resaurzurin. 0.005 (pH adjusted to 7.5 using NaOH). Serum bottles
containing medium were autoclaved and | g sediment was added to each of five
replicates. Inoculated samples were sequentially diluted and incubated in an anaerobic
glove box for 30 days. Positive growth of SRB was indicuted by precipitation of Fe-
sulfides. Values are reported as Most Probable Number (MPN) determinations

(Alexander and Black, 1965). Triphenyl tetrazolium chioride is a substrate for a number
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of non-specific dehydrogenases present in microtlora and can be generally correlated
with respiratory activity and used as an index of microbial activity (Ladd. 1978). To
determine dehvdrogenase activity (DH). five grams of sediment was buftered with
CaCO; (to a pH >6) and 1.75 mL of 0.5¢% 2.3.5-Triphenyl tetruzolium chloride and
distilled water were added. The samples were incubated for 24 hours and extracted
sequentially with two [0 mL aliquots of methanol and filtered through Whatman #42
paper. The aliquots were combined in a volumetric tlask and made up to 50 mL with
methanol. Optical density of the extract was measured at 485 um. The enzyme activity
assay was preformed in triplicate and averaged.

Accumulations of mono-sulfides (operationally detined as acid volatile sulfides.
AVS) and the AVS fruction plus disulfides and elemental sultur (total reduced inorganic
sultur. TRS) were determined from core location #2 (Figure 1) within the organic
mixture. The AVS and TRS extraction methods are descnibed in detail in Herbert et al.
(Herbert er al., 1998). and involve the reaction of samples with cold 6M HCI and hot
chromous chloride solutions (Canfield et al.. 1986). respectively. Following reaction the
evolved H,S is trapped in a zinc acetate solution as ZnS and determined by idiometric
titration. A field emission scanning electron microscope emploving energy-dispersive X-
ray analysis was used to obtain high-magnification images and elemental compositions

of black accumulations on a sumpling tube from within the permeable reactive barmier.
3.2.7  Geochemical Modeling

The geochemical speciation/mass transter computer code MINTEQA2 (Allison er 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. SO,. Zn. alkalinity and pH. For
water collected outside the reactive barrier installation. Eh was input from field platinum

electrode measurements. The calculated saturation state for sulfide mineral phases was
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based on meusured concentrations of dissolved sulfide. Most points outside the barrier
were below level of detection. For these samples the level of detection (0.005 mg/L) was
used.
3.3 RESULTS AND DISCUSSION

A striking improvement in water quality is observed after groundwater enters the
reactive barmier. Concentrations of almost all measured dissolved species change (e.g.
alkalinity increases 800-2700 mg/L. SO, decreases 2000-3000 mg/L. Fe decreases 270-
1300 mg/L. Ni decreases 30 mg/L: Figures 2.3). These changes indicate that significant

geochemical transformations are occurring within the barrier.

Suifate mg:L)

FCLIowae’ "Cw areCter

Figure 3.2 Cross-sectional profiles of dissolved constituents for September 1996: SO,
Fe, alkalinity (as CaCO:), and Ni.
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Figure 3.3 Vertically averaged constituent concentrations for each well nest. (a) SO,
alkalinity (as CaCO:). and S™ (b) Fe. Ca. and Mg (¢) Ni and Zn (d) Si. Al, and
Mn (e) pH and Eh and (f) vertically averaged most probable numbers (MPN) for
sulfate reducing bacteria (SRB), and Dehvdrogenase enzyme activity (DH).



Chapter 3. Geochemistry and Microbiology 42

3.3.1  Four Distinct Zones

For the purpose of evaluating geochemical. mineralogical and microbiological changes
attributed to the barrier. the aquifer can be viewed as being comprised of four zones.
(Figure lc). The up-gradient aquifer (Up-gradient Zone) contains mine-waste effluent
water. This water [irst passes through the up-gradient sand {ill (Sand Zone) und then the
organic carbon mixture (Organic Mixture Zone). Treated water flows into the lower
portion of the down-gradient aquifer (Down-Gradient Zone). Water chemistry analyses
obtained during September 1996 from cach vertical well nest along the tlow path were
averaged (Figure 3). Although these zones are chemically distinct. there is some

variability from well point to well point within each zone (Figure 2).
3.3.2  Up-Gradient Zone

Bain et al. (2000) described the aquifer geochemistry prior to the reactive barrier
installation. Geochemical analysis and modeling in this study are consistent with those
results. The groundwater in the Up-Gradient Zone is characterized by high
concentrations of SO, (2500 to 5200 mg/L). Fe (250 to 1350 mg/L). and Ni (0.12 10 30
mg/L). pH between 2.8 and 39 and < | to 60 mgL alkalinity (as CuCOz). The
recharging acidic surface water (occupying the top meter of the up-gradient aquifer)
contains higher concentrations of Al (130 mg/L), Ni (30 mg/L). Zn (1.0 mg/L). Cr (0.3
mg/L) and Cu (3.0 mg/L) and lower pH (<4).

Sultate and Ca concentrations appeur to be controlled by gypsum precipitation in
the Up-Gradient Zone (Figure 4). The groundwater is near saturated with respect to
siderite (FeCOx) in the lower portion of the aquifer. and near saturated or supersaturated
with respect to jarosite (KFe(SO.):(OH),) or Fe(OH)s in the upper portion of the aquifer
(Bain et al., 2000).
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Figure 3.4 Vertically averaged saturation indices for selected mineral phases for each
well nest: (@) gypsum (CaSO,), calcite (CaCO:), and dolomite (CuMg(CO:)») (b)
siderite (FeCO:) and rhodochrosite (MnCQO.) (c) gibbsite (Al(OH);). amorphous
Al(OH);, and amorphous SiO-~ (d) amorphous FeS. Note: sulfide saturation
indices outside Organic Material Zone were calculared using level of derection
sulfide concentrations.
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Siderite dissolution has been proposed as a butfer to decreasing pH in this aquiter (Bain
er al., 2000). Amorphous Al(OH): probuably controls aluminum concentrations. Silica
concentrations range from 51 to 9 mg/L and appear to be limited at the higher
concentrations by the solubility ot amorphous SiOs. No secondary mineral phase controls
for Cl. Mg, Mn. Na. and Ni were identified. Other mechanisms such as coprecipitation
or adsorption/desorption reactions with aquiter solids may limit concentrations ot these
species (Bain et al., 2000). Within the Up-Gradient Zone. MPN for sulfate reducing
bacteriu average 2.3 X 10°. Dehydrogenase activity (DH) values average 0.5 nmol hr' ¢

(Figure 3).
3.2.3  Suand Zone

As water enters the Sand Zone. vertically averaged alkalinity increases to 130
mg/L. likely the result of calcite dissolution. MINTEQAZ2 calculauons indicate slightly
undersaturated conditions for culcite (Figure 4). Water entering the barrier is at
equilibrium with gypsum. Calcium. refeased to the water by calcite dissolution. promotes
gypsum precipitation. A corresponding decrease in SO; concentrations (to 3200 mg/L) is
observed. Calcium concentrations. meanwhile. remain  largely unchanged. Calcite
dissolution coupled with gypsum precipitation commonly occurs in carbonate aquiters
receiving acid mine drainage etfluent (Bain er al.. 2000: Morin and Cherryv. [988).
Calcite dissolution may also produce the observed increase in pH. Though dissolved
sulfide concentrations are low. it is also possible that sultute reduction is occurring in the
Sand Zone. Sulfate reduction can also explain the increase in alkalinity and pH and the
decrease in SO; and Fe.

Geochemical calculations indicate near saturation with respect to amorphous
Al(OH):. The precipitation of amorphous Al(OH):. driven by the increase in pH. likely
explains the observed decreased Al concentrations (to <1.0 mg/L) (Stumm and Morgan,

1981). Within the Sand Zone. trace metal concentrations decrease to below analytical
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detection limits for Cu (<0.0l mg/L) and near detection levels for Zn (0.015 mg/L).
Nickel concentrations decrease to 0.6 mg/L. Geochemical speciation calculations did not
suggest precipitating mineral phases tor these metals. High concentrations of truce
metals originate from recharging acidic surtace water. Declines in concentrations of
these species may also be the result of reactions with aquifer sediment prior to entering

the Sand Zone.

3.3.4 Organic Mixture Zone

As groundwater enters the Organic Mixture Zone. average concentrations of
SO,™ decrease 74% to 840 mg/L. while average alkalinity increases 1400% w0 2300
mg/L. and S increases 12.000% to 17 mg/L. Average populations of sulfate reducing
bacteria (9.1 X107) are 107 times greater and DH (9 nmol hr'g*) is 20 times greater than
Up-Gradient Zone values (Figure 4). indicating an elevated population of sulfate
reducing bacteria is present and active within the barmer. Enrichment in S in the
remaining aqueous phase SO (30 "y, 3™S compared 1o the up-gradient aquiter value of
5 "y 8™S) confirms that the observed decreases in SO, concentrations are due to
bacterially-mediated sulfate reduction (Chamber and Trudinger. 1979). The large
increase in alkalinity can be attributed to production of bicarbonate by sulfate reducing
and fermentative bactera.

Elevated sultide concentrations produce saturated to slightly supersaturated
conditions for mackinawite (Fe..,S) and amorphous FeS (Figure 4). These phases
commonly precipitate under sulfate reducing conditions in shallow ground and surface
water systems (Morse er al.. 1987). The results of solid-phase analysis conducted by
Herbert er al., 1998 indicate an accumulation ot total reduced inorganic sulfur in the
Carbon Mixture Zone of up to 0.5 wt. % S. compared with 0.025 wt. < S in “unreacted”
organic mixture (Figure 5). SEM-EDX analysis of black precipitates that accumulated on

sumpling tubes within the barrier indicate a Fe-S composition with a 1:1 stoichiometry.
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while X-ray defraction (XRD) analysis confirmed that the precipitates were poorly-
crystalline mackinawite (Fe,.S) (Herbert et al.. 1998). The precipitation of these
sulfide phases provides a sink for dissolved Fe which decreases >85¢ to an average of
80 my/L. MINTEQA2 modeling indicates that the groundwater is near saturation with
respect to siderite (FeCOz) within the Organic Mixwre Zone. The precipitation of

siderite may also contribute to the observed decrease in Fe concentrations.
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Figure 3.5 Vertical profiles of “acid volatile sulfide-AVS"” and “toral reduced
(inorganic) sulfides-TRS" concentrations for organic marerial from Core #2,
Seprember 1996. Dashed line indicates TRS concentration in organic material
prior to installation of the barrier. Data taken from Herbert et al.. 1998.

Decreased SO, concentrations result in a shift trom near equilibrium conditions

tor gypsum in the Sand Zone to undersaturated conditions in the Organic Mixture Zone



Chapter 3. Geochemistry and Microbiology 47

(Figure 5). Dissolution of gypsum may be the source of observed increases in Ca
concentrations. Conversely. high alkalinity results in a shift in calcite stability from
undersaturated in the Sand Zone to supersaturated conditions in the Organic Mixture
Zone. Increased alkalinity also results in supersaturation with respect to rhodochrosite
(MnCQOs). Precipitation ot rhodochrosite. or a less crystalline precursor. can explain the
observed decrease in Mn concentrations. Mn may also be removed by coprecipitation
with FeS or as a discrete manganese sulfide phase (Morse et al.. 1987). The increase in
pH to an average 6.7 versus 6.2 in the Sund Zone. can be attnbuted to buttering between
the carbonate and sulfide systems (Boudreau and Canfield, 1993). and reflects the ability
of this system to regulate pH conditions. Silica concentrations increase 0 an average
value of 27 mg/L (Figure 3). This increuse may be the result of enhanced silicate
dissolution resulting from bacterial activity on silicate mineral surfaces (Hiebert and
Bennerr, 1992) or may reflect increased Si solubility due to organic acid complexation
(not accounted tor by MINTEQA2 modeling) (Bennerr. 1991). Both ot these mechanisms
have been observed in organic-rich groundwater environments.

Concentrations of Ni decline to <0.1 mg/L within the Organic Mixture Zone.
MINTEQA2 calculations indicate slightly supersaturated conditions tfor millerite (NiS),
Though Cu and Zn are present below detection within the Organic Mixture Zone,
geochemical calculations  were made using  analvtical detection  values.  These
calculations indicate that the pore water would be supersaturated with respect to the
sulfide minerals chalcopyrite (FeCuS») and sphaierite (ZnS) suggesting a potential for
these minerals. or less crystalline precursors. to precipitate. Laboratory studies have ulso
shown effective removal ot Ni. Cd. and Zn under sulfate reducing conditions (Wavbrant
et al., 1998). However. mechanisms removing trace metals from the water in natural
anoxic sedimentary analogs are not well understood. Depending on geochemical
conditions, trace metals can adsorb. coprecipitate or torm discrete suifide mineral phases

under sulfate-reducing conditions (Machemer and Wildeman. 1992).
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Barium concentrations increase from below analytical detection (< 0.1 mg/L) in
the Up-Gradient Zone to 0.4 mg/L. within the barrier. Geochemical calculations indicate
that the water is locally undersaturated with respect to barite. If present. barite may be
dissolving within the bamier (Baldi er al.. 1996). Boron concentrations also increase
from below analytical detection (< 0.1 mg/L) to 0.6 mg/L. A solid phase source for boron
within the barner was not identified. Phosphorous concentrations increase from below
analytical detection 0.1 mg/L in the Up-gradient Zone to 5 to 20 mg/L in the Orgunic
Material Zone. The increase in P can be attributed to release from degradation of organic

matter under anaerobic conditions (Stwmm and Morgan, 1981).

3.3.5 Down-Gradient Zone

As the plume of treated water exits the permeable reactive barrier into the down-
gradient aquiter. water chemistry again changes. Silica concentrations decrease to 13
mg/L. Depletion of dissolved organic carbon may eliminate enhanced silicate dissolution
observed in the barrier. The sulfide concentrations decrease to an average 0.14 mg/L in
the Down-Gradient Zone. These sulfide concentrations are much lower (otten less than
the analytical level of detection) than within the Organic Mixture Zone.

The absence of measurable sulfide concentrations  precludes the direct
determination of saturation indices for sulfide-bearing phases. Sulfide speciation using
level of detection values indicutes that sulfide mineral phases may be near saturation but
are less saturated compared to within the barrter. Evidence exists that sulfate reduction is
occurring in the down-gradient aquiter. Black precipitates. similar in appearance to those
identified as sulfides within the reactive barrier. were observed on well sampling tubes in
the Down-Gradient Zone. Dissolved organic carbon (DOC). a potential electron donor
for suifate reduction. is elevated in the down-gradient aquiter (50 to 200 mg/L). MPN
values indicate populations of SRB (averaging 3 x 10°) are 10° greater than in the Up-

Gradient Zone (Figure 3). Bucterial activity is also elevated with DH at 7 nmol hr' ¢,

=
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Geochemical modeling indicates that this water is supersaturated with respect to calcite.
which is consistent with generation of alkalinity by SRB metabolic activity. Precipitation
of sulfides may be occurring in reduced micro-environments associated with suspended
or dissolved organic carbon. The most down-gradient sampling point in Figures 2 and 3

represents water that passed through the aquiter prior to the reactive barrier installation.
3.3.6  Vertical trends within barrier

Within the Organic Carbon Zone. aqueous phase concentrations exhibit  rends
suggesting a greater degree of sulfate reduction at the top and bowtom. compared to the
middle. of the barrier. Concentrations of SO, ure generully higher (>1500 mg/L) within
the middle halt than at the top and bottom (< 300 mg/L) (Figure 2). Iron shows a similar
trend with values in the center >30 mg/L and generally <30 mg/L at the top and botom.
Conversely. aikalinity is generaily <1250 mg/L in the central part of the barrier and
>1250 mg/L at the top and bottom (Figure 2). Input water within the up-gradient Sand
Zone does not exhibit these trends. suggesting they are the products of processes within
the barrier.

Vertical stratification is likely cuused by higher rates of tlow through the middle
portion of the organic mixture zone. Slower flow rates along the top and bottom of the
barrier will resuit in longer residence times and may produce more complete reduction of
sulfate. metal sulfide precipitation and alkalinity generation. Shorter residence times
through the middle of the barrier result in less SO; removed trom a given pore volume.
However. the higher flow rates through this zone may still produce higher rates ot sulfide
accumulation compared with slower zones above and below. Vertical profiles exhibiting
higher accumulations of solid phase sulfides within the middle portion of the barrier are
consistent with this conclusion (Figure 5). Most Probable Numbers for SRB and
bacterial activity values do not exhibit obvious. clearly definable. trends within the

reactive barrier. However. bacterial activity. as measured by dehydrogenase activity. and
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MPN values for SRB do suggest slightly higher bactenial populations are present in the
middie of the barrier. These trends are consistent with trends in aqueous phase
concentrations.

The permeable reactive barrier appears 1o be quite effective at maintaining Eh
and pH conditions that support bacterially-mediated sulfate reduction (Hao et al.. 1996;
Connell and Patrick. 1968). The major changes in water chemistry and bacterial
populations as groundwater passes through the barrier and the accumulaton of solid
phase sulfides within the barrier indicate that sultate reduction and metal sulfide
precipitation are the dominant mechanisms producing improved water quality. Nearly all
observed changes in groundwater chemistry can be auributed. directly or indirectly. to
these processes. Groundwalter toxicity has been lowered in three signiticant ways: the
addition of alkalinity. the elimination of acid generating potential. and the removal of
trace metals. [n addition. the precipitation of curbonate minerals within and down-
aradient of the barrier results in the accumulation of solid-phase buttering capacity
against the future intlux ot acidic groundwater. Lack of oxidizing agents within the
groundwater. coupled with low mineral solubility. renders the accumulating su'fide
phases within the barrier quite stable.

There is enough carbon within the barmer to treat the groundwater for 100's of
vears. however, it is likely that only a fraction of the organic carbon is sutficiently
reactive to promote rapid reduction of sulfate. Calculations. based on the long-term
performance of column studies. indicate that the reactive barrier has a theoretical
treatment litetime ot >15 vears (Benner et al.. 1997). However. direct transter of these
resuits trom the luboratory neglects the potential complexities that exist in a field setting.
Factors that may limit barmier performance in the field include preferential flow or
preferential mass tlux. and low temperatures inhibiting bacterial activity. The long-term
treatment capacity for the Nickel Rim reactive barner will be determined by continued

monitoring.
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Chapter 4

Rates of Reactions and Treatment

4.1 CHAPTER SUMMARY

A full-scale reactive barmer. utilizing bactenially mediated sulfate reduction to promote
metal sulfide precipitation and alkalinity generation. was installed in August 1995,
Monitoring of groundwater chemistry up-gradient and down-gradient of and within the
reactive barrier over a three-vear period allows assessment of long term reactive barrier
performance. The overall rate of sulfate removal within the barrier declines with time
from an initial rate of 38 to 40 mmol L' a' 38 months after installation. Over the sume
time period. the rate of Fe removal declines from 38 to 18 mmol L' a'. The degree of
sulfate reduction and Fe sulfide precipitation within the barrier is both spatiaily and
temporally vaniable. Spatial differences are primaniy the result of ditferent residence
times. Vanations in hvdraulic conductivity of a factor of three within the treatment
material produce large difterences in the degree of SO; und Fe removal. Temporal
variations are likely the result of a decline in organic carbon reactivity over time.
Temperatures in the aquiter fluctuate from a low of 2 °C in the winter to a high of 16 °C
in the summer and the rate ot SO; reduction in the summer is nearly two times greater
than the winter rate. An effective activation energy ot £,=10 kcul mol™' can account for
the temperature induced changes.

h
W
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42 INTRODUCTION

A full-scale permeable reactive barmier was installed August 1995 in a sand
aquifer at the Nickel Rim mine site in Ontario. Canada (Benner et al.. 1997). The
reactive barrier intercepts a groundwater plume. emanating trom a tailings impoundment.
that is characterized by elevated concentrations of Fe(ll), SO, and Ni (Bain et al.. 1999).
The barrier is installed into an alluvium tilled valley and abuts underiying bedrock at the
sides and base. The reactive barrier contains organic carbon which promotes sulfate
reduction and metal sulfide precipitation and increases the alkalinity of the effluent
(Benner et al.. 1999). Suifate reduction is bacterially mediated and populations of sulfate
reducing bacteria are five orders of magnitude higher within the barrier compared to the
up gradient aquiter (Benner et al..1999. Benner et al.. 2000). Iron and SO, are primanily
removed by precipitation of Fe sulfides and the mineral phase mackinawite (FeS) is
precipitating in the barmier (Herbert Ir. et al. 2000). Removal off FedlD) prevents the
generation of acidity when the groundwater discharges to the surtace and the addition of
alkalinity increases groundwater butfering capacity. This puaper presents results ot three
vears of monitoring. defines rates of sulfute and iron removal. and describes the
performance of the barrier.

43 METHODS

4.3.1  Water Sampling and Analysis.

Monitoring wells were installed in a network of nests forming six transects. three
parallel and three perpendicular to groundwater tlow (Figure 1). Saumples of groundwater
were collected bi-annually from November 1995 to October 1998. A detailed description
of well instailation. water sampling and field und laiboratory analysis can be found in
Benner et al. (1997). Well nests installed into the aquiter up gradient. within and down
gradient of the barnier were sumpled for anion and cation analysis. The parameters pH.

Eh. alkalinity and total dissolved suifide concentration were measured in the tield. The
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geochemical speciation/mass transfer computer code MINTEQA?2 (Allison et al.. 1990).
adjusted to be consistent with the WATEQ4F database (Ball et al.. 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. SO,. Zn. alkalinity and pH. For water collected outside the
reactive barrier installation. Eh was input from field platinum electrode meuasurements.
Within the barrier. Eh was not specitied and measured concentrations of dissolved
sulfide were input to calculate sulfide mineral saturation indices. All dissolved iron was

assumed to be in the Fe (1D oxidation state.
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Figure 4.1 Map view of Nickel Rim reactive barrier installation showing mine tailings
impoundment, groundwater flow path. and locations of reactive barrier and
monitoring well transects.

4.3.2  Bacterial Enumeration

Sediment cores were collected adjacent to well nests RW29, 30. and 31 (Figure
6). Sediment was analyzed tor most probable numbers (MPN) of sulfate 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 these methods can be found in Benner et al. (1999).
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4.3.3 Groundwater Flow Modeling

The two-dimenstonal finite element model FLOTRANS (Guiguer et al., 1994)
was used to conduct simulations of tlow and conservative chloride transport along a 30
m transect parallel to flow passing through the reactive barrier. A uniform gnd ot 100 by
100 nodes was used to represent a 30 by 3.5 m domuin. The left and right boundaries
were assigned specified head so that a gradient of 0.016 was established with flow trom
left to right (Figure 2). The top and bottom of the domain were assigned no tlow
bounduries with the exception of the top boundary. down grudient tfrom the barrier.
which wus assigned as specitied tlux to reflect surtace water recharge to the aquifer in
this region. Transport boundary and initial conditions were assigned to reflect low
background CI concentrations in the aquifer. high initial Cl concentrations in the barmner
and elevated C! concentrations in the surface recharge water down gradient of the barrier.
The initial hydraulic conductivity field was consistent with previous tlow modeling of
Bain et al. (1999).
4.4 RESULTS AND DISCUSSION

4.4.1  Physical Flow through the Barrier

Field measured water levels indicate that tlow is perpendicular to the barrier instailation
and generally parallel 1o Transect A-A" (Figure 1). The hydraulic gradient across the
barrier (0.016) is slightly lower than the average gradient tor the adjacent aquifer (0.02)
indicating that the average hydraulic conductivity of the barrier is greater than that of the
aquifer. Direct meuasurement of hydraulic parameters within the barrier has proven
ditficult. Clogging of well screens by the reactive organic material has prevented
development of a good hydraulic connection between monitoring wells and the barrier
groundwater. However. high concentrations ot soluble Cl contained in the installed
compost material provide an in situ tracer and yield information about the nature of

groundwater tlow through the barrier. The Cl data indicate that flow through the barrier
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is heterogeneous. with higher flow velocities through the central portion of the barrier

(Figure 3).
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Figure 4.2. Flow and transport modeling boundary and initial conditions.

Two dimensional tflow and conservative transport modeling was conducted along
Transect A-A'. The tlow solution was calibrated based on changes in Cl concentrations
with time and constrained by field-measured hydraulic gradients and aquiter tlow
parameters determined by Bain et al. (1999). Model calibration was achieved by
adjustment of the hydraulic conductivity field. Calibration was conducted iteratively

with the determination of rates of treatment within the barrier. This process provides a
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consistent model of physical flow and chemical reaction rates within the barrier but the

flow solution should not be considered independent nor unique (Figure 4).
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Figure 4.3 Field-measured cross-sectional profile of chloride concentrations with time
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The tflow modeling and field data indicate an average groundwater velocity for
the aquifer of 16 m a'. With a barrier thickness of 4 m. the average residence time
within the barrier is approximately 90 days. Groundwater passes through the middle of
the barmier at velocities approximately three times taster (residence time = 60 days)
compared to water at the top and base (residence tme = 163 days).

Concentrations ot Cl with time for the 12 sampling points also illustrate spatial
variation in groundwater flow rates (Figure 3). After 280 duays (June 96 sample date), Cl
concentrations at all sampling points are less than 0.5 of the initial concentration (=32
mmol L'). However. C1 concentrations at many points within the barrier remain elevated
after the first pore volume has exited the barmier and Cl concentrations at some points
remain elevated for >1000 days (10 pore volumes). This residual tailing in Cl
concentrations suggests the diffusive release of Cl trom aggregates of low K material
(Gillham et al.. 1984). 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 organic matenial is
composed of partially degraded leafv material and wood chunks of 0.5 - 3 ¢m diameter.
Smail variations in the gravel 0 compost ratio can produce a large hydraulic
conductivity contrast: a change of 5% in the traction of gravel can produce an order of
magnitude change in hvdraulic conductivity (Benner et al.. 1997).

At the scale of the observed 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. It is likely that spatial varation in water
chemistry also occurs on a smaller scale within the barnier. Although the contribution of
water from these small. low K zones to the flux through the barrier may be small. the
contribution to the volume within the barrier may be significant. Within this conceptual
model of flow through the barrier. water chemistry based on a volume-average saumpling

will be different from that based on a flux-averaged sample (Parker et al.. 1984). A
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volume-averaged sample from within the barrier will have lower concentrations of SO,

and Fe and higher alkalinity than a flux-averaged sample.

100 100 * T

- ]ﬁ AW 29 e RW30 : AWM

- . Q9 m deptn; 10 m geptn : 04 deptny

[ ]

3 10 1 Gy ‘0,

g pLI :

<

= 1 v [ ] 1

- I m gt . ! v ag ! v aa

Q : 8 ™ . [ ]
9.1 _ Iy a0

‘95 196 97 198 199 19§ 96 97 198 99 +95 196 97 98 99

100 T 100 — 00~

= : AW : AW : AW

- 18 m geptn) a 14 m depth : 4 m geptn

= 0, 1 ‘0

] :

5 vy . ' v s ' . L

o .l . v . . 5 . .
a1 %...wl.-l a1 S L R a1 S ..

'95 196 97 98 99 95 96 97 °*98 99 +95 96 97 ‘98 99

é
I

- AW 2 AW : [ ] W
- 27 mgeptn) 27 m yoptn . 27 moaept
= ‘0, ! 0
g e
£ ., < ., .
o) v. . R : - Bg . . [ ]
. [ ] . - . [ ] - ] ]
21 — 8. _o% a8 >, a9 8 5, L.

‘95 96 ‘97 98 199 '95 96 °97 ‘98 99 -95 +'96 97 '98 ‘99

‘00 s ‘CQ 1 - ‘0Q T
- : W2 : ] W : e @ AW
- : 3 6 m weptm N [} 36 muyepthi N [ ] 36 m gepthy
= ‘0 0 'Q
= : a : %
: ~ ‘ ‘
T e ! ‘ . : : ’ ..
(5} : a - [} :
9.1 —-*—-——w—w%——l——- Q.1 P

1995 '96 97 98 199 195 °96 97 98 99 -+95 -9 97 98 99

Figure 4.5 Chloride concentrations with time for sampling points in well nests RW29,
RW30 and RW3! located 0.5 m. 2 m und 3.5 m into the barrier (Figure 3).
Dashed line indicates maximum observed Cl concentration of influent water.
Arrow marks time at which background would be reached under plug flow
conditions and a groundwater velocity of 16 m a”'. Each plot is labeled with the
approximate depth below surface.
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Cross-sectional protiles of SO;, Fe and alkalinity concentrations indicate that the
difference in flow rates along Transect A-A’" has a discernable impact on the degree of
treatment (Figures 6. 7. and 8). Within the zone of higher flow in the central portion of
the barrier. concentrations of SO, and Fe are higher and alkalinity is lower. retlecting
lower rates of removal and alkalinity generation. Less SO, and Fe removal for a given
pore volume cun be attributed to shorter residence times and consequently less SO,

reduction for eich pore volume passing through the central portion ot the barmer.
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Figure 4.6 Cross-sectional profiles along Transect A (Figure I) of SO, concentrations
through the reactive barrier for each sampling period.
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Figure 4.7 Cross-sectional profiles along Transect A (Figure ) of Fe concentrations
through the reactive barrier for each sampling period.
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Figure 4.8 Cross-sectional profiles along Transect A (Figure 1) of alkalinity values
through the reactive barrier for each sampling period.

4.4.2  Spatial Heterogeneities

Profiles along Transect A-A' show SO, concentrations decrease by 10-15 mmol L
' Fe decrease by 5-10 mmol L and alkalinity (as CaCO») increase by 5-15 mmol L™ as
groundwater passes through the reactive barrier (Figures 6. 7. and 3). Suifate
concentrations up-gradient of the barrier range from >50 mmol L™ to <10 mmol L™ with
the highest concentrations in the upper 2 m of the profile. Within the barrier.
concentrations of SO; decline at many locations to < 10 mmol L. Higher values are
observed in the taster flowing, central portion of the barrier. On the down gradient side,

the distribution of SO; concentrations is similar to within the barrier. with the highest
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values near the central part of the profile. Down gradient SO, concentrations are lower
than the up gradient values but. surprisingly. are elevated compared to those values
within the barner.

[ron concentrations are similar to those for SO,: concentrations decline as
groundwater enters the barrier. with greater decreases in the top and bottom of the barrier
where groundwater flows more slowly (Figure 7). Concentrations of Fe are also generally
higher on the down-gradient side compared to within the barmer. The Fe profiles more
clearty show a decline in Fe removal with time. During the first year after installation, Fe
concentrations at most points within the barrier are < | mmol L' but by October 1998,
Fe concentrations at most points in the barrier are > 5 mmol L.

Alkalinity concentrations are low up gradient and increase as groundwater passes
through the barrier (Figure 8). There is an inverse correlation with SO, and Fe within the
barrier: areas where tlow rates are slow and concentrations of SO; and Fe are low.

alkalinity concentrations are high (20 to 45 mmol L),

44.3  Comparing Transects Parallel to Flow

Figures 9 and 10 compure profiles of SO; and Fe concentrations along the
‘paratlel to tflow’ transects A. Fand E for May and October 1998. Profiles along Transect
F-F show high input concentrations in the center of the aquifer and corresponding
elevated concentrations through the central portion of the barrier. Transect E-E" exhibits
the highest input concentrations of SO; and Fe of the three transects. Along Transect E.
the highest values within the barrier are found at the top and bottom. the inverse of
Transect A. These profiles suggest that the vertical distribution of areas of high

groundwater tlow rates is variable.
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Figure 4.9 Cross-sectional profiles along ransects F, A, and £, parallel to
groundwater flow. of SO, concentrations for the May and October 1998
sampling periods.
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Figure 4.10 Cross-sectional profiles along transects F. A. and E parallel 1o
groundwater flow. of Fe concentrations for the May and October 1998 sampling
periods.
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In profiles A and F. flow appears to be faster through the central portion of the barrier
while in Transect E. lower Fe and SO, concentrations suggest slower tlow rates and

longer residence times in the center of the barnier.

4.4.4  Profiles Perpendicular to Flow

Cross-sectional profiles tuken perpendicular to flow (Figures Il and 12) show
SO, and Fe concentrations along transects up gradient (Transect B). within (Transect C)
and down gradient (Transect D) of the burrier. These profiles exhibit the spatial trends
evident in the transects parallel to the flow and also show the high degree of temporai

vanation tor values at individual well points between sampling periods.
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Figure 4.11 Cross-sectional profiles along transects B, C. and D, perpendicular to
groundwater flow, of SO, concentrations for the May and October 1998
sampling periods. Flow direction is out of the page.
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By subtracting concentrations on Transect C from values along Transect B. the amount
of SO, removed along the three transects parallel to tflow (Transects A. E. and F) can be
compared. The average removal for all points for the May and October data is 17 mmol
L' SO, and 9.1 mmol L' Fe. The vertically averaged amount removed along the
centerline transect (Transect A) is 12 mmol L™ SO,. and 6 mmol L' Fe. This comparison
indicates that. although Transect A is generally representative ol changes through the
barrier. this transect may underestimate. by about [/3, the overall barrier performance.
Data collection over the lifetime of the barrier was primarily along Transect A and data

tfrom this transect will be used to assess changes in the barrier with time.
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Figure 4.12 Cross-sectional profiles along transects B, C. and D perpendicular ro
groundwater flow. of Fe concentrations for the Mlay and October 1998 sampling
periods. Flow direction is out of the page.
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4.4.5 Lower Values in Barrier

Profiles perpendicular to flow within and down gradient of the barrier show that
the concentrations of SO, and Fe are often lower in sampling wells within the burrier
compared to those down gradient. Groundwater bypassing treatment by flowing around
the barrier could explain this trend. Flow bypassing the barmier is unlikely: the hydraulic
gradient across the barrier is lower than the adjucent aquiter. indicating that there is no
hydraulic force driving water around the barrier. In addition. some of the higher Fe and
SO, concentrations on the down-gradient side of the barrier are otten found in sampling
wells in the middle ot the profile. and are not limited o the sides where bypassed water
would reenter the down-gradient sand czone. Finully. concentrations of SO, Fe and
alkalinity in down gradient well nests always reflect some degree of treaument: 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 heterogeneous tlow. Because slower moving water in the barrier has
undergone a greater degree of sulfate reduction. any bias in sampling towards a volume-
average verse a tlux-average will produce lower concentrations ot SOy, Fe and higher
alkalinity. It is likely that water samples within the barrier reflect a volume-average bias
and sampling trom within the barrier underestimates the dissolved mass tlux ot SO and
Fe through the barrier. 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 shift in water chemistry. Therefore. the profile in the down-gradient sand zone

is likely a better estimate of average mass fluxes through the barrier.

4.4.6  Reactivity vs. Residence Time
Variations in the amount of SO, and Fe removed along different flow paths

through the barrier may aiso be caused by variations in reactivity. Because the primary
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reaction. sulfate reduction. is bactenially mediated. profiles of bacterial populations and
bacterial activity provide a measure ot reactivity within the barrier. The dehydrogenase
assay (DH) can be correlated to overall bacterial respiration. giving an indication of
bacterial activity. Figure 13 shows vertical profiles of sulfate reducing bacterial
populations (SRB) and dehydrogenace activity for sediment cores within the barmer

taken adjacent to well nests RW29, 30 and 31.
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Figure 4.13 Vertical profiles of populations of sulfate reducing bacteria (SRB) and
overall bacterial activity as measured by dehydrogenase activity (DH) for cores
taken adjacent 1o well nests RW29. RW30, and RW3 1.

These profiles indicate large variations in SRB populations and bacterial activity with
depth in the barrier. Populations of SRB and values of DH vary by up to 2 orders of
magnitude in each profile. illustrating the heterogeneous nature of bacterial population
and activity within the barrier. The highest values for both SRB populations and DH are

found in the central portion of the barrier where water is moving more rapidly and SO,
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and Fe concentrations are highest. These limited data suggest that the bacterial
populations may be responding to. and not controlling, observed vertical variations in
water chemistry. Although spatial variations in reactivity cannot be discounted. the
available data suggests that the observed ditferences in Fe and SO; concentrations with

depth in the barrier are primarily the product of variations in residence time.
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Figure 4.14 Vertically averaged rrends in concentrations of SOy, Fe. for all sampling
period. and sulfide concentrations and the saturation index for the mineral
phase mackinawite for September 1996.
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4.4.7 Horizontal Trends

Vertically averaged concentrations along Transect A show horizontal trends in
SO, or Fe for each sampling date (Figure 14). Average input concentrations of SO, range
from 24 10 36 mmol L' and average output ranges from 12 1o 26 mmol L. Profiles
exhibit similar trends with each sampling period. The rate of SO, removal based on these
vertically averaged values is highest at the front of the barrier. Sulfate concentrations
decline by almost 20 mmol L™ between the input well nest (RW23) and the middle well
nest (RW30). but exhibit almost no decline trom the middle to the down-gradient well
nest (RW31). Suitate concentrations in the down-gradient sand zone tend to be elevated
compared with those tound within the barrier. likely the product of variable flow rates
and subsequent volume biased sampling described previously.

The decline in the rate of sulfate removal with decreasing SO, concentration
suggests that the rate is a function of SO, concentration. However. the rate of bacterially
mediated sulfate reduction. as measured in marine sediments. is independent of sulfate
concentration above about 3 mmol L (Boudreau and Westrich 1984: Rovchoudhury and
Van Cappellen. 1998). well below the meuasured concentrations within and down
gradient of the reactive bamier. The heterogeneous nature of the barrier can reconcile this
apparent contradiction.

Assuming that the variations in reactivity do not have a nujor impact on the rate
of sulfate reduction. the rate. throughout the barrier. is expected to be uniform while SO,
concentrations remain above 3 mmol L. If the rate of flow were uniform through the
barrier. then the profile of SO, concentration is expected to decline linearly to 3 mmol L
throughout the barrier. at which point the rate of removal would decline. However. flow
rates (and residence times) vary in the barrier with flow path (Figure 15). The SO,
concentrations along the slower tlow path at the base of the barrier exhibit a generatly
linear decline in concentration until the middle well nest where concentrations drop

below the 3 mmol L level. The SO, protile shows little decline from that point to the
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down-gradient side of the barrier. Along the faster. central section of the barrier. SO,
concentrations decline less steeply and do not fall below the 3 mmol L' value. There is
no obvious breuk in slope and concentrations of SO, decline over the entire protile.
These more discrete flow paths, produce curves that more closely tollow the Boudreau

and Westrich (1984) model.
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Figure 4.15 Trends in concentrations of SO, along slow flow path ar bottom of the
barrier and fast flow path in the middle of the barrier.

The distribution of flow puth 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. Figure 16 shows the average tield values for the slow and fast
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flow paths. Predicted profiles for fast and siow tlow paths are calculated using a Monod-

style equation atter Boudreau and Westrich (1984);

sulfate removed = residence time | k

[SO,]
K +[S0,] ]

where SO; is in mmol L k is the rate constant and the half saturation constant (K,)
equals 1.62 mmol L' (Boudreau and Westrich. 1984). In this instance. the Monod
formulation is empirically used to express the behavior of a reaction limited by
availability of an electron acceptor. This equation allows the rate of sulfate reduction to
remain independent of SO, concentration above the experimentally determined half
saturation constant (K,). As the SO; concentration approaches this value. the rate of
sulfate reduction decreases and asvmptotically approaches zero as the SO, concentration

approaches zero.
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Figure 4.16 Trends along fast and slow, and all flow paths averaged for all sampling
periods and modeled rates of SO, removal based on Monod formulation.
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Along the tast tlow path through the center of the barrier and slow flow path at
the base of the barmmer. the residence time and amount of SO, removed is known.
Theretore it is possible to solve for the rate constant (k). Data from up and down gradient
of the barrier are used to constrain curves tor the tast and slow tlow paths (Figure 16).
The calculated rate constant (k) equals 0.13 mmol L' d”'. This rate constant is assumed
to be a tunction of the reactivity of the organic carbon. Using the calculated rate constant
(k). and adjusting the residence time. curves matching SO, concentrations within the
barrier can be obtained. A residence tume of 370 days is consistent with these sumples
being biused towards a volume average. These calculated residence times also highlight
the likely existence of zones of very slow moving water within the barrier.

At the front of the barrier. the SO concentration at all monitoring points is above
3 mmol L (Figure 11). Along slower flow paths. SO, concentrations drop below the 3
mmol L' level halt way through the barrier. Along faster flow paths. water exits the
barrier with concentrations of SO, above 3 mmol L* (Figure 11). With greater distance
through the barrier. the proportion of tlow paths along which the SO concentration
drops below the K, value increases (Figure [1). The result of this trend is that the overall
bulk rate of sulfate reduction decreases with distance into the barrier. even though the
vertically averaged SO, concentration remains above 3 mmol L throughout (Figure 14).
Limited sulfide data show elevated concentrations at the first well nest. which is
consistent with the observed higher rates of sulfate reduction at the front of the barrier
(Figure 14).

The rate of Fe removal is also greater at the front of the barmer (Figure 15).
Concentrations of Fe decline most steeply at the front of the barrier. closely tollowing the
rend in SO;. A previous study showing greater accumulation of acid volatile sulfides in
cores taken near well RW23 compared to cores taken at RW30 and RW31 also indicates

higher rates of Fe accumulations at the tront ot the barrier (Herbert et al.. 2000). Protiles
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of Fe along fast and slow flow paths exhibit similar protiles to those for SO, (Figure 17).

indicating that Fe removal is closely related to sulfute reduction.
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Figure 4.17 Trends in concentrations of Fe along the slow flow path at the bortom of
the barrier and the fast flow path in the middle of the barrier.

44.8 Comparing Fe and SO, removal rares

If the rate of Fe sulfide precipitation is more rapid than sulfate reduction. than
one would not expect elevated sulfide concentrations at the front of the barmer. The
saturation indices for the precipitating sulfide mineral phase (mackinawite—FeS) would
also be expected to remain constant across the barmier. However. clevated sulfide
concentrations and higher saturation indices for mackinawite are observed at the tront of

the barrier. suggesting that the rate of Fe sultide precipitation may be limiting (Figure
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14). The laboratory determined rate of FeS precipitation of Rickard. 1995 is between 10°
and 10° times greater than the observed rate of sulfate reduction in the barrier suggesting
that FeS precipitation is transport limited.

The input ratio of SO, to Fe is greater than the removal ratio. and there is
generally excess SO, after consumption of all of the Fe (compare Figures 11 and 12).
Within zones of low flow. most of the Fe is removed and sulfide concentrations are
elevated. It is likely that the effective rates of Fe removal are at least partially limited by
transport ot dissolved sulfide from these slow zones to adjacent zones of faster tlow
where Fe concentrations are higher. Dissoived sulfide concentrations (and SI values)
decline by an order of magnitude by the first well nest in the down-gradient aquiter. Only
limited accumulation of organic sulfides occurs in the barmier (Herbert et al.. 1999). and
it is likely that most of the sulfide produced is consumed by FeS precipitation. These
observations suggest that, if the apparent rate of Fe sulfide precipitation is slower thian
that of sulfate reduction within the barrier. the ditterence in rates is smail. Therefore. the
rate of Fe removal by FeS precipitation in the barmer is primarily limited by the rate of

sulfate reduction.

4.4.9 Aqueous Phase Removal Rates

An overall rate of sulfate reduction and Fe sulfide precipitation tor the barmier was
calculated based on the change in concentrations between the vertically averaged up and
down-gradient well nests along Transect A-A". Figure 18 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 vanations over the three vears
of monitoring. profiles of water entering the barrier indicate that average SO,
concentrations are =27 mmol L' and Fe concentrations are =10 mmol L. Profiles of
down-gradient concentrations with time (RW26) show SO, concentrations increasing

from <17 mmol L™ to >23 mmol L' and Fe concentrations increasing trom <! to about 6
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mmol L. The differences between up- and down-gradient concentrations (RW23 and

RW26) ure plotted as regression lines in Figure 18.
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Figure 4.18 (a) Vertically averaged concentrations of SO, in the well nests RW23 (up
eradient) 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. (¢) Removal of SO, and Fe based on the difference
berween RW23 and RW26 (up gradient - down gradient) concentrations versus
time. Error bars reflect +one standard error.
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A linear fit was applied to the collected data because the limited amount of data did not
suggest a more complex solution. However. the decline in rate may not be linear over the
longer term. The change in constituent concentrations can be expressed as a change in
concentration (mmol L™": left-hand axis) or as a rate (mmol L a™"; nght-hand axis). Rate

calculations are mide using the equation:

rate = —
11\'

where AC is the change in concentration (influent - eftluent) and r, is the residence time

in days. Assuming a residence time of 90 days. the removal rate for SO. is initially 38
. -1 . a4 . e e -
mmol L™ a' and declines to 40 mmoi L' a”' while the Fe removal rate is initially 38
. . . a4
mmol L' a” and dectines to 18 mmol L ™",
Table 1
Rates of § und Fe removal based on changes in aqueous concentrations
tinfluent - effluent) and estimated residence times.
Flow . SO, removed ” Fe removed ” Residence SO, removal Fe removal Sike
Path * (pore volume ) (pore volume ') - time «days) rute rate removal
! mmol L ay ommol L' ay ratio
Ave. 13 ‘ h] 90" 33 32 1.7:1
Slow | 31 12 160" 71 27 - 2.6:1
Fast | 3 ' 7.7 65 28 43 ().65:1

d)  Ruange m values based on cintluent - erfluent) sampling 2 months 10 23 months arrer inscallanon.
i by Assuming groundwarer volociv of 16 ma .

V

. ) Based on croundwaier velocities rrom flow modeling,

Table I shows the amount of SO; and Fe removed along the fast flow path. the
lower slow flow path. and the average for the A-A" Transect. As expected. the amount of
SO; and Fe removed is greater along the slow flow path. The ratio of S to Fe removal
also varies: along the fast flow path the S to Fe ratio is 0.65:1. while along the slow flow

path, the ratio is 2.6:1. This vanation in Fe:S ratio suggests that the mechanism of
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removal varies with the tflow path. Along the slow tlow path. most of the Fe is removed
from the groundwater prior to the first well nest within the barmier (Figure 17). In
contrast. approximately 60¢ of the SO: removed occurs down gradient of the first well
nest (Figure 15). Along the tast flow path. the rate of removal of SO, and Fe is more
uniform across the barrier. It is likely that along the stow tlow path. sulfide precipitation
is limited by low Fe concentrations beyond the first well nest. but the rate ot sulfute
reduction remains high untl the middle of the barrier. resulting in greater removal of SO,
compared to Fe. Observed higher concentrations of dissolved sultide along the slower
flow path is consistent with this conclusion. However. dissolved sulfide concentrations
are generally < 3 mmol L' throughout the barrier. indicating an uadditional sink for

reduced SO or dissolved sulfide exists.

4.4.10 Solid Phase Accumulation Rares

Sequential extractions of sediment cores from the barmier have identified the
primary solid phase sinks for S and Fe within the barrier and from this data rates of' S
and Fe accumulation were caleulated (Herbert et al. 2000). These results indicate that the
dominant sink tor SO: and Fe is solid phase mono-sulfides (Table II). However. other
solid phase fractions are important. Along the slow tlow path. approximately 20% of the
accumulated solid phase S is as organic S while nearly all the accumulating solid phase
Fe is found as sulfides. Along the tast flow path. approximately 15% of the solid phase S
accumulated as sulfate and as much as 40¢% ot the solid phase Fe accumulation is in a
non-sulfide phase. Saturation indices. based on equilibrium calculations. indicate that
equilibrium with respect to gypsum (CaSO,02H,0) and siderite (FeCOs) is approached
throughout the barrier but the groundwater is more highly saturated with respect to these
minerals along the fast flow path. The precipitation of these mineral phases can account

tor the non-sulfide accumulation of Fe and S along the fast tlow path.
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Table 11

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

S Removal Rate (immol L' a™'y*

i Flow path | Sulfides” Sulfute Orgilnic Degassing/Other?!
Siow i Rl <| : 4 : !
1 Fust | 30 ; 6 <l : )

Fe Removal Rate (mmol L' 7'y

Flow pith i Sultides’ Non-sultides’ Qther?
Slow | 1S ‘ <l D
Fast : 28 | 14 : !

Totals (mmol L' a'y*

Flow path i Total $ ‘ Total Fe S:Fe ratio
Slow : 25 18 1.4:1
Fust : 36 42 0.85:1

dr - From Herberr et al. (20000, based on average aecumulanon rom 3 monthy 1o 23 months arrer mstallation.
The rollowing ratios were wsed tor rare conversion: harrwer material composed or 0 gravel, 20 compost,
and 05 warer.
by Equaly acid volarile sultur tAVS) + pyrite + elemental S.
bor Value is woral imorganie sulrie - esnmared pore water sulfae.
L d) Sulfide Fe based on sultide S assuming 121, S:Fe rano ror AVS, 2:1 ror pyrice and no S as elemental S.
i e) Towal Fe - sulfide Fe.

4.4.11 Comparing Solid and Aqueous Phase Rates

Due to a number of uncertainties. rigorous comparison of solid and aqueous
phase rates is not appropriate. The solid phase data include accumulations during the
first 3 months of the installation (when accumulation rates were highest) while aqueous

phase sampling does not. The conversion of solid phase data 0 a mmol L™ a' rate
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requires an estimate of the etfective porosity. The bulk porosity is around 0.4. but the
nature of the organic material and the tailing observed in the chloride concentrations in
the barmier (Figure 5). suggest that the effective porosity may be significandy less.
Finaily. the calculation of aqueous phase rates for the slow and tast flow paths is based
on model-estimated residence times.

The ratios of S to Fe removal/accumulation along the ditferent flow paths are not
limited by these uncertainties. The ratios of S to Fe removal based on the solid and
aqueous data are similar for the tast flow path with slightly more Fe removed relative to
S. Assuming the majority of the sulfides are FeS. the excess Fe can be auributed to
siderite precipitation. Along the slow tlow path. the ratios of S to Fe removal for both the
solid and aqueous data indicate greater removal ot S relative to Fe. Assuming FeS is the
primary sulfide. the difference can be partially attributed to the accumulation of organic
sulfur and elevated sulfide concentrations. However. the aqueous data indicate greater
than twice as much S removal compared to Fe. indicating a sink for S other than those
measured by solid phase analysis.

[t is possible that degassing of H:S can account tor the observed excess SO:
removed. Degassing is observed above the barmier. however this gas has not been
analyzed. Potential gases that may be exsoiving include COs,,. CH.y,. and H.S,,.
Dissolved sultide concentrations indicate that H»S.,, is well below saturation within the
reactive bammer. However. CH. and CO. concentrations may approach saturation and
H.S can be removed by partitioning into the CO: or CH. bubbles. Theretore. H-S
degassing may be primaniy controlled by CO» or CH, bubble generation. It is unclear if
this mechanism can account for a significant loss of S. Documented rates of H.S
degassing from artificial wetlands treating acid mine drainage by sulfate reduction were
determined to be orders of magnitude smaller than sulfide precipitation as a sink for SOy

{Machemer et al.. 1993).
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Solid phase rate data (Herbert et al.. 2000) suggest a rapid decline in the rate of
suifate reduction during the first 3 months and a more gradual decline from 3 to 23
months after installation. Though this trend is only based on accumulation rates over
three sampling periods. it is consistent with a model of organic mauer composed of
fractions of varying reactivity where the most reactive material is consumed first and
overall reactivity asymptotically approaches zero (Westrich and Berner. 1984: Boudreau
and Rodrick, 1991). The timing of aqueous sampling sessions did not record the initial
high rate and the data plotted in Figure 18. likely represent later time period of the curve
where reactivity declined more gradually. Extending the trend in sulfate reduction into
the future is speculative. but within the generally accepted models of organic carbon
reactivity (Westrich and Bemer. 1984: Boudreau and Rodrick. 1991 and reterences

therein). the rate of sulfate reduction is predicted to decrease more gradually with time.

4.4.12 Changing Groundwater Temperature

Groundwater temperatures within the reactive barrier installation exhibit lurge
seasonal variations (Figure 19). Ground surtuace temperatures range trom >25 °C in the
summer 0 < 0 °C in the winter and the groundwater temperature at | m depth varnies
from 2 to 19 °C. Fluctuations are dampened with depth with seasonal changes at the 3.6
meter depth of about 7 degrees. The temperature gradient inverts semi-annually with the
highest temperatures at the surtace during the summer und 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 tluctuating air
temperatures. Second. surtace water infiltrates the aquiter immediately up gradient of the
barrier. The temperature of the surface water ranges trom >25 °C in the summer to 0 °C

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

passes through the barrier.
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Figure 4.19 Recorded temperature data within the barrier over a one vear period.

Curves are shown for ground surface temperature, [.1 meter, 2.0 m and 3.6 m
depths.
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within the barrier.
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4.4.13 Effect of Temperature on Reactions in the Barrier

There are sufficient spatial and temporal variations in SO; and Fe concentrations
in the up gradient and down gradient waters to obscure etfects of changing temperature
on the rute of SO, and Fe removal within the barrier. However, a plot of average
concentration of constituents within the barrier (12 saumpling points). subtracted trom the
average up gradient concentration does reveal seasonal cycling (Figure 20). More SO,
and Fe has been removed and more alkalinity generated in samples collected in the fall
compared to spring. These seasonal fluctuations likely reflect changing rates of
bactenially mediated sulfate reduction induced by higher groundwater temperatures

during the summer and lower temperatures in the winter.

4.4.14 Coupling Temperature to the Rate of Sulfate Reduction
The Arrhenius equation relates the effect of changing temperature on the rate of
reaction. The Arrhenius equation can be expressed as:
0g ke :.g_P_L
Tk, 2303R|T. T |
where k; is the rate constant at temperature 7, (Kelvin). k. is the rate constant at
temperature 7 (Kelvin), R (1.987 x 10~ keal mol™' K™ is the gas constant and £, (kcal
mol™) is the activation energy of the reaction. Before applying this equation to the rate of
sulfate reduction 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 sulfate
reduction is limited by the supply of low molecular weight compounds produced by
fermentative activity (Westrich and Berner. 1984: Boudreau and Rodrick. 1991). In this
application of the Arrhenius equation. E, does not specifically refer to the activation
energy of the sulfate reduction reaction but is defined as an apparent activation energy
and is simply a measure of the response of the rate of sulfate reduction to a change in

temperature. Previous workers have determined changes in sulfate reduction rate with
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temperature and calculated a runge of apparent E, from 5 10 32 kcal mol™' (Jorgensen.
1977. Westrich and Berner. 1988: Sagemann et al.. 1998: and references therein).
Waestrich and Berner also determined that the effective £, increases with the age of the
organic matter. These studies were conducted on sediment organic matter that is older
(and probably less labile) than that used in the reactive barrier. It is likely that the E, for
sulfate reduction in the Nickel Rim reactive barrier is on the lower end of this runge of
E,s.
Solving for &, in the Arrhenius equation produces:

lO"k! = E‘ [L__l_

g —_— +logk.
- J303R\ T, T, )

Letting £ equal the etfective rute constant of sulfate reduction as expressed by the zero
order function from Figure [8:
k. =-0.0049(7)+182.72
where ¢ is the date in number of days. T: equals the average annual temperature at 2 m
depth (9 "C). while T, is equal to the temperature function expressing the 2 m depth
field-measured temperature data (Figure 21):
T, = 8.9843 - 5.8[sin(2(7 1)/ 365 - 150.55)]

where 1 is the date expressed as number of days.

Tempuralure ¥ unction tor 7 m Depth

- Vet

bemputataidig)
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Figure 4.21 Temperature ar 2 m depth (solid line) and plot of four parameter sine
function (dotted line) for those data.
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The only unknown variable is the activiation energy (E,) term. If an effective E, = 25
kcal mol” is arbitrarily assumed. the value of &, can be calculuted with time. The
temperature adjusted rate (&) is plotted with time in Figure 22, showing that the rate of

sulfate removal is predicted to decline sinusoidally with time.
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Figure 4.22 Predicted rate of sulfate removal versus time based on average removal
rate (Figure 18), the Arrhenius equation and an apparent activation energy of

< y

E, =25 kcal mol”.

4.4.15 Calculating un effective E,

If the rates are known at different temperatures. the Arrhenius equation can be used to
solve for the apparent activation energy (E,). The slope of the average rate of SOy
removal from Figure 18 is specified as k.. Since the primarily interest is the change in
rate. it is not necessary to specify the y intercept. The average temperature for the 2 m
depth (9 °C) is specified as 7> and the sinusoidal temperature tunction for the 2 m depth

is input for T,. The &; variable is the field-collected SO; values in Figure 20.
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Figure 4.23 The curve based on Arrhenius equation (solid line) for observed
temperature induced fluctuations in SO; removal (square boxes) vielding an
apparent activation energy £, = 10 kcal mol’’. Dashed curve shows sensitiviry of
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based on observed removal in well nest RW23 (down gradient).

Theretore the unknowns are the v-intercept and the apparent activation energy E,,.
A solution is obtained by simultancously solving for the v-intercept and £, to achieve a
best tit to the tield-collected SO. concentration data (k) (Figure 23). The predicted
effective £, is 10 kcal mol™'. which is at the lower end of the range of values determined
in previous studies. This low value contirms that the organic material used in the barrier
is labtle and reactive.

Specifving a range of E, values and solving for the best fit to the field data
suggests the range of effective £, that provide a reasonable fit (values shown as dashed
lines in Figure 23). These plots indicate that the field data constrain the minimum E,
value. but do not constrain the maximum £, value. However. the lowest measured SO,

concentration (maximum removal value) provides an upper limit on the E,.

Concentrations in well nest RW31 during the fall sampling event retlect water that
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passed through the barrier during the period of highest sulfate reduction rates (the month
of August). The lowest vertically averaged concentration measured for SO; tor RW31 is
5 mmol L. This value. subtracted from the input concentration. can be used to constrain
the maximum sulfate reduction rate in the barrier (stepped horizontal line. Figure 23).
With this constraint on the highest rate of SO; reduction. the range of potential E, is
limited to a value very close to the best fit 10 kcal mol™' value. The modeled curve fits
the observed field data quite well indicating that the observed seusonal vanations in
sulfate removal can be aunbuted to the effect of chunging temperature on the rate of

sulfate reduction.

4.4.16 Effect of Temperature on Sulfide Solubility

Because SO, reduction is the rate-limiting step in Fe removal. the rate of sulfide
precipitation may approach thermodynamic equilibrium. To estimate the potential effect
that the changing temperature has on the removal of Fe from the barrier. the effect of
changing temperature on the solubility product of the precipitating mineral phase
mackinawite can be calculated. The van't Hoff equation can be used to calculate the
effect of changing temperature on the equilibrium constant:

logK. =logKk, +A—H” L
. ©Od303R| T T,

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

Fe" + HS™ < FeS,  +H" K=10""

K, equals Kpcrimnne (Benning etal.. 1999) at T, = 25 °C. T is defined by the 2 m depth
temperature function and the enthalpy (AH,) for mackinawite is specified as -12.46 kcal

mol " (Benning et al.. 1999). The equation can be solved for the remaining unknown, K.
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Assuming equilibrium conditions and that Fe and HS™ vary equally. the theoretical
change in Fe concentration can be calculated (Figure 24). This sinusoidal piot is inverse
to the observed changes in Fe and SO, suggesting that the changes in Fe concentration

can not be attributed to the fluctuating solubility of mackinawite.
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Figure 4.24 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,).

The changing solubility ot the potentially important secondary precipitating
phases siderite (FeCO;3) and gypsum (CaSO.2H>0) may also contribute to the observed
seasonal changes in dissolved SO, and Fe. The enthalpy of reaction (AHy) tor sidenite
precipitation is 3.3 kcal mol™' (Allison et al.. 1990) indicating that siderite is less soluble
at higher temperawres. Therefore. the seasonal vanation in Fe concentrations may also
be attributable to the changing solubility of siderite. The enthalpy of reaction (AHy) tor
gypsum is near zero (0.109 kcal mol™) and the annual 17°C change within the barrier
will have little effect on gypsum solubility or SO, concentrations. It should be noted that

siderite and gypsum solubilities are also directly dependent on CO;™ and Ca™" activities.
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respectively. and the seasonal changes in the solubilities ot both of these minerals are

difficult to predict with simple calculations.

4.4.17 Implications for Barrier Performance and Design

The calculated bulk rates for SO, and Fe removal for the barrier represent an
average of the rates along different flow paths. are a tfunction of bamier thickness and
cannot be used to retrieve globally applicable rate constants. This is best illustrated by
noting that rates based on flow through the first half of the barrier (or the sume barrier.
haif as thick) would be much greater (Figure 14). The rate constant based on slow and
tast flow paths more closely approximates a global rate constant. Despite the noted
limitations in this rate constant. it can be used to estimate required residence times for
the treatment of water containing a known SO; uand Fe concentration. Assuming the
average input concentrations of SO; (30 mmol L) and Fe (10 mmol L") and a I:1
removal ratio. the minimum residence time for removal of >93¢ of the Fe in the Nickel
Rim barrier is approximately 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 tlow zones uare
underutilized: along these slower flow lines all Fe is removed and excess sultide is not
utilized for mackinawite precipitation. In addition. when the SO concentration drops
near the half saturation constant (K,). the rate of SO; reduction will decline.

Specific  enhancements to the reactive mixture composition to improve
homogeneity and barrier pertormance may include increasing the gravel fraction or
selecting a different particle size distribution for the organic mixture. Ultimately.
however. barriers must be designed to account for preferential flow. and a thickness must
be selected to ensure that the residence time ot all tflow paths is sufficient to provide

acceptable removal rates.
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Changing groundwater temperature has a large impact on barrier pertormance.
Using the apparent activation energy value of 10 kcal mol™'. a decrease in groundwater
temperature of 10 °C. will decrease the rate by nearly half. At the Nickel Rim site. the
average air temperature is only a few degrees lower then at the bottom of the aquifer.
Therefore. application of an insulating layer above the aquifer will produce a more
uniform sulfate reduction rate but will result in only a small increase in the annually
averaged rate. At sites where the average groundwater temperature is significantly greater
than the average air temperature. insulating the aquifer may boost barrier performance.
Conversely. when the average air temperature is greater than the average groundwater
temperature. insulating the aquifer may decrease pertormance.

The rate of suifate reduction controls the treatment capacity of the Nickel Rim
barrier. A higher rate may be achieved by selection of a matenial that can be more rapidly
metabolized by sulfate reducing bacteria. An organic carbon source contuining a higher
fraction of labile short chain organic compounds will be more reactive vielding higher
performance for a given barrier thickness. Sulfate reducing bacteria can also utilize H- as
an electron donor. and a substrate that provides H» may also produce higher rates of
treatment. A reactive barrier in Elizabeth City. North Curolina. composed of zero valent
iron. generates large amounts of Hi. The rate of sultate reduction in this barrier is higher
than the rates calculated tor the Nickel Rim bamier (Mayer. 1999). Therefore. the
addition of zero valent iron to an organic carbon barrier may result in increased rates of
sulfate reduction and improved reactive barrier performance. The additional costs of any
changes in reactive material must be weighed against simply increasing the barrier
thickness using inexpensive compost materials.

The calculated E, allows comparison to previous laboratory column studies
(Waybrant. 1995). In this laboratory study. tlow-through columns containing organic
carbon were used to simulate a reactive barrier for sultate reduction and metal sulfide

precipitation. The input water for the laboratory column was chosen to match the
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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 two vear period at 25 °C. the SO; reduction rate was 280 mmol L' a.
Normalizing this rate to the average temperature in the Nickel Rim aquiter (9 °C) results
in a rate of 103 mmoi L™ a™. approximately 2 tuimes the rate observed in the aqueous
phase field data. The similarity between these two values is good considering the
uncertainty associated with the residence time for the Nickel Rim barrier. That the rates
are similar indicates that. within a factor of 2. the laboratory values correctly predicted

the treatment capacity of the tield installation.
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Chapter 5

Microbial Populations Associated with the
Generation and Treatment of Acid Mine Drainage

5.1 CHAPTER SUMMARY

Bacterial populations and  water chemistry were profiled throughout the
groundwater flow system associated with the Nickel Rim mine tailings impoundment
Onurio. Canada. Groundwater containing high concentrations of sulfate (2000-12000
mg/L) and iron (500-4000 mg/L) tlows from the tailings into an adjacent aquiter. A
portion of the plume then discharges to the surfuce where ferrous iron is oxidized
creating low pH (pH<3) conditions. The remaining groundwater passes through a
permeable reactive barmier which induces sulfate reduction and metal  sultide
precipitation. Elevated populations of iron (IOB) and sulfur (SOB) oxidizing bacteria are
restricted to hydrologicaily defined zones of recharge and discharge. Sultur oxidizers are
highest in the tilings (1.27 x 10° MPN/g) where sulfide minerals are exposed to oxygen
and oxygen-rich recharge water. Iron oxidizing bacteria were highest (9.56 x 10° MPN/g)
where tailings-derived effluent. rich in FedD). discharges to the aerobic surtace water
environment. Populations of both iron and sulfur oxidizing bacteria in the zone ot active
oxidation are low compired to those tound at other. less mature. ilings sites. Active
oxidation in the Nickel Rim tailings is occurring immediately above the water table
where the water content is high. The high water content limits oxygen ingress and suifide
oxidation. and the associated populations of oxidizing bacteria are low. Populations of
sulfate reducing bacteria (SRB) are elevated in the tailings and in portions of the down-
gradient aquifer where organic carbon concentrations are high. The highest population
(3.73 x 10’ MPN/g) of SRB were found where sulfate-bearing water migrates through the
organic carbon-rich permeable reactive barrier. At locations with high populations of
SRB. elevated populations of SOB were also found. suggesting SOB in these zones are
metabolizing the reduced sulfur species produced by the SRB in adjacent. but disparate.
redox microenvironments.

99
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5.2 INTRODUCTION

The oxidation of sulfide minerals in mine waste matenial can produce high
concentrations of dissolved sulfate and iron and generate acidic conditions that enhance
mobility of dissolved metals in the pore water. A hydrogeological flow system often
develops within waste rock pile or tailings impoundments that transports this suifate and
iron-rich. acidic water downwards into underlving or adjacent aquifers and the effluent
eventually discharges to nearby surfuce water bodies (Dubrovsky et al.. 1985).
Dissolution of mineral phases along the tlow path within the aquifer butfers the pH of
the acidic effluent to near neutral (Morin et al.. 1988). Upon discharge. dissolved ferrous
iron oxidizes and precipitates as terric oxvhvdroxide munerals, principally terrihydrite
and goethite. producing turther acidity.

Oxygen is the ultimate oxidant of sultide minerals in natural surtace systems and
is the direct oxidant at pH >4 (Nordstrom uand Alpers. 1999). Where the pH is below 4.
sulfides are oxidized by ferric iron. In most mine wastes however. oxygen is the primary
oxidizing agent of ferrous iron to terric. Because of this limitation. sulfide oxidation
generally occurs only in areas where dissolved or gaseous oxvgen is present.

The primary mechanism of bacterial catalysis of sulfide oxidation is indirect.
through the oxidation of terrous to ferric iron. A vanety of bacteria. including
Thiobacillus ferrooxidans. mediate the oxidation of sulfides and terrous iron. The rute
limiting step in sulfide oxidation is often the oxidation ot ferrous to ferric iron and the
bacterial rate of iron oxidation is estimated to be up to 10° greater than rates under
abiotic conditions (Singer and Stumm. 1970. Nordstrom and Southam. 1997).
Enumerations of sulfur and iron oxidizing bactena in tailings show high populations of
these bacteria within the zone of active oxidation. Acidophilic iron oxidizers (i.e.
Thiobacillus ferrooxidans. Leptosprillum ferrooxidans) have been found in tailings at
populations of up to 10° MPN/g (Southam and Beveridge. 1992, Blowes et al.. 1995.

Blowes et al.. 1998). Populations of ucidophilic. sulfur oxidizing bacteria (i.e.
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Thiobacillus thivoxidans) are elevated in tailings and may also play an important role in
sulfide oxidation. Thiobacillus ferrooxidans have been shown to oxidize reduced sultur
compounds but Thiobacillus thiooxidans are unable to oxidize iron (Nordstrom and
Southam. 1997). Where effluent containing high concentrations of ferrous iron
discharges to the surfuce as seeps or flows from mine workings., populations of
acidophilic iron oxidizing bacteria are also high (up to 10” cells/mL) (Schrenk et al..
1998).

Promotion ot sulfute reduction and metal sulfide precipitation using organic
carbon may provide an effective remediation mechanism for acid mine drainage.
Reduction of sulfate to sulfide and the subsequent precipitation of Fe and other metal
sulfide phases can greatly decrease the potential acidity and trace metal content of the
water. At surtace temperatures and pressures. sulfate reduction is bactenially mediated.
and abiotic rates are negligible. Sulfate reduction is mediated by the phylogenicaily

diverse anaerobes, Sulfate Reducing Bacteria (SRB).

3.2.1 The Nickel Rim Research Site

The Nickel Rim twilings were deposited between 1953 and 1958, The deposited
tailings contain approximately 5 wt.“ sulfide sultur of which 98¢ is pvrrhotite (Fe;. S)
with minor amounts of chalcopyrite (Cu»S). pentlandite ((FeNiwSy). pyrite (FeS-) and
marcasite (FeS,) (Jambor and Owens. 1993, Johnson et al.. 1999). The water table in the
tailings is at a depth of 1-2 meters. A groundwater plume. containing high concentrations
of ferrous Fe and SO, emanates from the tilings. Approximately 50¢¢ of this plume
water discharges to the surface at the foot of the tailings dam. The remaining 50 of the
plume discharges to Moose Lake about 160 m down-gradient (Figure 1) (Bain 1996,
Johnson et al.. 1999. Bain et al.. 1999). An in situ. permeuable reactive barrier was
installed into the path of this plume approximately 110 m down gradient of the tailings

impoundment (Benner et al.. 1997). The reactive barrier. composed of organic compost
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material. promotes sulfate reduction and metal sulfide precipitation. improving

groundwater quality by removing metals and generating alkalinity (Benner et al.. 1999).
We have examined the distribution of sulfur and iron oxidizing and sulfate

reducing bacteria along groundwater tflow paths trom the zone of active sulfide oxidation

in the mine tailings impoundment to discharge at the surface.
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Figure 5.1 a) Shows the flow sysiem for the Nickel Rim Aquifer based on hydrologic
flow modeling of Bain et al. (1999). Diagram also shows water sampling points
and sediment core locations. (b) Shows idealized flow paths: Both flow paths
originate in the tailings, but Flow Path A discharges to the surface ar the base of

the tailings dam. while Flow Path B remains in the aquifer and passes through
the reactive barrier.
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5.3 METHODS

Monitoring wells were installed in nests along a transect roughly parallel to
groundwater flow. A detailed description of well installation. water sampling and tield
and laboratory analysis can be found in Benner et al. (1997). Aqueous samples where
obtained from the unsaturated zone by immiscible displacement of pore water from 30
cm sections of sediment cores (Patterson et al.. 1978) and trom the sawrated zone by
peristaitic pump. Sediment samples for bacterial analysis were collected using a4 5 ¢cm
diameter driven coring device. Cores. collected in aluminum tubing, were cut into 25 ¢cm
sections. capped. sealed and immediately stored in ice packed coolers. Field sampling
wuas conducted in July 1997. The samples were delivered to the Mineral Sciences
Laboratory at CANMET within 24 of collection where they were stored under
refrigeration (4°C) undil analysis. Samples were analvzed within 14 days of sample
collection. In the laboratory. the cores were placed in an anaerobic chamber. the
aluminum casing was cut perpendicular 1o its long axis. and the sediment was removed
to an autoclaved storage bottle. The material was homogenized by stirming and five | ¢
replicate samples were taken from the bulk sample material for each most probable
number (MPN) determination.

The sulfate reducing bactenia were grown in a modified Postgate medium C in 20
mL serum bottles (Postgate. 1984). The medium had the tollowing composition in ¢/L:
KH;PO,. 0.5: NH.CL 1.0: Na:SO.. 4.5: CaCle2H,0. 0.04: MgSO:7H.O. 0.06: Nu
lactate (609%). 2.92: Na acetate. 1.28: veast extract, 1.0: FeSO.7H-O. 0.004: Na
citrates2H,0. 0.3: resaurzurin. 0.005 (pH adjusted to 7.5 using NaOH). The medium was
boiled under nitrogen until it became clear. The medium was allowed to cool and
transterred to an anaerobic chamber where it was dispensed (9.0 mL per bottle) into 20
mL serum bottles containing a small iron nail. The serum bottles were sealed with a
septum and an aluminum cnimp top. The bottles were autoclaved. allowed to ¢ooi and

then placed in the anaerobic chamber.



Chapter 5. Aquifer Microbial Populations 104

In the anaerobic chamber. | g sediment was added to each of five serum bottles.
Inoculated sumples were sequentially diluted and incubated in an anaerobic glove box for
30 days. Positive growth of SRB was indicated by precipitation of Fe-sulfides. Values
are reported as Most Probable Number (MPN) determinations (Alexander. 1965).

Acidophilic iron oxidizers were grown in an medium consisting of 0.5 /L of
K>HPO;. 0.5 g/L of (NH,):SO.:. 0.5 ¢/L of MgSO,eH,0. which was autoclaved and 33.4
¢/L of FeSO,e7H-0. (Tuovinen and Kelly. 1973). The ferrous suifate solution with a pH
of 3.0 was prepared. filter sterilized. and then the two solutions were combined and pH
adjusted to 2.2. A 9 mL volume was dispensed into sterile test tubes. and | g of sumple
wis added to each of 5 wbes. The samples were serially diluted in a series of tubes up to
ten dilutions. During cach dilution the samples were vortexed vigorously for 10 s.
Controls were not inoculated. The samples were incubated for 4 weeks. A positive result
was indicated by a presence of oxidized iron in the tube und the populations were
calculated from MPN tbles (Alexander. 1965).

Acidophilic sultur oxidizers were grown in Medium B (ATCC medium 23)
(Gherna et al.. 1989) containing 0.1 ¢ NH.Cl. 3.0 ¢ KH.PO.. 0.2 g MgCl6H-0. 5 ¢
Na-S:0:¢5H:0. and 0.1 g CaCls. The pH was adjusted to 4.2, i five-tube MPN/g method
was used. and the tubes were incubated tor 4 weeks. A positive result was indicated by
the presence of a sulfur deposit and a pH < 4.

The 95% confidence interval for the MPN values is calculated as described in
Alexander. 1965. The upper confidence level for the 95% level is obtained by
multiplying the value by a 3.3 and the lower confidence level is obtained by dividing by
3.3. A useful 'rule of thumb’ for interpreting these MPN values is that changes of an
order of magnitude are significant.

The enumeration of microbial populations performed here reflects the presence of
these functionally defined bacterial groups. [t does not indicate activity and therefore

interpretation of these results is presented in the context of the observed changes in water
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chemistry which provide some connection to activity. Because growth and reproduction
require metabolic activity. elevated bacterial populations reflect elevated activity either
presently or at some time in the past. Within this groundwater system. physiochemical
changes occur on a time scale of vears. Therefore. changing environmental conditions
within the aquifer that could result in high populations of bacteria in a setting where they

are not active is less likely than in more rapidly changing environments.

5.4 RESULTS AND DISCUSSION

Verticaily collected cores and profiles of water chemistry within the tilings and
adjacent aquifer provide a unique view of the distribution of microbial populations
throughout the system. A profile through the recharge zone of the tilings wiil be
examined first. then we will present protiles along idealized tlow paths from recharge to

discharge. Finally. trends in vertical profiles throughout the aquifer will be examined.

5.4.1 Recharge Zone (Tailings)

The Nickel Rim tailings mineralogy are described in detail in Johnson et al.. 1999
and Jambor and Owens. 1993, The wilings have undergone oxidation for approximately
40 vears and the oxidation front has migrated downwards to a depth ot approximately |
m. The contact between the oxidized tailings and the underlying unoxidized tailings is
very distinct. with the oxidized tailings orange and the tailings below colored gray to
black. Figure 2 shows the location of the mineralogically defined zone ot active
oxidation at the contact between the oxidized (orange) and unoxidized (gray) tailings. In
this narrow (2-5 ¢m) zone. the primary sulfides are oxidizing and sultide minerals
present are partially altered and typically exhibit alteration rims of goethite (aFeOOH)
and native sulfur (S"). In this zone. and in the 10 cm directly above (the transition zone).
the secondary mineral phases goethite. jarosite (KFe:(SO,):(OH), and covellite (CuS) are

precipitating and are present at the highest concentrations in the profile. Above the
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transition zone. the precipitated jarosite is unstable und is dissolving releasing SO,. Fe
and acidity to the pore water. Within this oxidized zone. Fe is reprecipitating as goethite.
At the top 10 ¢cm of the protile. there is a zone where all the jarosite has dissolved and the
only remaining secondary mineral phase is goethite. In the unoxidized zone. below the
cone of active oxidation. sulfide mineral phases show little evidence of alteration
(Jambor and Owens. 1993, Johnson et al.. 1999).

Depth  yigyal Primary Reactive
(em)  profile Zones Mineral Phases

0 ==
leached goethite
20—
40 = .
oxidized goethite and jarosite
60 —
80 —
transition| goethite, jarosite. covellite
aclive goethite,_relict pyrrhotite
100 —
120 — ]
unoxidized unaltered pyrrhotite
140 —
160 ~—

Figure 5.2 The mineralogy of the tailings from the surface to the 1.6 m depth (Adapted
from Jambor and Owens (1993)). The narrow (2-5 cm) zone of active sulfide
oxidation is located ar bortom of the previously oxidized. orange-stained.
tailings.

Groundwater flow is downward at NR6 (Figure la. Figure 3) and. at the time of

sampling. the water table was located 1.2 meters below ground surfiace. The water table
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fluctuates between a depth of approximately 0.9 and 2.0 m below ground surtace. The
capillary fringe extends about 0.2 - 0.4 m above the water table and water saturations as
high as 70¢% extend up to a 80 cm above the water table (Johnson. 1993). Therefore. the
zone of active oxidation is often located ut or near the water table and. under high water

levels. is located within the capillary fninge.
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Figure 5.3 Vertical profiles for location NR6 in the tailings impoundment of pH. Eh,
Alkalinity, Fe. SO., 10B (iron oxidizing bacteria), SOB (sulfur oxidizing bacteria),
SRB t(sulfate reducing bacteria and FOC (solid phase fraction organic carbon).
Hashed marks denotes oxidized tailings, horizontal doted line indicates the
location of the water table. See Figure | for location of profile.

Figure 3 shows water chemistry and bacterial populations from the surface of the
tailings to a depth of approximately 3.5 m. The profile of water chemistry at this location
is very similar to profiles ot Johnson et al. (1999) and Bain et al. (1996). indicating little
measurable change over the intervening 5 years. At the first sampling point at 0.4 m
depth. concentrations of total dissolved Fe are 3 mg/L. SO, is 220 mg/L. pH is 3.0. and
alkalinity is <1 mg/L (as CaCO;) (Figure 3). Both Fe and SO; increase rapidly (to 600

and 3700 mg/L. respectively) at 1.0 m and remain at similarly high levels for the
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remainder of the profile to a depth of 3.5 m. The pH increases to 4.9 at the bottom of the
profile. Alkalinity values remain low (<10 mg/L) but increase slightly with depth.

The population of iron oxidizing bacteria (IOB) is between 10" and 10" MPN/g
above 1.0 m depth. There is a single isolated maximum value of 2 x 10° MPN/gat 1.0 m
depth and the population then declines to 2 x 10" MPN/g at the bottom of the profile.
The population of sulfur oxidizing bactena (SOB) is <10’ MPN/g above | m depth.
between 4 x 107 MPN/g and 2 x 10° MPN/g from 1.0 m to 2.0 m and then declines to
<10' MPN/g at 3.2 m depth.

Comparing the profiles of bacterial populations with protiles of Fe and SO,
concentrations. there is a correlation between the rapid increase in Fe und SO, and the
maximum in [OB. SOB MPN/g values. This population maximum also correlates to the
change from altered to unaltered sulfide minerals in the tailings sediment. [ron and sulfur
oxidizing bacteria are high ut this location because this is where active sulfur and iron
oxidation is occurring.

Populations of SOB und IOB within the zone of active sulfide oxidation in the
Nickel rim wilings are 3-5 orders of magnitude lower than previous studies of similar
tailings environments (Southam and Beveridge. 1992, Blowes et al.. 1995. Blowes et al..
1998). We believe these low populations reflect lower rates of sulfide oxidation in the
Nickel Rim tailings. Suifide oxidation in the Nickel Rim tailings has been ongoing for
40 years. The oxidation front has nearly reached the water table and the zone of active
oxidation is often occurring within a zone of high water saturation. The high water
content decreases the rate of oxygen diffusion. greatly reducing the rate of sulfide
oxidation. The low pH and relatively high concentrations of Fe and SO.. despite the
apparently slow rates of oxidation. may be the product of dissolution of the secondary
mineral phase jarosite (Johnson et al.. 1999).

Populations of SRB also exhibit a spike at | m 0o 9 x 10° MPN/g and are

generally < | x10° MPN/g over the rest of the profile. Elevated populations of SRB have
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been previously observed in tailings (Fortin et al.. 1996, Fortin and Beveridge. 1997).
Fortin and coworkers suggested that the SRB survive in more alkaline and reducing
microenvironments utilizing organic carbon generated by oxidizing bacteria to reduce
sulfate. The protile of solid phase organic carbon (FOC). which mirrors populations of
SRB. is consistent with the conclusion of Fortin and Beveridge. (1997). The increase in
SRB populations does not correspond to a decrease in sulfate concentrations. indicating
that the presence of these bacteria does not affect the bulk aqueous chemistry of the
tailings.

The protile of the SOB population exhibits a broad zone of elevated values across
a4 | m distance trom 1.0 to 2.0 m depth. This distribution is not consistent with the
results of the mineralogical study. which indicates a distinet and narrow zone of active
sulfide oxidation. However. the MPN/g values tfor SOB ucross this elevated zone are low
and likely retlect relatively low rates of sulfide oxidation. The electron acceptor these
microorganisms are utilizing is unclear. Transport of oxvgen or ferric iron trom the
unsaturated zone downwards through one meter of unaltered sulfides requires a travel

time of approximately 2 years (Bain et al.. 1999).

5.4.2  Profiles along Flow Lines

The dissolved products of sulfide oxidation derived from above the water table in the
tailings. are transported downward and into the adjacent aquifer. Figure 1b shows two
idealized tflow paths for water recharging the tailings. These flow paths do not precisely
match actual tlow lines. but they do follow the general direction of groundwater tlow as
indicated by groundwater flow and transport modeling conducted by Bain et al. (1999).
These tlow paths are used to illustrate microbial and chemical changes as water passes

through the aquifer.
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Flow Path A passes downward through the tailings and into the underlying and
adjacent aquifer before discharging to the surface-water flow system at the base of the
tailings dam. This surtace water then flows to nearby Moose Lake. Flow Path B aiso
originates in the tailings but discharges to the deeper portion of the aquifer. and pusses
through the reactive barrier before eventually discharging to Moose Lake. In Figures 4
(Flow Path A) and 5 (Flow Path B) water chemistry and bacterial populations are plotted
along these two tlow paths. When the tlow path passes perpendicular through a vertical

profiie (NR 63. RW21, RW29, and RW34) an average value hus been calculated.

54.2.1 Flow Line A
The Flowline A profile (Figure 4) is presented as three sections (tailings. aquifer. and
surface) each plot with a different horizontal scale. Along the profile. concentrations of
Fe and SO, remain high trom the recharge zone to discharge to the surface. exhibiting a
gradual increase and then decrease over that distance. Both pH and aikalinity also
increase along the flow path through the tailings and aquiter. These changes in water
chemistry can be attributed to historical variations in the rate ot sulfide oxidation und 1o
the precipitation and dissolution of the pH buffering mineral siderite (Bain et al.. 1999).
Upon discharge to the surtace. the water chemistry changes dramatically. The pH
decreases from 6.1 to 4.2. Eh increases trom 200 to 440. alkalinity declines trom 90 to
<l mg/L (as CaCO:). Fe concentrations decline from 1300 to 790 mg/L and SO,
concentrations decline trom 4200 to 3200 mg/L. Sediment at the surface is covered by 2
o 5 cm of water. In the surface water. Fe concentrations decline trom 800 mg/L at
discharge t0o 420 mg/L at the final sampling point approximately 100 m downstream.
There is a corresponding decrease in pH from discharge (pH=4) to 100 m downstream
(pH=2.5). The decrease in Fe. SO,. and pH upon discharge are the result ot oxidation of
Fe™ and subsequent precipitation of ferric oxyhydroxide and hydroxysulfiate mineral

phases. The presence of red-orange and vellow precipitates at the surtace is consistent
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with this conclusion. These changes in water chemistry and accompanying precipitating
secondary mineral phases are typical for discharging groundwater containing high
ferrous iron concentrations.

Populations of IOB are generally low (<7 x 10 along the flow path from the
zone of active oxidation in the tailings to discharge to the surface. Within 0.1 m of the
surface. however. the population of IOB increases to 3.2 x 107 MPN/¢g in the surtace
sediment. The population of [OB continue to increase downstream to a high of >10°
MPN/g.

Populations of SRB correlate well to solid phase organic carbon concentrations
along this flow path with the highest values (5 x 107 MPN/g) found in the sediment
immediately below the ground surtace. This observation suggests that SRB are using this
solid-phase organic carbon to reduce sulfate. Untortunately. the peak in SRB population
occurs immediately below the surtuce and it is not possible to determine the impact that
this suifate reduction has on the bulk water chemistry.

The population of SOB are generally low throughout the aquifer and surtace
water sections along this tlow path but are highest just prior to discharge to the surface
and exhibit a positive correlation with solid phase organic carbon concentrations and
SRB populations.

With the exception of areas of high organic carbon. popukiations of the measured
bacterial populations are low throughout the aquifer. The lack of large bacterial
populations is indicative of the lack of electron acceptors (oxygen) for IOB und SOB and
the lack of electron donors (organic carbon) for SRB. The groundwater pH along most of
the aquifer profile is about 6. beyond the optimal range for acidophilic IOB and SOB.
However. at other tailings sites where bulk pore water pH is near neutral and sulfides and
oxygen is present. populations of [OB and SOB populations are elevated (Southam and
Beveridge. 1992, Blowes et al.. 1995. Blowes et al.. 1998). From a geochemical

perspective the creation of ucidic micro-niches in the nickel rim aquifer would be
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relatively easy given the low aqueous alkalinity and the absence of the Ca and Mg
carbonate buffering mineral phases. [t is unlikely that pore water pH is a pnmary limiting

factor to the presence of 10B and SOB in this aquifer.
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Figure 5.4 Flow Path A profiles of pH. Eh, Alkalinity, Fe. SO,. I0B (iron oxidizing
bacteria), SOB (sulfur oxidizing bactreria), SRB (sulfare reducing bacreria and
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DOC (dissolved phase organic carbon). See Figure | for location of Flow Path
A.
At the point of discharge. reduced groundwater containing high terrous iron

concentrations enters the aerobic. oxygen-rich. surtace water system. Populations of 10B
are clevated because of the high concentrations of electron donors (oxygen) and
acceptors (ferrous iron) necessary for 0B metabolism. The absence of metabolizable
electron acceptors (reduced sulfur species) limits the populations of SOB to very low
levels. Although SRB populations may be limited by low organic carbon concentrations
(unfortunately. no DOC or FOC data is available for the surtice sediment). it is more
likely that the aerobic conditions inhibit SRB growth. Given the existence of high SRB
populations in the acidic tailings environment. SRB are probably not limited by low pH
conditions in the surtace water.
5422 Flow Line B

Flow Line B (Figure 5) begins with the same tilings profile us Flow Line A, but
does not discharge to the surtace at the base of the dam. This tlow path remains within
the aquifer and passes through the reactive barrier betore eventually discharging to
Moose Lake. Over the 100 m travel distance prior to passage through the reactive barrier.
the aquiter water chemistry is very similar to Flow Path A. with only small. gradual
changes in plotted constituents.

Flow Path B includes samples trom the aquifer over a much greater distance than
Flow Path A. and therefore provides a4 more comprehensive profile of bacterial
distribution in the aquifer. Populations of IOB and SOB remain low throughout this flow
path with all values <5 x 10' MPN/g after the 2.5 m depth in the tailings. These low
values indicate little bacterially mediated S or Fe oxidation in the aquifer. The population
of SRB is elevated at points in the aquifer where organic carbon concentrations are high.
The population of SRB increases to 3 x 10° MPN/g within the reactive barrier. 4 orders

of magnitude higher than at any other point along the entire flow path. This high
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population reflects the presence of high concentrations of electron donors and electron
acceptors under optimal pH conditions. Somewhat surprisingly. average populations of

SOB ure also slightly elevated in the barmier compared to the adjacent aquifer.
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Figure 5.5 Flow Path B profiles of pH, Eh. Alkalinity, Fe, SO,, IOB (iron oxidizing
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Figure [ for location of Flow Path B.
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Sulfate reducing bacteria are also abundant in the aquifer down-gradient of the
barrier (>10° MPN). Dissolved organic carbon concentrations increase from <10 mg/L in
the up-gradient aquifer to >100 mg/L down-gradient of the barrier (Benner et al.. 1999).
The high population of SRB is likely metabolizing elevated concentrations of dissolved

organic carbon emanating from the reactive barmer.

5.4.3 Vertical Profiles within the Aquifer

Examination of vertical profiles within the aquifer turther illustrates the control
that the hydraulic regime and organic carbon concentration have on bacterial
distribution. Protile NR63 (Figure 6 and Figure 1) is locuted in the discharge zone at the
foot of the tailings dum and groundwater flow is upward and to the right. There is a thick
peat layer (20-40 cm) in the upper meter of the profile. Populations of SOB. OB and
SRB are all high at the top of the profile due to the abundance of organic carbon and
high disequilibrium concentrations of dissolved SO, and Fe created by the discharge of
reduced groundwater to the surface. At Profile RW21 (Figure 7). the aquifer sediment is
similar to that at NR63. however only a minor (<10 ¢m thick) organic-rich layer is tfound
near the top of the profile. Groundwater tlow is predominantly horizontal tfrom left to
right but the upper third of the aquifer receives recharging acidic water from the surtace
(Figure 1). This profile also exhibits elevated populations of IOB. SOB and SRB near the
surtace where oxic. acidic surface water recharges the aquifer and organic material is
present. The flow regime for Profile RW29 (Figure 8) within the permeable reactive
barrier is unique because a protective clay cap prevents recharge of surface water. Within
the barrier. groundwater tlow is entirely from the left to the right. The distribution of
organic material is uniform across the profile (Benner et al.. 1997). There are variations
in bacterial populations within the barrier. However. there are not elevated populations of
bacteria near the surface as is observed in the other aquifer profiles. The absence of these

higher populations can be explained by the presence of the protective clay layer. which
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prevents surface water recharge or discharge. and by the uniform organic material
distribution. Profile RW34 (Figure 9) is located in the aquifer approximately 15 m down-
gradient from the reactive barrier. The aquifer at this location is stratigraphically similar
o RW21 but does not contain a peat layer in the upper portion of the aquifer. As at
Profile RW21, there is surface water recharging the aquiter (Figure 1). The highest
populations of IOB and SOB are found in the upper portion of the aquifer where surtace
water is recharging the aquifer. The absence of a laver of organic material results in fow
populations of SRB at the top halt of the profile. High populations of SRB are tound at
the bottom of the profile where groundwater. containing elevated concentrations of
dissolved organic carbon. is released from the reactive barrier. In most cases. areas that
contain elevated populations of SRB. also contain elevated populations of SOB (i.c.

NR6. NR63. RW21. RW29).
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Figure 5.6 Vertical profiles for location NR63 at the base of the tailings dam of pH.
Eh, Alkalinity, Fe, 50, [0B (iron oxidizing bacteria), SOB (sulfur oxidizing
bacteria). SRB (sulfate reducing bacteria and FOC (solid phase fraction organic
carbon). Horizontal line indicates the ground surface (G.S.). See Figure [ for
location of profile.
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Figure 5.8 Vertical profiles for location RW29 within the reactive barrier of pH, Eh.
Alkalinity, Fe, 50, [OB (iron oxidizing bacteria), SOB (sulfur oxidizing
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surtace (G.S.). See Figure | for location of profile.
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Figure 5.9 Vertical profiles for location RW24 down-gradient of the reactive barrier of
pH. Eh, Alkalinity, Fe, SO, [OB (iron oxidizing bacteria), SOB (sulfur oxidizing
bacteria), SRB (sulfate reducing bacteria. Horizontal line indicates the ground
surtace (G.S.). See Figure | for location of profile.

5.5 CONCLUSIONS

The Nickel Rim tailings impoundment is relatively mature with respect to sulfide
oxidation. The narrow zone of active oxidation in the tailings has neuarly reached the
water table und is often located in a zone of high water content. Low gas porosity limits
O--gas diffusion to the depth where sulfide minerals are present. and consequently limits
the rate of sulfide oxidation. A consequence of lower rates of sulfide oxidation is lower
populations of sulfur and iron oxidizing bacteria within the zone of active oxidation. The
presence of high concentrations of dissolved Fe and SO;. despite apparently low rates of
sulfide oxidation. can be attributed to the dissolution of secondary minerals.

Examination of the water chemistry and bacterial populations throughout the
flow system illustrates the control that the hydrogeologic regime has on the distribution

of the sulfur and iron oxidizing bacterial populations. Elevated populations of these
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bacteria are largely limited to zones of recharge where guseous oxygen and oxygen-rich
water enters the tailings and zones of discharge where reduced water comes in contact
with the atmosphere. Bacterial populations are generally low in the rest of the aquifer.
These profiles also show the difference in bacterial distribution between the recharge and
discharge zone: in the recharge zone both sulfur and iron oxidizing bacteria are present.
while at discharge. only populations of iron oxidizing bacteria are high. Solid phase and
dissolved organic carbon also creates zones of disequilibrium within the aquiter. Within
these zones. high populations of sulfate reducing bacteria are found. Outside these zones
of disequilibrium. where electrochemically active  dissolved  species  approach
equilibrium, measured bacterial populations are low.

In many locations aijong the tlow path. there is an apparent coexistence of
elevated populations of SRB and SOB. This can be explained by the presence of solid
phase-controlled. disparate redox microenvironments that are linked by advective or
diffusive transport of electroactive species. These elevated SOB populations are likely
metabolizing the reduced sulfur species produced by the SRB and the SOB muy be
dependent on the SRB populations to provide these electron donors. Conversely. SRB
may benefit from the presence of SOB which consume oxvgen that would inhibit sulfate

reduction.
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Chapter 6

Modeling Flow in Reactive Barriers: Implications for
Performance and Design

6.1 CHAPTER SUMMARY

Reactive barriers are passive and in situ groundwater treatment systems. The
hydraulic conditions and contaminant levels within the aquifer dictate barrier design.
Heterogeneities in hydraulic conductivity (K) within the aquiter or the reactive barrier
may result in reduced residence times or higher tlux rates through portions of the barrer.
These spatial variations in flux have the potential to compromise the treatment capacity
of the barrier. Numerical flow modeling shows that heterogenetties in K can result in
spatial varations in flux within the barrier. However. the impact of these high K layers
will be a function of their location and distribution: the more localized the high K zone.
the greater the preferential flow. The geometry of the reactive barmer will also strongly
influence flow distribution. Aquifer heterogeneities can produce greater preferential flow
in thinner barriers compared to thicker bamers. The K of the bamier will atfect the tlow
distribution: decreasing the K of the barrier will result in more even distribution of flow.
If the reactive matenal within the barmier is heterogeneous. the thicker the bamier. the
greater the preferential flow. This modeling indicates more uniform tlow can be attained
utilizing thicker homogencous barriers.
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6.2 INTRODUCTION

Permeable reactive barriers can provide etfective treatment for a varety of
groundwater contaminants including halogenated organic compounds (Gillham and
O'Hannesin. 1994). nitrate. (Robertson and Cherry. 1995). phosphate (Pracek et al.,
1994, Baker, 1996). chromate (Blowes and Ptacek. 1992). arsenic and selenium (McRae,
1999) other trace metals (McGregor er al.. 1999) and water contaminated by mine
wastes (Blowes and Pracek, 1994: Benner et al.. 1997). Reactive barriers are installed by
placing an appropriate reactive mixture into the aquifer so that the contaminated
groundwater is treated during passage through the material under nawral gradient
conditions.

Installations are "keyed” into an underlying layer of low permeubility or may be
"hanging” with no boundary to flow at the base. Because aquifers tend to be laterally
continuous. the sides of a barrier are often not keyved to an impermeable boundary and
are designed to extend bevond the lateral extent of the contaminant piume. Reuctive
barriers can also be installed in a Funnel and Gate configuration where impermeable
boundaries (e.g. sheet piling) are installed into the aquifer extending at some angle
laterally from the reactive mixture (Starr and Cherry, 1995). These walls then tunnel the
groundwater through the reactive zone.

The hydraulic conductivity (K) of the reactive materiai will greatly influence the
manner in which water passes through the barrier. If the K is lower than that of the
aquifer. water will diverge around the barrier. if the K is greater than the aquifer. flow
will converge into the barmier. Converging flow indicates a capture zone that is wider
than the barrier. while diverging flow indicates a capture zone that is smaller than the
width of the barrier. To ensure that the contaminated water passes through and not

around the barrier. installations are often designed with a K that is greater than the
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surrounding aquifer. Any variation in K within the barrier will result in different
residence times and may compromise performance (Devlin and Barker, 1999).

Reuctive barriers have a finite treatment capacity. Treatment capacity can be
expressed as reactivity where the treatable flux through the barrier is limited by the
reaction rate and the thickness of the barrier. Treatment capacity can also be expressed as
longevity where the treatment capacity is consumed over time by the tlux of
contaminants passing through the barrier. Reuactive barrier thickness is dictated by the
required barrier reactivity and the desired longevity of the specific site conditions. In
some installations. the reaction rate will be sufficiently rapid that complete treatment
oceurs in the front portion of the barrier (Bennerr, 1997). For this class of installation. the
reactivity does not limit the barrier treatment capacity but barrier thickness will dictate
barrier longevity. For other installutions. the reactive mechanism may be sufficiently
slow that the tull thickness of the barrier is required to achieve treatment (Benner et al..
1999). The thickness of reactive barriers can vary from centimeters to meters (U.S.
Environmental Protection Agency (EPA), 1999).

All reactive barriers will have some finite longevity and reactivity, however the
particular reaction mechunism and barrier design will dictate which tactor is of greater
concern. In either case. changes in the flux rate through the barrier will atfect reactive
barrier pertormance (Tramyvek er al.. 1997). Higher flux rates. which result in shorter
residence times. limit the exposure of the contaminant to the treatment material. This
limitation may lead to incomplete contaminant removal. In addition. higher contaminant
flux through portions of the barrier may more rapidly consume treatment material along
those tlow paths.

The porosity and hydraulic conductivity of the barrier can change with time
(Mackenzie et al., 1997). Secondary mineral precipitation within the barrier cuan decrease
tflow. while dissolution of barrier material can increase flow. In a barrier with a

heterogeneous flow field. these effects may be preferential: greater dissolution or
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precipitation will occur in those areas receiving a higher flux. The loss or accumulation
of material has the potential to increase or decrease the pre-existing preferential tlow
paths.

Reactive barrier design and assessment involves prediction and calculation of
flux rates through the reactive barrier. Computer tlow modeling is often performed to
compare conceptual models of how the groundwater passes through the barrier.
Modeling has been performed on the configuration of funnel and gates associated with
reactive barmers (Starr and Cherry, 1994 Bennen. 1997, Teutsch er al.. 1997), and
varving barrier width (Trarnyvek er al.. 1997) 1o optimize pertormance with respect to
treatment capacity and contaminant capture.

Four variables control contaminant mass flux rates through a reactive barrier:
concentration  of the contaminant. hydraulic gradient. porosity and hydraulic
conductivity. Spatial and/or temporal variations in these parameters will result in
different mass flux rates. potentially atfecting reactive barrier pertormance by exceeding
the reacuvity or longevity of the reuactive material. This paper ussesses the impact of
spatial variations in hvdraulic conductivity on tlow through reactive barriers. Two-
dimensional flow modeling illustrates the importance of reactive barrier thickness on
barrier performance and provides assistance for reactive barmer design and assessment.
6.3 METHODS

The two-dimensional finite element model FLOTRANS (Guiguer et al.. 1994)
was used to conduct the simulations. A uniform grid of 100 by 100 nodes was used to
represent a 10 by 10 m domain. The left and right boundaries were assigned specified
head so that a gradient of 0.001 was established with flow from left to right. A specified
flux of zero was assigned to the top and bottom boundaries of the domain. The stream
function output of each simulation was used to contour tlow lines and to calculate

horizontal flux along a centerline.
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Modeling simulations have been performed for two barrier boundaries. In the
first. the barmer is keved to a low permeable boundary. In the second. the barrier is
hanging with nothing preventing flow uaround the barrier. The primary ditference
between these two simulations is that in the first. tlow can diverge away from or
converge into the reactive barrier while in the second. little divergent flow occurs. These
simulations produce results that can represent cross sections taken vertically or
horizontally through a barrier. depending on the specitic configuration of the installation
(Figure 1). For clanity. the simulations will be discussed as vertical cross-sections. the
water tflowing from the left to the right with the top of the diagram toward ground
surtace. Most reactive barriers are installed trom the water table downward. but for these
simulations water flows over the top of the barrier. This approuch was taken eliminate
the potential artificial influence of the top boundary condition. The tlow fields that
develop in reactive barriers with Funnel and Gate systems can be quite complex and this
work does not attempt to address these complexities. however many of the conclusions
can be applied to Funnel and Gate installations. These simulations are not meuant to
match specific field conditions. but are idealized and designed to illustrate broadly

applicable concepts of tlow through reactive barners.

Figure 6.1 Shows a three dimensional view of idealized reactive barrier. Simulations
can represent horizontal or vertical cross sectional views of flow through the
barrier.
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For the base case series of simulations (Scenario 1) an isotropic and homogeneous
hydraulic conductivity (K) of 4 m/day was assigned to the aquifer and an isotropic.
homogeneous K of 40 m/day was assigned to the barmer. For all subsequent simulations.
isotropic conditions were maintained. The specific distribution of K within the aquifer
and the barrier is shown on the contoured plot of tlow lines.

6.4 RESULTS AND DISCUSSION

6.4.1 Homogeneous Conditions

In Scenario [ (Figure 2), the results of flow modeling tor an aquiter and reactive
barrier of homogeneous hydraulic conductivity is simulated. Output for each simulation
consists of a x-sectional diagram showing flow lines und a plot of horizontal tlux
distribution along the centerline of the domain. The centerline flux distribution provides
a close approximation of the barrier residence time: higher velocities indicate shorter
residence time.

The height ot the reactive barrier is 5 meters perpendicular to tflow. Three barrier
widths (300 ¢cm. 100 ¢cm. and 20 ¢m) are modeled. The simulation for the narrow (20 ¢m)
barmier represents an installation with anticipated rapid reaction rates and/or low
contaminant flux. The thick (300 ¢m) barrier is more typical of an installation utilizing a
slower reaction mechanism and/or high contaminant tlux. In simulations (a). (b). and (¢)
the barrier is unbounded at the top and bottom. while in simulation (d) the barrier is

keyed into low K material (0.04 m/day).
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Figure 6.2 Scenario [ shows flow with a homogenous K distribution in the aquifer and
barrier. The barrier K is ten times greater than the aquifer. a) 3.0 m thick
barrier. b) 1.0 m thick barrier. <) 0.2 m thick barrier, d) same as (b), but with
low K material bounding top and bottom of domain.
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The hydraulic conductivity (K) of the barrier is greater than the surrounding
aquifer. When the barrier is unbounded. (simulations a. b and ¢) flow converges into the
barrier on the up gradient side and diverges trom the barrier on the down gradient side.
This results in higher velocities through the barrier compared to the adjacent aquifer (see
Centerline flux profiles simulations a. b. and ¢). The 300 ¢m thick barrier induces greater
convergence of flow and exhibits a greater difference in flux rates compared to the
aquifer. The distribution of flux within the barrier is not intuitive. As the tlux profiles
indicate. there are higher velocities through the edges in contact with the adjacent aquifer
compared to the center of the barrier. There is a corresponding decrease in flux in the
aquifer immediately adjacent to the barrier. This is caused by the continuity in potential
across the boundary between the two different K tields: the gradient in the barrier and
aquifer at the boundary must be equal. Because there is an order of magnitude difference
in K. the flux immediately within the barrier is [0 times greater than the flux
immediately outside the barrier. The flux is lower in the central portion of the barrier
compared with the sides because converging flow must travel a greater distance, with a
corresponding greater drop in hydraulic head. to reach the central portion of the barrier.
These simulations illustrate that. even under homogeneous conditions. flux through
reactive barriers will vary spatially. The edges of the barrier will receive greater flux and.
all else being equal will achieve a lower level of treatment and/or achieve treatment for a
shorter period of time compared to the central portion of the barrier. In simulation d.
which has the saume barrier configuration uas (b) but with low K boundaries at the top and
bottom. there is no convergent flow. this edge etfect is not observed and flux distribution

is uniform across the barrier.
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Figure 6.3 Scenario Il shows the affect of varving the barrier K on the "edge effect”.
Homogenous K distribution in the aquifer and barrier. All simulations the same
as Scenario | (b), but the barrier K is varied. Barrier is a) 100 rimes g¢reater
than the aquifer. b)10 times greater than the aquifer. ¢) 2 times greater than the
aquifer.

6.4.1.1 Varying K of the Barrier

In Scenario [I (Figure 3) the impact ot varying the K of the barrier on this edge

effect is illustrated. The K of the barrier is 100 times that of the aquifer in simulation (a).
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10 times greater in (b) and 2 times greater in simulation (¢). When the K of the barrier is
increased by an order of magnitude (compure simulations (a) and (b)), there is more
convergent flow into the barrier and the overall tlux increases. The relative difference in
flux from edge to the center of the barrier. however. remains essentially unchanged.
When the K of the barrier is decreased to (wice the K of the aquiter (Compare (b) to (¢)).
the amount of convergent tlow decreases and the edge etfect largely disappears. From
these simulations. it is apparent that the edge etfect results from convergent tlow: as the

difference in K between the barrier and the aquifer decreases. the edge effect declines.
6.4.2 Heterogeneous Aquifer

At most tield sites, the K of the aquifer is heterogeneous and the flux entering an
installed barrier will vary spatially. Scenario Il (Figure 4) demonstrates the impact of
aquifer heterogeneities on flux distribution through the barrier. Each simulation is
identical to Scenario I (Figure 2). but a one meter thick layer of high K (40 m/day) has
been inserted into the aquifer. extending from the left to the right boundary of the
domain. For all simulations. the presence of the high K layer increases the total tlux
through the barrier. However. tlux profiles for the three barrier thicknesses (20. 100 and
300 ¢m) indicate that the impact of the high K layer on flux distribution within the
barrier is variable. For the 300 ¢m thick barrier. flux remains relatively well distributed
(a). The 20 cm barrier. however. exhibits large vaniations in tlux along the center line as
a result of the high K layer in the adjacent aquifer. The tlux through the central portion
of the 20 ¢m barrier 8 times greater than along the outer two thirds. nearly maintaining
the 10:! flux ratio present in the aquifer. The 20 cm barrier is not thick enough to allow
water from the high K layer to diverge. and the heterogeneous tlux protile of the aquifer
is transterred to the barrier. The thicker. 300 ¢m. barrier permits greater divergence of

tlow
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Figure 6.4 Scenario Il shows the affect of an aquifer with hererogeneous K
distribution. Same as Scenario I. but a 1.0 m thick high K laver (10 times rest of
aquifer) has been placed up and down gradient of the barrier.

from the high K layer in the aquifer and. consequently. tlux is more evenly distributed
across the reactive zone. Existence of low K confining units at the top and bottom of the

barner has little influence on tlux distribution for this scenano (simulation d). These
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simulations illustrate that the thinner the barrier the more closely the flux distnibution
will resemble that of the aquifer. Thicker barriers will tend to dampen tlux

heterogeneities from the aquifer. producing more evenly distributed flow.
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Figure 6.5 Scenario IV shows the affect of varving barrier K on flow in heterogeneous
aquifer. The barrier K is varied. Barrier K is a) 100 times greater. b) 10 greater.
c) equal ro. the K of the aquifer. d) same as (b), bur with low K material
bounding rop and bottom of domain.
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6.4.2.1 Varying K of the Barrier

The previous simulations showed that adjusting the barrier thickness can result in
a more even flow distribution. Here we invastigate how the hydraulic conductivity ot the
barrier atfects the distribution of flow in a homogeneous aquiter. In Scenario IV (Figure
3). the barrier geometry is unchunged and only the K of the barrier is varied. In
simulation (a) the K of the barrier is decreased an order of magnitude (1o 4 m/day) and in
(¢) the K is increased an order of magnitude (to 400 m/day). When the K of the barrier is
increased. the total flux increases und greater preferential flow through the central
portion of the barrier is observed. As the burrier K is decreased. flow convergence and
overall flux through the barrier declines. but a more even flux distribution is achieved.
Designing a barrier with a K that is lower than the aquifer may be problematic because of’
the negative impact on capture zone size. However. tor barriers in heterogencous aquiters
it may be a disadvantage for the K of the barrier to be orders of magnitude greater than
the K of the aquifer.

6.4.2.2 Impact of K Distribution in Aquifer

The nawre of K heterogeneities in aquifers varies: the distribution and magnitude of high
K layers will vary from aquifer to aquiter. In Scenario V (Figure 6). the effect of different
K distributions in the aquifer on flux through the barrier is explored. In cach of these
simulations the K and geometry of the barrier and the average honzontal K for the
aquifer is the same. Total flux across the domain is also constant. but the distribution ot
high K layers in the aquifer is varied. In simulation (a). the high K layer in the aquifer is
half as wide and the K is twice as high (30 m/day) as in simulation (b). This distribution
increases the preferential flow. with tlux through the central portion 5 times greater than

through the rest of the barrier.
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Figure 6.6 Scenario V shows the affect of varving the K distribution in aquifer. The 1otal flux ucross the
domain remains constant, bur the distribution of hich K lavers is varied. a) The high K laver in
the uquifer is 0.5 m wide with a K 20 times that of the rest of the aquifer. by The high K laver is
1.0 m wide with a K 10 times that of the rest of the aquifer. ¢y The high K laver is split into 2
luvers each 0.5 m wide with a K 10 times that of the rest of the aquifer. d) same as (c), bur with
low K material bounding top and bottom of domain.
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In simulation (c¢) the high K layer has the same conductivity value as in
simulation (b) (40 m/day) but has been split into two layers each half as wide. Splitting
the high K layer results in a more even tlow distribution with the difterence in tflux
between the high and low zones declining from 3 to 2 times. These simulations indicate
that the more localized and greater the magnitude of the high K zones. the greuter the
preferential flow through the barmier. Therefore. barriers installed into heterogeneous
aquifers containing many. well distnibuted. high K layers will have a more even flow
distribution than in aquifers containing fewer. more localized. high K lavers. Existence
of aquitards at the top and bottom of the barrier has litle influence on flux distribution
for this series of simulations (d).

6.4.2.3 Adding Mixing Zones

The previous simulations indicated that thicker barriers result in a more even distribution
of flux. At some field installations. it may be appropriate to install homogeneous zones
adjacent to an existing barrier. or concurrendy duning a new installation. to produce more
evenly distributed flow. Scenario VI (Figure 7) illustrates how homogencous zones up
and down-gradient of the reactive bamer atfect tlow distribution in the barrier.
Simulation (1) is identical to the 20 ¢m barmmer simulation in Scenario I, while
simuiations (b). (¢). and (d) have additions of a homogeneous zone. In (b). a 200 ¢cm
homogeneous zone is placed up gradient of the barrier. In (¢). 100 cm zones are placed
both up and down gradient so that the thickness of the high K zone is identical to (b) but
the location of the reactive zone varies. Simulation (d) is identical to (¢) but the 100 ¢cm
zones are separated from the barrier by 50 cm meters of the heterogeneous aquifer. There
is significant flow divergence within the barrier in simulation (a). with the flux
distribution largely reflecting the distribution in the heterogeneous aquifer. The presence

of the homogeneous zone upstream of the barmer in simulation (b) does not significantly
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improve flow distribution through the reactive barrier. When tlow enters the reactive
zone in this simulation, significant convergence to re-enter the high K zone of the aquifer

has already occurred and the homogeneous zone has little etfect on the flux profile.
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Figure 6.7 Scenario VI shows the affect of adding homogeneous mixing zones. Mixing
zones are added up and down gradient of the barrier. a) Same as Scenario Il
(c). b) High K, 2 m thick block added up gradient of the barrier. ¢) High K, | m
blocks added up and down gradient of the barrier. d) Same as (¢) but high K
blocks are separated from the barrier by 0.5 m of aquifer.
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However., when the homogeneous zone is placed on either side of the barrier. nearly ail
preferential flow is eliminated (simulation ¢). Homogeneous zones placed up and down
gradient but separated by ua portion of aquifer (simulation d). are ineffective at
redistributing flux and flux profiles continue to retlect heterogeneities of the adjacent
aquifer. From these simulations. it is apparent that the plucement of homogeneous zones
relative to the reactive mixture is very important. Geometries that place the reactive zone
in the middle of immediately adjacent homogeneous zones will achieve the most uniform

flow distribution.
6.4.3 Hererogeneous Barrier

All previous scenarios have assumed that the barrier hvdraulic conductivity is
homogeneous. However. variations in the reactive mixture composition or instailation
process may result in a heterogeneous K distribution within the barmier. In addition. in-
situ reactions resulting in the preferential precipitation or dissolution of solid phases with
in the barrier may result in an inidally homogeneous barrier becoming heterogeneous
with time. In Scenario VII (Figure 8). the aquifer is homogeneous but a high K zone (K =
400 m/day) 100 cm wide has been inserted into the central portion of each barrier. In the
thin barrier simuiation. the zone of high K has little impact on the flow field or the flux
rates with only a slight increase in tlux of approximately 10¢% observed. However. in the
300 ¢cm bamer simulation. there are significant changes in the tlow field and flux
distribution through the barrier as a result of the high K layer. Flux rates through the
middle third portion of the thick barrier are on the order of 3 times greater than the outer
two thirds. The thicker barrier permits greater convergence of flow into the high K layer
while in the thin barrier little convergence is observed. Aquitards at the top and bottom
of the barrier eliminate convergent flow and decrease the total tlux through the barrier

but has little influence on flux distribution (simulation d). These simulations indicate
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that variation in hydraulic conductivity within the barrier will have a greater impact on

flux distribution in thicker barriers.
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Figure 6.8 Scenario VII shows the affect of heterogeneous K in the barrier. Same as
Scenario | but 1.0 m wide high K laver added to barrier. a) 3.0 m thick barrier.
b) 1.0 m thick barrier. ¢) 0.2 m thick barrier. d) same as (b), but with low K
material bounding top and bottom of the domain.
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6.5 CONCLUSIONS

These simulations illustrate the importance of hydraulic conductivity variations
on potential reactive barrier performance. Spatial variations in K ot the aquifer. as well
as in the barrier. will result in uneven flux distribution. These differences in tlux will
translate into decreased treatment capacity of the reactive barrier. The distnbution and
magnitude of the varations in K within the aquifer and barrier will effect the flux
distribution. The geometry of the reactive barrier can attenuate or exaggerate these tlux
varations.

The thinner the barrier. the more sensitive the tflux distribution to vanations in the
K of the aquifer. Minimum residence times and barrier lifetime in thin barriers will be
potentially controlled by small layers ot high K matenal in the aquiter. Therefore in-
depth characterization of spatial distribution of’ K are necessary (o design and assess
performance of these barriers. In contrast. thicker barriers will more evenly distribute
high flux inputs from a heterogeneous aquifer. and more uniform treutment over a longer
period of time will be achieved. Thicker barriers are more sensitive 10 K variation within
the barrier and therefore great care must be taken in the design. mixing and installation
of these barriers to achieve and maintain a4 homogeneous K distribution.

The more convergent and divergent tlow. the greater the impact of hvdraulic
conductivity variations on tlux distribution. This trend suggests that tflow in hanging
barriers will tend to have more uniform compared with flow in Funnel and Gate systems.

Nearly all aquifers contain variations in K and the precise characterization of the
K distribution is difficult. In these aquifers. thicker barriers will result in more even flux
distribution and will optimize reactive barrier performance and increase the potential of
correctly predicting barrier lifetime. However. reactive matenials can be costly and
barriers are often designed to minimize the volume of reactive material. In these cases. it

may be advantageous to mix the reactive mixture with inert. less expensive material ©
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maximize the reactive barrier thickness without increasing the volume of reactive
matenial required. For thinner barrier installations. placement of inert homogeneous
zones up and down gradient may increase the pertormance of the barrier. However,
significant redistribution of tlow will be achieved only by installing the high K material
immediately adjacent to reactive barrier on both the up und down gradient sides.
Adjusting the K of the bamer will also atfect flow distribution. Increasing the K of the
barrier in a heterogeneous aquifer will result in increased preferential flow. Minimizing
the K of the barrier. without compromising the required capture zone. will most
etfectively redistribute tlux from high K layers within the aquifer.

The conclusions of this work are not applicable to heterogeneities in contaminant
concentration. Changing the K or the geometry of the barrier will be inetfective at
redistributing heterogencous contaminant mass and even thick barriers should be

designed to treat the highest concentrations tound in the aquifer.
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Chapter 7

Conclusions

This thesis has demonstrated that a full-scale reactive barrier can be installed into
an aquifer contaminated with high sultute and dissolved metals. Using standard
excavation methods and utilizing readily available and inexpensive municipal waste
products this reactive barrier was installed in less than 4 days at a cost of approximately
$30.000.00 (U.S.).

The installation has resulted in a dramatic improvement in groundwater quality
over the three years of monitoring. The dominant process leading to improved
groundwater quality within the barrier is sulfate reduction. Sulfate reduction promotes
the removal of acid generating Fe (I by metal sulfide precipitation. Truce metals are
also removed by sulfide precipitation. In addition to metal removal. sulfate reduction also
generates significant alkalinity which greatly enhances the butfering capacity of the
groundwater. Secondary processes that may contribute to improved groundwater quality
include siderite precipitation and caicite dissolution.

Bacterially mediated sulfate reduction is the rate-limiting step in the removal of
iron and the generation of alkalinity. The Monod tormulation can predict the rate of
treatment within the barrier:

150, 1

sulfate reduction rate = k ——————
K +150,]

where K, equals 1.6 mmol L™ and k equals 0.13 mmol L™ a™(at 9°C). The product of this

rate and the residence time within the barrier indicates the amount of SO, removed. In
147
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the Nickel Rim barrier. preferential flow results in a range of residence times from
approximately 65 to 370 days. The reactivity. as expressed by the rate constant (k). is a
function of groundwater temperature. The effect of temperature on the rate can be
predicted using the Arhennius Equation and an apparent activation energy £, = 10 kcal
mmol”.

More homogeneous flow and improved barrier performance may be achieved by
changes in the reactive barmer mix composition. Numerical flow modeling also indicates
that barmier geometry will impact flow distribution. In general. if greater homogeneity in
hvdraulic conductivity can be achieved within the barrier than within the adjacent
aquifer, a thicker (longer flow path) barrier will produce more uniform tlow distribution.

Populations of sultur and iron oxidizing bacteria within the Nickel Rim aquiter
are limited to hydrologicaily defined zones of recharge and discharge. Populations of
these bacteria in the tilings are relatively low compared to other tailings sites retlecting
the presently low rates of sulfide oxidation at the Nickel Rim tailings. The zone of active
oxidation has nearly reached the water table and high water saturation is now limiting
oxidation rates. This suggests that the Nickel Rim tailings are nearing the end of their
oxidation life cycle and remediation should focus on treating the oxidation products
already produced.

Future work on reactive barriers of this tvpe should tocus on two topics: reactivity
and physical flow. The Nickel Rim barrier performance is ultimately limited by the rate
of sulfate reduction. It is likely that this is a function of the organic carbon reactivity. It
is postulated that a change in organic carbon lability produces the decline in organic
carbon reuctivity. Establishing the relationship between organic carbon reactivity and
barrier performance is necessary so that other possible tiuctors such has trace nutrients or
other unidentified phyiochemical factors can be discounted. Additional work should also

be pertormed on increasing the reactivity of the reactive mixture.
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The nature of flow through the barrier also impacts barrier performance. In the
Nickel Rim barrier preterential flow through the central portion of the barrier resulted in
decreased overall bamter performance. Understanding the scale and cause of the
preferential flow is essential to eliminating this problem in the future. In addition. the
relationship between faster flow paths and higher concentrations within the barrier to
sampling bias within the barrier. Understanding the nature and cause of this sampling
bias would assist in developing effective sampling protocols for assessing barrier

performance.





