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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 Nickd Rim mine site. near Sudbury. 
Ontario. The reactive barrier (3.6 m x 15 m x ➔ m) contains organic compose to promote 
bacterially mediated sulfate reduction and subsequent metal sulfide precipitation. 
Dramatic changes in concentrations of SO.1 (decrease of 2000-3000 mg/LI. Fe (decrease 
of 270-1300 mg/Ll. tmce metals (e.g .. Ni decreases 30 mg/Ll and alkalinity (increase of 
800-2700 mg/U are observed. Populations of sulfate reducing bacteria. dissolved sulfide 
concentrations. and isotope .1.1S are elevated compared to the up-gradient aquifer. Solid 
phase analysis of the reactive mixturt! indicates the accumulation of Fe mono-sulfide 
precipitates. 

The ovt!rall race of SO.1 and Fe removal declines with timt! from initial rates of 58 
and 38 mmol L- 1 a· 1 respectively. to ➔o and 18 mmol L· 1 a·i respectively. 38 months after 
installation. likely due to declining organic carbon reactivity. Heterogeneous flow. and 
resulting variation in residt!nce times. pro<luct!s spatially variable treatment and decreases 
barrit!r performance. The SO.1 reduction rate varies st!asonally by a factor of 2 which is 
attributed co seasonal shifts in groundwater temperature (3-16 °C): an effective activation 
l!nergy of£,,= IO kcal mor I can account for this ch~mge. 

Enumeration of bacterial populations in the Nickd Rim groundwater tlow system 
indicate t!levated populations of iron and sulfur oxidizing bactt!ria are restricted to zones 
of groundwater recharge and discharge. Sulfur oxidizers are highest in the tailings ( 1.27 
x 103 MPN/g) wht!re sulfide minerals are exposed co oxygt!n and iron oxidizt!rs arc 
highest (9.56 x I 05 MPN/g) wht!re effluent discharges co the surface. Comparatively low 
populations of oxidizing bacteria in the tailings reflect low ratt!s of sulfide oxidation due 
co the high water content in the zone of active oxidation. An observed positive 
correlation between populations of sulfate rt!ducing bactt!ri.1 and sulfur oxidizing bacteria 
suggests i nterdependt!ncy. 

Numerical tlow modeling ~hows that heterogent!ities in hydraulic conductivity 
within the aquifer will strongly afft!ct thin barrier performance. while thickt!r barrier 
perfonnance will be more strongly affected by variation in barrier hydraulic conductivity. 
More unifonn tlow can be anained utilizing thicker. homogeneous barriers. 
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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 environment~1l problem 

with estimated costs of treatment in the I ff s of billions of dollars. The oxidation of 

residual sulfide minerals in mines and mine waste can produce acidic waters containing 

high conct!ntrations of sulfate. Ft!t II) and trJce metals ( Figure I). This t!ftluent often 

t!nters underlying and adjacent aquifers where buffering by minerJI Jissolution raises the 

pH to ➔-7 ( Morin and Cherry. I 988). However. on discharge to the surfact!. the oxidation 

of Fet II) to Ft!( Ill) and the precipitation of ferric oxyhydroxides re-generates acidic 

conditions (pH < 3 ). mobilizing toxic trace metals and adversely impacting the surface 

water t!cosystem. Discharge from mines and mine waste can continue for decades. even 

centuries (D11bro1·sky er al .. 1985). Treatment of this effluent is extremely difficult due to 

the high dissolved metal concentrations and low pH conditions. 

Current methods for the prevention and tre~1tment of acid mine Jrainage include 

preventing the infiltration of meteoric water. preventing the oxidation of sulfides and 

creating the acidic water discharge (Blowes er al .. /99..J). Recognition of the significance 

and causes of acidic dminage 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 

transpon of reaction products. There is often a time delay of tens of years between the 

oxidation of the sulfides within the tailings and the eventual discharge to surface water 
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bodies. Therefore. even at many tailings impoundments with remedial measures 

imposed. discharge of poor quality water will continue for many years ( Bf owes er al.. 

/99-1). Conventional treatment of discharge waters involves precipitation of Fe­

oxyhydroxides 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 permeable reactive baniers to promote bacterially mt!diated sulfate reduction 

and metal sulfide precipitation may provide an dTective. int!xpensive alternative to 

conventional collection and treatment programs ( Figure I l. 

Sulfide Oxidation 
FeS., + 7120 +HO=> Fe.+ 2S0, + 2H' 

Reactive I 
Barrier 

Iron Oxidation 
Fe··+ 1 /40 + 512H O => Fe(OH l:, + 2H' 

------

Sulfate Reduction 
SO,' + 2CH O => H,S + 2HCO, 

Fe·· + H:S => FeS, + 2H' 

Figure 1.1 S<.'hematic of cle-cuuplecl su/Jitr and iron oxidation associated with acid 
mine drainage and tremmem 11si11g sulfate reclucrion in a penneab/e reac:tfre 
barrier. 
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I.I THESIS OBJECTIVES 

In this thesis I have assessed the use of a full-scale. permeable reactive barrier to 

treat acid mine dr.iinage utilizing bacterially mediated sulfate reduction. The objectives 

of this thesis can be summarized in five broad questions: 

Can a Jitl!-sc:ale reactive barrier promote sulfate reduc:rio11 and meral sulfide 
precipirarim,. and ,rill rhe i11sra/lario11 result in imprcH·ed grou11dH'arer ,11wliry :' 

Wlwr are rhe physical and c:hemic:a/ processes occurring in rhe reacti\'e barrier 
rltar impact grmmdwarer chemistry:' 

Wltar are rite rares of rltese processes. and \\'ltar are rite implicarim1s Jc,r 
reactive barrier perjcmnanc:e :' 

\\'liar is rite disrriburiu11 of bac:rerial popularions as.wciared \\'ith rite ge11erario11 
and rrearmem of acid mine drainage H·irltin rhe aquifer and reacti\'e barrier:' 

Whar is rite impac:r of reacrfre barrier geometry 011 groimdwmer Jlmr in a 
heterogeneous J]oH· field:' 

1.2 THESIS STRUCTURE 

This thesis is presented in a series of chapters. Chapters 2 through 6 have t!~tch 

been written in manuscript fonn for submittal to a peer-reviewed journal. Each chapter is 

wriuen to stand alone. resulting in some repetition of imroductory material. Chapters 2. 3 

and -4- form the core of the thesis while Chapters 5 and 6 pursue relmed 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 genemtion and treatment of acid mine dminage. 
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Chapter 6 presents the results of computer tlow modeling chat illustrate the imponance of 

reactive barrier geometry on reactive barrier perfonnance and provides assistance for 

reactive barrier design and assessment. 
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Chapter 2 

Installation and Initial Results 

2.1 CHAPTER SUMMARY 

The genemtion and release of acidic drainage. cont.unmg high concentrations of 
dissolved metals. from decommissioned mine wastes is an environmental problem of 
international scale. :\ potential solution to many acid drainage problems is the 
installation of permeable re.active barriers into aquifers affected by drainage water 
derived from mine waste materials. :\ penneable reactive barrier was installed in August 
1995 into an aquifer 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 medi.ued sulfate reduction and subsequent metal sulfide 
precipitation. The reactive barrier is installed to an average depth of I 2 feet (3.6 ml and 
is -'-9 feet ( I 5 ml long perpendicu tar to groundwater tlow. The barrier thickness dlow 
path length) is l3 feet ( ➔ ml. Initial results. collected nine months after installation. 
indicate that sulfate reduction and met .. al sulfide pn:cipitation is occurring. Comparing 
water entering the barrier to treated water exiting the harrier: sulfate conct!ntrations 
decrease from 2-'-00--t600 mg/L to 200-3.600 mg/L. Fe concentrations decrease from 
250-l.300 mg/L co 1.0--t0 mg/L. pH increases from 5.8 to 7.0 and alkalinity (as CaCO1l 
increases from 0-50 mg/L co 600-2.000 mg/L. The reactive barrier has dTecti\'dy 
removed the capacity of the groundwater to generate acidity on discharge to the surface. 
Calculations based on comparison to previously run laborawry column t!Xperiments 
indicate that the reactive barrier should remain effective for at least l 5 years. 

6 



Cliapter 2. lnstallation and Initial Results 7 

2.2 INTRODUCTION 

Acidic mecal-rich drainage from mines and mine wastes 1s the largesc 

environmental problem facing the North American mining industry ( F easby. 199 /: 

USDA. /993). On United Staces Forest Service lands there are becween 20.000 and 

50.000 mines generacing acidic drainage ( USDA. /993). In Canada. potential acid 

generating sites from base metal mining tocal over 37.000 acres (Feasby. /991). In the 

Eascern l!nited Staces over 4.000 miles of rivers and streams are adversely impacced by 

acid mine drainage from coal mining 1Klei111na11n. /99/l. In the Wescern Cnited Scaces 

between 5000 and I 0.000 miles of streams are impucted by mecal mining I USDA. I 993). 

Escimaced coses for the stubilization of these sites ure in the billions of dollars ( F easby. 

/99/l. 

Production of acidic Jrninuge results from the oxidation of residual sulfide 

minerals and the subsequent oxidation of dissolved Fe((() 1Boomum and Warson. /97fJ: 

,Vorclsrrom. 1979: Dubro,·sky er al .. /98-1). These reactions can be described as: 

Similar reactions. involving ocher sulfide miner.its. can release dissolved As. CJ. Cu. Ni. 

Pb and Zn. The oxidation of sulfide minerals and che oxidacion of Fe2
• are often de­

coupled in mine tailings impoundments. Sulfide oxidation I Reaction #I) occurs in che 

unsaturated zone of the tailings releasing Fe2
+. SO/. and H'. to the tailings pore water. 

Ac many mine sites infiltrncing precipitation wacer canies these reaction products 

downwards through the tailings and inco underlying aquifers. Mineml phases wichin the 

mine waste material and aquifer sediment can buffer acidity. resulting in the fonnacion of 
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a groundwater plume containing high concentrations of SO./. Fe2
+ and other metals but 

at near-neutral pH 1Mori11 et al .. 1988: 8/vwes. /990: Blowe.\· and Ptacek 199.J). As this 

contaminated groundwater discharges co oxvgenated surface-water bodies. Fe2
+ oxidizes. - - ·-

releasing a second pulse of acidity co the environment < Reaction #2 ). ~ot only are the 

resulting low pH conditions harmful co biota. but these conditions also increase the 

mobility of toxic trace metals such as CJ. Cu. Ni. and Pb. greatly enhancing their 

bioavailabilicy. In many cases the tlux of poor 4ualicy water from tailings impoundments 

will continue for many decades. even centuries (;\,fori11 et al .. /988: Blmres. /990). It 

was the objective of this project co significantly Jecrea~e the toxicity of mine drainage 

effluent by preventing the generation of acidity at Jischarge co the surface by utilizing 

sulfate reduction in a porous reactive barrier. 

Current methods for the prevention and treatment of acid mine drainage include 

preventing the infiltration of meteoric water. preventing the oxidation of sulfides and 

creating the acidic water discharge 1Blmres et al .. /99-JL Recognition of the signifa:ance 

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 tht!st! changes are co 

prevent the oxidation of sulfides and the mobilization and subsequent release and 

cranspon of reaction products. There is oftt!n a time dday of tens of years between the 

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

bodies. Therefore. even at many tailings impoundments with remedial measures 

imposed. discharge of poor quality water will continue for many years <Blowe.\· er al .. 

/994). Conventional treatment of discharge waters involves precipitation of Fe­

oxyhydroxides by addition of lime. This approach can be effective but often involves 

high oper.ning 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 co conventional collection and treatment programs < Bl owes. 1990: 8/owes er 

al .. J 995). This paper describes the design and installation of a full-scale reactive barrier 

for the treatment of acid mine drainage al the inactive Nickel Rim mine tailings 

impoundmenc near. Sudbury. Ontario. 

2.2.1 Su/fare reduction 

Bacterially mediated reduction of sulfate can be expressed as: 

where CH~V represents a generic organic carbon compound. In the presence of soluble 

metals. hydrogen sulfide can react to fonn metal sulfides: 

Elements such as As. Cd. Cu. ;'Iii. Pb and Zn can also react with H~S co fonn ocher sulfide 

minerals. 

This reaction sequence results in decreased concentrations of dissolved SO/. Fe. 

and ocher metals. and .m increase in alkalinity and pH .. -\II of tht!se changes are desirable 

in waters affected by mine drainage. Tunic ( /968) documented namrally occurring 

sulfate reduction in a stream contaminated by acid mine waters. Wakao ( /979) suggested 

that mine wacers could ht! treated using sulfate-reducing bacteria. 

Rt!cently. interest in sulfate reduction has focused on its utility during wetland 

remediation of acid mine drainaue. Wetlands are often desi1med to treat acid mine - -
drainage using processes of adsorption to solids within the wetland and Fe oxidation and 

precipitation <Reaction #'1). Wetlands are also designed to incorporate anaerobic sulfate 

reduction (Reaccions #3--0 <Mc/mire er al.. 1990: Hedin. 1989). The primary method of 
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exploiting sulfate reduction has been co force acidic. metal and sulfate-rich surface water 

into the subsurface of the wetland by an induced hydraulic gradient (1Wd11tire er al .. 

/990: Machemer and Wildema11. /992). Others have attempted co utilize sulfate 

reduction within bioreactors containing a variety of organic materials <Drorak er al .. 

/992: Hammack and Ede11bom. /992: Bechard. /993 and 1995: Eger a11d Wagner. 

/995'1. 

The success of utilizing sulfate reduction for treatment of acidic mine waters has 

been mixed. In many cases sulfate reduction and met.ii sulfide precipitation have resulted 

in improved water quality. However. two factors have hampered this approach. First. 

high acidity can quickly consume any buffering capacity within the reactive organic 

material. resulting in a drop in pH. Acidic conditions limit bacterially mediated sulfate 

reduction (Brock and J,fadigan. /991). decreasing treatment capacity. Second. where 

neutral pH conditions have been maintained. the rcsidencl.! times within tht! reactive 

mixture are often not sufficient to remove the mass of sulfate and metals entering the 

system ( Eger and Wagner. 19951. 

Reacrfre barrier tt!r/1110/ogy 

Blowes < /990) proposed in situ sulfatt! reduction co treat water contaminated with 

mine-related wastes within the saturated zone of tailings or within pem1eabh! reaction 

zones installed into the aquifer down-gr.idient of tailings impoundments. By creating the 

water prior to the oxidation of Fe2
~ < Reaction #l). the gent!ration of additional acidity. 

and accompanying enhanced metal mobility. is prevented. Because contaminated 

groundwater is treated without pumping. the volume of water that is necessary to treat is 

smaller. It is also easier co maintain the reduced geochemical conditions necessary for 

sulfate reduction below the water table within the aquifer. Finally. sulfate reduction is 

optimized at the near-neucr.il pH conditions found in many aquifers. 

We have attempted co 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. \'lechods have been developed for the 

treatment of chromate (8/mres and Ptacek. /992). halogenated organic compounds 

(Gil/ham and O'Hw111esi11. /992 and /99-1). nitrate. (Robenson a11d Cherry. /995). 

phosphate (Baker. /993. Ptacek er al .. /99-1. Baker. /996). and water contaminated by 

mine wastes (8/on·es a11d Pracek. /99-1. 8/mres er al .. /99-1). For the tremment of 

groundwater affected 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 potential utility of this 

remedial method. Waybrant et al.. ( /995) and Waybrant ( /995) tested a variety of carbon 

substrates in both batch and column experiments. Batch experiments identifo:d optimal 

organic carbon substrate materials. Column experiments evaluated the extent and 

duration of wmer treatment under dynamic tlow conditions. lntluent watt!r contained 

elevated concentrntions of S0.1 -=· and dissolved Fe ~md was ~imilar in composition to 

aquifer water at the Nickel Rim mine site. The rl!sults of thl!se experiments indicate 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 I 000 mg/L sulfate after more than 2-i. months. Small­

scale field test cells were installed at the Nickel Rim site in the fall of 1993 and 199➔. 

These test cells continue to induce sulfate reduction and metals removal within the 

aquifer 12 and 2-i. months after installation. indicating that this technology is trJnsfemble 

to a field setting (8/vwes. /995). 
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2.2.J Site description 

The physical and chemical hydrogeology of the site has been well characterized. 

Johnson (1993). Bain et al.. (1995) and Bain (1996) describe the physical hydrogeology 

and aqueous geochemistry of the tailings impoundmenc and associated groun<lwater 

plume. The tailings impoundment is located at the he.id of a small alluvial-tilled valley 

which drains into Moose Lake. approximately 130 m from the tailings dam ( Figures I 

and 2). The tailings are located in a zone of groundwater recharge. Groundwater from the 

tailings follows two tlow paths. Approximately half the water originating from the 

tailings discharges to the surface ac the foot of the Jam and then tlows towards Moose 

Lake as surface water. The remaining groundwater !lows to Moose Lake within the 

alluvial aquifer. The water table throughout the alluvial v.11ley is at or very near ground 

surface. The aquifer is composed of tine-grained. glacio-tluvial quanz-feldspar sand and 

is 3 to 8 meters thick .. Bounded on the sides and at the base by bedrock. the aquifer can 

be thought of as a long. sediment-tilled trough in which groundwater is tlowing. Bain et 

al..< /995) estimated a groundwater vdocity in the aquifer of 15 m/a. 

-------------------- - - - -- - - - -

Figure 2.1 Ma1, view of the Nickel Rim mine sire. locativn of permeable reactive 
barrier installation. location of cross section ,-\-A'. 
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Tailings 

Bedrock 

Figure 2.2 Cross sectimwl profile along rransecr .-\-.-\ • in Figure 2. I shmrs 
groundwater discharging both at rhe J<JOf o( rlie dam and w .'vloose Lake. 

Residual sulfide minerals cont,1ined in the tailings impoundmcnt arc 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 wacer is t!volving as a result of a sequence of acid neutralization reactions 

as miner.tis in the t .. 1ilings and aquifer sediment arc gradually lkplctt!d. These reactions 

rcsuh in a progressive increase in pH along the groundwatl.!r tlow path. This increase in 

pH enhances the attenuation of most metals other than Fe. The resulting plume contains 

high Fe and sulfate concentrations (500 to 2000 mg/L Fe and 1000 to 7000 mg/L sulfate) 

and is slightly acidic (pH ~-6) !Bain. /996). Both Bain ( /995) and Johnson ( /993) 

predict thac poor quality water will continue to discharge from the tailings for ac lease 50 

years. 

2.3 METHODS 

2.J. / Selectio11 of reactfre mare rial 

The material for che porous reactive barrier muse satisfy five criteria: ic muse be 

reactive. permeable. have sufficient longevity. and be readily available and inexpensive. 
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The material muse be sufficiently reactive co reduce sulfate concentr.nions found 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 years. Finally. the material must be readily available and 

affordable with respect co site conditions. 

The selection of org:.mic carbon sourct! matt!rial for chis study was based on 

l:.1boratory experiments conductt!d by Waybrant ( /995). The results of these t!xperimt!nts 

indicate that lt!:.1f compost is an t!tTective material for promoting sulfate reduction. and 

chat mixtures containing a variety of different carbon sourct:s arc most effective. Fresh 

organic carbon sources are superior lO oh.Jer sources because they likely contain a higher 

concentrntion of short-chain. single-carbon-bond aliphatics. the primary substrate of 

sulfate reducing bacteria < Brock and .~ladigan. / 99 IL In addition to an available carbon 

source. sulfate reducing bacteria also require nitrogen. phosphate and other trace 

t!lements for growth < Brock and Madigan. / 99 / ). Based on these considerations. a 

substrnte composed of 4O0c municipal compost. ➔oc:-c leaf compost. and 2oc;.- 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 wt!II 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 effective in long-term column experiments. Wood chips 

were selected because they are readily available. arc a source of fresh carbon and their 

larger size may provide additional longevity. 

The reactive mixture muse maintain a hydr.iulic conductivity that is sufficient to 

accommodate the groundwater tlow in the aquifer. To increase the hydrnulic 

conductivity of the reactive mixture. pea gravel was mixed with the substrate material. 

Constant head permeameter te!\l!\ were conducted to determine an appropriate r.itio of 

pea gr.ivel to organic material. These tests indicate that hydrnulic conductivity of the 
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mixture is very sensitive to the ratio of grnvel to substrate (Table I) and that small 

variations in mixing and packing can have a dramatic impact on hydrnulic 

conductivities. The hydraulic conductivities of 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 frJction. 

To maintain hydraulic conductivity after installation. a ratio of gravel to organics was 

selected that would be essentially gravel supponed ( soc,c gravel and 50C'c organic 

material). 

Table I 

Hydraulic co11d11crfriry of mixrnres ofgrarel u11d reacrfre mare rial 
derenni11ed by co11sumr head penneamerer. 

Prei:cntagl! Hydraulic Conductivity 
Gra,el 11.:m/sci:1 
7W'c- 1.0 
oO<lc 0.5 
55c1c- 0.5 
50C'c- OA 
-+5Cf 0.05 
o+OC'c- 0.0:2 
3()C1£, 0.0005 
.-\4uifer 0.00:2 

To t!valuate the effect of variations in the hydraulic conductivity of the reactive 

material on the tlow regime within the aquifer. groundwater tlow modeling using the two 

dimensional finite element model FLONET was conducted. A'-4uifer pammeters for the 

Nickel Rim aquifer were taken from Bain ( /996). This modeling suggests that if the 

hydmulic conductivity of the reactive barrier is an order of magnitude greater than the 

adjacent aquifer. good tlow distribution within the barrier is achieved (Figure :2). There is 

little change in the flow regime with additional increases in barrier hydrnulic 
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conductivity ( Figure .2). These results are consistent with the observations of Starr and 

Cherry < I 994). 
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Figure 1.3 Results of FLONET modeling showing icleali:.ecl at/ui/er i11 aoss-secrion. Kx 
and K:. = hydraulic: ccmductil'ity in rhe X and Z directions . respecrfre!y. ta J 
Aquifer 1l'ith 110 reac:til'e barrier. /0\rer layer is more penneable than upper 
layer. (bJ Same as (aJ bur irith reactil'e barrier 1rith penneability equiralem to 
lower layer of aquifer. (c:J Same as (bJ bur irirh reac:tfre barrier !OX more 
penneable rhan aquifer. ( d) Same as ( b I bw 1rith small layer if higher 
penneability within reac:ti\'e barrier. 

Channeling of tlow decreases the cont.1ct time between the dissolved 

contaminants and the reactive macerial and decreases the total mass of carbon available. 

potentially leading to reductions in the dfectiveness of the reactive barrier. Simulacions 

suggest that even small layers of higher hydrJulic conductivity material within the barrier 

will result in significant channeling of tlow < Figure .2). To avoid preferential tlow the 

mixture muse 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 unifonn 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 all 

groundwater tlowing within the aquifer would pass through the treatment barrier ( Figure 

I). The reactive barrier was installed by cut and till excavation: as the aquifer material 

was removed to bedrock. the hole was back-tilled with the organic carbon and gravel 

mixture. The resulting structure stretches across thi: alluvial valley and is in direct 

contact with the bedrock on both sidi:s and at the base. Sand till was added at the up and 

down-gmdient sides of the barrier to square off the organic mixture with the sloping 

sides of the trench. These sand Lones help to distribute tlow evenly through the barrier 

and facilitate sampling of the inflow and the outflow. A 12 inch (30 cm1 clay cap was 

applied on top the barrier to minimize oxygen diffusion into. and water flow out of. the 

reactive mixture. The installed reactive mixture is approximately ➔9 tcct ( 15 m I long. 12 

feet (3.6 ml deep and 13 feet( ➔ ml wide (Figure 3). 

2.3.J /11srallmio11 and sampling of moniwring 1l'ells 

Monitoring wells ( 2" ( 5 cml wells and bundle piczometers I were installed in nests 

along a transect roughly paralh!I to groundwater tlow ( Figure ➔ ). establishing monitoring 

points up and down-gradient of. as well as within. the newly installed porous reactive 

barrier. These wells were inscalled using a gasoline powered vibr.uing hammer <Blair. 

198 /: and Dubrovsky. J 986 ). 
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Direction of 
Groundwater flow 

Sand 

Bedrock 

Figure 1.-1 Schematic diagram ofpenneable reacril'e barrier i11srallario11. 
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Samples of groundwater wcrt! collected approximately one month and nine months after 

installation. Water samples were collected from installed wells using a peristaltic pump 

and passed through OA5 µm tilters. Samples for cation analyses were acidified to pH < I 

using 12 N HCI. .-\II samph!s were refrigerated at the field site and stored rcfriger.ued 

until analyzed at the L'niversity of Waterloo or Falconbridge Ltd. Analytical Laboratory. 

Chemical analyses were conducted to determine the conccntr,.uions of Al . .-\s. Ca. Cd. 

Co. Cr. Cu. Fe. K. \'lg. \'In. Ni. Pb. S. Sr. Zn. by Inductively Coupled Plasma Emission 

Spectrometry ([CP) or Atomic Adsorption Spectrometry <AA). and SO-1. NO~. F and Cl. 

by ion chromatography. All dissolved Fe is assumed to be in the Fe , m oxidation state. 

Dissolved organic carbon was analyzed by a Total Organic Carbon method using a 

platinum catalyst and an infmred detector <Standard Methods. 1996). Replicate samples 

were colJected from sever.ii locations. Determinations of pH <ORIONP•• Ross 815600 

Combination Electrode or Accumet r~• Standard 13-620-108 Gel Filled Combination 

Electrode) and Eh <ORIONT~t 96788N Combination Electrode) were made at each 
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piezometer using sealed cells maintained at ground-water tempemcure. The pH electrode 

was calibrated using pH -tO and 7 .0 buffer solutions < traceable to NIST). The 

performance of the Eh electrode was confirmed using prepared Zobell' s solution <Zobell. 

/9-16: Nordstrom. 1977) and Light's solution (Light. /972). Determinations of alkalinity 

were made in tht! field by titration with standardized H~S0-1 using a digital timllor ( Hach 

Instruments Ltd.). 

2.-& RESULTS AND DISCUSSION 

2.-J. / Surface ,rarer recharge 

.-\ cross-st!ctional view of the tlow tidd at the installation site ( Figure ➔) provides 

a physical framt!work for assessing the impact of the reactive barrier on the aquifer. The 

organic material used in the reactive barrier contained high er com:entrations compared 

with the aquifor. The kaching of er from the reactive material resulteJ in the 

development of a distinguishable wne of water one month after installation. This zont! 

contained concentrations of Jissolved er of up to 6000 mg/L. much greater than the 

background concentration in the aquifer. approximately 7 mg/L. In addition to 

groundwater t1owing through the barrier. uncreated surface water recharged the aquifer 

down-gradient of the reactive barrit!r ( Figure 2 ). This recharging surface wmer was 

acidic. with high concentmtions of SO/ and Ft!. Before cntt!ring the aquifer. tht! 

untreated surfact! water tlowed through a pile of compost m,tterial left over from tht! 

reactive barrier inscallation and. therefore. also contained high er concentrations . .-\s a 

result of this recharge. the aquifer down-grndient of the reactive barrier contained two 

merging plumes of er. One plume of treated water tlowing from the barrier. occupied 

the lower ponion of the aquifer and a second plume of untre~ued water. emanating from 

the Cl-rich surface watt!r recharge. occupied the upper ponion of the aquifer ( Figure -0. 

This er profile correlates well with the physical flow field profile. lt indicates chat 
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treated water tlowing from the reactive barrier will occupy only the lower portion of the 

down-gradient aquifer. 

- ----

-..,. 

'~'-
~ -- ~~ -
" . - . ~ --- ...... 

•••• -1 ·.: ~; 
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Figure 2.5 Cmss-sec:rional profiles of reac:rfre barrier and adjoining aquifer. Small 
squares indicate sample loc:ario11s. (a) Schemaric: diagram shmving ::one of 
aquifer rec:efri11g surface water recharge based 011 head profiles and water 
chemistry prior to rea<:tire barrier i11srallatio11 ( From Bain. 1996 ). < b) Profile of 
chloride co11cemratio11s one momh after insrallatimr. (c) Profile of drlvride 
concemrations nine momhs aJier i11stallation. 
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2.-1.2 Gro1111dwarer velvciry 

The er 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 year. 

This value is in good agreement with estimates of groundwater velocities in the aquifer 

prior to installation of the permeable reactive barrier (Bain. /995). The er profile within 

the barrier shows high concentrations along the top and base. suggesting there is some 

preferential flow through the center of the barrier. 

2.-1.J Warer d1emisrrr 

Comparing water entering the barrier to treated water exiting the barrier along 

transect A-A' (Figure I) nine months after installation. sulfate concentrations decrease 

from 2➔00-➔800 mg/L to 200-3.600 mg/L. dissolved Fe conccnm1tions decrease from 

250-1.300 mg/L to 1.0-➔0 mg/L. pH increases from 4-6 to 6.6-7 .0 and alkalinity las 

Caco~) increases from 0-66 mg/L to 690-2.300 mg/L ( Figure 51. To assess the objective 

of preventing the mine effluent from generating .acidity on discharge. the capacity of the 

groundw .. 1ter to generate acidity must be calculated. The acid producing cap .. 1city of the 

water is a function of the concentrJtion of ions that will generme acitlity on discharge. In 

most mine eftluents. Fe. which forms sparingly soluble oxyhydroxitles l Reaction # 2 >. is 

the dominant. acitl-generating ion. In addition to acid protlucing capacity. the ability of 

the water to buffer acidity. the alkalinity. must be known. The tentlency of 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 of acid produced by oxidation of dissolved Fe>: 

Potential Acidity =2(moles/L Fe2
+) - moles/L Alkalinity tas CaCO:d. 

This is called the pocential acidity and is a predictive form of miner.al acidity as 
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defined by Snoeyink and Jenkins ( /980). A positive value indicates a net acid producing 

potemial and a negative value indicates a net acid consumin!! potential. The water 

entering the barrier had net potential acidity of 7 .8 co ➔6 meq/L. while the water exiting 

the barrier had net potential acidity of -16 to --45 meq/L ( Figure 5). 

3u1rore Img1Ll 
~une 19Qo 

;rounawc1er Now cuec~on 

---- --- ------ ----- ... - --------------- - ------ --------------- --- . ------

rcn Img1L) 

:icrenno1 .l.c1a1tv rrnea,Li 

t." . 
' . :. 

Figure 2.6 Cross-sectional dew of reactfre barrier and adjoining aquifer. Small 
squares indicate sample locations. Com:emrations of sulfate and iron in 
gro1111tlwater and calculated .. Poremial Acidity" lline momhs after installation 
are show11. 
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Iron and S0-l removal occurred at a I: I molar ratio. consistent with the 

precipitation of a Fe mono-sulfide ( FeS ). This stoichiometric constraint on the removal 

of Fe and S0-l by sulfide mineral precipitation appeared to limit the removal of S0J. 

Once all of the Fe was removed. approximately half of the S0-l remained. Because Fe 

was the primary acid generating constituent in the contaminated groundwater. a removal 

ratio that results in excess SO.: is preferable to a rmio that results in excess Fe. 

l.-1.-1 Esrimari11g reacril'e barrier lcmge\'ity 

The ultimate success of the porous reactive barrier will be Jetcnnincd 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 tht! rt!moval of Fe. Tht!rt!fore. change in Fe concentration as 

water passes through the barrit!r is a useful measure of the reacti vc barrier cffecti veness. 

It may be assumed that the limiting factor will be the ability of the organic carbon to 

induce sulfate reduction. Previous work suggests that not all of the carbon is "avail:.1ble" 

for sulfate reduction !Eger and \Vag11er. /995). If the total usable carbon for sulfate 

reduction is limited. the thickness of the pennt!able reactive barrier will be proportional 

to its longevity. In addition. the amount of available organic c,trbon may also be a 

function of the amount of time that the sulfate and organic carbon arc in contact. Longer 

residence times may overcome potential kinetic limitations on organic carbon reactivity 

and may increase the fraction of reactive carbon. 

Re:.tctive barrier longevity can be estimated bv comparison with results of 

laboratory column experiments conducted by Waybrant ct al ( /995). In the laboratory 

300-1000 mg/L Fe was removed in a column with a residence time of 15 days and a 

tr.ivel path length of 0.3 m. Assuming a groundwater velocity in the Nickel Rim aquifer 

of 16 meters/year and a barrier thickness of~ 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 times 

longer than the labor.uory columns. Concentrations of Fe entering the reactive barrier are 

200-1000 mg/L. which is similar to concentrations used in the laboratory columns. 

Comparison of Fe concentrJtion. path length. and residence time suggests that an 

estimate of reactive banier longt:vity bast:d on laboratory column longevity 1s 

appropriate. 

ln the laboratory column ( Waybram er al. I 995). a minimum of I OCi of the 

carbon has been consumed by sulfate reduction and metal sulfide precipitation. 

Assuming chm I 0~i- of the carbon in the reactive barrier at Nickel Rim is available. an 

estimate of longevity can be made. The banier contains approximately 1.500.000 moles 

of carbon. Assuming that a minimum of Io~,;. of that carbon (-150.000 moles) is 

available. the minimum amount of Fe chat can be precipicmed as sulfides by that carbon 

is 75.000 moles (based on stoichiometry of Reactions #3 and #➔ l. Given a porosity of 

o.➔. groundwater velocity of 16 m/a. and a cross-sectional area of -is m2
. the tlux of 

water through the barrier is 288 m~/a. With an Fe concentration of 1000 mg/L. the annual 

tlux will be about 5.100 molt!s/yr. This suggests that the reactive banicr will be effective 

for a minimum of 15 years. This estimate neglects potential losses in efficiency due co 

preferential tlow within the barrier. variations in thl! reactive mixtures used or other 

differences due to scaling-up from bench-scale column experiments to field application. 

It is likely that there will be some preferential tlow within the barrier. this will result in 

decreased efficiency and a shorter operating lifetime. Plugging of the banier by 

accumulation of sulfide precipitates is not anticipated. With the reduction of sulfate and 

precipitation of a sulfide mineral phase. there is a corresponding conversion of organic 

material to HCO3• <Reactions #3 and #4). Therefore. the process results in the exchange 

of organic material. with a specific ~'f'JVity of I to 2. for solid phase sulfides which have 

a specific gr.ivity of 3 to 5. Laborntory column studies indicate no change in hydraulic 

conductivity after more than 30 pore volumes< Waybram. /996). 
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The accumulation of sulfides within the saturated reactive barrier provides long 

term mineral stability. The re-oxidation of the sulfides will be limitt!d by tht! availability 

of an t!leccron donor to oxidize the sulfide. Possible oxidizers include 0,. N03-. and Fe3
+. 

Assuming that the hydraulic regime does not undt!rgo significant change and the reactive 

barrier remains below the water table. oxygen concentrations are limited to aqueous 

solubility. Even at saturntion. the product of sulfide oxidation by oxygen would be on the 

order of tens of milligrams per liter. Nitrate is also rarely found in groundwater ac 

concentrations greater than IO mg/L. Ferric iron concentrations are limited by the low 

solubility of iron oxyhydroxides. Signifo.:ant concentrations of ferric iron occur at pH of 

less than 3. pH values less than 3 in ~'Toundwater are rare. even in mine drainage settings 

(8/mres and Ptacek. /99-1). ln addition. all ocher readily oxidizable material (e.g. 

sulfides and organic matter) along the tlow path within the tailings material and a4uifer 

must be oxidized before an electron acceptor would become available to oxidize sulfides 

within the reactive barrier. 

2.-1.5 Cost of i11srallario11 

Materials and installation costs for tht! permeable reactive barrier were 

approximately S30.000.00 (U.S. funds I . ..\pproximatdy half of that cost was m..uerials 

and half was installation. This value does not include costs of monitoring and 

assessment Costs will vary from site to site depending on the physical and chemical 

charncteristics of the contaminated groundwater plume. 

CONCLUSIONS 

Installation of a permeable reactive barrier for prevention of acid mine drainage 

has resulted in dramatic improvement in down-gradient ~'Toundwater quality. Removal of 

>90% of soluble Fe and a greater than ten-fold increase in alkalinity has convened 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 years. 

These results indicate that in sim sulfate reduction is a potentially effective treatment 

strategy for remediation of groundwater plumt!s impacted by drainage from mining 

activities. Monitoring of the water 4uality exiting the barrier will continue for a 

minimum of three y~ars. Studit!s of tht! biogeocht!mical transformations within the 

barrier and the aquifer are underway. 
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Chapter 3 

Barrier Geoche1nistry and Microbiology 

3.1 CHAPTER SUl\11\IARY 

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 dtluenc from mine tailings. Passage of groundwater through 

the barrier results in striking improvement in water quality. Dramatic changes in 

concentrations of SO-1 (decrease of 2000-3000 mg/U. Fl.! (decrease of 270-1300 mg/U. 

trace metals (e.g .. '.'Ii decreases 30 mg/U and alkalinity (increase of 800-2700 mg/Ll are 

observed. Populations of sulfate reducing bacteria are I 0.000 times greater and bacterial 

activitv. as measured bv dehvdrogenase activitv. is 10 times higher within the barrier . . . .... . .... 

compared lO the up-gradient aquifer. Dissolved sulfide concentrations incre~1se by 0.2-

120 mg/L and the isotope i-1s is enriched relative to 
1
~S in the dissolved phase SO-1 ~­

within the barrier. Water chemistry. coupled with geochemical speciation modeling. 

indicates the pore water in the barrier becomes supersaturJted 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 of carbonate. sulfate. and sulfide 

minerals and most of the observed changes in water chemistry in the barrier and down­

gradient aquifer can be attributed. either directly or indirectly. to bacterially-mediated 

sulfate reduction. 

33 
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3.2 INTRODUCTION 

J.2.1 Acid mine drainage 

Discharge of acidic effluent. often containing high rnncentr..itions of toxic tr..ice 

metals. from mines and mine waste is an intractable. worldwide environmental probh!m 

with estimated costs of tre~1cment in the IU's of billions of dollars. The ox1dauon of 

residual sulfide minerals in mines and mine waste 1.:an produce acidic waters containing 

high concentr..itions of sulfate. Fe< II) and trace nKtals. The oxidation of iron sulfide can 

be expressed as: 

2FeS: s, + 70: + 2H:V => ➔SV~ > + 2Fe> + ➔H • 

This eftluent often enters underlying and adjacent a4uifers where buffering by mineral 

dissolution mises the pH to ➔-7 (i\ilori11 anti Cherry. /988). However. on discharge to the 

surface. the oxidation of Fe< m to Fe< Ill) and the precipitation llf ferric oxyhydroxides can 

re-generate acidic conditions ( pH < 3 ): 

➔Fe> +O: + I0H:O ⇒ ➔Fe10HL ,, +sH· 

This generated acidity can mobilize toxic trace metals and adversely impact surface 

wacer ecosystems. Discharge from mint!s and mine waste 1.:an 1.:ontinue for Je1.:ades. even 

centuries < Dubro\'sky er al.. 1985 ). Conventional treacmem by lime neutr..ilizacion 

produces large volumes of metal-rich sludge and often involves long-term operming 

coses. 

J.2.2 Su/fare reducriun 

Sulfate reduction and metal sulfide precipitation have the potential to remediace 

acid mine dr.iinage < \Vakeo er al.. 1979). In nacural settings. sulfate reduction is 

mediated by sulfate reducing bacteria ( SRB ). Sulfate reducing bacteria are 

phylogenetically diverse and utilize a variety of biochemical pathways co reduce sulfate 

by oxidation of organic carbon. Sulfate reducing bacteria utilize shon chain organic 
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carbon compounds or H:! to reduce SO-l and are often dependent on a consortium of 

microorganisms to provide these substrates (Chapelle, /993). A simplified t!Xpression of 

the reduction of sulfate by lactate can be expressed as: 

'!.CH ,CHOHCoo- + 3S0.. > + 2H • => 6HCO, - + 3H ~s 

The reduction of SO-1 and the production of dissolved sulfide species in the presence of 

dissolved metals can result in precipitation of metal sulfide miner..il phases: 

H ,S + Fe> => FeS + 2H. 

Other pocential contaminants. including .-\s. Cd. Cu. Fe. Ni. Ph. 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.. I 996 J. This limitation has hampered .. mempts to 

utilize sulfate reduction to treat acidic surface water associated with mine drainage 

(iWachemer and Wildeman. 1992: O\'0rak er al .. 1992: Bt'cliarcl er al .. /995J. We have 

overcome this obstacle by promoting sulfate reduction within the aquifer. prior to 

increased acidification of the effluent upon Jischarge to the surface. Treatment within 

the aquifer is accomplished using a passive i11 sim pem1eable re:.1ctive barrier composed 

of organic material I Blowe.,· and Ptacek. I 99-1 I. The organic carbon promotes sulfate 

reduction and metal sulfide precipitation as the contaminmed groundwater tlows through 

the structure. 

3.2.J Nickel Rim Reactfre Barrier 

The reactive barrier. containing a mixture of municipal compost ( 20 vol. c,c ). leaf 

mulch (20%). wood chips (9%). gravel (50':'f). and limestone ( l':f). was keyed to 

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 ➔ m thick in the 

direction of tlow. Zones of sand. approximately I 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 trench. help to redistribute tlow. and facilitate 

uniform sampling. A protective clay cap 130 cm) was placed over the barrier to minimize 

oxygen diffusion and tlow of infiltr..iting water into the barrier. The barrier installation is 

described in detail in Benner et al. ( l99i). This barrier is the first full-scale reactive 

barrier in the world designed to treat metals and acid mine drainage using reductive 

processes. The installation provides a unique opportunity to t!valuate. under controlled 

conditions. changes in ~rroundwater geochemistry. Though the barrier is an engint!ered 

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 procl.!sses occurring within the permeable reactive 

barrier and adjoining aquifer. 

J.2.-1 ,Vickel Rim Aquifer 

:\ groundwater plume. containing high com:entrations of SO-1 ( I 000-5000 mg/Ll. Ft: 

!200-2000 mg/Ll. and a pH of ➔ to 6. flows from the inactivt: '.'lickel Rim tailings 

impoundment into an adjoining alluvial aquifer 1Bai11 er ul .. 2000: Jo/111.wm er al .. 1999). 

At the site of the installation. acidic surface water is recharging the aquifer. Figure l<a) 

shows the tlow field for the '.'lickel Rim aquifer prior to the reactive barrier installation 

f Benner er al .. l99i: Bain er al .. 2000). Tht! aquit"t!r rccl.!ives water that has emerl.!d the 

aquifer through the tailings impoundment as well as acidic water infiltrating directly 

from the surface above the aquift!r. This tlow regime results in watt!r entering the barrier 

from two distinct sources. The protective clay cap prevents infiltracion directly into the 

barrier. but acidic surface water continues to enter the aquifer on both the up-~rradient 

and down-gradient sides. Treated water exiting the down-gradient side of the barrier 

occupies only the lower half of the aquifer whereas the upper half of the aquifer contains 

acidic wacer which has not undergone treatment. Groundwater velocity is approximately 

15 m/a <Benner er al .. I 997). 
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Figure J.J Cross-sec:timwl profiles of aquifer and reac:rfre barrier: (a) shows flow 
lines for the Nickel Rim aquifer prior to the imrallaticm of the reac:rfre barrier 
determined by field-co//ec:ted data anti Jlow modeling from Bain ( 2000 ). ( b) 
sample well and core locations i11 aquifer and reac:tii'e barrier. ( c:) locatiun of 
geochemically distinct :ones along groundwater flow path. 
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METHODS 

J.2.5 Water Sampling and Analysis 

Monitoring wells were installed in nests along a trJnsect roughly purallel to groundwater 

flow (Figure I). Samples of ~rroundwater were collected in September 1995. June and 

September 1996. and July 1997 ( I. lJ. 12. and 22 months after installation l. A demi led 

description of well installation. water sampling and tidd and laboratory analysis can be 

found in Benner et al. ( /997). Additional analyses include dissolved organic carbon by 

combustion and infrared detection <Standard J/etlwds. /996). total dissolved sulfide by 

methylene blue method (Standard .Wetlwds. /996) and sulfur isotope determination by 

thermal decomposition of barium sulfi.ltt! and analysis on a mass spectrometer 

l Yanagisawa and Sakai. /983). 

J.2.6 Solid Phase Methods 

Samples were collected using a 5 cm diumeter driven coring device. Cores were 

collected in September 1996 for solid phase and mineralogical analysis and in September 

1997 for bacterial analysis l Figure lb). Cores. collected in aluminum casing. were scaled 

with plastic caps and refrigerated until analyzed. 

The sulfatt! reducing bacteria were grown in a modified Postgate medium C in 20 

ml serum bottles l Postgllte. /98-1). The medium had the following composition in g/L: 

KH:!PO-1, 0.5: NHJCI. 1.0: Na:!SOJ. 4.5: CaCl2•2H:!O, 0.04: \ilgSOJ• 7H2O. 0.06: Na 

lactate (60% ). 2.92: Na acetate. 1.28: yeast extract. 1.0: FeSO.i• 7H:!O. 0.004: Na 

citrate•2H:!O, 0.3: resaurzurin. 0.005 ( pH adjusted to 7 .5 using NaOH). Serum bottles 

containing medium were autoclaved and l g sediment was added to each of five 

replicates. Inoculated samples were sequentially dilutt!d and incubated in an anaerobic 

glove box for 30 days. Positive growth of SRB was indicated by precipitation of Fe­

sulfides. Values are reponed as Most Probable Number ( M PN) determinations 

(Alexander and Blad. /965). Triphenyl tetmzolium chloride is a substmte 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 

detem1ine dehydrogenase activity <DH). five grams of sediment was buffered with 

CaCO3 no a pH >6) and 1.75 mL of 0.5cc 2.3.5-Triphenyl tetrazolium chloride and 

distilled water were added. The samples were incubmed for 24 hours and extracted 

sequentially with two IO ml aliquots of methanol and filtered through Whacman #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 ac 485 µm. The enzyme activity 

assay was preformed in triplicate and averaged. 

Accumulations of mono-sulfides <operationally defined as acid volatile sulfides. 

A VS) and the A VS fraction plus disultides and elemental sulfur < total reduced inorganic 

sulfur. TRS) were determined from core location #2 ( Figure 11 within the organic 

mixture. The AVS and TRS extraction methods are described in detail in Herben t!t al. 

<Herbert er al .. /998). and involve.! the reaction of samples with cold 6M HCI and hoc 

chromous chloride solutions ( Cm/ield er al .. I 9861. respectively. Following reaction the 

evolved H2S is trapped in a Linc acetate solution as ZnS and determined by idiometric 

titration. A field emission scanning eh!ctron microscope employing energy-dispersive X­

ray analysis was used to obtain high-magniticacion images and elemental compositions 

of black accumulations on a sampling tube from within the permeable reacti\'e barrier. 

J.2. 7 Geochemical ,'vlodeling 

The geochemical speciation/mass transfer computer code \-IINTEQA2 Ullism1 er al .. 

/990). adjusted to be consistent with the WATEQ4F database <Ball and .Vordsrrom. 

/99 n. was used to aid in the interpretation of aqueous geochemical data. Input 

pammeters were Al. Ca. Cl. Fe. K. Mg. Mn. Na. Ni. Si. SO,l, 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 miner.ii phases was 
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based on measured concentrations of dissolved sulfide. Most points outside the barrier 

were below level of detection. For these samples the level of detection ( 0.005 mg/U was 

used. 

3.3 RESULTS AND DISCUSSION 

A striking improvt!ment in water quality is observt!li after groundwater entt!rs the 

reactive barrier. Concentrations of almost all measureli dissolved species change (e.g. 

alkalinity increases 800-2700 mg/L. so~ decreases :!000-3000 mg/L. Fe decreases :!70-

1300 mg/L. Ni decreases 30 mg/L: Figures :!.3). These changes indicatt! that significant 

geochemical tr.insformmions are occurring within the barrier. 

Su1fate ,mg:LI 

,ron ,mg:L1 

~ickel 1mg:Li 

' . _ ____, ___________ _ 
-...._.__---------- '"!1erers 

Figure 3.2 Cross-sectional profiles of dissolveci co11stillle11ts J<Jr September I 996: SO,, 
Fe, alkaliniry (as CaC03), and Ni. 
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Figure 3.J Venically ai·eraged co11stiruem c011cemrario11s for each 1rell nest. (a) SO"'. 
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Mn (e) pH and Eh and(/) \'enica/1_\' al'eraged most probable numbers tMPN)for 
sulfate reducing bacteria (SRBJ. and Dehydrogenase en::yme ac:til'ity (DH). 
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J.J. l Four Distinct Zones 

For the purpose of evaluating geochemical. mineralogical and microbiological changes 

auributed to the barrier. the aquifer can be viewed as being comprised of four zones. 

< Figurt! le). Tht! up-gradient aquif1:r < Lip-gradient Zone, contains mine-waste eftluent 

-.v.ner. Thi~ \\'aler lir~l pw,~e~ through the up-graJiem ~anJ till ( SanJ Zunc) anJ then the 

organic carbon mixture <Organic Mixture Zonel. Tremed water tlows into the lower 

ponion of tht! down-gradit!nt aquifer ( Down-Gradient Zont! l. Water chemistry analys1:s 

obtaint!u <luring September 1996 from l!ach venical well nest along the flow path were 

aver.1ged I Figure 3). Although thest! wnes arc chemically distinct. there is some 

variability from well point to well point within each wne I Figure 2). 

J.J.2 Up-Gradiem Zone 

Bain et al. 12LJLJO) Jescribed the aquifer geochemistry prior to the rcacti,·e barrier 

installacion. Geochemical analysis anu modeling in this smdy arc consistent with those 

results. The groundwucer in the L:p-Gradient Zone is charactcriLed by high 

conc1:ntrations of SO .. <2500 to 5200 mg/Ll. Fe 1250 to 1350 mg/Ll. and '.\Ii 10.12 to 30 

mg/Ll. pH between 2.S and 5.9 and < I co 60 mg/L alkalinity !as CaCO~). The 

recharging acidic surface water !occupying the top meter of the up-grauicnt aquifer, 

contains higher concentrations of Al! 130 mg/Ll. Ni <30 mg/LJ.Zn11.0 mg/Ll. Cr <0.3 

mg/Ll and Cu 13.0 mg/Ll and lower pH l<➔ l. 

Sulfate and Ca concentrations appear to be controlled by gypsum precipitation in 

the Up-Gradient Zone ( Figure ➔). The groundwater is near saturated with respect to 

sideritc ( FeCO3) in the lower ponion of the aquifer. and near saturated or supersaturated 

with respect to jarosite ( KFe<SO.1l2<OH)r-,) or Fe(OHh in the upper ponion of the aquiter 

( Bain er al .. 2000 ). 
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Figure J.4 Venica/ly a\'eraged samratio11 indices for selected mineral phases for each 
well nest: (a) gypsum (CaSO.,J. calcite <CaCO_;J, and dolomite rCa1\i/g(CO_d:!) (b) 

siderire (FeC0_1) and rlwdvchrosire (MnCO_iJ (c) gibbsire (Al(OH)_;J. amorphous 
. .\[(OH)3. and amorphous Si02 (d) amorplwus FeS. Note: sulfide .mturarion 
indices muside Organic Mme rial Zone were calculated using le\·el of derecriun 
.m/jide cuncemrariuns. 
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Siderite dissolution has been proposed as a buffer to decreasing pH in this aquifer (Bain 

et al .. 2000). Amorphous Al<OHh probably controls aluminum concentrations. Silica 

concentrations range from 51 to 9 mg/L and appear to be limited at the higher 

concentrations by the solubility of amorphous SiO~. No secondary mineral phase controls 

for Cl. \Ilg. \.'In. Na. and Ni were identified. Other mechanisms such as coprccipitation 

or adsorption/desorption reactions with aquifer solids may limit concentrations of these 

specit!s !Bain et al .. 2000). Within the Cp-Gradient Zone. MP~ for sulfate re<lucing 

bacteria avt!rage 2.3 X 102
. Dehydrogenase activity 1DH) valut!s a\'crage 0.5 nmol hr·' g·' 

, Figure 3 L 

Sand Zone 

. .\s water enters the Sand Zone. \'t!nically a\'eraged alkalinity increases to 150 

mg/L. likely the result of calcite <lissolucion. \illNTEQA2 calculations indicate slightly 

um.lcrsmurJted conditions for calcite , Figun! ➔ l. Water t!ntcring the barrier is at 

equilibrium with gypsum. Calcium. released to the water by calcite dissolution. promotes 

gypsum precipitation. A corre~ponding decrease in SO.! concentrations< to 3200 mg/LJ is 

observed. Calcium concentrations. me~mwhile. remain largely unchanged. Calcite 

dissolution coupled with gypsum precipitation commonly occurs in carbonate aquifers 

receiving acid mine drainage effluent !Bain e1 al .. 2000: .Wori11 and Cherry. /988). 

Calcite dissolution may also produce the observed increase in pH. Though dissol\'ed 

sulfide concentrJtions are low. it is also possible that sulfate 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(OHh. The precipitation of amorphous Al(OHh. driven by the increase in pH. likely 

explains the observed decreased Al concentrations (to <1.0 mg/U 1Smmm and Murgan. 

/981). Within the Sand Zone. trace metal concentrations decrease to below analytical 
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detection limits for Cu (<0.0l mg/U and near detection levels for Zn (0.015 mg/Ll. 

Nickel concentrations decrease to 0.6 mg/L. Geochemical speciation calculations did not 

suggest precipitating mineral phases for these metals. High concentrations of trace 

metals ori2inace from recharnin!! acidic surface water. Declines in concentrations of - ~ ~ 

these species may also be the result of reactions with a4uifer sediment prior to entering 

the Sand Zone. 

3.3.--1 Organic Mixrure Zone 

As groundwater enters the Organic .\-lixture Zone. average concentrations of 

SO/ decrease 7-Vf to s .. m mg/L. while average alkalinity increases l ➔ooc,c to 2300 

mg/L. and s.:• increases 12.000cc to 17 mg/L. Average populations of sulfate rl!ducing 

bacteria (9.1 XI07
) arc 105 times greater and DH 19 nmol hr" 1g" 1

l is 20 times grcatcrchan 

Up-Gradient Zone values I Figure ➔ l. indic.ning an dc\'atcd population of sulfate 

reducing bacteria is present and active within the barrier. Enrichment in qS in the 

remaining aqueous phase SO.: ( 30 11/,w, &_;.:S compared to the up-gradient a4uifor raluc of 

5 
11
/,M, 83.:S l confirms that the observed decreases in SO.: conccntrntions arc due to 

bacterially-mediated sulfatl.! reduction I Chamber and Tr11di11ger. I 979l. The large 

increase in alkalinity can be attributed to production of bicarbonate by sulfatl! rt!ducing 

and fermencative bacteria. 

Elevated sulfide concentrations produce saturated to slightly supersaturated 

conditions for mackinawite ( Fei1 ... "S l and ,amorphous FeS I Figure ➔ l. These phases 

commonly precipitate under sulfate reducing conditions in shallow ground and surface 

water systems (Morse er al .. /987). The results of solid-phase analysis conducted by 

Herbert er al., /998 indic,1te an accumulation of total reduced inorganic sulfur in the 

Carbon Mixture Zone of up to 0.5 we. '1- S. compared with 0.025 we. c1c, S in ··unreacted" 

organic mixture (Figure 5). SEM-EDX analysis of black precipitates that accumulated on 

sampling tubes within the barrier indicate a Fe-S composition with a l: I stoichiometry. 
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while X-ray defraction ( XRD) analysis continned that the precipitates were poorly­

crystalline mackinawite (Fe, , ... ~1S) <Herbert er al .. 1998). The precipitation of these 

sulfide phases provides a sink for dissolved Fe which decreases >85% to an average of 

80 mg/L. MINTEQA2 modeling indicates that the groundwater is near saturJtion with 

respect co siderite 1FeCO3l within the Organic ~ixture Zone. The precipitation of 

siderite may also contribute to the observed decrease in Fe concentrations. 
0 
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Figure J.5 Vertical profiles of "add rolatile .rnljide-AVS" and "total reduced 
(inorganic) .mljicles-TRS" nmcemratio11s for organic material from Core #2. 
September /996. Dashed line indicates TRS ccmcemration in organic material 
prior to i11stallario11 of the barrier. Data taken from Herbert er al.. 1998. 

Decreased SO-1 concemmtions result in a shift from near equilibrium conditions 

for gypsum in the Sand Zone to undersatumted conditions in the Organic Mixture Zone 
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( 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 

( MnCO3). Precipitation of rho<lochrosite. or a kss crystalline precursor. can explain the 

observed decrease in Mn concentrations. Mn may .. 1lso be removed by copn:cipitation 

with FeS or as a discrete manganese sulfi<le phase r ,Worse er al .. 1987 !. The increase in 

pH to an average 6.7 versus 6.2 in the San<l Zone. can be attributed to buffering between 

the carbonate and sulfi<le systems (Boudreau and Canfield. I 99.3). an<l reflects the ability 

of this system to regulate pH con<litions. Silica concentrations increase to an a\'eragc 

value of 27 mg/L ( Figure 3). This increase may be the result of enhanced silicate 

dissolution resulting from bacterial activity on silicate mineral surfaces (Hiebert and 

Bennett. /992) or may reflect increased Si solubility due to organic acid complexation 

lnot accounted for by MINTEQA2 modeling) I Bennett. /99/ J. Both of th«:sc mechanisms 

have been observed in organic-rich b,'foundwater environments. 

Concentrations of Ni decline to <0.1 mg/L within the Organic Mixture Zone. 

MINTEQA2 calculations indic .. 1te slightly supersaturated con<licions for millerice I NiSL 

Though Cu and Zn arc prl.!sent below <letection within the Organic \-lixture Zone. 

geochemical calculations were made using analytical detection values. These 

calculations indicate that the pore water would be supersaturated with respect to the 

sulfide minemls chalcopyrite ( FeCuS~) and sphalerite I ZnS) suggesting a potential for 

these miner.its. or less crystalline precursors. to precipitate. Laboratory studies h,1ve also 

shown effective removal of Ni. Cd. and Zn under sulfate reducing conditions ( \Vaybram 

er al.. 1998). However. mechanisms removing trace metals from che water in natuml 

anoxic sedimentary analogs are not well understood. Depending on geochemical 

conditions. tr.ice metals can adsorb. coprecipitate or fonn discrete sulfide mineml phases 

under sulfate-reducing conditions ( Mac:hemer and \Vildema11. l 992). 
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Barium concentrntions increase from below analytical detection ( < 0.1 mg/Ll in 

the Up-Gradient Zone to OA mg/L within the barrier. Geochemical calculations indicate 

that the water is locally undersaturated with respect to barite. lf present. barite may be 

dissolving within the barrier I Baldi er al.. I 996 i. Boron concentrations also increase 

from below analytical 1.ktection t < 0.1 mg/Ll to 0.6 mg/L. A solid phase source for boron 

within the barrier was not identified. Phosphorous concentrations increase from below 

analytic .. 11 detection 0.1 mg/L in the U p-gradicnt Zone to 5 to 20 mg/L in the Organic 

\fatt:rial Zone. The increase in P can bl! attributed to releasl.! from degradation of organic 

matter under anaerobic conditions t Stumm and Jforgan. I 98 IL 

J.J.5 Dmrn-Gradiem Zeme 

As the plumc of trcatcd water 1.!Xits the pem1cablc reactive barrier into the down­

gradient aquit't!r. water chemistry again changes. Silica concentrations decrease to 13 

mg/L. Depletion of dissol\'ed organic carbon may diminate enhanccd silicate dissolution 

observed in the barrier. The sullide concentrations decrease to an avcrage 0.1-1- mg/L in 

the Down-Gradient Zone. These sulfide concentrntions are much lower toften less than 

the analytical le\·cl of detection I than within the Organic '.Vlixture Zone. 

The absence of measurable sulfide concentrations prcdudes the Jire1..:t 

detenninacion of satur~1tion indicl!s for sulfidc-bl!aring phases. Sulfide spe1..:iation using 

level of dctection values indicates that sulfide mineral phases may be near saturation but 

are less smurated comp.ired to within the barrier. Evidence exists that sulfate reduction is 

occurring in thl! down-gradient aquifer. Black precipitates. similar in appearancl.! co chose 

identified as sulfides within the reactive barrier. were observed on well sampling tubes in 

the Down-Gradient Zone. Dissolved organic carbon t DOC). a potential electron donor 

for sulfate reduction. is elevated in thl! down-grndient aquifer (50 to 200 mg/LI. MPN 

values indicate populations of SRB (avl!r..iging 3 x I05
) are I 03 greater than in the Up­

Gradient Zone (Figure 3). Bacterial activity is also elevated with DH at 7 nmol hr·' g·'. 
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Geochemical modeling indicaces chac chis wacer is supersacuraced wich respect co cakice. 

which is consiscenc with generation of alkalinity by SRB metabolic activity. Precipitation 

of sulfides may be occurring in reduced micro-environments associated wich suspended 

or dissolved organic carbon. The most down-gradient sampling point in Figures 2 and 3 

represents water that passed through the aquifer prior to the reactive barrier installation. 

J.J.6 Venica/ trends within barrier 

Within the Organic Carbon Zone. aqueous phase com:encrations cxhibit trends 

suggesting a greater degree of sulfate reduction at the top and bonom. compared to the 

middle. of the barrier. Concentrations of SO.1 are !!enerallv hi2her I> 1500 m1!/Ll within .... . ..... .... 

the middle half than at the top and bottom I< 500 mg/Ll I Figure 2 ). Iron shows a similar 

trend with values in the center >50 mg/Land generally <50 mg/Lat the top and bonom. 

Conversely. alkalinity is generally < 1250 mg/L in the central part of the barrier and 

>1250 mg/Lat the top and bottom !Figure 2L Input water within the up-gradient Sand 

Zone does not exhibic these trends. suggesting they are the products of processes within 

the barrier. 

Vertical scracification is likely causc:d by higher rates of tlow through the middlc: 

portion of the organic mixture Lone. Slower tlow rates along the top and bonom of the 

barrier will result in longer rcsidcm:e 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.1 removed from a given pore volume. 

However. the higher tlow rmes through this zone may still produce higher rates of sulfide 

accumulation compared with slower zones above and below. Vertical profiles exhibiting 

higher accumulacions of solid phase sulfides within the middle portion of the barrier are 

consistent with this conclusion ( Figure 5). ~lost Probable Numbers for SRB and 

bacterial activity values do not t!Xhibit obvious. clearly definable. trends within the 

reactive barrier. However. bacterial activitv. as measured bv dehvdro2enase activicv. and . . . ..... . 
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MPN values for SRB do suggest slightly higher bacterial populations are present in the 

middle of the barrier. These trends arc consistent with trends in aqueous phase 

concentrations. 

The penneable reactive barrier appears to be quite effective at maintaining Eh 

and pH i:onditions that support bacterially-mediated sulfate reduction I Hao er al .. 1996: 

Com1t!ll and Parrick. 1968). The major changes in water chemistry and bacterial 

populations as groundwater passes through the barrier and the accumulation of solid 

phase sulfides within the barrier indicate that sulfate reduction and met.ti sulfide 

precipitation arc the dominant mechanisms producing improved water quality. '.'!early all 

observed cham.!es in !.!roundwatcr chemistrv can be anributed. Jirectlv or indirectlv. to - - .. . .. 

these processes. Groundwater toxicity has been lowered in three significant ways: the 

addition of alkalinity. the dimination of acid generating potential. and the removal of 

trace metals. In addition. the precipitation of carbon.tlt! minerals within an<l Jown­

gradient of the barrier resulcs in the accumulation of solid-phase buffering capacity 

against the future intlux of acidic groun<lwater. Lack of oxidizing agents within the 

groundwater. coupled with low mineral solubility. renders the accumulating su!lide 

phases within the barrier quite stable. 

There is enough carbon within the barrier to treat the groundv.-ater for 1 0O's of 

years. however. it is likely that only a fraction of tht! organic carbon is sufficiently 

reactive to promote rapid reduction of sulfate. Calculations. based on the long-tenn 

perfonnance of column studies. indicate that the reactive barrier has a theoretical 

treatment lifetime of > 15 ye.trs I Be1111er er al .. I 997). However. direct transfer of these 

results from the labomtory neglects the pocential complexitit:s that exist in a field setting. 

Factors that may limit barrier perfonnance in the field include preferential tlow or 

preferential muss tlux. and low temperatures inhibiting bacterial activity. The long-tenn 

treatment capacity for the Nickel Rim reactive barrier will be detennined by continued 

monitoring. 
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Chapter4 

Rates of Reactions and Treatment 

,ti CHAPTER SU~ll\lAR\' 

A full-scale reactive barrier. utilizing bacterially mcdiaced sulfate reduction to promote 
metal sulfide precipitation and alkalinity generation. was installed in August 1995. 
~lonitoring of groundwater chemistry up-gradient and down-grndient of and within the 
reactive barrier over a three-year period allows assessment of long tem1 reactive barrier 
performance. The overall rate of sulfate removal within the barrier declines with time 
from an initial mte of 58 to -W mmol L- 1 a· 1 38 months after installation. Over the same 
time period. the rate of Fe removal dedines from 38 to 18 mmol L 1 a· 1

. The degree of 
sulfatl! reduction and Fe sulfide precipitation within the barrier is both spatially and 
temporally variable. Spacial difforences are primarily the result of different residence 
times. Variations in hydraulic comJuctivity of a factor of thret! within the treatment 
material produce large differences in the degree of SO.i and Fe removal. Temporal 
variations arc likl!ly the result of a decline in organic carbon reactivity over timl!. 
Temperatures in the aquifer tluctuatl! from a low or 2 sJC in the winter to a high of 16 "'C 
in the summer and the rnte of S0.1 reduction in the summer is nearlv two times !!Teater 
than thl! winter race. An cfft:ctivc activation cnernv of E,=10 kcal m~r 1 can acco~nc for 
the temperature induced changes. 

55 



Cl1apter 4. Rates of Reaction and Treatme11t 56 

4.2 INTRODUCTION 

A full-scale permeable reactive bmTier 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 from a tailings impoum.lment. 

chat is characterized by elevated concentrations of Fe< Ill. SO.i and Ni < Bain et al.. 1999). 

The barrier is installed into an alluvium tilkd valley amt abuts underlying bedrock at the 

sides and base. The reactive banier contains organic carbon which promotes sulfate 

reduction and metal sulfide precipit.1tion and increases the alkalinity of the effluent 

( Benner et al.. 1999). Sul face reduction is bacterially mediated and populacions of sulfate 

reducing bacteria are five orders of magnitude higher within the barrier compared co the 

up gradient aquifer ( Benner cc al.. I 999. Benner et al.. 2000). Iron and SO.i are primarily 

removed by precipitation of Fe sulfides i.tnd the mineral phase mackinawicc I FeS) is 

precipitating in the barrier ( Herbert Jr. cc al.. 2000). Rt!mm·al of Fe< II) pre,·ents che 

generation of acidity when the groundwacer discharges co the surface i.md the addition of 

alkalinity increases groundwater buffering capacity. This paper presents results of three 

years of monitoring. ddines races of sulfate and iron removal. and describes the 

performance of the barrier. 

4.3 ~IETHODS 

-+.3. I \Varer Sampling and Analysis. 

Monitoring wells were installed in a network of nests fom1ing six transects. three 

parallel and three perpendicular to groundwmer tlow < Figure I). Samples of groundwater 

were collected bi-annually from November 1995 co October 1998. A Jetaih!d description 

of well installation. water sampling and field and laboratory analysis can be found in 

Benner et al. < 1997). Well nests installed into the aquifer up gradient. within and down 

gradient of the barrier were sampled for anion and cation analysis. The parameters pH. 

Eh. alkalinity and total dissolved sulfide concentration were measured in the field. The 
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geochemical speciation/mass transfer computer code MINTEQA.:! < Allison et al.. 1990). 

adjusted to be consistent with the WA TEQ4F 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-1. Zn. alkalinity and pH. For water collected outside the 

reactive barrier installation. Eh was input from field platinum electrode measurements. 

Within the barrier. Eh was nm specified and measured conccmrations of dissolved 

sulfide were input to calculate sulfide mineral saturation indices. All dissolved iron was 

assumed to be in the Fe ( II) oxidation state. 
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Figure 4.J ,Hap l'iew of .Vil.'kel Rim reacril'e barrier i11stallarion shmring mine railings 

impmmdmem. groundwater Jlo\\' path. and locmions of reac:tire barrier and 
mo11iwri11g well rransec:rs. 

-+.J.2 Bac:rerial Enumeration 

Sediment cores were collected adjacent to well nests R W.:!9. 30. and 31 ( Figure 

6). Sediment was analyzed for 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 (Ltdd. 1978). A detailed 

description of these methods can be found in Benner et al. ( 1999). 
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-1.3.3 Gruunclwater F/011· ,Wocleling 

The two-dimensional finite element model FLOTRANS (Guiguer er al .. /99-J) 

was used to conduct simulations of tlow and conservative chloride transport along a 30 

m transect parallel to tlow passing through the rt!acti ve barrier. A uni fom1 grid of I 00 by 

100 nodes was used to represent a 30 by 3.5 m domain. The left and right boundaries 

wen;! assigned specified head so that a gradient of 0.016 was established with tlow from 

left to right < Figure 2 l. The top and bottom of the domain were assigned no llow 

boundaries with the exception of the top boundary. down gradient from the banier. 

which was assigned as specified tlux to retkct surface water recharge to the aquifer in 

this region. Tram,port boundary and initial conditions were assigned to rdkct low 

backb,rround Cl concentrations in the aquifer. high initial Cl concentrations in the banier 

and devateJ Cl concentrations in the surfacc recharge water dovm gradient of the banicr. 

The initial hydraulic conductivity field was consistent \Vith previous tlow modeling of 

Bain et al. ( 1999). 

-t-& RESULTS AND DISCt:SSION 

-1.-1. I Physical Flmr rhrough rhe Barrier 

Field measurt!d water levels indicate that tlow is perpendicular to the banier installation 

and generally parallel to Tr.insect A-:\' 1 Figure I l. The hydraulic brradient .. 1cross the 

barrier (0.016) is slightly lower than the .. 1vcragc gradient for the adjacent aquifer (0.02) 

indicating that the average hydrnulic conductivity of the barrier is greater than that of the 

aquifer. Direct measurement of hydraulic parameters within the banier has proven 

difficult. 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 of soluble Cl contained in the installed 

compost material provide an in siw trncer and yield information about the nature of 

groundwater tlow through the banier. The Cl data indicate that tlow through the barrier 
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is heterogeneous. with higher tlow velocities through the cemml ponion of the barrier 

(Figure 3). 
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Figure 4.2. Flow a11cl rra11spo11 mocleli11g bo1111clary <111d initial co11clirio11s. 

Two <limensional flow and conservative tr.inspon modeling was conducted along 

Tr.insect A-A'. The tlow solution was calibrated based on changes in Cl concentrations 

with time and constrained by field-measured hydrnulic gradients and aquifer tlow 

parJmeters determined by Bain et al. ( 1999). Model c.tlibrmion was achieved by 

adjustment of the hydmulic conductivity field. Calibration was conducted iteratively 

with the determination of mtcs of treatment within the barrier. This process provides a 
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consistent model of physical tlow and chemical reaction races within che barrier but the 

flow solution should not be considered independent nor unique t Figure -1-). 
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The tlow modeling and field data indicate an average groundwater velocity for 

the aquifer of 16 m a·'. With a barrier thickness of ..i m. the average residence time 

within the barrier is approximately 90 Jays. Groundwater passes through the middle of 

the barrier at velocities approximately three times faster (residence time ::: 60 days) 

compared to water at the top and base ( residence time=== 165 Jaysl. 

Concentrmions of Cl with time for the I 2 sampling points also illustrate spatial 

variation in groundwater tlow rates l Figure 51. .-\ftcr 280 days dune 96 sample dace,. Cl 

concentrations at all sampling points arc less than 0.5 of the initial concentration (===3:! 

mmol L" 1
). However. Cl concenmuions at many points within the barrier remain devated 

after the first pore rnlume has exitt!d tht! barrier and Cl concentrations at some points 

remain de\'ated for > I 000 Jays (IO pore volumes L This residual tailing in Cl 

concentrations suggests the diffusive release of Cl from aggregates of low K material 

(Gillham et al.. 198-0. The reactive mixture in the barrier is composed of a 1:1 (by 

volume l mixture of pea gravel and wmpm,t ( Benner et al .. 1997 l. The organic material is 

composed of partially degraded leafy mmerial and wood chunks of 0.5 - 3 cm diameter. 

Small varimions in tht! gravel to compost ratio can produce a large hydraulic 

conductivity contrast: a change of 5cr in the fraction of gra\'el can produce an order of 

magnitude change in hydraulic condm:tivity l Benner l.!t al.. 1997). 

At the scale of tht! observed vertical stratification in the barrier. there is a positive 

correlation between zones of low hydraulic conductivity ( Kl and lower concentrJtions of 

S0-1 and Fe and higher alkalinity valucs. It is likely that spatial varimion in water 

chemistry also occurs on a smaller scale within the barrier. Although the contribution of 

water from these small. low K zones to the tlux 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 sampling 

will be different from that based on a tlux-averaged sample ( Parker et al.. 1984 ). A 
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volume-averaged sample from within the barrier will have lower concemracions of SO-1 

and Fe and higher alkalinity than a flux-averaged sample. 
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cmrditicms and a groundwater \"eiodty of /6 m t( 1

. Each plor is labeled with the 
approximate depth be/on· swface. 
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Cross-sectional profiles of SO.i. Fe and alkalinity concentrntions indicate that the 

difference in flow rntes along Transect A-A' has a disccmable impact on the degree of 

treatment (Figures 6. 7. and 8). Within the wne of higher tlow in the central portion of 

the barrier. concentrations of SO.i and Fe are higher and alkalinity is lower. reflecting 

lower rates of removal and alkalinity generation. Lt!ss SO.i and Fe removal for a given 

pore volume can be auributed to shorter resi<lencl.! times an<l consequently less SO.i 

re<luction for each pore volume passing through the central portion of the barril!r. 

Sulfate Concentrations 
(m mol/L) 

.une • 996 

Septtmctr 1996 

->-10 
-30 . .ic 

"] 20·30 
--·0·2'J 

<'O 

Jctc0er '.998 

Figure 4.6 Cross-sectional profiles along Transect A t Figure I) of SO-1 cmzcemrariuns 
through the reac:rive barrier for each sampling period. 
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Iron Concentrations 
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Figure 4.7 Cruss-sec:ticmal profiles along Transect.-\ ( Figure I J of Fe co11c:emrari011s 
rhroug/r tire reactive barrier fur each sampling period. 
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Alkalinity Concentrations 
(m mol/L Ca CO J) 
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-22-32 
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Figure 4.8 Cross-secriona/ ,,rojiles along Transecr .--\ 1 Figure I I o( ,1/kaliniry rn/ues 
rhrough rhe reacril'e barria Jew each sampling period. 

-IA.2 Sparial Hererogeneiries 

Profiles along Transect ...\-...\' :-.how SO.: concentrations decrease by I 0-15 mmol L. 

1
. Ft! decrease by 5-10 mmol L· 1 and alkalinity (as Caco~i increase by 5-15 mmol L· 1 as 

groundwater passes through the reactive barrier I Figures 6. 7. and 8). Sulfate! 

concentrations up-gradient of the barrier rangt! from >50 mmol L· 1 to <10 mmol L· 1 with 

the highest concemrntions in the upper ~ m of the profile. Within the barrier. 

concentrations of SO.: decline at many locations to< 10 mmol L· 1
. Higher values are 

observed in the faster tlowing. central ponion of the barrier. On the down gradient side. 

the distribution of SO.: concentrations is similar co within the barrier. with the highest 
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values near the central pan of the profile. Down gradient SO-l concentrations are lower 

than the up gradient values but. surprisingly. are elevated compared to those values 

within the barrier. 

Iron concentrations are similar to those for SO-1: concentrations decline as 

groundwater enters the barrier. with greater decreases in the top and bottom of the barrier 

where groundwater tlows more slowly ( Figure 7 ). Conct:ntrations of Fe arc also gi:nerally 

higher on the down-gr..idient side compared to within the barrier. The Fe profiles more 

dearly show a decline in Fe removal with time. During the first year after installation. Fe 

concentrations at most points within the barrier are < I mmol L·' but by October 1998. 

Fe concentrations at most points in the barrier are > 5 mmol L 1. 

Alkalinity concentrations are low up gra<lient and increase as groundwater passes 

through the barrier t Figure 8). There is an inverse correlation with SO-1 and Fe within the 

barrier: areas where tlow ratt:s arc slow and concentrntions of SO-1 and Fe are low. 

alk.tlinity concentrations are high L:!0 to ➔5 mmol L·'L 

-+.-+.3 Comparing Transects Parallel to Flow 

Figures 9 and IO compare profiles of SO-1 and Fe concentrations along the 

'purallel to tlow· transects A. F an<l E for \ilay and October 1998. Profiles along Transect 

F-F show high input concentrations in the center of the aquifer an<l corresponding 

dcvatcd concentrations through the central ponion of the barrier. Transect E-E' exhibits 

the highest input com.:entr..itions of SO-l and Fe of the three transects. Along Tr.insect E. 

the highest values within the barrier are foun<l at the top and bottom. the inverse of 

Tr.insect A. These profiles suggest that the venical distribution of areas of high 

groundwater tlow mtes is variable. 
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SO. concentrations (m m ol/L) 

May 1998 

->-10 
-30--10 
7T7 20-30 

_ '. 10·20 

67 

Jctober 1998 

Figure -1.9 Cross-sectional profiles along transects F. .-\. and E. 11arallel to 
groundwater flow. of SO-' co11ce11tratio11s j,Jr the .Way and October /998 
sampling periods. 

Fe concentrations (mmol/L) 

'Aay 1998 

: :> ,: : \'.-!~. _ ..... • •.'..,. S<.."i":8 'll'C',Pr:1 .t";"ff .. 

'-,~~ 

Jc:acer '998 

s .. •·J~a ·,:: .... ~~• ::""■ 

·---..._ -­,.._....~ 

Figure -I.JO Cross-sectional profiles along transects F. .-\. and E parallel to 

groundwater Jlow. of Fe c:011cemrari011s for the May and October 1998 sampling 
periods. 
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ln profiles A and F. tlow appears to be faster through the central ponion of the barrier 

while in Transect E. lower Fe and SO-l concemracions suggest slower tlow races and 

longer residence times in the center of the barrier. 

~.-/..~ Profiles Perpendicular ro Flow 

Cross-sectional profiles taken perpendicular to !low ! Figures I I and 12 l show 

SO-l and Fe conct!ntracions along transects up gradient !Transect Bl. within !Transect Cl 

and down h'fa<lient !Transect D l of the barrier. These protilcs exhibit the spatial trends 

t:vidt!nt in cht: transects parallel co the !low and also show the high degrct: of ct:mporal 

variation for values at individual well points between s.tmpling pt:riods. 

SO. Concentrations (mmol/L) 

May 1998 

Transect C (barrier) 

E A F 

October, 998 

Transect C (barrier) 

E A F 

Figure 4.1 l Cross-sec:timwl profiles along transects B. C. and D. pe171e11clic:11/ar ro 
groundwater J1ow. of SO"' c:oncenrrarimzs for the ,Way a11d October /998 
sampling periods. Flow direction is ow of tlze page. 
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By subtr.icting concentrations on Transect C from values along Transect B. che amount 

of S0-l removed along che three transects parallel co flow (Transects A. E. and Fl can be 

compared. The aver..ige removal for all points for the May and October data is 17 mmol 

L· 1 SO-l and 9.1 mmol L· 1 Fe. The venically averaged amount removed along the 

centerline transect (Transect Al is 12 mmol L·' S0-1. and 6 mmol L·' Fe. This comparison 

indicates that. although Transect A is generally representmivc of changes through the 

barrier. this transect may underestimace. by about 1/3. the overall barrier performance. 

Darn collection over the lifetime of che barrier was primarily along Transect :-\ ~md Jara 

from chis transect will be used co assess changes in che barrier wich time. 

Fe Concentrations (mmol/L) 

May 1998 October 1 998 

Transect C (barnen Transect C (barnen 
----. -~ --- - - ----·---· - - - • • . • - --• 

-· -: -·. -: 

Bedrock 

Transect D (down gradient) 

E A F E A F 

Figure -1.12 Cross-sectional profiles along rransecrs B. C. and D perpendicular w 
groundwater flow. of Fe c:011cemrarions for rhe Jtlay and October 1998 sampling 
periods. Flow direcrio11 is mu of the page. 
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-1.-1.5 Lower Values in Barrier 

Profiles perpendicular to flow wichin amt down gradient of the barrier show that 

the concentrations of SO.i and Fe are often lower in sampling wells wichin che barrit!r 

compared to those down gradient. Groundwmcr bypassing treatment by llowing around 

the barrier could explain this trend. Flow bypassing the barrier is unlikely: the hydraulic 

gr..idient aaoss the barrier is lower than the adjacent aquifer. indicating that there is no 

hydraulic force driving water around the barrier. In addition. some of the hight!r Fe and 

SO.i concentrations on the Jown-gradicnt side of tht! barrit!r arc often found in sampling 

wells in the middle of the profile. and arc nut limited to the sides where bypassed water 

would reenter the down-gradient s .. md LOne. Finally. conccntracions of SO.i. Fe and 

alkalinity in down gradient well nests always reflect some dt!gree of tremmcnt: if a large 

fraction of untrt!accd water was bypassing the barrier. some wells would likely exhibit 

concentrations retkctivc of no treatment. 

An alcemative explanmion for higher Fe and SO.i values on the down gradient 

side of the barrier is heterogeneous flow. Because slower moving water in the barrier has 

undergont! a greaccr dt!gree of sulfate rl.!duction. any bias in sampling towards a volume­

average vt!rse a flux-avt!rage will produce lowt!r concentrations of SO.i. Fe and higher 

alkalinity. le is likely that water samples wichin the barrier rctlect a volume-average bi.is 

and sampling from within the barrier underestimates the dissolved mass flux of SO.i and 

Fe through the barrier. In the down gradient. non-reactive zone. no correlation between 

hydr..iulic conductivity and water chemistry exiscs and volume biased sampling will noc 

result in a shift in water chemistry. Therefore. the profile in the down-gradient sand zone 

is likelv a better estimate of averal!e mass fluxes throu2h the b.1rrier. • - -
-1.-1.6 Reactivity 1·s. Reside11c:e Time 

Variations in the amount of SO.i and Fe removed along different tlow paths 

through the barrier may also be caused by variations in reaccivity. Because the primary 
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reaction. sulfate reduction. is bacterially mediated. profiles of bacterial populations and 

bacterial activity provide a measure of reactivity within the barrier. The <lehydrogenase 

assay ( DH) can be correlated to overall bacterial respiration. giving an indication of 

bacterial activity. Figure 13 shows vertical pruliles uf sulfate reducing bacterial 

populations (SRBl and dehydrogenace activity for sediment rnres within the barrier 

taken adjacent to well nests R W"!.9. 30 and 31. 
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Figure 4.13 Verric:al prc~fi/es of populmions of sulfate reducing bacteria ( SRB J and 
overall bC1cterial ac:til'ity as measured by dehydrogenase actfrity I DH) Jc1r cores 
taken adjac:e/11 ro \\'ell nests R\V29. RWJO. and RWJI. 

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 cencr.il portion of the barrier where water is moving more rapidly and SOJ 
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and Fe concentrations are highest. These limiced daca suggest chac the bacterial 

populations may be responding to. and not controlling. observed vertical variations in 

water chemistry. Although spacial variations in reaccivity cannot be discounted. che 

available daca suggests thm the observed differences in Fe and SO.i concentrations with 

depth in the barril!r are primarily thl! product of variations in residencl! cimc. 
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Figure 4.14 \lenic:a/ly al'eraged rrends in co11ce111rario11s of SO"'. Fe. J<>r all sampling 
period. and .mljide c:011c:emrario11s and rhe samrarion index J<>r rhe mineral 
phase mackinawire for Seprember 1996. 
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-1..1. 7 Hvri:omal Trends 

Venically averaged i.:oncentr.ltions along Transect A show horizontal crends in 

SO-1 or Fe for each sampling date I Figure I -i ) . .-\ verage input i.:onccntmtions of SO-1 range 

from 2-l co 36 mmol L- 1 and average output ranges from 12 co 26 mmol L- 1
. Profiles 

exhibit similar crends wich each sampling period. The rate of SO-1 removal based on these 

venically averaged values is highest at the front of the barrit!r. Sulfatt! concentrations 

declint! by almost 20 mmol L- 1 betwcl.!n the input well nest l RW23 l and the middle Wt!ll 

nt!st 1RW30). but t!Xhibit almost no decline from the middle to the Jown-gradient well 

nest 1RW3 l ). Sulfate concentrations in the down-gradient sand zont! tend to be devated 

compared with those found within the barrier. likely the proJuct of variable !low rates 

and subsequent volume biased sampling Jescribcd previously. 

The decline in the rate of sulfate removal with decreasing SO-1 concentration 

suggests that the rate is a function of SO-1 concentration. However. the rate of bacterially 

mediated sulfate reduction. as measured in marine sediments. is indcpemient of sulfate 

concentrJtion above .1bout 3 mmol L- 1 
I Boudreau anJ Westrich 198-k Roychoudhury and 

Van Cappelh!n. 1998). well below the measured concentrations within and down 

!!r.ldient of che n:activt! barrier. The hetcro2eneous nature of che barrier cm reconcile chis - -
apparent contradiction. 

Assuming that che variations in re~1ctivity Jo not have a major impact on the ratt! 

of sulfate reduction. the rate. throughout the barrier. is expected to bt! unifonn while SO-1 

concentrations remain above 3 mmol L· 1
. lf the rate of tlow were unifonn chrough che 

barrier. then the profile of SO-1 concentration is i:xpected to decline linearly to 3 mmol L- 1 

throughout the barrier. at which point che rate of removal would decline. However. flow 

rntes (and residence times I vary in the barrier with tlow path I Figure 15). The SO-1 

concentrations along the slower tlow path at the base of the barrier cxhibit a generally 

linear decline in concentration until the middle well nest where concentrations drop 

below the 3 mmol L· 1 level. The SO-1 profile shows little decline from that point to the 
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down-gradient side of the barrier. Along the faster. centml section of the barrier. SO.i 

concentmtions decline less steeply and Jo not fall bdow tht! 3 mmol L· 1 value. There is 

no obvious break in ~lope and conct!ntrations of SO.i declint! over tht! entire profile. 

Tht!se more discrett! tlow paths. produce curves that more closely follow tht! Boudreau 

and W t!Strich ( 1984) modi!!. 
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Figure 4.15 Trends in coT1c:emrario11s of SO-1 along s/oll' Jlmr parh ar borrom of rhe 
barrier and fasr Jlmi· parlz in the middle of rlze barrier. 

The distribution of tlow path residence times through the barrier may be complex. 

Howevt!r. a simplified model based on bimodal flow can explain the observed SO.i 

profiles within the barrier. Figure 16 shows the averJge field values for the slow and fast 
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tlow paths. Predicted profiles for fast and slow tlow paths are calculated using a Monod­

style t:quation after Boudreau and Westrich ( 1984); 

sulfme remul'ed = residence rime [k [ [ SO 4 / ]~ 
K, + [ S04 I lj 

where SO.i is in mmol L· 1 k is the rate: constant and the half saturation constant ,K,) 

equals 1.62 mmol L· 1 
< Boudreau and Westrich. I 98-n. In this instance. tht! \fonod 

formulation is empirically used to express tht! beha\'ior of a reaction limited by 

availability of an electron acceptor. This equation allows the rnw of sulfate reduction to 

remain independent of SO.i concentration above the t:xperimentally determined half 

~aturation constant ( K, l. As the SO-l concentration approaches this value. the rate of 

sulfate reduction decreases and ,L-;ymptotically approaches Lero as the SO., concentration 

approaches zero. 
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Figure 4.16 Trends along fasr anci s/on·. and all Jlmr paths areraged for all sampling 
periods and modeled rates of SO.s removal based 011 J'1mwd formulatio11. 
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Along the fast flow path through the center of the barrier and slow flow path at 

the base of the barrier. the residence time and amount of SO-1 remo\'ed is known. 

Therefore it is possible to solve for the rate constant (k ). Data from up and down gr.tdienc 

of the barrier are used to constrain curves for the fast and slow flow paths (Figure 161. 

The calculated rme ,.,:onstant (k) equals 0. 13 mmol L· 1 J· 1
. This rate constant is assumed 

to be a function of the reactivity of the organic carbon. Using the calculated rate constant 

1k). and adjusting the residence time. curves matching SO-1 concl:!ntrations within the 

barrier can be obtained. :\ residence time of 370 days is consistent with these samples 

being biased 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-1 concentracion at all monitoring points is above 

3 mmol L·' ( Figure 11 ). Along slower tlow paths. SO-1 concentrations drop below the 3 

mmol L· 1 level half way through the barrier. Along faster tlow paths. water exits the 

barrier with concentrations of SO-1 above 3 mmol L· 1 
1 Figure 11 l. With greater distance 

through the barrier. the proportion of tlow paths along which the SO-1 concentration 

Jrops below the K, value increases ( Figure I I ). The result of this trend is that thl.! overall 

bulk r.tte of sulfate reduction decreases with dist.incl! into the barrier. t!ven though the 

venically averaged SO-1 concentration remains above 3 mmol L. 1 throughout I Figure t-i). 

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 l ➔ l. 

The r..ue of Fe removal is also !!feater at the front of the barrier I Fi!.!ure 15). 
~ ~ 

Concentmtions of Fe decline most steeply at the front of the barrier. closely following the 

trend in SO-1. A previous study showing greater accumulation of acid volatile sulfides in 

cores taken near well RW23 compared to cores taken at RW30 and RW3 l also indicates 

higher rates of Fe accumulations at the front of the barrier ( Herbert et al.. 2000). Profiles 
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of Fe along fast and slow flow paths exhibil similar profiles lo lhose for SO.i ( Figure 17). 

indicating that Fe removal is closely related to sulfate reduclion. 

7 
! - I 

~ 
Slow Flowtin8A -+- 11195 6 _; 

...I 

SJ 
0 6/96 

a ......- 9196 E s --"} 7197 
4 _; ...,_ 10197 

C 

\ Q 
3~ 

-0 • S..98 

~ 
'~ 

-+ · 10/98 0 I 

E 2 .... ~ . 

~~ 
Ql 

~ 
(.J ' 
c:: 
0 1 -u flow 
Ql o -, d1rec11on 0 -u.. > Reactive Barner 

4 5 6 7 8 9 10 11 12 

20 

,./ ,,.-\ - Fast Flowline -+--11195 
...I 

0 15 -

~

~.-:J·\>\ 
v 6,96 

E ......,_ 9196 

.s --"} 7,97 - -,"~\ d 
...,_ 10197 

§ 10 _; 
--0 • 5,98 

§ 
E '~ #',l 

-+ · 10/98 

Q;) 
"' ~a- ~/4",,,. (.) 5-c:: 
"~- ✓ 0 

<..) flow " -· Q;) direcuon -~ u.. a-
Reactive 

4 5 6 i' 8 9 10 11 12 

Distance (ml 

Figure 4.17 Trends in cm1cemrarions of Fe a/on~ rhe slow jlow par!, ar rhe borrom of 
rhe barrier ancl rhe fast J1mr parh in rile midclle of the barrier. 

-+.-1.8 Comparing Fe and SO-1 remoral rares 

lf the race of Fe sulfide precipitation is more rapid than sulfate reduction. than 

one would not t!xpect elevated sulfide concentrations at the front of the barrier. The 

saturation indices for the precipitating sulfide mineral phase I mackinawite-FeS) would 

also be expected to remain constant across the barrier. However. devated sulfide 

concenm1tions and higher saturation indices for mackinawite are observed at the front of 

the barrier. suggesting that the mte of Fe sulfide precipitation may be limiting ( Figure 
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I~). The laboratory detennined rate of FeS precipimtion of Rickard. 1995 is between 10~ 

and I 0° times greater than Lhc observed rate of sulfate reduction in the barrier suggesting 

that FeS precipitation is transport limited. 

The input r.uio of SO-t to Fe is greater than the removal ratio. and there is 

generally excess SO-t after consumption of all of the Fe 1compare Figures 11 and 12 l. 

Within zones of low tlow. most of the Fe is removed and sulfide concentrmions arc 

elevated. It is likt!ly that the dTective rates of Fe removal are at least partially limited by 

transport of dissolved sulfide from these slow LOnes to adjacent zones of faster tlow 

where Fe concentrations arc higher. Dissolved sulfide concentrations 1and SI values l 

decline by an order of magnitude by Lhe first well nest in Lhc down-gradient aquifer. Only 

limited accumulation of organic sulfides occurs in the barrier I Herbert et al.. 1999). and 

it is likely that most of the sulfide produced is consumed by FeS pre<.:ipitation. These 

observations suggest that. if the apparent rate of Fe sulfide precipitation is slower than 

that of sulfate rcdL•ction within thl.! banier. the difference in rates is small. Therefore. Lhc 

rate of Fe removal by FeS precipitation in the barrier is primarily limited by the rate of 

sulfate reduction. 

-1.-1. 9 A,1ueous Phase Remorn/ Rares 

:\n ovl.!rull rate of sulfate reduction and Fe sulfide precipitation for the banicr was 

calculated based on the ch.mge in concentrations between the vertically averaged up and 

down-gradient well nests along Transect :\-:\'. Figure 1 ~ shows the vertically averaged 

molar concentrmions of SO-t and Fe for well nests up IR W~3) and <lown gradient 

1RW16) of the barrier with time. Although there are large \'ariations over the three years 

of monitoring. profiles of water entering the barrier indicme that average SO.1 

concentrations are =17 mmol L· 1 and Fe concentrations arc =IO mmol L· 1
. Profiles of 

down-gradient concentrJtions with time I RW:!6) show SO-t concentrations increasing 

from< 17 mmol L· 1 to >.23 mmol L 1 and Fe concentrations increasing from< I to about 6 
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mmol L. 1
. The differences bl!tween up- and down-gradient concentrations ( RW:!3 and 

RW26) are plocted as regression linl!s in Figure 18 . 
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Figure 4.18 <a) Venically areraged co11cenrrario11s of S0-1 in rhe well nests RW23 <up 
gradient) and RW26 ( Jmrn gradiem J l'ersus rime. < b J Venica/l_r are raged 
L·onc:enrrarions of Fe in rhe well nesrs R\V2J (up gradiem) and R\V26 1dow11 
gradiemJ \'er.ms rime. (cJ Remu\'Cll of S0-1 and Fe based 011 rhe dijferenc:e 
between R\V2J and RW26 ( up gradiem - dmrn gradiem J rnnc:emrarions \'er.ms 

rime. Error bars rejlec:t ± 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· 1
: left-hand axis I or as a rate (mmol L· 1 a· 1

: right-hand axisl. Race 

calculations are made using the equation: 

..\C 
/'{I((!=--

[ H 

where JC is the change in concentration 1intluent - eftluentl and ru is the residence time 

in Jays. Assuming a residence time of lJO days. the removal rate for SO.! is initially 58 

mmol L. 1 a· 1 and declines to -l0 mmol L 1 a· 1 while the Fe remov .. tl rate is initially 38 

mmol L· 1 a· 1 and declines to 18 mmol L· 1 a· 1
. 

Table I 

Rares of Sand Fe remoral based 011 changes in a411eo11s c:011ce1urario11s 

1 i11}l11elll - e.Jjluelll J and t!.wimmed residence rimes. 

Flow S01 remmcd .. re rcmovi:d •• Rc~iJcn1.:c S01 removal Fi: remmal 
Pach 1 pore volume ' I <pore volume' I time 1days1 race race 

1mmol L' a·, 1 rnmol L' a • I 

.·\Vt!. 13 8 90" 53 32 
Slow I 31 12 /fJV' ii :::7 
Fas1 i 5 7.7 65' :::s .JJ 

' ,11 R<1llt:t' 111 rniut's ha.1t'ti 0111i11Tl1tt'llf • <'ffl11e11111e1111pli11i: 3 1110111lt.1m;:311w111'1.1 Lifter 111.1t<11f<1t11111. 

, h, .·hmmi11i: gm11111"1wt'r 1 ·•/ocin· of I fJ 111 " •. 

: t', 8<1.1l'ti cm i:ro11ntf1nua rt'locitit's ri-11111 rlo11· 11111clt'li11~. 

S:Fe 
removal 

ratio 

1.7: I 
2.6:I 

0.65:1 

Table I shows the amount of SO-1 and Fe removed along the fast tlow pmh. the 

lower slow tlow path. and the aver.ige for the A-A' Tmnsect. As expected. the amount of 

SO-1 and Fe removed is greater along the slow flow path. The ratio of S to Fe removal 

also varies: along the fast flow pach the S to Fe ratio is 0.65: I. while along the slow flow 

pach. che mcio is 1.6: I. This variation in Fe:S ratio suggests that the mechanism of 
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removal varies with the tlow path. Along che slow tlow path. most of chc Fe is removed 

from the groundwater prior to the first well nest within the barrier ( Figure 17 ). In 

contrast approximately 60% of the SO.i removed occurs down gradient of the lirst well 

nest < Figure 15). Along the fast tlow path. the rate of removal of SO.i and Fe is more 

uniform across the barrier. le is likely thm along the slow tlow path. sulfide precipitation 

is limited by low Fe concentrations beyond the first well nesc. but the rate of sulfate 

reduction remains high until the middle of the barrier. resulting in greater removal of SO.i 

compared to Fe. Observed higher concentrations of dissolved sulfide along the slower 

tlow path is consistent with chis conclusion. However. dissolved sulfide concentrations 

are generally < 3 mmol L I throughout che barrier. indicating an additional sink for 

reduced SO.i or dissolved sulfide exists. 

-1.-1.1 V Solid Phase Ac.:cunwlatio11 Rares 

Sequential t:xtractions of sediment cores from the barrier have identified the 

primary solid phase sinks for S and Fe within the barril!r and from this daca rates of S 

and Fe accumulation were calculated< Herbert et al. 2000l. These results indicate that the 

dominant sink for SO.i and Fe is solid phase mono-sulfides (Table m. Ho\l,:ever. other 

solid phase fractions are imponant. Along the slm,: tlow path. approximately 20cc of the 

accumulated solid phase S is as organic S while nearly all the accumulating solid phase 

Fe is found as sulfides. Along the fast tlow path. approximately 15cc of the solid phase S 

accumulated as sulfate and as much as -1-0% of 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.i•lH:!0) and siderite < FeCO3) is approached 

throughout the barrier but the groundwater is more highly saturated with respect to these 

miner.its along the fast tlow path. The precipitation of these mineral phases can account 

for the non-sulfide accumulation of Fe and S along the fast tlow path. 
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Table II 

Rates of Sand Fe remol'lll based 011 solid phase digestions /from Herbert et al .. :!.VOV). 

S Removal Rate tmmol 1:1 a· 11" 

Flow path Sul tides 
., 

Sulfa1e Organ1.: De!!a~sin!!/01her'.' 
t )· 

Slow 21 <I ➔ 
•) 

Fas! 30 6 <I •) 

Fe Removal Rate tmmol 1:1 a·' 1" 

Flow path Sul tide:-/ ~on-sulfides' Other-! 
Slow 18 <I •) 

Fas! 28 I ➔ •) 

Totals t mmol l." 1 a·',• 

Flow path Toca( S fn1al Fe S:Fe ra1io 
Slnw 18 IA:I 
Fas! 36 0.85:1 

,11 Fmm Ht>rht·rr ,,r ,1/. ,200111. he1.1,·tl 011 m·,·ral/t' <1nw1111itw1111:rum31111,ml,s ro 23 momh.1 ,,rra 111.1re1/ltirw11. 
n,,, _ro/11111'1111/ 1"(1(1(1\ ll't'/"(' I/It'd for rare t'(J/1\'t'l'l'ICJII: /111/Tll'I' 11/1/ft'/'ltl/ t'0/11(111\t'ti ,,, -II)<"; ~/'tl\'t'I. :.11cr <'Cl/11(1(1\/. 

a11cl -1ocr ,rarer. 
In £,111t1/.1 and rnlt1fllt' 111/fur ,.-1 I'S 1 + /1\Tlf<' + <'it'menwl 5. 

i t' 1 \ ·111,,,, is row/ 11111n1t1111c 111/riue • e.1r111wrt>cl r1ore ,rmt>r 111/riue. 
: ./J 511/fitle Fe ha.lt'c/ 011 111/ridt> S ,1s.111111111i: I: I. S:Fe rarw ror .·I I'S.:.: I r,11· {J_\"1"1te anti 110 S a.1 dem,·nral S. 

,.,, Tort1/ Ft> - 111/fic/e Fe. 

-1.-1. I I Comparing Solid and Aqueous Phase Rares 

Due to a number of uncertaimies. rigorous comparison of solid and aqueous 

phase r.ites is not appropriate. The solid phase data include accumulations during the 

first 3 months of the installation I when accumulation r.ites were highest) while aqueous 

phase sampling does not. The conversion of solid phase data co a mmol L· 1 a· 1 mte 



C1,apter 4. Rates vf Reactiv11 and Treatment 83 

requires an escimace of che effeccive porosicy. The bulk porosicy is around 0.-t buc che 

nacure of che organic macerial and the tailing observed in the chloride concentrations in 

the barrier ( Figure 5). suggest that the dTective porosity may be significantly less. 

Finally. the calculation of aqueous phase races for the slow and fasc tlow paths is based 

on model-estimated residence limes. 

The ratios of S lO Fe removal/accumulacion along the different tlow paths are not 

limited by these uncc.-:nainties. The ratios of S lO Ft: removal based on the solid and 

aqueous data arc similar for the fasc !low pach wich slightly more Fe removed relative.-: to 

S. Assuming the majority of the sulfides are FeS. the excc.-:ss Fe can be anributt:d to 

siderite precipitation . .-\long the slow tlow path. the ratios of S to Fe removal for both the 

solid and aqueous daca indicate greatc.-:r removal of S relative to Fe. Assuming FeS is the 

primary sulfide. the difference can be panially attributed to the accumulation of organic 

sulfur and elevated sulfide concentrations. However. the aqueous data indicate grt!atcr 

than twice as much S removal compared to Ft!. indicating a sink for S otht:r than those 

measurc.-:d by solid phase analysis. 

It is possiblt! thac Jegassing of H~S can account for the obser\'ed excess SO-! 

removed. Degassing is observed above the barrier. howevc.-:r this gas has not been 

analyzed. Potential gases that may he exsolving include CO2,t:,· CH-!,g,, and H2S,g,­

Dissolved sulfide concentrations indicate that H2S,t:, is well below sacuration within the 

reactive barrier. However. CH-! and CO2 concentrations may approach satumcion and 

H2S can be removed by panitioning into che CO2 or CH.1 bubbles. Therefore. H2S 

degassing may be primarily controlled by CO2 or CH.1 bubble generation. It is unclear if 

this mechanism can account for a significant loss of S. Documented rates of H2S 

degassim! from anificial wetlands treating acid mine drainage bv sulfate reduccion were 
..... - - ..... .. 

decermined to be orders of magnicude smaller than sulfide precipication as a sink for SO.1 

( Machemer et al.. 1993). 
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Solid phase rate data ( Herbert et al.. 1000) suggest a rapid decline in the rate of 

sulfate reduction durim! the first 3 months and a more !.!fadual 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 matter composed of 

fractions of varying reactivity where the most reactive material is consumed first and 

overall reactivity asymptotically approaches zero ( Westrich and Bemer. 198-t Boudreau 

and Rodrick. 1991 l. The timing of aqueous sampling sessions did not record tht! initial 

high r.1te and the data plotted in Figure 18. likely represent later time period of tht! curve 

wht!re reactivity dt!clined more gradually. Extending the trend in sulfate redm:tion into 

the future is speculative. but within the generally accepted models of organic carbon 

reactivity ( Wt!strich and Bemer. 198-k Boudreau and Rodrick. 199 I and rcfl.!rences 

therein). Lht! rate of sulfate reduction is predicted co decrease more gradually with time. 

-1.-1.12 Clu111gi11g Growulwarer Temperarnre 

Groundwater temperatures within the reactive barrier installmion 1.!Xhibit large 

seasonal variations ( Figure 19). Ground surface temperatures range from >25 ~c in the 

summer to < 0 °C in the winter and the groundwater temperature at I m depth varies 

from 2 to I 9 °C. Fluctualions are dampened wilh deplh wilh sl.!asonal changes at the 3.6 

melcr depth of aboUl 7 degrees. The temperJlure gradient invens semi-annually with the 

highest temperamres at the surface during the summer and the highest temperatures at 

the base of the barrier during winter. These shifts in groundwmer temperature are the 

product of two factors. First. the water table at lhe Nickel Rim site is at. or very near. the 

surface so lhere is no unsaturated zone to insulale the groundwater from tlucmating air 

temperamres. Second. surface water infiltrates the aquifer immediately up gradient of the 

barrier. The temperature of the surface water ranges from >25 °C in the summer to 0 °C 

in the winter. 
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No measurable difference in groundwater temperature was detected spatially 

between the up-gr.adient aquifer and the groundwater within the barrier. indicating the 

metabolic processes within the barrier do not affect the groundwater temperature as it 

passes through the barrier. 

30 ..---------------------------, 
Temperature in Barrier 

.5 -+---.....--..---..---..---,,---,,---.---,.-----~-~-~ 

10/1/97 12/1/97 2/1/98 4/1/98 6/1/98 8/1/98 10/1/98 

Date 

Figure 4.19 Recorded temperawre data 1,·irhin the barrier over a 011e year period. 
Curves are shown for ground swfac:e temperature. I. I meter. 2.0 m a11d 3.6 m 
depths. 
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Figure 4.20 ,.\ verage co11centratio11s of SO4 a11d Fe removed and alkalinity aclcled with 
time. Based 011 the RW23 amcemrations - co11cemratio11s of all points (11=12) 
within the barrier. 
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-1.-1.13 Ejjec:t ofTemperamre on Reactions in rhe Barrier 

There are sufficient spatial and temporal variations in SO-1 and Fe concentrations 

in the up gradient and down gradient waters co obscure effects of changing temperature 

on the r.tte of SO-1 and Fe removal within the barrier. However. a plot of average 

concentration of constituents within the barrier! I 2 sampling points l. subtracted from the 

avt!rage up gradient concentration does reveal seasonal cycling ( Figure 20). More SO-1. 

and Ft! has bet!n removed and more alkalinity generated in samples collected in the fall 

compared to spring. These st!asonal tluctumions likely reflect changing rates of 

bactt!rially mediated sulfate reduction induced by higher groundwater temperatures 

during the summer and lower temperatures in the wincer. 

-1.-1. 1-1 Coupling Temperamre 10 rhe Rme of Su/fare Reduction 

The Arrhenius equation relates the t!tTecc of changing temperature on the race of 

reaction. The Arrhenius equation can be expressed as: 

log-·= ·' ---k, E [ I 11 
~ k: 2.303R T: I'; J 

where k1 is the rate constant at tempermurc T1 1 Kelvin I. k: is the r..ue constant at 

temperature T: 1 Kelvin). R 11.987 x to·3 kcal mor' K- 1
) is the gas constant and £,, <kcal 

mor' l is the activation energy of the reaction. Before applying this equation to the rate of 

sulfate reduction in the reactive barrier. the activation energy 1£,,) 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 I Westrich and Berner. 198--': Boudreau and Rodrick. 1991 ). In this 

application of the Arrhenius equation. £" 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 r.ite of sulfate reduction to a change in 

temperature. Previous workers have determined changes in sulfate reduction rate with 
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temper.uure and calculated a range of apparent £., from 5 to 32 kcal mor 1 (Jorgensen. 

1977: Westrich and Bemer. 1988: Sagemann et al.. 1998: and references therein). 

Westrich and Bemer also detennined that the effective E,: increases with the age of the 

onrnnic matter. These studies were conducted on sediment onrnnic matter that is older - -
<and probably less labile) than that used in the reactive barrier. It is likely that the E, for 

sulfott! reduction in the Nickel Rim reactive barrier is on the lower end of this range of 

£.,s. 

Solving for k1 in the Arrhenius equation produces: 

lo!! k, = [ £' (-
1 

- _!_ ·i~ + lo!! k. 
- • 2.303R T. T - -

- t 

Letting k:! equal the effective rate constant of sulfate reduction as express~d by the zero 

order function from Figure 18: 

k. = -0.00491n + 18:!.72 

where t is the date in number of days. T~ equals the average annual temperature at 2 m 

depth (9 '1C). while T 1 is equal to the tempemture function expressing the 2 m depth 

field-measured temperature data ( Figure 21 ): 

r: = 8.9843-5.S[sim 2ur ,u J/ 365 -150.55 l I 
where t is the date expressed as number of days. 

r.-moura1ure runction f->r _,'" Ddotn 

.: ' 'ii ·-· 'ii :··--

Figure 4.21 Temperawre ar 2 m deprh (solid line) and plor of four parameter sine 
Jimc.:tion ( dorred line) for those dara. 
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The only unknown variable is the activiation energy (£.,) term. lf an effective £,, = 25 

kcal mor1 is arbitrarily assumed. the value of k1 can be calculated with time. The 

temperature adjusted rate (k1 l is plotted with time in Figure 22. showing that the rate of 

sulfate removal is predicted to decline sinusoidally with time. 

-0 
(1) 
> 

~ 
(1) -CI:"'." 

...J 
c:: -.g ~ 
~ E 
c::-
(1) 
(.) 
c:: 
0 u 

25 I .,....---------~--------------~ 100 
Predicted Rate of Sulfate Reduction I 

20 j 
I 

' I 

15 ~ 

I 
10 1 

5 ~ 
I 

I 
I 

0 
6/1/95 

£3 = 25 kcal mo1· 1 

~ 80 

' 
.._ 60 

,- 40 

:.... 20 

12/1195 6/1/96 1211/96 6/1/97 12/1197 6/1/98 12/1/98 6/1/99 

Date 

-
...J 

(1) 

c6 
CI: 

Figure -1.22 Predicted rare of sulfate remo\'al rer.rns rime based 011 a\'erage remol'l1l 
rare ( Figure I 8 ). the Arrhenius e,11wrio11 and a11 apparellt acrinuio11 energy of 
E,1 = 25 kcal mo/" 1 

. 

.J . .J.15 Calrnlmi11g cm efjec:ti\·e E,1 

If the rates are known at different temperatures. the Arrhenius equation can be :.ised to 

solve for the apparent activation energy ( £,,). The slope of the average rate of SO.1 

removal from Figure 18 is specified as k2. 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 T2 and the sinusoidal temperature function for the 2 m depth 

is input for r,. The k1 variable is the field-collected SO.i values in Figure 20. 
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Figure -1.13 The cun·e based 011 Arrhenius e,1uario11 <solid line J for obsen·ed 
rempaarure induced Jluc:warions in 50.J remom/ I square boxes J yieldi11g ,111 

apparem ac:rirarion energy E, = /0 kc:a/ mor'. Dashed cun·e sho\\'s se11siririr_,. of 
fir ro dumging E, by± 5 kcal 11wr'. Srepped solid line indicares maximum rare 
based 011 obsen·ed remoml in ll'e/1 nest R\V23 1dmrn gradient). 

Therefore che unknowns are the y-intercepc and the apparent activation energy E,,. 

A solution is obtained by simultaneously solving for the y-intercept and E, to achieve a 

best tic to the field-collected SO.i concentration data (k 1 ) 1Figure 23). The predicted 

effective E" is IO kcal mor 1
• which is ac the lower end of the rnnge of values decennined 

in previous studies. This low value continns that the organic material used in the barrier 

is labile and reactive. 

Specifying a rnnge of Ea values and solving for the best lit to the field data 

suggests the r.inge of effective Ea that provide a reasonable tit I values shown as dashed 

lines in Figure .23 ). These plots indicate that the field data constrain the minimum E,, 

value. but do not constr.iin the maximum E,, value. However. the lowest measured SO.i 

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

Concentr,llions in well nest R W3 I 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 Au1mst). The lowest verticallv averaged concentration measured for SO.1 for RW3 l is - • -
5 mmol L·'. This value. subtrncted from the input concentration. can be used to constmin 

the maximum sulfate reduction rate in the barrier (stepped horizontal line. Figure 23). 

With this constraint on the highest rate of SO.1 reduction. the range of potential £ 11 is 

limited to a value very close to the best tit 10 kcal mor' value. The modeled curve tits 

the observed field data quite well indicating that the observed seasonal variations in 

sulfate removal can be attributed to the dfect of changing temperature on the rate of 

sulfate reduction. 

-1.-1.16 Efjecr of Temperature 011 Sulfide So/ubiliry 

Because SO-1 reduction is the rate-limiting step in Fe removal. the rate of sulfide 

precipitation may approach thermodynamic equilibrium. To estimme 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 

dTect of changing temperature on the equilibrium constant: 

logK. =louK, + 11 ---1H [ I I] 
- - - ' 1.303R T. T. 

where K1 is the equilibrium constant at temperature r,. K: is the equilibrium constant at 

T: and ~H« is the enthalpy of reaction and is assumed to be constant with changing 

tempemture. A similar approach to calculating the affect of temperature on reaction rate 

can be taken. lf the precipitation reaction is written as: 

K, equals Kmactinmnre ( Benning et al.. 1999) at T1 = 15 °C. T: is defined by the 2 m depth 

tempemture function and the enthalpy (M/,) for m.ackinawite is specified as -l 2A6 kcal 

mor1<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 plot is inverse 

to the observed changes in Fe and SO-1. suggesting that the changes in Fe concentration 

can not be attributed to the fluctuating solubility of mackinawite. 
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Figure 4.24 ObJe11·ecl Isquare boxes) ancl preclicrecl Fe concemrari,ms ll'ith rime based 
011: I J du111gi11g solubility o( mackinawire (based 011 rnn·r Hoff equarion . .Jfl) 

ancl 2 J c:ha11gi11g rares of H:S ge11erari,m expre.\'seci as 50-' remol'(I/ I based 011 

Arrhenius e,111ari,m. E,1). 

The changing solubility of the potentially imponant secondary precipitating 

phases siderite IFeCO3) and gypsum <CaSO-1•2H 2O) may also contribute co the observed 

seasonal changes in dissolved SO-1 and Fe. The enthalpy of reaction <.JHN) for siderite 

precipitation is 5.3 kcal mor 1 < Allison et al.. 1990) indicating that siderite is less soluble 

at higher temper.uures. Therefore. the seasonal variation in Fe concentrations may also 

be attributable to the changing solubility of siderite. The enthalpy of reaction (.JHR) for 

gypsum is near zero (0.109 kcal mor') and the annual I 7°C change within the barrier 

will have little effect on gypsum solubility or SO-1 concentrntions. It should be noted that 

siderite and gypsum solubilities are also directly dependent on CO/ and Ca2
.,. activities. 
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respectively. and the seasonal changes in the solubilities of both of these minerals are 

difficult to predict with simple calculations . 

.J. . .J..17 lmplic:aticms for Barrier Perjcm1w11ce a11d Design 

The calculated bulk rates for SO.1 and Fe removal for the barrier represent an 

average of the rates along different flow palhs. are a function of barrier thickness and 

cannol be used to retrieve globally applicable race constants. This is best illustrated by 

noting that rates based on tlow through the first half of the barrier (or lhe same barrier. 

half as thick) would be much greacer !Figure l ➔ l. The rate conslam based on slow and 

fast tlow pachs more dosely 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.1 and Fe concemration. Assuming the 

avernge input concentrations of SO.1 130 mmol L. 1) and Fe ( IO mmol L I 
l and a I: I 

removal ratio. the minimum residence time for removal of >95q. of the Fe in the ~ickel 

Rim barrier is approximately 90 days. Despite an average residence time approximately 

l!qual to the minimum required residence time of 90 days. complete removal of Fe is not 

achieved. Less Fe is removed than predicted because the low flow zont!s are 

underutilizt!d: along these slowt!r tlow lines all Fe is removed and excess sulfide is not 

utilized for mackinawite prt!cipitation. In addition. when the SO.1 concentration drops 

nt!ar the half saturation constant ( K, ). the rate of SO.1 reduction will decline. 

Specific l!nhancemt!nts to the re~1ctive mixture composition co improve 

homogeneity and barrier performance may include increasing the gr.ivel fr.iction or 

selecting a different panicle size distribution for the organic mixture. Ultimately. 

however. barriers must be designed to account for preferential tlow. and a thickness must 

be selected to ensure that the residence time of all flow paths is sufficient to provide 

acceptable removal rntes. 
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Changing groundwater temperature has a large impact on barrier perfonnance. 

Using the apparent accivacion energy value of lO kcal mor 1
• a decrease in groundwater 

temperature of IO 0 C. will decrease the rate by nearly half. At the Nickel Rim site. the 

average air temper,.uure is only a few degrees lower then ac the bottom of the aquifer. 

Therefore. application of an insulating layer above the aquifer will produce a more 

uniform sulfate reduction race but will result in only a small increase in the annually 

averaged race. At sites where the average ~Jfoundwacer temper..uure is significantly greater 

than the average air temperature. insulating the aquifer may boost barrier perfonnance. 

Conversely. when the average air cemper.uure is greater than the average groundwater 

temperature. insulating the aquifer may Jecrease perfom1ance. 

The race of sulfate reduction controls the treatment cap:u:ity of the '.'lickel Rim 

barrier. A higher rate may be achieved by selection of a material that can be more rapidly 

metabolized by sulfate reducing bacteri..i. An organic carbon source containing a higher 

fraction of labile shon chain organic compounds will be more re.1ctive yielding higher 

performance for a given barrier thickness. Sulfate reducing bacteria can also utilize H2 as 

an electron Jonor. and a substrate that provides H~ may also produce higher rates of 

treatment. A reactive barrier in Elizabeth City. '.'lonh Carolina. composed of zero valent 

iron. generates large amounts of H ,. The r.ite of sulfate reduction in this barrier is higher 
"- - - "-

than the rates calculated for the Nickel Rim barrier < M.1yer. 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 muse be weighed against simply increasing the barrier 

thickness using inexpensive compost materials. 

The calculated £" allows comparison co previous labomtory column studies 

< Waybranc. 1995). In this laboratory study. flow-through columns containing organic 

carbon were used to simulate a reactive barrier for sulfate 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. ln this laboratory study. conducted 

over a two year period at 25 °C. tht! SO-l rt!duccion ratt! was 280 mmol L- 1 a- 1
. 

Normalizing this ratt! to tht! averagt! tempt!rature in the Nickl.!! Rim aquifer (9 °C) results 

in a race of 103 mmol L- 1 a- 1
• approximacdy :! times the race observed in the aqueous 

phase field data. The similarity between these two values is good considt!ring the 

unct!naincy associatt!d with the rt!sidence time for the Nickd Rim barrit!r. That the mtt!s 

are similar indicates that. within a factor of :!. the laboratory values correctly predictt!d 

tht! creacmenc capacity of the field installation. 
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Chapter 5 

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

5.1 CHAPTER SUMMARY 

Bacterial populations and water chemistry were profiled throughout the 
groundwater tlow system associated with the Nickel Rim mine tailings impoundmenc 
Ontario. Canada. Groundwater containing high com:emrations of sulfate I 2000-12000 
mg/U and iron (500--moo mg/U nows from the tailings into an adjaccnc aquifer. A 
portion of the plume then discharges to the surface wherc ferrous iron is oxidizcd 
creating low pH ( pH<3) conditions. The remaining groundwater passes through a 
permeable reactive barrier which inducc!-i sulfate reduction and metal sulfide 
precipitation. Elevated populations of iron ( 108) and sulfur (SOB) oxidizing bacteria arc 
restricted to hvdrolo!!icallv defined zones of rechargt! and Jischarne. Sulfur oxidizers are 
highest in the.tailing~-.; ( t.i7 x 103 \ttPN/g1 where s~ltide minemls-art! exposed to oxygt!n 
and oxv!!en-rich rechan.?e water. Iron oxidizing bacteria wt!re hi!!hest 19.56 x 105 ~tPN/!!) . - - - - .... 
where tailings-derived t!ftluent. rich in Fe((I). discharges to the aerobic surface water 
environment. Populations of both iron and sulfur oxidizing bacteria in the zone of active 
oxidation are low compared to those found at other. less mature. milings 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 sulfide 
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 aguifer where organic carbon concentrations are high. The highest population 
( 3. 73 x IO' MPN/!!) of SRB were found where sulfatc-bearin!! water miLrr.ttes 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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The oxidation of sulfide minerals in mine waste material 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 tlow system often 

develops within waste rock pile or tailings impoundments that transports this sulfate and 

iron-rich. acidic water downwards into underlying or adjacent aquifers and the effluent 

eventually discharges to nearby surface water bodies ! Dubrovsky et al.. 1985 ). 

Dissolution of minernl phases along the tlow path within the aquifer buffers the pH of 

the acidic effluent to near neutral ! Morin et al.. 1988). L:pon discharge. dissolved ferrous 

iron oxidizes and precipitates as ferric oxyhydroxide minerals. principally ferrihydrite 

and goethite. producing funher acidity. 

Oxygen is the ultimate oxidant of sulfide minerals in natural surface systems and 

is the direct oxidant at pH >➔ ( Nordstrom and Alpers. 1999). Where the pH is below -1-. 

sulfides are oxidized by ferric iron. In most mine wastes however. oxygen is the primary 

oxidizing agent of ferrous iron to ferric. Because of this limitation. sulfide oxidation 

generally occurs only in areas where dissolved or gaseous oxygen is present. 

The primary mechanism of bacterial catalysis of sulfide oxidation is indirect. 

through the oxidation of ferrous to ferric iron. .-\ variety of bacteria. including 

Tliiobad/lus ferrooxida11s. mediate the oxidation of sulfides and ferrous iron. The r.ue 

limiting step in sulfide oxidation is often the oxidation of ferrous to ferric iron and the 

bacterial rate of iron oxidation is estimated to be up to I 05 greater than rntes under 

abiotic conditions I Singer and Stumm. 1970. Nordstrom and Southam. 1997 ). 

Enumemtions of sulfur and iron oxidizing bacteria in tailings show high populations of 

these bacteria within the zone of active oxidation. .-\cidophilic iron oxidizers (i.e. 

Tl,iobadllus ferrooxidans. Lepwsprillwn ferrooxidans) have been found in tailings at 

populations of up to 1011 MPN/g < Southam and Beveridge. 1992. Blowes et al.. 1995. 

Blowes et al.. 1998). Populations of acidophilic. sulfur oxidizing bacteria U.e. 
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Thivbac:il/us rhivoxida11s) are elevated in tailings and may also play an imponant role in 

sulfide oxidation. Tl1iobac:il/11s ferrooxidans have been shown co oxidize reduced sulfur 

compounds buc Thiobac:il/us rhiooxidans are unable co oxidize iron ( Nordstrom and 

Southam. 1997). Where dtluent containing high concentrmions of ferrous iron 

discharges co the surface as seeps or tlows from mine workings. populations of 

acidophilic iron oxidizing bacteria are also high ( up to I 0'1 cells/ml) I Schrenk ec al.. 

1998). 

Promotion of sulfate reduction and metal sulfide precipitation using organic 

carbon may provide an effective remediation mechanism for acid mine drainage. 

Reduction of sulfate co 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 surface temperatures and pressures. sulfate reduction is bacterially mediated. 

and abiotic races are negligible. Sulfate reduction is mediated by the phylogenically 

diverse anaerobes. Sulfate Reducing Bacteria ( SRB ). 

5.~. l The .Vicke/ Rim Research Sire 

The Nickel Rim tailings were deposited between 1953 and 1958. The deposited 

tailings contain approximately 5 we. cc sulfide sulfur of which 98cc is pyrrhotite I Fe 1.,S) 

with minor amounts of chalcopyrite 1Cu2SL pentlandite 11Fe.:'Ji1,1S:,;). pyrite 1FeS2) and 

marcasite <FeS2J <Jambor and Owens. 1993. Johnson et al.. 19991. 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-1 emanates from the tailings. Approximately 50':'c- of this plume 

water discharges to the surface ac the fooc of the tailings dam. The remaining 50':f- of the 

plume discharges to Moose Lake about 160 m down-gradient I Figure I ) ( Bain 1996. 

Johnson et al.. 1999. Bain et al.. 1999). An in situ. pem1eable reactive barrier was 

installed into the path of this plume approximately 110 m down grndient of the tailings 

impoundment ( Benner et al.. 1997). The reaccive 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 tlow paths from the zone of active sulfide oxidation 

in the mine tailings impoundment co discharge ac the surface. 

a 

b 

aecrocK 

2m I._......, __ 
30 m 

I 
;cieact,ve Barner 

■ Water Samo1e Points 

:ore Locations 

IAoose Lake 

2m .__,3""'o_m_ 

Figure 5.1 a) Sho\\'s rhe Jlow system for rhe ,Vic:kel Rim .~quifer based 011 hydro/ogic 
Jlow modeling of Bai11 er al. ( /999). Diagram also s/wws water sampling poims 
and sedimem core locations. (bJ Slwws ideali:.ed Jlow paths: Both Jlow paths 
originate in rhe railings. bw Flow Path A discharges ro rhe .mrfac:e at rhe base of 
rhe railings dam. \\'hile Flow Path B remains in the aquifer and passes rhrough 
rhe reac:ti\•e barrier. 
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5.3 METHODS 

Monitoring wells were installed in nests along a transect roughly parallel to 

groundwater tlow. A detailed description of well installation. water sampling and field 

and laboratory analysis can be found in Benner et al. ( 1997). Aqueous samples where 

obtained from the unsatumted zone by immiscible displacement of pore water from 30 

cm sections of sediment cores ( Patterson et al.. 1978) and from the saturated zone by 

peristaltic pump. Sediment samples for bacterial analysis were collected using a 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 

was conducted in July 1997. The samples were delivered to the \!liner.ii Sciences 

Labormory at CANMET within 2-4 of collection where they were stored under 

refrigeration (-4'1C) until analysis. Samples were analyzed within I ➔ days of sample 

collection. In the laboratory. the cores were placed in an an.1erobic chamber. the 

aluminum casing w.1s cut perpendicular to its long axis. and the sediment was removed 

to an autoclaved storage bottle. The material was homogenized by stirring and five I g 

replicate samples were taken from the bulk sample material for each most probable 

number ( MPN) determination. 

The sulfate reducin!! bacteria were !!rown in a modified Posl!!ate medium C in 20 - - -
ml serum bottles (Postgate. 198-4). The medium had the following composition in g/L: 

KH2PO-1, 0.5: NH.1Cl. 1.0: Na2SO-1. -4.5: CaCl:•2H2O. 0.0-4: MgSOJ•7H2O. 0.06: '.'la 

lactate (60% I. 1.92: Na acetate. 1.18: yeast extmct. 1.0: FeSO-1• 7H2O. 0.00-4: Na 

citrate•2H2O. 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 

tr,msferred 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 crimp top. The boules were autoclaved. allowed to cool and 

then placed in the anaerobic chamber. 
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ln the anaerobic chamber. l g sediment was added to each of five serum bottles. 

lnoculaced samples 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 Mose Probable Number (MPNl detenninations (Alexander. 1965). 

Acidophilic iron oxidizers were grown in an medium consisting of 0.5 g/L of 

K2HPO.i. 0.5 g/L of 1NH.i)2SO.i. 0.5 g/L of MgSO.i•H2O. which was autoclaved and 33A 

g/L of FeSO.i• 7H2O. ffuovinen and Kelly. 1973 ). The ferrous sulfate solution with a pH 

of 3.0 was prepared. tilter sterilized. and then the two solutions were combined and pH 

adjusted to 2.2 . ...\ 9 ml volume was dispensed inco sterile test tubes. and I g of sample 

was added to each of 5 cubes. The samples were serially diluted in a serit!s of tubes up to 

ten dilutions. During each dilucion the samples were vortexed vigorously for IO s. 

Concrols were not inoculated. The samples were incubmed for ➔ wet!ks . ...\ positin: result 

was indicated by a presence of oxidized iron in the cube and the populations were 

calculated from MPN tables ( Alexander. 1965). 

Acidophilic sulfur oxidizers were grown in \-'tedium B I A TCC mt!dium 23) 

1Ghema t!t al.. 1989) concaining 0.1 g NHJCI. 3.0 g KH 2PO.i. 0.2 g \'lgCl2•6H2O. 5 g 

'.\ia2S2O3•5H2O. and 0.1 g CaCl2. The pH was adjusted co ➔.2. a five-cube MPN/g method 

was used. and the cubes were incubated for ➔ wct!ks . .-\ positive result was indicated by 

tht! presence of a sulfur deposit and a pH < ➔. 

The 95c0 confidence interval for the \'lPN valut!s is calculated as described in 

Alexander. 1965. The upper confidence level for the 95C:·c 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 enumemcion of microbial populations performed here reflects the presence of 

these functionally defined bacterial groups. lt docs 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 co activity. Because growth and reproduction 

require metabolic activity. elevated bacterial populations retlect elevated activity either 

presently or at some time in the past. Within this groundwater system. physiochemical 

changes occur on a time scale of years. Therefore. changing environmental conditions 

within the aquifer that could result in high populations of bacteria in a seuing where they 

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

5.4 RESULTS AND DISCUSSION 

Vcnically collected cores and profiles of water chemistry within the tailings and 

adjacent aquifer provide a unique view of the distribution of microbial populations 

throughout the system. A profile through the recharge zone of the tailings will be 

examined first. then we will present profiles along idealized tlow paths from recharge to 

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

5.-1. l Recharge Zeme (Tailings/ 

The '.'Jickel Rim tailings mineralogy are described in detail in Johnson ct al.. 1999 

and Jambor and Owens. 1993. The tailings have undergone oxidation for approximately 

➔O years and the oxidation front h .. 1s migrated downwards to a depth of approximately I 

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 of active 

oxidation at the contact between the oxidized <omm!e I and unoxidized ( !mtv) tailin!!s. In 
'- '- . ..... 

this narrow 12-5 cm) zone. the primary sulfides are oxidizing and sulfide minemls 

present are partially altered and typically exhibit alteration rims of goethite 1aFeOOH) 

and native sulfur ( S0
). In this zone. and in the IO cm directly above ( the transition zone). 

the secondary miner.ii phases goethite. jarosite ( KFe3(S0~).:!<0H)ti and covellite <CuS) are 

precipitating and are presenc at the highest concentmtions in the profile. Above the 
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transition zone. the precipitated jarosice is unstable and is dissolving releasing SO-1, Fe 

and acidity to the pore water. Within chis oxidized zone. Fe is reprecipitating as goechice. 

Ac the cop IO cm of the profile. there is a zone where all the jarosice has dissolved and the 

only remaining secondary mineral phase is goechice. In the unoxidized zone. below the 

Lone of active oxidation. sulfide mineral phases show liule evidence of alteration 

Uambor and Owens. 1993. Johnson et al.. 1999). 
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Figure 5.2 The mineralogy of the railings Ji-cJm the swface to the 1.6 m deprh <Adapted 
from Jambor and Owens ( I 993) ). The narrow r 2-5 cm) :one of actire sulfide 
oxidation is located at bottom of rhe pre\'iously oxidi:ed. ora11ge-srained. 
railings. 

Groundwater tlow is downward at NR6 ( Figure I a. Figure 3) and. at the time of 

sampling. the water table was located 1.1 meters below ground surface. The water cable 
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fluctuates between a depth of approximately 0.9 and .:!.0 m below ground surface. The 

capillary fringe extends about 0 . .:! - o.➔ 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 at or near the water table and. under high water 

levels. is located within the capillary fringe. 
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Figurt• 5.3 Venical profiles j<,r location .VR6 in the railings impmmdmem of pH. Eh. 
Alkalinity. Fe. SO.J, /OB (iron oxicli:.i11g bacteria). SOB (s11lfitroxidi:.i11g bacteria). 
SRB ( .rnlfare reducing bacteria and FOC ( solid plwse JiY1cri,m organic carbon J. 

Hashed marks denores oxidi:.ed railings. lwrbmral dorred line indicares the 
locarion of the war er table. See Figure I for locaricm 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 of Johnson et al. ( 1999) and Bain et al. ( 1996). indicating little 

measurable change over the intervening 5 years. At the first sampling point at o.➔ m 

depth. concentmtions of total dissolved Fe are 3 mg/L. so~ is .:!10 mg/L. pH is 3.0. and 

alkalinity is <I mg/L (as CaCO3) (Figure 3). Both Fe and so~ increase mpidly (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 ..i.9 at the bottom of the 

profile. Alkalinity values remain low (<IO mg/U but increase slightly with depth. 

The population of iron oxidizing bacteria ( 108) is between I 0° and I 01 MPN/g 

above 1.0 m depth. There is a single isolated maximum value of 2 x I 03 MPN/g ac 1.0 m 

depth and che population then declines to 2 x I 01 MPN/g ac the bottom of the profile. 

The population of sulfur oxidizing bacteria ( SOB l is < I Oil '.VIPN/g above I m depth. 

between ➔ x I 02 MPN/g and 2 x I 03 MPN/g from 1.0 m to 2.0 m and then declines co 

<101 MPN/g at 3.2 m depth. 

Comparing tht! profiles of bacterial populations with protilt!s of Fe and SO.1 

concentrations. there is a correlacion betwt!en the rapid increase in Fe and SO-1 and the 

maximum in 108. SOB MPN/g values. This population maximum also correlates co the 

change from altt!rcd co unaltert!d sulfide minerals in the tailings sediment. Iron and sulfur 

oxidizing bacteria are high at chis location because chis is where active sulfur and iron 

oxidation is occurring. 

Populations of SOB and 108 within the zone of active sulfide oxidation in the 

Nickel rim tailings are 3-5 orders of magnitude lower than previous studies of similar 

tailings environments ( Southam and Beveridge. 1992. Blowes t!t al.. 1995. Blowes t!t al.. 

1998). We believe these low populacions reflect lower rates of sulfide oxidation in the 

Nickel Rim tailings. Sulfide oxidation in the Nickd Rim tailings has been ongoing for 

..io years. The oxidation front has nearly reached the wacer 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.1. despite the 

apparently slow r.ites of oxidation. may be the product of dissolution of the secondary 

miner.ii phase jarosite (Johnson et al.. 1999). 

Populations of SRB also exhibit a spike at I m to 9 x I 02 MPN/g and are 
, 

generally < I x Io- MPN/g over the rest of the profile. Elevated populations of SRB have 
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been previously observed in tailings < Fonin et al.. 1996. Fonin and Beveridge. 1997). 

Fonin and coworkers suggested that the SRB survive in more alkaline and reducing 

microenvironments utilizirn! organic carbon !!enerated bv oxidizinu bacteria to reduce - - - ... ..... 

sulfate. The profile of solid phase organic carbon (FOC). which mirrors populations of 

SRB. is consistent with the conclusion of Fonin and Beveridge. ( 1997). The increase in 

SRB populations does not correspond to a decrt!ase in sulfate concentrations. indicating 

that the presence of these bacteria does not affect the bulk aqueous chemistry of the 

tailings. 

The profile of the SOB population exhibits a broad zone of elevated values across 

a I m distance from 1.0 to 1.0 m depth. This distribution is not consistent with the 

results of the mineralogical study. which indicates a distinct and narrow zone of active 

sulfide oxidation. However. the MPN/g values for SOB across this elevated zone are low 

and likely reflect relatively low rates of sulfide oxidation. The dectron acct!ptor these 

microorganisms arc utilizing is unclear. Transpon of oxygen or ferric iron from the 

unsaturated zone downwards through one meter of unaltered sulfides requires a travel 

time of approximately 1 years< Bain et al.. l 999l. 

5.-1.2 Profiles along F/mr Lines 

The dissolved products of sulfide oxidation derived from above the water table in the 

tailings. are tmnsponed downward and into the adjacent aquifer. Figure I b shows two 

idealized tlow paths for water recharging the tailings. These tlow paths do not precisely 

match actual tlow lines. but thev do follow the ueneml direction of !!foundwater tlow as . ~ ~ 

indicated by groundwater tlow and tmnspon modeling conducted by Bain et al. ( 1999). 

These tlow paths are used to illusmue microbial and chemical changes as water passes 

through the aquifer. 
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Row Path A passes downward through the tailings and into the underlying and 

adjacent aquifer before discharging to the surface-water tlow system at the base of the 

tailings dam. This surface water then tlows to nearby Moose Lake. Row Path 8 also 

originates in the tailings but discharges to the deeper portion of the aquifer. and passes 

through the reactive barrier before eventually discharging to Moose Lake. In Figures ➔ 

( Row Path Al and 5 ( Row Path 8) water chemistry and bacterial populations are plotted 

along these two flow paths. When the tlow pmh passes perpendicular through a vertical 

profile (NR 63. RW2I. RW:29. and RW3➔ l an average value has bet!n calculated. 

5A.2.l Row Linc A 

The Rowlinc A profile ( Figure ..i l is presented as three sections I tailings. aquifer. and 

surface) each plot with a different horizontal scale. Along the profile. concentrations of 

Fe and SO,l remain high from the recharge zone to discharge to the surface. exhibiting a 

gradual increase .. md then decrease over that distance. Both pH and alkalinity also 

increase along the tlow path through the tailings and aquifer. These changes in water 

chemistry can be auributed to historical variations in the rate of sulfide oxidation and to 

the precipitation and dissolution of the pH buffering mineral sidcritc I Bain ct al.. 1999). 

Upon discharge to the surface. the water chemistry changes dramatically. Tht! pH 

decreases from 6.1 to ..i.2. Eh increases from 200 to ..i..io. alkalinity declines from 90 to 

< I mg/L (as CaCO3). Fe concentmtions decline from 1300 to 790 mg/L and SO,l 

concentrations decline from ..i:!O0 to 3200 mg/L. Sediment at the surface is covered bv 2 
~ . 

to 5 cm of water. In the surface wacer. Fe concentrations decline from 800 mg/L at 

discharge to ..i20 mg/L at the final sampling point approximately I 00 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,l. and pH upon discharge are the result of oxidation of 

Fe2
+ and subsequent precipitation of ferric oxyhydroxide and hydroxysulfate mineml 

phases. The presence of red-omnge and yellow precipitates at the surface is consistent 
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wich this conclusion. These changes in water chemistry and accompanying precipicacing 

secondary mineral phases are typical for discharging groundwacer containing high 

ferrous iron concenmnions. 

Populations of lOB are generally low ( <7 x I 01
) along the flow pach from che 

zone of active oxidacion in the tailings to discharge co the surface. Within 0.1 m of the 

surface. however. the population of [OB increases to 5.2 x 102 MPN/g in the surface 

sediment. The population of 1OB wncinuc to increase downstream to a high of > I 011 

MPN/g. 

Populacions of SRB corrclaci: well to solid phase organic carbon concl!ntrations 

along this flow path with the highest values 15 x Io=- MPN/gl found in the sediment 

immediacely below the ground surface. This observation suggescs that SRB are using this 

solid-phase organic carbon to reduce sulface. l'nforcunaccly. the peak in SRB populacion 

occurs immediacely below the surface and it is not possible to dett!m1ine the impact thac 

this sulface reduccion has on the bulk wacer chemiscry. 

The populacion of SOB are generally low throughout the aquifer and surface 

wacer sections along this flow path but arc highest jusc prior to discharge to the surface 

and exhibit a posicive correlacion with solid phase organic carbon concemracions and 

SRB populations. 

Wich the t!Xception of areas of high organic carbon. populations of the measured 

bacterial populations a;e low throughout the aquifer. The lack of large bacterial 

populations is indicacive of che lack of electron acceptors (Oxygen) for 108 and SOB and 

the lack of electron donors (organic carbon l for SRB. The groundwater pH along mosc of 

the aquifer profile is about 6. beyond the opcimal r..inge for acidophilic 108 and SOB. 

However. at ocher tailings sices where bulk pore water pH is near neutral and sulfides and 

oxygen is present populations of 108 and SOB populations are elevated < Southam and 

Beveridge. 1992. Blowes ec al.. 1995. Blowes ec al.. 1998). From a geochemical 

perspective the creation of acidic micro-niches in the nickel rim aquifer would be 
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relacively easy given che low aqueous alkalinicy and the absence of the Ca and Mg 

carbonate buffering miner.it phases. lt is unlikely that pore water pH is a primary limiting 

factor to the presence of [OB and SOB in this aquifer. 
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bacteria). SOB ( s11/Ji1r oxidi:.ing bacteria). SRB ( sulfate reducing bacteria and 
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DOC (dissolved phase organic carbon). See Figure I JcJr location of Flow Path 
A. 
At the point of discharge. reduct!d groundwatt!r containing high ft!rrous iron 

concentrations t!nters the aerobic. oxygen-rich. surface wacer system. Populations of (OB 

are elevated because of the high concentrations of electron donors (oxv!!enl and - ·-
acceptors ( ferrous iron l necessary for 10B metabolism. The absi:nce of mi:tabolizable 

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 

(Unfortunatdy. no DOC or FOC di.lta is available for tht: surfact! 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 surface water. 

5.➔.2.2 Flow Line B 

Flow Line B (Figure 5) begins with the same t,1ilings profile as Flow Line A. but 

does not discharge to the surface at the base of the dam. This tlow path remains within 

the aquifer and passes through the reactive barrier before eventually discharging to 

Moose Lakt!. Over the I 00 m tra,·el distance prior to passage through the re.1ccive barrier. 

the aquifer water chemistry is very similar to Flow Path :\. with only sm,111. gradual 

changes in plocced constituents. 

Flow Path B includes samples from the aquifer over a much greater distance than 

Flow Pach :\. and therefore provides a more comprehensive profile of bacterial 

distribution in the aquifer. Populations of 10B and SOB remain low throughout this tlow 

path with all values <5 x I 01 MPN/g after the 2.5 m depth in the tailings. These low 

values indicate liule bacterially mediated Sor Fe oxidation in the aquifer. The population 

of SRB is elevated ac points in the aquifer where organic carbon concencrncions are high. 

The population of SRB increases co 3 x I 08 MPN/g within the reactive barrier. 4 orders 

of magnitude higher than ac any ocher point along the entire tlow path. This high 
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population reflects the presence of high concentrations of electron donors and dectron 

acceptors under optimal pH conditions. Somewhat surprisingly. average populations of 

SOB are also slightly elevated in the barrier compared to the adjacent aquifer. 
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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/Lin 

the up-gradient aquifer to > I 00 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 barrier. 

5.-1.J Vertical Profiles 1rirhi11 rhe Aquifer 

Examination of venical profiles within the aquifer funher illustrates the control 

that the hydraulic regime and organic carbon concentration have on bacterial 

distribution. Profile NR63 ( Figure 6 and Figure I l is located in the discharge zone at the 

foot of the tailings dam and groundwater tlow is upward and to the right. There is a thick 

peat layer 120--l0 cm) in the upper meter of the profile. Populations of SOB. 108 and 

SRB are all high at the top of the protili! Jue to the abundance of organic carbon and 

high disequilibrium concentrations of dissolved SO.i and Fe created by the discharge of 

reduced groundwater to the surface. At Profile RW:! I I Figure 7 l. the aquifer sediment is 

similar to that at NR63. however only a minor (<10 cm thick! organic-rich layer is found 

near the top of the profile. Groundwater tlow is predominantly horizontal from left to 

right but the upper third of the aquifer receives recharging acidic water from the surface 

I Figure I I. This profile also exhibits devated populations of 108. SOB and SRB near the 

surface where oxic. acidic surface water recharges the aquifer and organic material is 

present The tlow regime for Profile R W':.9 I Figure 8 l within the permeable reactive 

barrier is unique because a protective clay cap prevents recharge of surface water. Within 

the barrier. groundwater tlow is entirelv from the left to the ri!.!hl. 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 ocher 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 waler rechargt! or dischargt!. and by tht! uniform organic material 

dislribulion. Profile RW3-l (Figure 9) is localed in lht! aquift!r approximalely l5 m down­

gradienc from the reaclive barrier. The aquifer at this localion is str.uigraphically similar 

to RW:! l buc dot!s nol contain a pt!at layt!r in tht! upper ponion of tht! aquifer. As al 

Profile RW21. tht!re is surface water recharging tht! aquifer ( Figure I). The highesl 

populations of 108 and SOB are found in the uppt!r ponion of the aquifer where surface 

water is recharging tht! aquifer. The abst!nce of a layer of organic material results in low 

populations of SRB at the top half of tht! profile. High populations of SRB are found at 

the bouom of the profile where groundwater. rnmaining devaced com:emrations of 

dissolvt!d organic carbon. is released from the reactive barrit!r. In most cases. areas chat 

comain t!levaled populations of SRB. also contain t!lt!vaced populmions of SOB (i.t!. 

NR6. ~R63. RW:!I. RW:!9). 
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Figure 5.6 Venical profiles for locatio11 NR6J ar the base of rhe wilings dam of pH. 
Eh. Alkalinity. Fe. SO-1, /OB (iron oxidi:.i11g bacteria), SOB (.m/jitr oxidbng 
bacteria). SRB (sulfate reducing bacteria and FOC (solid phase fraction organic: 
carbon). Hori:.cmtal line indicates the ground surface (G.S. J. See Figure I for 
/oc:arion of profile. 
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5.5 CONCLUSIONS 

The Nickel Rim tailings impoundment is relatively mature with respect to sulfide 

oxidation. The narrow wm: of activt! oxidation in the tailings has nearly reached the 

water table and 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 race of sulfide oxidation. A consequence of lower rates of sulfide oxidation is lower 

populations of sulfur and iron oxidizing bacteria within che zone of active oxidation. The 

presence of high concencrntions of dissolved Fe and SO.1. despite apparently low mces of 

sulfide oxidation. can be actribuced to the dissolution of secondary minerals. 

Examination of the wacer chemistry and bacterial populations throughout the 

tlow system illuscraces the control thac the hydrogeologic regime has on the distribution 

of che sulfur and iron oxidizing bacterial populations. Elevated populations of these 
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bacteria are largely limited to zones of recharge where gaseous 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 oxidiLing bacteria are high. Solid phase and 

dissolved organic carbon also creates zones of disequilibrium within the aquifer. 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 arc low. 

In many locations along the flow path. there 1s an apparent coexistence of 

devated populations of SRB and SOB. This can be t!Xplained by the presence of solid 

phase-controlled. disparJte redox microenvironments that are linked by advective or 

diffusive tr.mspon of electroactive species. These elevated SOB populations are likely 

metabolizing the reduced sulfur species produced by the SRB and the SOB may be 

dependent on the SRB populations to provide these dectron donors. Conversely. SRB 

may benefit from the presenct! of SOB which consume oxygt!n that would inhibit sulfate 

reduction. 
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Chapter 6 

Modeling Flo1,v in Reactive Barriers: l1nplications for 
Pe1formance and Design 

6.1 CHAPTER SUl\11\IARY 

Reactive baniers are passive and in situ groundwater treatment systl.!ms. Thi.! 
hydraulic conditions and conrnminant levels within the aquifer dictate banier design. 
Heterogeneities in hydraulic conductivity ( Kl within the aquifer or the reactive banil.!r 
may result in reduced residence times or higher tlux rates through portions of the barrier. 
These spatial variations in tlux have the potential to compromise the treatment capacity 
of the barrier. Numerical tlow modeling shows that heterogeneities in K can result in 
spacial variations in tlux 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 tlow. The geometry of the reactive barrier will also strongly 
intluence tlow distribution. Aquifer heterogeneities can produce greater preferential tlow 
in thinner baniers compared to thicker baniers. The K of the banier will affect the tlow 
distribution: decreasing the K of the banier will result in more even distribution of tlow. 
lf the reactive material within the banier is heterogeneous. the thicker the barrier. the 
greater the preferential tlow. This modeling indicates more unifonn tlow can be attained 
utilizing thicker homogeneous barriers. 
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6.2 INTRODUCTION 

Pem1eable reactive barriers can provide effective treatment for a variety of 

groundwater contaminants including halogenated organic compounds < Gillham and 

O'Hannesin. I 994). nitrJte. (Robenson and Cherry. I 995). phosphate ( Pracek er al .. 

1994. Baker. /996). chromate (Blowes and Ptacek. /992). arsenic and selenium (1Wc:Rae. 

/999) other trace metals 11Wc:Gregor er al .. /999) and water contaminated by mine 

wastes 1Blmres a11cl Ptacek. /994: Benner er al .. /997). 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 natural gradient 

conditions. 

Installations are "keyed" into an underlying layer of low penneability or ma) be 

"hanging" with no boundary to flow at the b,1se. Because aquifers tend to be laterally 

continuous. the sidt!s of a barrier are often not keyed to an impenneablt! boundary and 

are designed to extend beyond tht! lateral extent of tht! contaminant plume. Reactive 

barriers can also bt! installed in a Funnel and Gate configuration where impem1eable 

boundaries le.g. sheet piling) are installed into the aquifer extending at some angle 

latemlly from tht! reactive mixture I Starr ancl Cherry. /995). These walls then funnel the 

groundwater through the reactive zone. 

The hydraulic conductivity ( K) of the reactive material will greatly influence tht! 

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. tlow 

will converge into the barrier. Converging tlow indicates a capture zone that is wider 

than the barrier. while diverging tlow 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 perfonnance !Devlin and Barker. /999). 

Reactive barriers have a finite treatment capacity. Treatment capacity can be 

expressed as reactivity where the treatable tlux 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 

comamimmts passing through the barrier. Reactive 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 compkte treatment 

occurs in the front ponion of the barrier ( Be1111err, I 997). For this cli.tss of installation. the 

reactivity does not limit the barrier treatment capacity but barrier thickness will dictate 

barrier longevity. For other installi.ltions. the reactive mechanism may be sufficiently 

slow that the full thickness of the barrier is required to achieve treatment 1Be1ma er al.. 

/999). The thickness of reactive barriers can vary from centimeters to meters ( U.S. 

Em·iro11me11ral Prorecrio11 Agency ( EP:\J, 1999). 

All reactive barriers will have some finite longevity and reactivity. however the 

particular reaction mechanism and barrier design will dictate which factor is of greater 

concl!m. In either case. changes in tht! flux rate through the barrier will affect reactive 

barrier perfonnance ( Tramyek er al .. 1997). Higher tlux rates. which result in shoncr 

rcsidenct! times. limit the exposure of the contaminant to the treatment matt!rial. This 

limitation may lead to incomplete contaminant removal. In addition. higher conmminant 

tlux through ponions of the barrier may more rapidly consume treatment matt!rial along 

those tlow pmhs. 

The porosity and hydraulic conductivity of the barrier can change with time 

(Macke11:ie et al.. 1997). Secondary miner.ii precipitation within the barrier can decrease 

tlow. while dissolution of barrier material can increase flow. In a barrier with a 

heterogeneous tlow field. these effects may be preferential: greater dissolution or 
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precipitation will occur in those areas receiving a higher tlux. 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 

tlux races through the reactive barrier. Computer tlow modeling is often perfonned 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 barriers (Swrr and Cherry. /99-1: Be1111err. /997. Tewsch er t1l .. /997). and 

varying barrier width < Tramyek er al .. /997) to optimiLe performance with respect co 

treatment capacity and contaminant capture. 

Four variables control contaminant mass tlux r~1tcs 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 tlux mtes. potentially affecting reactive barrier perfonnance by exceeding 

the reactivity or longevity of the reactive macerial. This paper assesses the impact of 

spatial variations in hydr.iulic conductivity on tlow through reactive barriers. Two­

dimensional tlow modeling illustrates the importance of rcacti,·e barrier thickness on 

barrier perform,mce and provides assiscancl! for reactive barrier design and assessment. 

6.3 METHODS 

The two-dimensional finite demenc model FLOTRANS <Guiguer er al .. /994) 

was used to conduce the simulations. A uniform grid of I 00 by l 00 nodes was used co 

represent a 10 by 10 m domain. The lefc and right boundaries were assigned specified 

head so thac a grJdienc of 0.00 I was established with tlow from lefc to right. r\ specified 

tlux of zero was assigned to the top and bottom boundaries of the domain. The stream 

funccion outpuc of each simulacion was used to contour flow lines and to calculace 

horizontal tlux along a cencerline. 



Chapter 6. Modeling Barrier Flow l:!8 

Modeling simulations have been perfonned for two barrier boundaries. In che 

first. the barrier is keyed to a low penneable boundary. In the second. the barrier is 

hanging with nothing preventing flow around the barrier. The primary difference 

between these two simulmions is thac 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 chac can represent aoss sections taken venically or 

horizontally through a barrier. depending on the specifa: configuration of the installation 

( Figure I). For clarity. the simulations will be discussed as vertical cross-sections. the 

wmer flowing from the left to the right wich the top of the diagram toward ground 

surface. Most reactive barriers are installed from the water table downward. but for these 

simulations wacer flows over the top of the barrier. This approach was taken diminate 

the pocential artificial influence of the top boundary condition. The tlow fields that 

devt!lop in reactive barriers with Funnel and Gme systems can be 4uite 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 meant to 

match specific field conditions. but are idealized and designed to illustrate broadly 

applicable concepts of tlow through reactive barriers. 

Figure 6.1 Shows a three dimensional \'iew of ideali:.ed reacrive barrier. Simularions 
can represem lwri:.cmral or renic.:al cross sec:ricmal views of flow through the 
barrier. 
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For the base case series of simulations ( Scenario I) an isotropic and homogeneous 

hydraulic conductivity ( Kl of ➔ m/day was assigned to the aquifer and an isotropic. 

homogeneous K of ➔o m/day was assigned to the barrier. 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.-' RESULTS AND DISCUSSION 

6.-1.J Homogeneous Ccmdirions 

In Scenario l ( Figure :!). the results of tlow modeling for an aquifer and reactive 

barrier of homogeneous hydraulic conductivity is simulated. Output for each simulation 

consists of a x-sectional diagram showing tlow lines and a plot of horizontal tlux 

distribution along the centerline of the domain. The Ct.!nterlinc flux distribution provides 

a close approximation of the barrier residence time: higher velocities indicate shorti.!r 

residence time. 

The height of the reactive barrier is 5 meters perpendicular to tlow. Three barrier 

widths <300 cm. 100 cm. and 20 cml arc modeled. The simulation for the narrow 120 cm) 

barrier represents an installation with anticipmed rapid reaction rates and/or low 

contaminant tlux. The thick <300 cm) barrier is more typical of an installation utilizing a 

slower reaction mechanism and/or high contaminant tlux. In simulations !al. <bl. and (cl 

the barrier is unbounded at the top and bottom. while in simul..uion <d) the barrier is 

keyed into low K material (0.04 m/day1. 
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Figure 6.2 Sr:enario I shows Jlow wirh a lwmogenous K disrriburiun in rhe aquifer and 
barrier. The barrier K is tell rimes greater rhan rhe aquifer. a) 3.0 m rhic:k 
barrier. b) 1.0 m r/rick barrier, c) 0.2 m rlric:k barrier, d) same as (b), bur wirh 
low K mare rial b,mncling wp and borwm 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. band c) tlow converges into the 

barrier on the up gradient side and diverges from the barrier on the down gr.idient side. 

This results in higher velocities through the barrier compared to the adjacent aquifer (see 

Ct!nterline tlux profiles simulations a. b. and c). The 300 cm thick barrier induces greater 

convergence of tlow and exhibits a greater difference in flux rates compared to the 

aquifer. The distribution of tlux within the barrier is not intuitive. As the flux 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 co the barrier. This is caused by the continuity in potential 

across the boundary between the two different K fields: the gradient in the barrier and 

aquifer at the boundary must be equal. Because there is an order of magnitude difference 

in K. the tlux immediately within the barrier is IO times greater than the tlux 

immediately outside the barrier. The tlux is lower in the central ponion of the barrier 

compared with the sides because con\'erging !low must travel a greater distance. with a 

corresponding greater drop in hydraulic head. to reach the central ponion 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 achie\'e treatment for a 

shoner period of time compared co the central portion of the barrier. In simulation d. 

which has the same barrier configurmion as ( b) but with low K boundaries at the top and 

bottom. there is no convergent tlow. this edge effect is not observed and tlux distribution 

is uniform across the barrier. 
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Figure 6.3 Scenario II shmrs rhe affect of 1·arying rile barrier K 011 rhe ''edge ejfec:r". 

6.-U.l 

Homogenous K disrrib111ion in the aquifer and barrier. All simulations rhe same 
as Scenario I <bJ. bw rhe barrier K is 1·ariecl. Barrier is a) 100 rimes greater 
than the aquifer. b JI O rimes greater than rhe aquifer. c: J 2 rimes greater rhcm rhe 
aquifer. 

Varying K of the Barrier 

In Scenario II ( Figure 3) the impact of varying the K of the barrier on this edge 

effect is illustr.ued. The K of the barrier is I 00 times that of the aquifer in simulation (a). 
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10 times m-eater in (b) and 1 times m-eacer in simulation (c). When the K of che barrier is - -
increased by an order of magnitude (compare simulations (a) and (bl). there is more 

convergent tlow into the barrier and the overall tlux increases. The relative difference in 

tlux from t!dge co che center of the barrier. however. remains essentially unchanged. 

When che K of che barrier is decreased co twice che K of che aquifer (Compare ( b I co (cl). 

che amount of convergent tlow decreases and che t!dge t!tfect largely disappears. From 

these simulations. ic is apparent chat che edge effect resulcs from convergent flow: as the 

difference in K between the barrier and the aquifer decreases. the t!dge effect declint!s. 

6.-1.2 Hereroge11eous :\quifer 

:\c most field sites. che K of the aquifer is heterogeneous and the flux entering an 

installed barrier will vary spatially. Scenario Ill (Figure -'l demonstrates the impact of 

aquifer heterogeneities on tlux distribution through the barrier. Each simulation is 

identical co Scenario I lFi1mre 2). buc .i one meter thick laver of hi!!h K ( ➔0 m/dav) has ..... . ..... ., 

been inserted into che aquifer. extending from the left to che right boundary of the 

domain. For all simulations. the presence of the high K layer increases che total tlux 

through the barrier. However. tlux profiles for the three barrier thiclmesses I 20. 100 and 

300 cml indicate chat che impact of che high K layer on flux discribucion within the 

barrier is variable. For che 300 cm thick barrier. flux remains relatively well Jiscributed 

(al. The 20 cm barrier. however. exhibits large variations in flux along the center line as 

a resulc of the high K layer in the adjacent aquifer. The flux through the central portion 

of the 20 cm barrier 8 times greater than along the outer cwo thirds. nl!arly maintaining 

the IO: I tlux mtio present in the aquifer. The 10 cm barrier is not thick enough to allow 

wacer from the high K layer to diverge. and che heterogeneous flux profile of the aquifer 

is tmnsferred co the barrier. The thicker. 300 cm. barrier pennies greater divergence of 

flow 
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Figure 6.4 Scenario Ill s/wws the affect of an aquifer ll'ith heterogeneous K 
distribution. Same as Scenario I. but a 1.0 m thick high K layer ( /0 rimes rest of 
aquifer) has been placed up and dmm gradiem 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 

barrier has little influence on tlux distribution for this scenario <simulation d). These 
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simulations illustr..ice that the thinner the barrier the more closely the tlux distribution 

will resemble that of the aquifer. Thicker barriers will tend to dampen tlux 

heterogeneities from the aquifer. producing more evenly distributed tlow. 
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Figure 6.5 Scenario IV shows the affect of rnrying barrier K on Jlmr in heterogeneous 
aquifer. The barrier K is 1·aried. Barrier K is a> JOO times greater. b> JO greater. 
c:> equal to. the K of tire aquifer. d) same as <b>. but with low K material 
bounding top and bmrom of domain. 
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6A.1.I Varying K of the Barrier 

The previous simulations showed that adjusting the barrier thickness can result in 

a more even tlow distribution. Here we inv\!stigate how the hydraulic conductivity of the 

barrier affects the distribution of tlow in a homogeneous aquifer. In Scenario IV ( Figure 

5 ). the barrit!r geometry is unchanged ~md only the K of the barrier is varied. In 

simulation (a) the K of the barrier is decreased an order of magnitude ( to .i m/day land in 

(c) the K is increased an order of magnirnde Ho-WO m/dayl. When the K of the barrier is 

increased. the total tlux incrl!ases and greater preferential tlow through the central 

ponion of the barrier is observed. As the barrier K is decreased. tlow convergence and 

overall tlux through the barrier declines. but a more t!\·en tlux distribution is achieved. 

Designing a barrier with a K that is lower than the aquifor may be problematic because of 

the negative impact on capture zone size. However. for barriers in heterogeneous aquifers 

it may be a disadvam.1gc for the K of the b:.1rricr to be orders of magnitude greater than 

the K of the aquifer. 

6A.2.2 Impact of K Distribution in Aquifer 

The nature of K heterogeneities in aquifers varies: the distribution and magnitude of high 

K layers will vary from aquifer to aquifer. ln Scl!nario V l Figure 6 ,. the effect of different 

K distributions in the aquifer on tlux through the barrier is explored. ln each of these 

simulations the K and geometry of the barrier and the average horizontal K for the 

aquifer is the same. Total tlux across the domain is also constant. but the distribution of 

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 (80 m/day) as in simulation !bl. This distribution 

increases the preferential tlow. with flux through the ccnmll ponion 5 times greater than 

through the rest of the barrier. 
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f'igure 6.6 Scenario V shmr.\· tht' alft'ct o( raryini: tht' K Ji.1trib11ri,m in L1q11i/er. Tl1t' row/ flux L1cro.u tht' 
domain rt'mains cm1sra11r. h11r tht' Jisrrihmi,m of hii:h K /a_wrs is 1·arit'J. ti/ Tht' hii:h K layer in 
tht' L1q11ijer is V.5 m 1\·idt' wir/z a K 20 rimt's thar o( tht' rt'sT o( the aquifer. h1 Tl1t' hii:h K layer is 
1.0 m ,ridt' 1rith a K /0 timt's that of the resr of tht' aquifer. c I The hii:h K layer is split imo 2 
layers each V.5 m ,ride ll'ith" K JO rimes thtlt of the rt'.l'l of rhe L1q11ijer. J) same as 1c1. bur ll'ith 
Ion· K mmerial hounding rop ,md bmrom of Jomt1i11. 
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In simulation (c) the high K layer has the same conductivity value as in 

simulation (b) t-l0 m/dayl but has been split into two layers each half as wide. Spliccing 

the high K layer results in a more even tlow distribution with the difference in tlux 

between the high .md 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 greater the 

preferential tlow through the barrier. Therefore. barriers installed into heterogeneous 

aquifers containing many. well distributed. high K layers will have a more even tlow 

distribution than in aquifers containing fewer. more localized. high K layers. Existence 

of aquitards at the top and bottom of the barrier has little intluence on tlux distribution 

for this series of simulations Id). 

6A.2.3 Adding ~lixing Zones 

The previous simulations indicated that thicker barriers result in a more even distribution 

of tlux. At some field installations. it may be appropriate to install homogeneous zones 

adjacent to an existing barrier. or concurrently during a new installation. to produce more 

evenly distributed tlow. Scenario VI t Figure 7) illustrmes how homogeneous wnes up 

and down-gradient of the reactive barrier affect tlow distribution in the barrier. 

Simulation 1a1 is identical to the 20 cm barrier simulation in Scenario Ill. while 

simulations tbl. tcl. and (d) have additions of a homogeneous zone. In 1b1. a 200 cm 

homogeneous zone is placed up gradient of the barrier. In I c I. I 00 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 (cl but the 100 cm 

zones are separJted from the barrier by 50 cm meters of the heterogeneous aquifer. There 

is significant tlow divergence within the barrier in simulation ta). with the tlux 

distribution largely reflecting the distribution in the heterogeneous aquifer. The presence 

of the homogeneous zone upstream of the barrier in simulation tbl does noc significantly 
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improve tlow 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 effect on the tlux profile. 
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Figure 6. 7 Scenario VI shows rhe ajfec:r of adding homogeneous mixing :ones. Mixing 
:ones are added up and down gradiem of rhe barrier. a) Same as Scenario III 
( c ). b) High K. 2 m rhick block added up gradiem of rhe barrier. c) High K. I m 
blocks added up and down grculienr of rhe barrier. d) Same as (c) bur 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 all 

preferential tlow is t!liminated (simulation cl. Homogeneous zones placed up and down 

gradiem but sepamted by a ponion of aquifer (simulation d). are ineffective at 

redistributing tlux and tlux profiles continue to reflect heterogeneities of the adjacent 

aquifer. From these simulations. it is apparent that the placement of homogt!neous Lones 

relative co the reactive mixture is very imponant. Gt!ometries that place the rt!active zone 

in the middle of immediately adjacent homogeneous zones will achieve the most uniform 

tlow distribution. 

6.-1.J Heterogeneous Barrier 

All previous scenarios have assumed that the barrier hydraulic conductivity is 

homogeneous. However. variations in the reactive mixture composition or installation 

process may result in i.l heterogeneous K distribution within the barrier. In addition. i11-

siru reactions resulting in the preferential precipitation or dissolution of solid phases with 

in the barrier may result in an initially homogeneous barrier becoming heterogeneous 

with time. In Scenario VII I Figure 8 ). the aquifer is homogeneous but a high K zone ( K = 

➔00 m/day) I 00 cm wide has been insened into thl! central ponion of each barrier. In the 

thin barrier simulation. the wne of high K has liulc impact on the tlow field or the tlux 

races with only a slight increase in tlux of approximately I ocr observed. Howewr. in the 

300 cm barrier 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 ponion of the thick barrier are on the order of 3 times greater than the outer 

two thirds. The thicker barrier permits greater convergence of tlow 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 tlow and decrease the total tlux through the barrier 

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

tlux distribution in thicker barriers. 
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Figure 6.8 Scenario VII shows the affect of heterogeneous K in rhe barrier. Same as 
Scenario I but /.0 m wide high K layer added to barrier. a) J.O m thic:k barrier. 
b) 1.0 m thic:k barrier. c: J 0.2 m rhic:k barrier. d) same as ( b ), bw with low K 
material bounding top and bortom of rhe domain. 
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6.5 CONCLUSIONS 

These simulacions illuscrace the imponance of hydrnulic conductivicy variacions 

on pocential reactive barrier perfonnance. Spatial variacions in K of the aquifrr. as well 

as in the barrier. will resulc in uneven tlux distribution. These differences in tlux will 

translate into decreased treatment capacity of the reactive barrier. The distribution and 

magnitude of the variations in K within the aquifer and barrier will l!ffel.:t tht! tlux 

distribution. Thi.! gt!ometry of tht! reactive barrier can attenuate or exaggerate these tlux 

variations. 

The thinner the barrit!r. the mort! sensitive the tlux distribution to variations in the 

K of the aquifer. Minimum residenct! timt!s and barrier lit't!time in thin barriers will bl.! 

potentially controlled by small layers of high K material in the aquifl!r. Therefore in­

depch characterization of spatial distribucion of K are necessary to design and assess 

perfonnance of these barriers. In contrast. thi1.ker barriers will more evenly distribute 

high tlux inpucs from a hecerogeneous aquifer. and more uniform treatment over a longer 

period of time will be achieved. Thicker barriers are more sensiti\'e to K variation within 

the barrier and therefore greac care muse be taken in the design. mixing and installation 

of chese barriers to achieve and maintain a homogeneous K distribution. 

Thi! more convt!rgt!nt and divergent tlow. the greacer the impact of hydraulic 

conductivity variations on tlux distribucion. This trt!nd suggests that tlow in hanging 

barrit!rs will tend to have more unifonn compared with tlow in Funnel and Gatt! systems. 

Nt!arly all aquifers contain variations in K and the precise charactt!rization of tht! 

K distribucion is difficult In chese aquifers. thicker barrit!rs will resulc in more even tlux 

distribution and will optimize reactive barrit!r perfonnance and increase the potential of 

correctly predicting barrier lifetime. However. reactive materials can be costly and 

barriers are often designed to minimize the volume of reactive material. In these cases. ic 

may be advantageous to mix the reactive mixture with inen. less t!xpensive material to 
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maximize the reactive barrier thickness without increasing the volume of reactive 

material required. For thinner barrier installations. placement of inert homogeneous 

zones up and down gr.idient may increase the performance of the barrier. However. 

significant redistribution of tlow will be achieved onlv bv installing the hi!!h K material 
..... . .. - -

immediately adjacent to reactive barrier on both the up and down gradient sides. 

Adjusting the K of the barrit!r will also affect tlow distribution. Increasing tht! K of tht! 

barrier in a heterogeneous aquifer will result in increased preforemial tlow. Minimizing 

the K of the barrier. without compromising tht! required capture zone. will most 

d"fectively 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 ineffective at 

redistributing heterogeneous cont.1minant mass and even thick barriers should be 

designed to treat the highest concencrntions found in the aquifer. 
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Chapter 7 

Conclusions 

This thesis has demonstrated thi.lt a full-scale reactive barrier can be installed into 

an aquifer contaminated with high sulfate and dissolved metals. Csing standard 

excavation methods and utilizing readily available and inexpensive municipal waste 

products this reactive barrier was installed in less than ..i days at a cost of approximately 

S30.000.00 <U.S.l. 

The installation has resulted in a dramatic improvement in groundwater 4uality 

over the three years of monitoring. The dominant process leading co improved 

groundwater quality within the barrier is sulfate reduction. Sulfate reduction promotes 

the removal of acid generating Fe ( II) by metal sulfide precipitation. Tr.ice metals are 

also removed by sulfide prl.!cipitation. In addition co metal removal. sulfate reduction also 

genermes significant alkalinity which greatly enhances the buffering capacity of the 

groundwater. Secondary processes that may contribute to improved groundwater quality 

include siderite precipitation and calcite dissolution. 

Bacterially mediated sulfate reduction is the rate-limiting step in the removal of 

iron and the genemtion of alkalinity. The ~lonod formulation can predict the r.ite of 

treatment within the barrier: 

I . I . k ISOJ I .m ~are ret uc:rw11 rate= • ----
K, +ISOJ I 

where K1 equals 1.6 mmol L·' and k equals 0.13 mmol L· 1 a·'(at 9°C). The product of this 

r.ite and the residence time within the barrier indicates the amount of so~ removed. ln 

t..i7 
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the Nickel Rim barrier. preferential tlow results in a range of residence times from 

approximately 65 to 370 days. The reactivity. as t!xpressed by the r.ue constant <k>. is a 

function of groundwater temperature. The dTect of temper.iture on the rate can be 

predicted using the Arhennius Equation ,md an apparent activation t!nergy £,1 = IO kcal 

mmor'. 

More homogeneous tlow and improved barrier performance may be achieved by 

changes in the reactive barrier mix composition. Numerical tlow modeling also indicatt!s 

that barrier geometry will impact flow distribution. In general. if greatt!r homogt!neity in 

hydraulic conductivity can be achieved within the barrier than within the adjacent 

aquifer. a thickt!r ( longer tlow path) barrier will produce more uniform flow distribution. 

Populations of sulfur and iron oxidizing bacteria within the Nickel Rim aquifer 

are limited to hydrologically defined zont!s of recharge and discharge. Populations of 

these bacteria in the tailings are relativt!ly low compared to otht!r tailings sites retlecting 

the presently low rJtes of sulfide oxidation at the ~ickel Rim tailings. The Lone of active 

oxidation has nearly reached the water tablt! and high water saturJtion is now limiting 

oxidation rates. This suggests that the Nickel Rim milings are nearing the end of tht!ir 

oxidation life cyclt! and remediation should focus on treating the oxidation products 

already produced. 

Future work on reactive barriers of this type should focus on two topics: reactivity 

and physical tlow. The Nickel Rim barrier perfomiance 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 !ability produces the decline in organic 

carbon reactivity. Establishing the relationship between organic carbon reactivity and 

barrier performance is necessary so that other possible factors such has tmce nutrients or 

other unidentified phyiochemical factors can be discounted. Additional work should also 

be performed on increasing the reactivity of the reactive mixture. 
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The nature of tlow through the barrier also impacts barrier perfonnance. In the 

Nickel Rim barrier preferential tlow through the central portion of the barrier resulted in 

decreased overall barrier perfonnance. Understanding the scale and cause of the 

preferential tlow is essential to eliminating this problem in the future. In addition. the 

relationship between raster tlow 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 

perfonnance. 




