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Abstract 

Selection of a method for the remediation of arsenic-contaminated groundwater requires 

knowledge of‘ the physical hydrogeological setting, chemical composition of the 

groundwater and aquifer solids, and concentrations and forms of arsenic in the dissolved 

and solid phases. There" are a number of new approaches for remediatin g groundwater 

contaminated with inorganic substances. These approaches typically involve 

manipulation of the geochemistry of the aquifer or contaminant plume such that the 

inorganic contarni_na_nt is either mobilized and extracted from the aquifer or stabilized to 

remove it from the Water. Successful deployment of a technology depends on site-specific 

characteristics, the expense of‘ the technology, including costs covering the initial 

infrastructure and ongoing maintenance costs, and the technical performance 

requirements to meet the desired‘ remediation objectives. Hydrogeological and 

geochemical factors which require consideration in selecting a remediation system, and 

remediation technologies available for treating arsenic contaminated groundwater are 

described,
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Résumé 
Lo'rsqu’il s’ agit de choisir une méthode d-’assainissement d’eaux souterraines 
contaminées par 1’arsenic, il faut connaitre les caractéristiques physiques et 
hydrogéologiques du site en jeu, la composition chirnique des solides, qui se trouvent dans 
les eaux souterraines et dans Paquifére, ainsi que les concentrations et les formese 
d’ arsenic en solution et dans la‘ phase solide. On compte un certain nombre de nouvelles 
méthodes d’assainissement des eaux souterraines contaminées par des substances 
inorganiques; elles consistent habituellement. 5 modifier les propriétés géochimiques de 
1’aquifére ou du panache de contaminants de maniére soit a rendre les contaminants 
organiques "mobiles pour ensuite les extraire de l’aquifére, soit A les stabiliser pour les 
retirer de 1’eau. L’efficacité depla technique utilisée depend des earactéxistiques propres 
au site, du cofit de la technique, y compris les frais associés 5 la mise en place initiale de 
1’infrast;ructure et les dépenses pour 1’entretien permanent, de méine que de la qualité 
techniquenécessaire pour atteindre les objectifs d’ assainissement visés. Dans Particle, 
nous décrivons "les facteurs hydrogéologiques et géochimiques qu’iI faut prendre en 
consideration au moment de choisiri une méthode d’assain'issemcint, ainsi que les 
techniques d’assainissement existantes pour traiter les eaux souterraines contaminées par 
1’ arsenic.
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Remediation of Arsenic-Contaminated Groundwater. 

What is the problem and what do slcentists already know about It? _ 

Arsenic is present in groundwater as a result ofnatural processes and anthropogenic releases, Ingestion of 
arsenic-contaminated groundwater leads to the development of cancer and other health concer”ris.iThere is 
abundantknowledge on the occurrence of arsenic in groundwater in parts of the world. Additional 
studies have been conducted on controlling the release, transport and remediation of arsenic in 
groundwater. There remain, however-, numerous localities and geological systems where very little is 
known about the transport and remediation of arsenic in groundwater. 

Why dld NWRI do this study? . 

This study was undertaken to gather information on various remediation approaches to remove arsenic . 

from grotmdwater. There are many remediation approaches available. Application of a remediation 
approach requires knowledge of site-‘specific geochemical mechanisms controlling arsenic behaviour. This - 

study involved a review of various remediation approaches and includes a detailed background discussion 
on geochemical and physical processes controlling arsenic release, transport and attenuation. New data 
collected from a mine site in Ontario is used as an illustrative example. A 

What were the results? 
The majority of studies in the field ofarsenic remediation aresite specific. It is critical to understand the

4 

site geocl_rerni_stry prior to irnplementation of a remediation approach. The remediation approaches typically 
rely on manipulation of physical and chemical processes. This manipulation can potentially exacerbate the 
original problem, therefore, athorough understanding of the geochemical processes occurring at a given 
site is required prior to implementation of a remediation system, Examples are provided to illustrate the 
need to have sufficient background information prior to selection of a‘ remediation option. g 

How will these results be used? -
. 

The information can be to control the release of arsenic to prevent widespread contamination of 
drinlcing water supplies and release of arsenic to the environment. 4 

Who were our maln partners in the study? 
University of Waterloo.
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Assainissement des eaux souterraines contaminées par , 

Que! est le probléme et que savent [es chejrclieiirs in cesujet? V 

I_..’arsenic present 1__es eaux souterraines provientde processus naturels on de rejets anthropiques. 
L'i_ngestior'i d'eau souterraine contaminée par Parsenic cause des tum_e'nr_s et d’a‘u'n‘es problémes de santé. 
On dispose d’une grande quantité de données sur l’arseni_c les eanx souterraines de nombreuses 
regions du monde. Des études out également été menées sur les mécanismes gouvernant la liberation et le 
transport de 1’arscnic dans les souterraines, dc meme que 1’ assainissement des caux contaminees par 
cet élément. Cependant, il reste bien des localités et des systemes géologiques pour Iesquels on en sait tres 
peu an cliapitre du' transport de l’a.rsenic dans les eaux souterraines etde l’as_sainissement de celles-ci. 

Pourquoi PINRE a-t-il effectué cette etude? 
~ La présente étude a été entreprise dans le but de rassembler de Pinformation sur diverses méthodes 

d’assainiss_ement permettant de retirer l‘arsenic des eaux souterraines. I1 existe de nombreuses méthodes 
d’assainissernent. L’application d’une méthodedonnée exige que l’on connaisse Ies inécanismes 
géoehimiques, propres an site, gouvemant le comportement <1_eI'a;i:se;r;iic. Du‘r‘afnt1’étude, nous avons 
examine diverses méthodes d’assainissement., En outre, Particle, nous discutons en détail les 
processus géochimiques et_phys_iqi1es qui déterminent la liberation et le transport de Parsenic ainsi que la 
reduction des concentrations de cetiélément. De nouvelles données recueillies A un site minier en Ontario 
nous perrnettent d"illustrer nos propos. . 

Qflels sont les résultats? 
La plupart des études sur le terrain portant sui-1V’élirnination de l’arsenic sont propres au site considéré. Il 
est essentiel de comprendre la géochi_m_i_e _du site en question avant.d’y appliquer une méthode 
d’assainissement:. Les rnethodes d’assainissement consistent habituellemcnt A modifier des processus 
physiques on chimiques. Cette intervention peut aggraver le probléme initial; c'est pourquoi il imports de 
connaitre parfaiternent les processus géochimiques en jeu a un site donné avant d’y mettre on place un 
systeme d’assainissernent Nous fournissons des exernples montrant la nécessité d‘avoir en main 
suffisamment de données sur le site avant dc choisir une méthode d’assainissement. 

Comment oes résultats seront-ils utilisés? 
L’infox-mation présentée pent étre utilisée afin de limiter les rejets d’a‘rse‘nic, de maniere a prévenir la 
contamination 9. grande échelle des sources d’appro‘visionneinent en eau potable ainsi que la liberation 
d’arsenic dans l’environnement. 

Quels étaieht nos principaux partenaires dans cette étude? 
Université de Waterloo. 
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Remediation of arsenic contaminated groundwater 
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Abstract 

Selection of a method for the remediation of arsenic contaminated goundwater requires knowledge of 
the physical hydrogeological setting, chemical composition of the groundwater and solids, and 
concentrations and forms of arsenic in the dissolved and solid There area number of ap- 

proaches for rerhediating groundwater contaminated inorganic substances. These approaches typi- 
cally involve manipulation of the of the aquifer or plume such that the inor- 
ganic contaminant is either mobilized and extracted the aquifer or stabilized to remove. it the 
water. Successful deployment of a technology depends on site-specific characteristics, the expense of the 
«technology, including costs covering the initial infrastructure and ongoing maintenance costs, and the 
technical performance to meet the desired remediation objectives. Hydrogeological and 
geochemical factors which require consideration in selecting a rcmediationsystein, remediation tech- 
nologies available for treating arsenic contaminated groundwater are described. 

"Keywords: groundwater, remediation, arsenic, barrier systems — 

"Introduction 

Groundwater contaminated with arsenic can be remediated by pumping the water 
from the aquifer fol__l_ow‘ed by above-ground treatment, or it can be rernedijated in situ, 

the need for gromidwater extraction and the construction of above-ground 
treatment facilities. Elevated concentrations of arsenic in groundwater can occurfmm 
anthropogenic discharges of arsenic,.natu_r”al releases of arsenic, or a combination of 
natura.l and anthropogenic processes. Selection of a remediation technique requires 
knowledge, of solid-phase sources and forms of arsenic and aqueous-phase concen- 
trations and species of‘ ar'se‘n‘ic. An understanding of how these fo_rms chfifige over 
time as groundwa‘;t'e‘r flows through the aquifer‘ and as geochemical conditions change 
is also required. Information on the geochemistry of in the solid and aqueous 
phases, together with information on the hydrogeological and geochemical setting, 
are required to develop a site-specific remediation approach. Large advances in un- 
derstanding of arsenic release, transport and cycling in groundwater have been made 

Aquatic arsenic go_:_:_ic_ity and treatment, pp. 139-157 
Edited by T._ Mnrplry & J. Guo __ O 2003 Backhyys Publishers, Leiden", The Netherlands
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Geochemical process 

over the last two decades. At the same time, new technologies have been developed 
for remediating groundwater, many of which can be applied to sites contaminated 
with arsenic. This paper describes processes controlling the release, transport and 
attenuation of arsenic in groundwater and various approaches available for remediating 
metal-c_ontam_inated groundwater, many of which can be applied for sites with ar- 
senic contamination. - 

Background 

Geochemical processes controlling the release of arsenic to groundwater 

Arsenic occurs in a variety of aqueous and solid-phase forms in aquifers and at waste 
sites. Arsenic can be present in minerals including sulfides, oxides and hydroxides, 
incorporated directly in the crystal structure, or it can be associated with mineral 
surfaces through adsorption or coprecipitation reactions. Arsenic is released to ground- 
water as a result of natural p’r‘oce'sses, as a result of anthropogenic perturbations, such 
as excessive groundwater exploitation, or through the direct release of arsenic at waste 
sites or through intentional land application. Once in the groundwater, a series of 
reactions influence the transport of arsenic (Table 1). Selection of a groundwater 
remediation system requires knowledge of the processes leading to arsenic release to 
groundwater. A remediation approach for a system where the release of arsenic is 
expected to be short-terrn will be quite different than one selected for a system where 
the release is expected to be a long-term orongoing process. This paper describes 
mechanisms controlling the release and attenuation of arsenic and options for remediating 
arsenic contaminated groundwater. The focus of the paper is on the r‘er'i_1'ediation,o’f 
distinct pluines of contaminated groundwater. There locations where d_ifl“use dis- 
tributions of arsenic can be treated in a manner similar to distinct plumes. Transfer 
of the remediation technologies for distinct plumes for treating diffuse arsenic con- 
tamination is expected. 

Natural release of arsenic 

Arsenic is present naturally in a varietyhof geological materials, including hydrother- 
mally influenced and volcanogenic materials or alluvium derived from arsenic rich 

Table I. Geochemical processes influencing the mobility of arsenic in groundwater. 

Example reaction 

Sulfide oxidation and arsenic release I-‘eA.sSm + 11/4 02 + 3/2 H20 = Fe" + SO42‘ + H3As0.3°~(,q, 
As(IIl) oxidation coupled to reductive

. 

dissolution of oxide Mnom) + l-I3AsO_3 + 2H+ = Mn=+ + I-l3AsO4 + H10 
Adsorption S0l_-lm ‘+ I-l3AsO_3 = SAsO33‘(' + H20 + 2H‘ 
Sulfide formation 2H,Aso,° + 3ii,s = As,s,(,, 1 61-{,0

i i
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source areas. Arsenic can be bound in sulfide rninerals, or a variety of other phases. 
Weathering of the source minerals, primarily through oxidation reactions, leads to 
the release of arsenic to flowing groundwater. Extensive sulfide oxidation occurs in 
the unsaturated zone of aquifers, where oxygen is plentiful. Below the water table, 
oxidation is less extensive because of the relatively low solubility of oxygen in wa- 
ter. There are numerous examples worldwide documenting the natural occurrence of 
arsenic in a variety of geological settings (Smedley and Kinniburgh 2002). 

As the arsenic is released, a series of attenuation reactions lessen the extent 

to which arsenic migrates from source areas. These reactions highly dependent 
‘on the pH and oxidation-reduction processes in groundwater. Inorganic forms of ar- , 

senic predominate in groundwater, principally as As(IlI) and As(V) valence states. 
Inorganic As(III) and As(V) hydrolyse to form oxyanions or neutral species. The 
As(IIl) valence state occurs as H3As0,3, H,AsO3‘_, HAsO32' species, with the neutral 
species H3AsQ3 predominant below pH 9.2. The A.S.(V) valence state occurs as 
H3AsO4, HzAsO4', I7IAsO43’ and AsO43“ species, with the H2AsO4_' and l-IAsO41' spe- 
cies predominant over the normalgroundwater range. Other inorganic aqueous 
species such as the thioarsenate species (H,As03S') form under reducing conditions, 
but can be relatively short-lived (Rochette et al_._ 2000). Organoarsenic compounds, 

. 
V such as dirnethylarsinic acid (DMA; (CH3)2A_s0(OH)) and monomethylarsonic acid 
(MMAA; Cl-l3AsO(OH)2), are less common in groundwater. A combination of ad- 
sorption and desorption reactions, mineral precipitation and dissolution reactions, and 
microbiologically mediated reactions control the mobility of these dissolved species. 

Inorganic As(III) and ‘As(V) species adsorb onto many mineral surfaces, includ- 
ing ferric and manganese oxyhydroxide solids [1epidocrocite, goethiie (Farquhar et 
al. 2002), and bimessite (Manning et al. 1998, 2002)], clay minerals [kao1inite, il- 

' 

lite, montmorillinite, and amorphous aluminum hydroxide (Manning and Goldberg 
1997)], and sulfides [mackijnawite and pyrite (Farquhar et a1. 2002)]. Arsenic is gen- 
erally more mobile under reducing conditions. This greater mobility is attributed to 
the weaker adsorption exhibited by As(III) species, and the loss of adsorption capac- 
ity as a result of abiotic and microbial reductive dissolution of iron and manganese 
(oxy)hydroxides. 

Cummings ct al.- (1999) document the release of by the dissimilatory Fe_(II'I)-* 
. 

reducing bacterium Shewahella alga BrY. As(IlI) and As(V) adsorbed to hydrous 
fenic oxide was released, and crystalline ferric arsenate solubilized, as a result of 
bacteria respiration processes. The increase in dissolved arsenic concentrations ob- 
served by Cummings _et al. (1999) are attributed primarily to the decrease in adsorp- 
tion capacity. Manning et al. (2002) document the oxidation of As(III) coupled to 
Mn02 reduction, and observed that the adsorption of As(V) after oxidation from 

- As(III) was greater’ than the direct ‘adsorption of As(V) onto MnO,2. The enhanced 
adsorption of As was attributed toefresheningof the Mn02 surface as Mn” is released 
into solution. 

'

_ 

Many direct microbial reacfions also affect arsenic release. As(V) can be 
to As(IlI) through a dissimilatory reduction process, where As(V) serves as a tenni- 
nal electron acceptor for microorganisms (Langner‘ and Inskeep 2000). Here, the re- 
duction of As(V) to As(IIl) was observed in the absence of reduction or dissolution 

' of Fe(III) solid phase. At least. seven bacteria and two hypothermophilic archaea 
utilize As(V) as a direct terminal electron acceptor, as summarized by Macur et al.
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(2001). Additional species reduce As(V) to As(III) through intercellular detoxifica- 
tion mechanisms. Macur et al. (2001) have suggested this latter pathway may oper- 
ate in aerobic as well as anaerobic environments. 

In groundwater systems, a number of geochemical processes can influence arsenic 
mobility. These processes depend on the aqueous geochemistry, aquifer mineralogy 
and microbial activity (Fig.. 1). For example, under aerobic conditions, oxidation of 
arsenical sulfides can lead to the release of arsenic. The released arsenic can be ajta 
tenuated by adsorption or coprecipitation Fe'(III) oxyhydroxides. Above the water 
table, oxidation of sulfides occurs readily. in the saturated zone, the rate of ojxida. 
tion will depend on the transport of oxygen and other oxidants to the sulfidesolids. 
Once released from sulfides and other reduced phases through oxidation processes, 
arsenic can adsorb to clay minerals and ferric and manganese oxyhydroxide solids. 
If groundwater containing arsenic encounters layers enriched in organic carbon, sul- 
fate reducing conditions can develop, and arsenic can be restabilized through the 
formation of secondary sulfides, such as orpiment [As2S3]. These secondary sulfides 
can potentially reoxidize, leading to renewed release of arsenic. In a given aquifer, 
only one of these reactions might dominate, whereas in another aquifer, multiple re- 
actions can occur over a very short distance. Detailed site characterization is required 
to fully delineate the extent that arsenic is released, transported from the source area, 

Geochemical Cycling of Arsenic in Groundwater 
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Fig. 1. Schematic diagram showing potential reactions that can occur at various locations in‘ an aquifer.
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and the extent that arsenic is restabilized through formation of secondary sulfides. 
Cycling of arsenic in groundwater on local scales and on basin scales has been 

well documented. For exajrfnple, in western Canada, arsenic occurs as arsenopyrite in 
hydrothenna-1 veins within metasediments and metavolcanic rocks. Oxidation of the 

. arsenopyrite has resulted in elevated concentrations of arsenic in the groundwater. A 
portion of the arsenic is adsorbed and later released, with highest concentrations ob- 

served at elevated pH conditions (Boyle et al. 1998). In northeastern United States 
elevated concentrations of arsenic in groundwater are attributed to arsenopyrite oxi- 

dation, with the highest concentrations observed at the edges of a large basin (Sidle 
et al. 2001). In Hanoi, Vietnam, arsenic is released to groundwater from sediments 
as a result of either reductive or oxidative processes (Berg et “a1, 2001). Concentra- 

tions of arsenic are elevated in a sandstone aquifer in Bavaria and are strongly asso- 

ciated with specific lithofacies (I-Ieeinrichs and Udlufi 1999). In Mexico, arsenic re- 
lease to groundwater is attributed to arsenopyrite oxidation, scodorite dissolution and 
desorption reactions (Planer-Friedrich et al. 2001; Morse 2001). In Bangladesh, ar- 

senic release has been attributed to a number of ‘geochemical proccesses, including 
reductive dissolution of Fegand Mn oxyhydroxides and microbial oxidation of organic} 
matter (e.g. Mandal et 1996; Anawar et al. 2002). These, and other examples, 
demonstrate the wide range of geochemical processes that can be active under "natu- 

ral conditions in aquifers. 

Release of naturally occurring arsenic through anthropogenic perturbations 

An important step in establishing a remediation_prograi_n is to determinethe geochemical 
processes leading to the release of arsenic. Anthropogenic activities can alter geochemi- 
cal conditions in aquifers and consequently enhance the release of arsenic to ground- 
water (Figs. 2, 3). These actions can lead to the development of distinct plumes of 
arsenic contaniinated groundwater, which may require remediation, or larger.-scale 
arsenic contamination beyond the scale that can be economically remediated. An 
example ofan anthropogenic activity that can lead tovdiffuse arsefinic contamination 
of groundwater is the excessive extraction of groundwater leading to the develop- 

ment of drawdown cones -and enhanced oxidation of naturally occurring arsenic sul- 
fides and other reduced phases (Fig. 2). An example of an activity where 
distinct plumes of arsenic contamination can develop is the unintentional or inten- 
tional release of reducing water to the subsurface such as from waste disposal sites 
ormunicipal landfills (Fig. 3). The release of reducing water can promote the disso- 
lution of iron and manganese oxyhydroxide minerals, liberating adsorbed or 
c_oprecipitat'e_d arsenic. If lefi uncontrolled, extensive goimdwater contamination and 
degradation of drinking water supplies can ensue. Through siniilar geochemical mecha- 
nisms, induced infiltration of organic rich river waters or agricultural waters can cause 
the release of arsenic (Fig. 3). Extraction of groimdwater from wells installed adja- 
cent to rivers or lakes can lead to the ingress of water containing elevated concentra- 
tions of‘ organic matter. Similarly, increased flooding, due to widespread deforesta- 
tion and other anthropogenic perturbations, can result in the deposition of organic 
rich sediment abovevuinerable aquifers. The quality of groundwater that is extracted
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Enhanced Release Due to sulfide Oxidation 

Wel I 

Water Table~ 

Excessive Drawdown 
Enhances Arsenic 
Release 

Fig. 2. Schematic diagram showing enhanced oxidation of ‘sulfides, such as arsenopyrite or arsenian 
pyrite, as the result of drawdown of the water table around a well field. 

from these aquifers can degrade due to enhanced release of arsenic from the infiltra- 
tion of dissolved organic matter. * 

Anthropogenic releases 

Metal-mining environments 

Many ore deposits, in particular gold-bearing ore deposits, contain elevated concen- 
trations of arsenic in the ore and host rock. Arsenic, commonly in the form of arse- 
nopyrite [FeAsS], or arsenian pyrite [(Fe,As)S,], requires management during and 
after mining and ore processing. Elevated concentrations of arsenic can occur in ef- 
fluent discharging from mine workings. Arsenic concentrations observed in the dis- 
charge portal at the Iron Mountain site, California are up to 340 mg/L (Nordstrom et 
al. 2000). Waste rock with elevated concentrations of As can be generated during 
ore production. Arsenic can also be released in heap-leach operations or refining pro- 
cesses. Heap-leach operations include leach pads containing crushed on: through which 
leaching fluids are circulated. Although these pads are lined, to assure collection of
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Release of Arsenic through Reduction Reactions 

Well 

As 
, 
Reducing 

Arsenic bound to Fe and Mn (Oxy)hydroxides 
released through reduction reactions . 

Fig. 3. ced release of arsen" 
' 

ic in response to the ingress of water containing high concentrations 
of dissolved organic inatter. 

theleaching solution, arsenic may escape during operation or after active heap leaching 
ends and fluid circulation ceases. I

' 

V 

In conventional gold recovery operations the ore is fiI}¢.1Y ground. The gold-bear- 
-ing fraction of the ore is separated by grav_itational"se'ttling or differential flotation 
Once separated, refining techniques, including -roasting or pressure oxidation using 
autoclave methods are used to recover gold. Mill tailings, the residue from the con- 
centration process, have little commercial value and are typically disposed of in dedi- 
cated impoundments. Refinery wastes are disposed of in separate impoundrnents, or 
co-disposed with the As waste rock, mill tailings and refinery weather, 

groundwater. 
The rate of arsenic leaching from mine wastes depends on a variety of factors, 

including the hydrological, and geochemical conditions that prevail in the waste dis- 
facility, and the form of the arsenic in the wastes (Fig. 4). Arsenic can be present 

in the wastes in reduced forms or oxidized forms. In floatation tailings derived from 
sulfide ore bodies arsenical sulfides, including arsenopyrite and arsenian pyrite may 
be a_b'undant_. In oxidized waste rock piles, oxidized tailings impoundments, or in 
impoundrnents containing oxidized residues such as autoclave wastes, arsenic hear- 
ing iron and manganese oxides may be abundant. 

elevated concentrations of arsenic can be leached from the wastes and released to-
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Arsenic Attenuation at Industrial Waste Site 
. 

> ‘w ‘ 

nab Ground Water Flow nab» 

Fig. 4. Industrial release of arsenic and processes influencing arsen_i'c tr_a_nsport. 

Release of arsenic from mine waste sites has been well documented. Arsenic re- 
lease can occur directly from waste rock piles and tailings limpoundrnents (e.g. 
McCreadic et al, 1998, 2000; Ross et al, 1999), and from wastes have spilled 
into rivers and lakes (e.g. Cherry et al. 1986; Macur et al. 2001). Al et al. (1994) 
re'po_rt the presence of high concentrations of arsenic in the porewater of the Kidd 
Creek Mine tailings impoundment, near Timmins, Ontario, Canada. The production 
of Zn from sulfide ore includes the removal of iron from the zinc-bearing solutions 
through the fonnation of a jarosite residue which is rich in arsenic. The jarosite resi- 
due contains jarosite [KFe3(S04)2(O_H_)5L sodium _jarosite [NaFe3(SO4),(OH)5], 
hydronium jarosite [H3OFe3g(SO4)2(Ol-I)6], goethite [CXFCOOH], and lepidocrocite 
[yFeO0H]. This jarosite residue is co-blended with sulfide-rich flotation tailings and 
discharged to a conical pile within the tailings impoundment. Dissolution of the 
jarosite residue is favoured under the geochemical conditions prevalent in the tail- 
ings cone. As dissolution occurs, arsenic contained within the jarosite residue is re- 
leased to the tailings porewater. - 

At the Campbell Au mine, Red Lake, Ontario, master wastes produced during -the 
production of gold are deposited with the tailings. Studies conducted at this site in- 
dicate that arsenic-bearing gold-refinery wastes are unstable when blended with 
sulfidic tailings (McCreadie et al. 2000). Arsenic bound to the roaster wastes is re- 
leased to tailings porewater and subsequently migrfates from the wastes into an un-
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derlying sand aquifer (Ross et al. 2000). The arsenic rich plume is migrating from the tailings pile at a rate of approximately one-half of the groundwater velocity (Ross -et al. 1999). At some locations where peat layers are present at the base of the tail- ings impoundment, arsenic is stabilized as an arsenic rich sulfide, with a fonnula 
consistent with orpiment (Stichbury et al. 2000a,b). < 

The release and attenuation of arsenic at the Campbell Au mine are complex. At 
the surface of the impoundment in the vadose zon , oxidation of arsenopyrite releases dissolved arsenic. Above the peat layer, reducing conditions enhance the release of 
arsenic through the reductive dissolution of arsenic rich ferric iron m‘iner’a_ls coupled 

_ 

"with the oxidation of dissolved organic carbon. Wi_tl_i_in the peat layer, in the absence of Fe(III) oxides, sulfate reduction coupled with the oxidation of organic carbon re- 
sults in the precipitation of arsenic sulfides. At this tailings site, a number of geochemical processes are occurring at different localities, Selection of a remediation approach for this site requires consideration of the processes controlling arsenic re- 
lease and transport within the tailings, within and underlying the peat layer and within 
the adjacent aquifer. Selection of an inappropriate remediation system could promote 

. the release ofarscnic resulting in an increase in concentrations rather than the de- 
sired reduction in arsenic concentrations. 

Arsenical pesticides and other industrial releasesJ 
Other sources of arsenic can lead to distinct plumes of arsenic coritaminated ground- ‘ 

water. A number of industrial activities involve direct handling of arsenic bearing 
solids and solutions, resulting in contarnination of groundwater. Example sites where elevated concentrations of arsenic are present in groundwater at sufficient concen- 
trations to require remediation “include taimefy sites (Davis et al. 1994), and pesti- cide manufacturing sites (Mariner et al. 1996). - 

Remediaflon of arsenic contaminated groundwater
V 

There are two settings wherevremediation of arsenic contaminated gi-oundwater 
‘is undertaken. In the first setting, treatment of groundwater is required prior to dis- 
tribution of_ arsenic free drinking water. In the second setting, concentrations of ar- 
senic are elevated due to anthropogenic releases. For this setting, treatment of ar- 

' senic contarninated groundwater is carried out to prevent widespread contamination of aquifers and discharge of arsenic-coiitarninated groundwater to surface water bod- 
ies. A' 

Remediation of arsenic contaminated gI’0limdV.Vapter-can takerplace in situ or ex situ. Ifarsenic free water is required, the conventional approach to providing a water supply is to pump groundwater to the ground surface followed by treatment. ‘Above-ground treatment approaches range from small hand-held devices (e.g. Sengupta et al;.- 2001) to large treatment plants. Treatment options include adsorp- 
tion based systems, reverse osmosis systems and precipitation based systems. The 
selection of an appropriate treatment syst_'em_ will depend on scale of the treatment
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Table 2. Summary of approaches to rernediation of inorganic contaminants in groundwater. including 
potential advantages and disadvantages in their application. 

Remediation method Advantages Disadvantages 

Pump-and-treat Treated water can potentially be High capital costs ‘ 

used Ongoing opaating costs 
Contaminant is removed from Long treatment times 
aquifer Energy intensive 

Treated water requires disposal 
Treatment byproducts (sludge) 
require disposal 

Enhanced pump-and-treat Contaminant is removed from High initial capital costs 
aquifer Ongoing operating costs 
Potential for long-term (positive) Difficulties in delivering reagents 
changes ‘in aquifer propjerties Aquifer properties changed in 

undesirable manrier‘ 
Treated water requires disposal 
Deleterious efiects of reagents 

Contaminant is stabilized in Contanrinant is not removed 
aquifer - cannot be pumped to from aquifer — potential for 
wells or released to surface remobilization 

_
_ 

waters Difficult to deliver reagents 
Potentially low capital costs Ongoing operation costs 

Reduction in aquifer 

ln-situ stabilization: 
injection systems 

permeability 
Deleterious effects of reagents 

In-situ stah_ilization:_ Contaminant.stabilized in High initial capital costs 
permeable reactive aquifer 

' Not suitable for deep systems 
barriers — No ongoing maintenance costs Media may require replacement 

No ongoing energy costs Contaminant not removed from aquifer 
No disposal of treated water 

system or plan, the composition of the groundwater and time available for treatment. 
At an industrial site undergoing remediation, pumping of groundwater to ground 

surface may or may not be required. In this case, either ex situ or in situ, groundwa-
' 

ter reinediation techniques can be applied, As in drinking water treatment systems, 
selection of an effective remedial approach requires consideration of the scale of the 
remediation project, the groundwater flow rates, and the composition of the grounde 
water. For in situ treatment systems, information on the composition of the aquifer 
solids is also 

Groundwater remediation systems have been developed for a broad range of an- 
thropogenic contaminants, including organic solvents, metals, nutrients, radionuclides, 
pesticides, and more recently arsenic and selenium. Large advances in implementing 
and operating full-scale groundwater remediation systems have been made over the 
past few decades (Table 2). Many of these advances can be applied for treating ar- 
senic contaminated groundwater, including both in situ or ex situ approaches. 

Pump-and-treat systems for remediating arsenic in groundwater 

Traditionally, single wells or a series "of wells are installed into or adjacent to the 
contaminant plume, and groundwater is pumped to ground surface where it is treated
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(Fig. 5a). This approach, pump-and-treat, has been demonstrated to be effective for 
a limited number of contaminated sites. For the majority of sites, it is increasingly 
recognized the conventional pump-and-treat approach is limited by a combina- 
tion of physical and geochemical processes (Mackayand Chen'y .1989; Blowes 2002). 
These processes ‘result in the retention of small masses of contaminants within the 
aquifer either ‘as a discrete phase or as dissolved constituents within fine-grained portions 
of the aquifer. As a consequence, long operating times are expect_ed_.- In many cases 
the contaminants can be contained but complete aquifer remediation cannot be achieved 
in a reasonable length of time (Mackay and Cherry 1989). 

Applications of pump-and-treat systems to remove arsenic from contaminated 
groundwater have been documented. For example, Mariner et al. (1996) describe a 
pesticide manufacturing site where a pump-and-treat system is operating to extract 
arsenic contaminated groundwater (As> 500 mg/L) to prevent release to tidal flats. 
At this site, the groundwater pH is elevated and adsorption reactions limited Arsenic, 
therefore, is likely available for release by 'p'_u"mping."For most arsenic contaminated 
sites, long treatment times are expected because of the ongoing release of arsenic 
that is associated with the aquifer solids. In areas where arsenic occurs naturally, 
arsenic may be pumped from aquifers at unacceptable concentrations for many vol- 
umes of water (years of pumping) with no apparent diminishment in concentrations 
observed. For a contaminated site, the release of arsenic can also potentially last for 
many years, suggestingi that long pumping times would be required to meet site 
remediation goals. In addition to information on physical hydrogeological setting, 
detailed kjnowledge of the distribution and form of arsenic in the aquifer solids, and 
geochemical and microbiological processes is required. Operation of treatrnent sys- 
tems for decades or longer can be expected. 

Enhanced pump-and-treat systems 

The use of enhanced pump-and-treat systems is becoming more widespread for 
remediating a variety of contaminated sites, including sites contaminated with or- 
ganic solvents and those contaminated with metals. These systems rely on delivery 
of a reagent to the subsurface through the use of injection wells (Fig; 5b). The re- 
agent promotes the transfer of the contaminant inthe solid-phase to the aqueous phase 
to shorten the duration of pumping. For arsenic, there are a variety of reagents that 
potentially could be used to promotethe release of arsenic from the solid-phase into 
the solution phase. For example, reagents such as phosphate-bearing solutions to promote 
arsenic desorption, or weak acids or a reductant to promote dissolution of adsorbing 
phases and indirect release of arsenic, could potentially be used in an enhanced pump- 
and-treat system. Selection of the reagent requires an imderstanding of the form 
and distribution of arsenic on the solid phase. Peters et al. (1994) describe the poten- 
tial use of sodium carbonate. potassium phosphate (-dibasic), citric acid, oxalic acid, 
phosphoric acid, polysodiurn vinyl sulfonate and three commercially provided re- 
-agents for arsenic extraction in enhanced pump-and-treat systems (in Redwine200l). 
Citric acid was observed to remove up to 100 times more arsenic from soil in field 
applications than could water alone (Redwine 2001). Enhanced pump-and-treat sys- 
tems could be utilized at sites where a spill of arsenic occurred and removal of ar-
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Treatment Techniques 

A_ P d Treat 3. Enhanced
. "mp an Pump and Treat 

c. In Situ Injection D. ‘Permeable 
eactive Barrier ~~ 

Fig. 5. Schematic diagram showing a) pump-and-twat system and b) enhanced pump-g‘nd-treat system, 
c) in-situ stabilization system and d) permeable reactive barrier system for rernediating groundwater 

with axsenis.
'
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senic from the site is required. Because of the number of potential reactions that could 
take place as chemicals injected, bench- and field-scale trials would be 

In-situ stabilization treatment systems 

Alternative treatment approaches have been developed and implemented which pro- mote the stabilization of the contaminant in situ to prevent its release into flowing 
v groundwater. To stabilize contaminants, reagents can be injected through wells as solutions (Fig. 5c) or as nanopafrticles, or solid—phase reactants can be added by au- ger mixing, jetting or excavation and replacement techniques (Fig. 5d). The reac- 

tants can impede groundwater flow, such as reactive‘ grouting (also referred to as soil 
stabilizers) or the groundwater can be allowed to flow through the reactant to pro- mote contact between the contaminant and the reactant. If the groundwater is allowed 
to flow through the reactant, the installation is referred to as a permeable reactive ' 

barrier (Blowes and Ptacek 1992, 1994, 1996;, Blowes et al. 2000). 
Solidification/stabillization techniques use the addition of a binding agent to so- 

lidify the soil or waste and render the contaminants immobile (Redwine 2001). Bind- 
ing agents include portland cement, or cement with chemical additives that decrease the leachability of contaminants. Redwine (2001) describes the application of soil 
"solidification/stabilization techniques to two field sites. At both field sites, a ferrous 

, 
sulfate slurry was added to the soils followed by a cement slurry 24 hours later. Fol- -lowing post-treatment testing of both sites, regulators declared ‘-‘no further action” was required (Redwine 2001). ‘ 

Penneable reactive barriers have been demonstrated to successfizlly treat a range of inorganic contaminants, including dissolved metals, arsenic and selenium, 
radionuclides, nitrate and phosphate (Blowes and Ptacek 1994,1996; Blowes et al. 
2000). Aquifer material is excavated and replaced with a reactive media. Permeable 

- reactive barriers are approximately 1 m wide, up to 20 m deep and of sufficient length 
to intercept the plume (l0’s to l00’s‘ ofmeters); Groundwater is allowed to flow pas. 
sively through the barrier, typically for decades, to provide ongoing treatment 
in an energy efficient and cost-effective manner. Auxiliary pumping can be added to ' 

direct water through the reactive mixture if‘ desired. 
. Selection of the reactive media will depend on the target contaminant, the groundwater chemistry and the groundwater velocity. For example, zero-valent iron ‘ 

has been used in permeable reactive barriers to treat Cr(VI) cotitéminated groundwater 
(Blowes et al. 1997, l999a,b). As Cr(‘VI‘)-bearing groundwater flows through the zero- 
valent iron, the Cr(VI) is reduced to Cr(lIl) and removed as insoluble hydroxides and 
oxide, thus preventing its migration. Once stabilized, Cr(HI) is no longer released to flowing groundwater at concentrations of concern. Organic carbon containing per-g meable reactive barriers have been described by Blowes and Ptacek (1994, 1996) and 

4 

Blowes et al. (1994) and installed at large sites for treating metal-contan_u'- 
nated groundwater by promoting sulfate reduction and metal sulfide formation. A 
variety of organic carbon sources, including municipal compost, wood chips and pulp 
waste were effective at lowering metal and sulfate concentrations and increasing al- 
kalinity in an aquifer receiving mine drainage (Waybrant et al. 1998, 2002; Benner 
et al. 1997, 1999, 2002). Using a similar McGregor et al. (2002) and Ludwig

I’
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et al. (2002) describe the removal of‘ metals to very low concentrations at an indus- 
trial facility. Baker et al. (1997, 1998) describe the use of steel foundry wastes and 
aluminurn oxides to treat phosphatetcontaminated groundwater. A comparison of costs 
associated with a pump-andatreat system and a permeable reactive barrier indicates 
that permeable reactive barriers can yield large cost savings over conventional pump- 
and-treat systems (Blowes 2002). 

For groundwaters containing arsenic and selenium, a numbe_r of reactive solids have 
been demonstrated to effectively lower concentrations to below water quality guide- 
lines. These materials include zero valent iron (Blowes and Ptacek 1994, 1996; McRae 
et al. 1999; Su and Puls 200la,b; Melitas et al. 2002; McGregor et al. .2002), acti- 
vated alumina (McRae et al. 1999) and other lower cost materials, including blast 
oxygen furnace oxides produced at steel foundries (Blowes et al. 1996; McRae et al. 
1999). McRae et al. (1999) observed that rriaterials suitable for arsenic removal were 
also efiective at removing selenium from groundwater. In column experiments, con- 
centrations of arsenic were below detection afier flowing ‘through a column contain- 
ing l0 wt % zero valent iron for more than 800 pore volumes of flow (Fig. 6b), and 
through a column containing 20 wt % of activated alumina for more than 600 pore 
volumes of flow (Fig. 6a). Concentrations of arsenic declined from 1000 uyL to <20 
ug/L (the analytical detection limit) using 10 wt % blast oxygen furnace oxides for 
more than 100 pore volumes of flow at typical groundwater velocities (Fig. 6c). Per- 
meable mixtures containing higher percentages of reactive media remove arsenic for 
even longer times (Bain et al. 2002).

‘ 

McGregor et al. (2002) describe the effective removal of arsenic using a perme- 
able reactive barrier at a field site in northern Ontario using reactive mixtures con- 
taining zero valent iron and organic carbon. The results of the study by McGregor et 
al. (2002-) show removal of in excess of 90% dissolved arsenic within the reactive 
barrier during the first three months of operation. 

Selection of a reactive media would be based on sitle-specific conditions. Highly 
reactive and permeable mixtures would be required for sites with "high groundwater 
velocities. Mixtures containing zero valent iron and organic carbon would be effec- 
tive at removing arsenic from oxidizing to moderately reducing groundwater flow 
systems. Activated alumina would provide effective treatment in a wide range of 
geochemical conditions, but is typicallysvery expensive to utilize at the scales of most 
groundwater plumes. Basic oxygen furnace oxide contains a mixture of Fe(Il) and 
Fe(III)-bearing solids. There is potential that this material might not be stable under 
prolonged exposure to very high concentrations of dissolved organic ‘carbon. Perme- 
able reactive barriers containing zero valent iron result in large increases in 

groundwater pH. If groundwater treatment also contain high concentrations 
of Ca, Mg and H003, precipitation of carbonates in the barrier can occur, potentially 
impeding flow through the barrier and decreasing reactivity leading to ineffective 
treatment. The costs and treatment capacity of the activated aluminum, zero valent 
iron, steel foundry wastes and organic carbon vary widely, therefore detailed cost 
analyses and bench-scale or field trials are an important aspect in the development 
of effective full-scale installations.
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Conclusions 

/Groundwater concentrations of arsenic can vary both temporally and spatially due to natural and anthropogenic facto . Site specific information on mineralogical, geochemi- cal and hydrogeological factors is required to select an efiective remediation strat- egy. Geochemical conditions in the subsurface can be manipulated to enhance the 

References 

Al, '1' 
A;.-, D W Blowes, J Jai‘-nbor and JD Scott 1994 The geochemistry of mine-waste porewater affected by the combined disposal of natrojarosite and base-metal sulphide tailings at Kidd Creek, Tirnmins, Ontario Cari. Geotech .l., 31: 505-512 

‘ence & Technology, 32: 2308-2316. 
Baker, MJ,-. D.W..Blowes and CJ. Ptacek. 1997. Phosphorous adsoip '

_ 

able reactive wall: applications or wastewater disposal systems. Land Contaniiuatiozi & Reclama- _ 
tifon, 5(3):l_89-193. 

'

_ 

Benner, S.G., D.W. Blowes and CJ. Plaficek. 1997. A full-scale porous reactive wall f acid mine drainage. Ground Water Moritz. Remed., Fall, 1997, pp. 99-107
_ 

Benner, S.G., D.W. Blowes, W.D. Gould, R.B. Herbert, Jr. and C.J. Ptacek 1999. Geochemistry of a 

Berg, M.~, H.C. Tran, T.C. Nguyen, H.V. Phan, R. Schertenleib and W. Giger. 2l)0l Arse-nic contami- nation of groundwater and drinking water in Vietnam: A human health threat. Environ. Sci. Technol._, 35:" 2621-2626.
' Blowes, D.W. 2002. Tracking hexavalent Cr in groundwater. Science. 295: 2024-2025. 

CJ. Ptacekand D.W. Blowes
. o



v

Q ,. 

V:

E

4 

Remediation of arsenic contaminoted groundwater 155 

B_lo_we_s, D.W. and CJ. Ptacek. l992;.- Geochemical remediation of groundwater by permeable reactive 
walls: Removal of ohromate by reaction with iron-bearing solids. Proceedings Subsurface Restora- 

tion Conference, 3rd International Conference on Ground Water Quality Research, June 21-24, 
I-992, 

Dallas, Texas, pp. 214 - 216. _ _ 

Blowes, D.W., CJ. Ptacelr and M. 1996. Treatment of wastewater. (33. Patent 962338-7, filed 

November 11, 1996 (issued, 2000), Canada Patent 2,190,038, filed November ll, 1996, U.S. Patent 
08,745,734, filed November 12, 1996 (issued, 1999).; g 

Blowes, D.W., CJ. Ptacek, S.G. Befiner, C.W.T. Mcl?.ae.and R.W. Puls. 2000. Treatrnent of dissolved 
metals nutrients using permeable reactive barriers. J. Contam. Hydroi.-, 45(1): 120-135. 

Blowes, D.W., l}.W. Gillharn, C.J. l>t_a_cek, RN}/_. Puls, TA Bennett, S,._F. Q‘l-lannesin, C.J. l-Ianton-Fong 
and J.G. Bain. 1999a. An in situ permeable reactive barrier for the treatment of hexavalent chro- 
miumand trichl_oroe_t_hylene in water: Volume 1, Design a‘nd’installation. EPA/600/R-99l095a, 
1 ll pp_. 

‘ .Blowe_s, D.W., R».W. Puls, .R.W. Gillharn, C.J. Ptaoelg T.A. Bennett, J,.G_. Bain, CJ. l-Ianton-Fong and 

CJ. Paul. 1999b. Anvin situ permeable reactive barrier for the treatment of heiravalent chrorniu_r_n_ 
and trichlorojethylene in ground water: Volume 2-, Performance monitoring. El‘-‘A/600/_R-99/095b, 
207 pp. 

Blowes, D.-W.-, C.J. Ptacek, CJ; and LL. 1997 . In-snub remediation of chrornate contaminated 

groundwater "using perrneable reactive w ‘11§: laboratory studies. Environ. Sci. Technol., 31: 3348- 
3357.

' 

Blowes, D.W., C_.;.l. Ptacelr and M. Baker. 1999. Treatrnent of wastewater. U.S. Patent 08,745,734. 
Blowes, D.W. and C.J. Ptaoek.. 1996. System for treating contarninated groundwater. Continuation in 

' 

pan. U.S. Patent 5,514,279. _ 

Blowes, D.W. and C.J. Ptacelg. 1994. System forvtreating contaminated groundwater. U.S. Patent 

V 

5,362,394. _ 
V

V 

Blowes, D.W. an_r_l C._J. Ptacek. 1991. Treatment of mine railings. U.S. patent 4,990,031. _ 

Blowes, D.W., CJ. Ptacck and LL. Iarnbor. 1,994.’ Rernediation and prevention of low-quality drainage 

from mine wastes. In: Jambor, J.L_.-,~ Blowes, D.W. (Eda), Minetdl0gl'¢aI Association of Canada Short 
Course Handbook on Environmental Geochemistry of Sulfide Mine- Wastes, Waterloo, Ontario, May, 

_ 

1994. Pp. 365-380. 
~ Boyle, D._R., R;.:J.'W. Turner and G.E.M. Hall, 1998. Anomalous arsenic concentrations in 

groundwaters 

of an island community, Bowen Island, British Columbia. Environ. Geochem. Health, 20(4): 
199- 

212. 
' 

‘ 

o ,‘

' 

Cherry, .l.A., I-'.M.M,. Morel, J .V. Rouse, JLL. Schnoor and M.G. Wolrnan. 1986. Hydrogeochemistry 
of 

sulfide and arsenic-rich tailings and alluviurn along Whitewood Creek, South Dakota (Part 3 of 
'3

' 

parts). Min. Energy Reso'u'r., 29, 1-15, _ \ 

Cummings, D.E., F. Caccavo, Jr.~, S. I-‘endorf and RJ'-‘. Rosenzweig. 1999. Arsenic mobilization by the 
dissimilatory Fe(IID-reducing bacterium Shewanella alga BrY. Environ. Sci. Technol_., 33; 

723-729. 

. Davis, A., 1-1. A. Nicholson and B. Yare, 1994. transport of arsenic and chro- 

rnium at a historical ta'n‘ne‘ry, Woburn, Massachusetts, U;S.A. Appl. Geochem, 9: 
569-582. 

Fax-quyhar, M.L., J.M. Charnock, F;._R.— _Livens and DJ. Vaughan. 2002. Mechanisms ofarsenic uptake 
from aqueous 'solution by interaction with goethite, lepidocrocite, rnackinawite, and pyrite: An 

x- 

ray absorption spectroscopy study. Environ. Sci, Technol., 36: 1757-1762. 

I-Iein_ri_cl_1s, G. and P. Udlufi. 1999.; Natural arsenic in,Tria'ssic roc_k__s: A source of drinking-water con- 
tamination in Bavaria, Germany. Hydrogeol. J., 7: 468-476. V 

K.W. and W.l'-‘. Inskeep. 2000. Microbial reduction of-arsenate in the presence of ferrihydrite. 
Environ. Sci. Technol., 34: 3131-3136. 

3 

Ludwig, R.D., R.G..MoGregor, D.W. Blowes, S.G. Banner and K-. Mountjoy. 2002..A permeable reac- 

tive for of heavygmetals. Ground :Water, 40: 59-66. 
Mackay, D.M. and LA. 1989. Groundwater Pump-and-treat Environ. 

Sci." Tec}_1noI., 23: 630-636. __ _ 

Macur, R.E.-, J.T. Wheeler, T.R. Mc_De,r.I,n0t! and W.P. lnslreep. 2001. Microbial populations 

with the reduction and enhanced mobilization of arsenic in mine tailings. Environ. Sci, Tee-h_nol., 

35, 3676-3682. 
Mandal, BIL, G. Chowdhury, G.g_Sarna'nta, G.K. Basu, r._1>. Chowdhury, ca ciumdarp. man, N.K. 

Kmn, R.K. Dhar, D.K. Tarnili, D. Das. K.C. Saba, D. Chalrraborti. 1996. Arsenic in groundwater 
in seven of West Bengal, India - the biggest calamity in the world. Cur. Sci. (India), 70: 
976-986.

‘
‘



156 CI. Ptacekand W. Blowes 

Manning, B.A. and S. Goldberg. 1997. Adsorption and stability of arsenic(1ll) at the clay mineral-water 
interface. Environ. Sci. Technol., 31: 2005-2011. ‘ ’ 

Manning, B.A., S.E‘. Fendorf and S. Goldberg. 1998. Surface structures and stability of arsenic(lIl) on‘ 
geothite: spectroscopic‘ evidence of inner-sphere complexes, Environ. Sci. 7_'ecIrnol_.;, 3_2_:- 2383-2-388. 

Manning, B.A., S.E. Fendorf. B. Bostick and D.L. Suarez. 2002. Arsenic(I11) oxidation and arsenic(V) 
adsorption reactions on synthetliic birnessite. Environ. Sci. Technol., 36: 976-981. . 

Mariner, P.E'., I-‘..l. Holzmer, R.E. Jackson, H.W. Meinardus and F.G. Wolf. 1996. Effects of high pH 
' on arsenic mobility in a shallow sandy aquifer and on aquifer perrneability along the adjacent shore- 

line, Commencement Bay Superfund Site, Tacoma, Washington. Environ. Sci. Technol., 30: 1645- 
1661. 

Mccreadie, 1-1., 1.1.. Jarnbor, D.W. Blowcs, CJ. Ptacek and D. I-liller. 1998. Geochemical behavior of 
autoclave-produced ferric arsenates and jarosite in a gold-mine tailings impoundment. In: Petruk, 
W:. (Ed--). Waste Characterizafiqn and Trea_trne.n.t. Proceedings 1.998 Annual Meeting and Exhibit. 
Society for Mining, Metallurgy and Exploration, Orlando, FL, pp. 61-78. 

Mccreadie, 1-1., D.W. Blowes, CJ. Ptacek and J.L. Jambor. 2000. The influence of reduction reactions 
and solids composition on pore-water arsenic concentrations. Environ. Sci. Technol., .34: 3159-3166. 

‘ M_cGregor, R.. S. Hansler, V; Kovac, D.W. Blowes and R. Ludwig. 2002. The use of}; PRB to treat 
groundwater impacted by coal-combustion by-products. Proc. Third International Conference on 
Remediation of Chlorinated and Recalcitrant Compounds, Monterey, California, May 22-26, 2002, 
Battelle Press, Columbus, Ohio. 

Mcllae, C.W.T., D.W. Blowes and C-_.J. Ptacek. 1999. In situ removal of arserric from groundwater us- 
ing permeable reactive bar_r_ie_r_s: A laboratory study. Proceedings Sudbury '99, Mining and the En- 
vironment II, Sept. 13-15, 1999, Sudbury, Ontario. 

_ 

. 
_ 

;

‘ 

Melitas, N., J. Wang, M. Conklin, 11.. 0-Day and I. Farrell. 2002. Understanding ‘soluble rirsenate re- 
moval kinetics by zerovalent iron media. Environ. Sci. TechnaI., in press. 

Moore, J.N.-, W.I-1, Ficklin and C, Johns. 1988. Partitioning of arsenic and rnetals in reducing sulfidic 
sediments. Environ. Sci. Technol., 22: 432-437. 

Morse, B.S. 2001. Comment on “The role of arsenic-bearing rocks in groundwater- pollution a‘t.Zirnapan 
Valley, Mexico” by Arrnienta and others [Environmental Geology 40(4/5)]. Environ. Geol. 41, 
241-243. 

Nordstrom, D.K.—, C.N. Alpers, 'C.J. Ptacelt and D.W. Blowes. 2000. Negative pH and extremely acidic 
mine waters from Iron Mountain, California. Environ. Sci. & Technol., 34: 254-258.: 

__

‘ 

Planer-Friedrich, B., M.A. .Arrnienta and B.J. Merkel. 2001. Origin of arsenic in the groundwater of th 
Rioverde basin, Mexico. Environ. Geol., 41: 1-290-1-298,. ,

’ 

Redwine, .I.C. 2001. Innovative technologies for ‘remediation of arsenic in soil and groundwater. In: 
Willard, Chappell (Eds_.) Arsenic Exposure and Health Eflects. 

. Rochette, B.A., B.C. Bostick, G. Li and S. Fendorf. 2000. Kinetics of arsenate reduction by dissolved 
sulfide. Environ. Sci. T e_c}r_r_roi., 34_: 4714-4720. 

Ross, VC.S., J.G. Bain and D.W. Blowes. 1999. Transport and attenuation of arsenic from agold mine 
railings irnpoundment. In: of the Sudbury'99 Mining and the Envirofinient I1 Confer- 
ence, September 13-17, 1999, Sudbury, Ontario, 745-754. -

' 

Sengupta, A.K., A. Gupta and AK. Deb. 2001. Arsenic crisis in Indian subcontinent: a local solution to 
a global problem. Water2I, December, 34-36. i g 

Sidle, W.C., B. Wotten and E. Murphy. 2001. Provenance of geogenic arsenic in the Goo'se.River ba- 
sin, Maine, USA. Environ. Geol_.. 41: 62-73. 

Smedley, P.L. and D.G. Kinniburgh. 2002. A review of the source, behaviour and distribution of ar- 
serric in natural waters. Appl. Geochern., 17: 517-568. 

A H 

Stichbury, M.K., J.G. Bain, W.D. Gould andD.W. Blowes. 2000a. Mechanisms of release and attenua- 
tion of arsenic in a gold nrine railings" impoundment. In: Goldshrnidt 2000, 10th International Con- 
ference for Geochemistry, September 3-8, 2000, Oxford, UK. 

Stichbury, M_._K;, J.G. Bain, D,-W-. Blowes and W.D. Gould. 2000b. M_icrobi_a1ly-mediated reductive dis.- 
solution of arsenic-bearing minerals in a ‘gold mine tailings impoundment. Inz‘ [CARD 2000 -— Pro- 
ceedings from the Fifih International conference on acid rock drainage. Volume 1. Society for Min- 
ing, Metallurgy, and Exploration Inc. Littleton, CO: 97-103. 

Su, C. and.R.W. Puls. 2001. Arsenate and arsenite removal by zerovalent iron: effects of phosphate, 
silicate, carbonate, borate, sulfate, chromate, molybdate, and nitrate, relative to chloride. Environ. 
Sci. Te_ch,noI_.v, 35; 4562-4568. -

‘ 

Su, C. and KW. Puls. 2001. Arsenate and arsenite removal by zerovalent iron: kinetics, redox transfor- 

...._... 

..._.....u..-»...._ 

.. 

1 i 1 I i 1



‘E

E

p 

‘ 
. Remediation of arsenic gontaminated groundwgter _ _ 

157 

mation, and implications fqr in situ gr'6u'ndwater ren_x_ediation. Environ. Sci. Technol., 35: 
1487-1492. 

Waybrfiflt, 1(.R., C-J. Ptggek and D.W. Blowes. 2002, Treatment of mine drainage using permeable 
re- 

__ 
active barriers_: Column exfieriments. Environ. Sci. Techn‘ol._, 36: 1349-1356,.’ 

Waybrant, K,W., D.W.__B16w'es and C..[.- Ptacek. 1998. Prevention 
‘of acid mine drairiage using in situ 

porous reactive vialls: Selection of reactive mixttires. Environ. Sci. Technol., 32: 
192-1979.



,Brli 

flInii[nIvmLuI;u>I‘ja;fl1I1ini@1Imunmlrm 8 979'



I‘¥'I §2¥£%2me"‘ E2%'£%2"eme"‘ 
‘ 

Canad'é1'


