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Abstract

This research details a multidisciplinary assessment of arsenic contaminated soils in
terms of human exposure and environmental toxicology. Two species of earthworm
(Lumbricus rubellus and Dendrodrillus rubidus) along with their host soils and
excreta (casts) were collected from 24 locations at Devon Great Consols (DGC), a
former arsenic mine located in the Tavistock district of Devon, UK. Total arsenic in
these samples was determined via ICP-MS. The bioaccumulation of arsenic in DGC
earthworms was found to be comparable to the human bioaccessible fraction of
arsenic in the host soils, estimated using a physiology-based extraction test (PBET),
suggesting earthworms and PBETs might be used in conjunction when assessing risk
at contaminated sites. Earthworms at DGC appear to be highly resistant to arsenic
toxicity. The Comet Assay revealed DNA damage levels in earthworms native to
DGC were comparable to background levels in earthworms from uncontaminated
sites. Non-native earthworms exposed to a contaminated DGC soil incurred high
levels of DNA damage, highlighting the potential toxicity of contaminated DGC
soils. Arsenic biotransformation in DGC earthworms was investigated using HPLC-
ICP-MS to investigate the mechanisms by which these earthworms mitigate arsenic
toxicity. Whilst toxic inorganic arsenic was transformed to less toxic organic species,
the degree of transformation was limited and not related to soil total arsenic levels,
suggesting this mechanism is not involved in mitigating toxicity. Human toenall
samples from DGC residents were investigated as a biomarker of exposure to
elevated environmental arsenic and demonstrated significantly higher levels of
arsenic than a control group. These findings highlight the potential for human
exposure to arsenic at contaminated sites in the southwest UK, where mining activity
has led to widespread environmental arsenic contamination.
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Chapter 1 - Introduction

1.1 Background and rationale

Arsenic is highly toxic and ubiquitous in the emviment. The exposure of millions
of people worldwide to As, primarily in drinking tea, has been described as one of
the most significant human health issues of thié@htury (Kapagt al. 2006). The
health implications of chronic exposure to arseimicdrinking water have been
studied in some detail, with the majority of expbgmpulations located in poorer
regions such as Bangladesh, South America and &@#ihAsia. It is now clear that
chronic exposure to arsenic in drinking water canse serious health problems
including increases in various cancers, periphaatular disease and skin keratoses
(Karagaset al. 2002, Yoshidaet al. 2004). In addition to the consumption of
contaminated drinking water, significant exposuaa arise from the consumption of
contaminated food, inhalation of dust and ingestbrcontaminated soil (Oomen

2002).

In developed countries such as the UK, exposurfsstoontaminated drinking water
is not significant due to strict regulatory guidels (DWI 2008). However, in areas
such as Devon and Cornwall where historic minintivdies have led to extensive
contamination of the environment with arsenic, swgestion is thought to represent
a significant source of exposure (Oomen 2002). @dtential for human exposure to
arsenic in these areas has been highlighted faddsc(Johnson and Farmer 1989),
yet the issue has largely been ignored (Rieuvetrds 2006). There is now growing
concern regarding the potential health effects oputations exposed to arsenic in
these areas due to increasing evidence of expdSotenson and Farmer 1989,

Kavanaghet al. 1998).



Human exposure to contaminated soils and the neguiealth risks is an inherently
complex and contentious issue. Quantifying thel tataount of arsenic in the soill
provides an understanding of the extent of the aramtation problem but is not
directly relevant to the health risks of exposurghte soil. The toxicity of arsenic is,
to a large extent, species dependent. Whilst sewapeganic and some organic
species are highly toxic (Kitchin 2001), other coamty occurring organic species
such as arsenobetaine and arsenocholine are mptotebe of only minor

toxicological significance (Gebel 2001), making siieration of speciation

important to the understanding of health risks eissed with exposure.

Consideration of a contaminant’s bioaccessibiktyaiso important to understanding
exposure associated risk (Intawongse and Dean 2086)bioaccessible fraction of
arsenic in soil can vary widely depending on séll pedox potential and to which
mineral phases arsenic is bound (Bet&l. 2006). There is now increasing interest
in models that aim to simulate human bioaccessgibibf soil contaminants.
However, uncertainties as to whether these modelsde realistic and reproducible
estimations of bioaccessibility have hindered theéncorporation into the

contaminated land risk assessment process.

Ecosystem indicator species such as earthworms lbese employed as a tool in
assessing soil contamination, in particular usimgadcumulation as a guide to a
contaminants bioavailability (Langdoa al. 2003, Marino and Morgan 1999).
Whilst many studies have investigated the effectssoil contamination on

earthworms (Brousseaati al. 1997, Qiacet al. 2007, Saint-Denis 1999, Spurgegin



al. 2003), such ecotoxicological studies have not beslopted in better
understanding the risks to human health at arsepmtaminated sites. Whilst not
directly linked to potential human health effedtse use of sentinel species such as
earthworms may provide a useful surrogate to hustadies at contaminated sites.
The use of sentinel species as a complimentaryodfrevidence in assessing risk at

arsenic contaminated sites requires further ingasan.

Biomonitoring of human populations is potentiallyery useful in providing
guantitative estimates of exposure to arsenic iatiarninated sites. Urine analysis has
been employed as a biomarker of exposure in reisideng close to former mine
sites in Devon and Cornwall revealing higher levasAs than observed in control
populations (Johnson and Farmer 1989, Kavameagh 1998). The residence time of
As in urine is only around 24 hours (Slotnetkal. 2007) making this biomarker not
ideal for assessing exposure from soil where ingesis likely to be sporadic.
Urinary analysis is also more easily confoundeddimstary exposure to organic
arsenic, such as arsenobetaine in seafood, whicbadily excreted in urine post
consumption. Therefore alternative biomarkers pnavide a longer-term measure of
exposure such as hair and nails might be more ppgpte for assessing exposure to

arsenic contaminated soils and should be explored.



1.2 Aims
The overall aim of this thesis is to assess argrated, multi-disciplinary approach
towards investigating the human health risks oémirts contaminated soils. This is

attempted via the assessment of several availablg, ispecifically to:

e Investigate the interrelatedness of soil total A& human bioaccessible As
fraction in the soil and As bioaccumulation in Barbrms as complementary
tools in understanding risk at arsenic contaminattss.

e Examine the toxicity of contaminated soils fronoanfier mine site to native and
non-native earthworms to assess both the relabixieity of soils with varying
levels of arsenic contamination and the possib&ptadion of native earthworms
to high levels of arsenic contamination.

e Determine the As species present in the contamidnatels and assess As
biotransformation in earthworms with respect togptial toxicity and adaptation
to toxicity.

e Quantify As exposure levels in residents livingsedo a highly contaminated
former mine site in the southwest UK, using a $léabiomarker of exposure
and investigate methods to assess a relationstiebe the observed levels of

arsenic in the biomarker and levels of arsenibénsurrounding environment.



1.3 Outline
This thesis is a multidisciplinary study of arsewmntaminated soils in terms of

human exposure and environmental toxicology.

Arsenic is a ubiquitous element with a long andcifeeting history, complex
chemistry and wide ranging adverse health effeCisapter 2 provides some
background information regarding the history, clengi occurrence, abundance,
and toxicity of arsenic. The location of the stwgite Devon Great Consols (DGC),
where all sampling was carried out, is also dafaviéth a brief description of the

geology and history of this former arsenic mine.

In undertaking this multidisciplinary study severahalytical techniques were

employed:

e |CP-MS and HPLC-ICP-MS, both well established atiedy techniques for total
element and speciation analysis respectively inloggeal and biological
samples.

e Physiology-based extraction test (PBET). PBETsiacecasingly employed in
risk assessment to gauge the human bioaccesssgulitgontaminants.

e The Comet Assay, a bio-analytical technique foressing DNA damage in

single cells from exposed organisms.

Chapter 3 provides details of these techniques in termsrattal aspects, scope

and limitations.



The human health risks of arsenic contaminated $o#n inherently complex issue.
The consideration of many inter-related componentgquired for a more holistic
understanding of the problem. Quantifying the tat@lount of As in soil alone is the
first step, but this information alone is insuféiot. Estimation of the arsenic fraction
bioaccessible to humans using PBETSs is a more magapproach to understanding
risk. Soil organisms such as earthworms are impbria the cycling and
transformation of arsenic in the terrestrial enwiment. These sentinel species can be
utilised to provide an estimation of As mobilitfChapter 4 examines the
interrelatedness of total As, As bioaccessibilityl dioaccumulation by earthworms
as multiple lines of evidence in understanding tis& to human health and the

ecosystem at arsenic contaminated sites.

Earthworms are commonly employed as ecosystem atatic species in
ecotoxicological studies of soil contaminants. A&0O, the native earthworm species
L. rubellus and D. rubidus appear to have developed a resistance to soildyhig
contaminated with arsenid.n Chapter 5 this resistance is investigated by assessing
DNA damage in native earthworms collected from thiee and non-native

earthworms exposed to DGC soil in laboratory mesomn

The toxicity of arsenic is determined in part by chemical form. By investigating
the presence of different arsenic compounds in weilcan better understand the
potential risks of exposure but also begin to bualgicture on how the arsenic
interacts with biological systems following uptak€hapter 6 examines the

speciation of arsenic using HPLC-ICP-MS in the sodarthworms and earthworm



excreta (casts) to build an understanding of howthe@rms at DGC are able to

reside in soils highly contaminated with arsenic.

Perhaps the most difficult aspect of understandisgs associated with arsenic
contaminated soils is quantifying the extent to akhpeople may or may not be
exposed. Biomarkers of exposure are commonly enepldp monitor arsenic in
populations exposed through drinking water, buthsestimation is more difficult
when water is not the source of expost@apter 7 examines the use of toenails to
monitor exposure to arsenic in residents at DG@n4lwith the total levels of
arsenic in the toenails, the amount of externatamaimation and As speciation was
determined to help understand the extent of exgoshe levels of environmental As

and how arsenic is transformed and stored folloveixyposure.

Chapters 4 -7 are written as independent sectiGhspter 8 amalgamates the
observations and conclusions from these chaptéosardiscussion of the arsenic
problem at Devon Great Consols as a whole. Inqa4ati, how the different aspects
of this work, total elemental analysis, bioaccetigib sentinel organisms and
exposure biomarkers can be employed as multiplesliof evidence in a more
holistic understanding of the risks associated wiposure to arsenic contaminated

soils.

1.4 Work previously published

This thesis is submitted based on the followingepgghat are published or have

been submitted for publication:



Chapter 4: Button, M., Watts, M.J., Cave, M., Harrington, Card Jenkin, G.R.T.
(2009b). Earthworms and vitro physiologically-based extraction tests:
complementary tools for a holistic approach towanaderstanding risk at
arsenic-contaminated sitdsavironmental Geochemistry and Health, 31,
273.

Chapter 5: Button, M., Jenkin, G.R.T., Bowman, k.J., BrewelST Harrington,
C.F., Jones, G.D.D. and Watts, M.J. (2008). DNA dgenin earthworms
from highly contaminated soils: Assessing resisancarsenic toxicity using
the Comet Assay. (Under review in Mutation Resear@enetic Toxicology

and Environmental Mutagenesis).

Chapter 6: Button, M., Jenkin, G.R.T. and Watts, M.J. (2008senic
biotransformation in earthworms from highly contaated soils. (Under

review in the Journal of Environmental Monitoring)

Chapter 7: Button, M., Jenkin, G.R.T., Harrington, C.F. anatts, M.J. (2009a).
Human toenails as a biomarker of exposure to edevatvironmental

arsenic.Journal of Environmental Monitoring, 11, 610.

The following publications were also produced assalt of the work undertaken for

this thesis and are included as appendices:

Appendix A: Button, M and Watts, M.J. (2008). Extraction angasurement of
arsenic species in contaminated soils by HPLC-IC®Bditish Geological Survey,
IR/08/050.

Appendix B: Watts, M.J., Button, M., Brewer, T.S., Jenkin,RGT., and Harrington,
C. F. (2008). Quantitative arsenic speciation ino sgecies of earthworm from a

former mine siteJournal of Environmental Monitoring, 10, 753.



Chapter 2 - Background

2.1 Arsenic

Throughout history arsenic has been characterigedsbnotoriety and synonymy
above any other substance as a poison. The lackladr, odour or taste in certain
arsenic compounds, its ubiquitous distributionhie €nvironment and the fact that
poisoning causes few symptoms prior to death, alderefore difficult to detect, are
all factors that led to its widespread use as a&quoi The first preparations of
elemental arsenic are widely attributed to AlbeMegnus at around 1250 AD when
he obtained pure arsenic by heating the oxide@4swith soap (Buchanan 1962).
However, the existence of arsenic containing comgsuwsuch as orpiment (%)
and realgar (AsS;) were known in ancient times. The name arsenders/ed from
the ancient Greek wordarsenikon’ meaning potent (Bentley and Chasteen 2002).
Hippocrates recommended the use of realgar in rdenent of ulcers in the™s
century BC, a recommendation repeated later byrGal€'® century AD (Waxman
and Anderson 2001). Since then arsenic has playeatréicate role in human society
with wide-ranging applications covering pigmentataf cosmetics and paints, to its

use in the agricultural and electronics industry.

2.2 Chemistry of arsenic

Arsenic is a metalloid with a complex chemistry aestrating the properties of both
metals and non-metals. Arsenic is found in grobipflthe periodic table along with
nitrogen, phosphorus, bismuth and the other grobipmktalloid antimony. The
electronic configuration of arsenic is [/8d'° 4 4p® with 5 orbiting electrons in its
outer shell. Arsenic is mono-isotopic and exists tire oxidation states -llI

(arsenides), V (arsenates), Il (arsenites) andrBefic) although the existence of



arsenic in the environment in the —Ill oxidatioatethas been questioned (Cullen and

Reimer 1989).

Arsenic exists as a solid in its elemental state isumost commonly found in
compounds containing sulphur, either in isolatioralongside multiple other metals
(Boyle and Jonasson 1973). Arsenic behaves inrmenrachemically similar to its
group 15 predecessor phosphorus, forming coloudegstalline oxides which are
hygroscopic and readily soluble in water formingalkeacids. Elemental arsenic
demonstrates the property of allotropy wherebysitfound to exist in several
different forms including:

Grey arsenic - a steel grey lustrous metallic suirs.

Black arsenic - formed by the slow condensatioarsénic vapour

Yellow arsenic - formed by the rapid condensatibarsenic vapour.
The densities of these allotropes vary from yelfgenic at 1.97 g/chincreasing to

the more common 5.73 g/éraf grey arsenic (Buchanan 1962).

The arsenic allotropes are mostly stable in drybait undergo oxidation in the
presence of moisture to form arsenious and arseades. Sublimation of arsenic
occurs when heated at atmospheric pressure, artanp@roperty in the recovery of
arsenic from arsenic containing ores, melting aviten heated under pressure. Table

2.1 illustrates the physical and chemical propsriarsenic.

10



Table 2.1: The physical and chemical properties of arsenic

Arsenic Properties
Atomic number 33
Atomic mass 74.9216 g mbl
Group 15
Period 4
Specific gravity 1.97 - 5.73 g ¢m
Melting point 817°C (28 atm)
Sublimation point 613°C
Electronegativity| 2.18 (Pauling) 2.2 (Allred-Rochojw
Electrons per she|l 2,8,18,5

2.3 Arsenic in the environment

Arsenic is a ubiquitous element that rank¥ #0abundance in the Earth’s crust™14
in the world’s oceans and #2n the human body (Bissen and Frimmel 2003, Mandal
and Suzuki 2002). The human body is reported tdaboran average of 10 - 20 mg
of arsenic (Elsom 1992). The occurrence and didioh of arsenic in the
environment is one of the most significant humaaltheissues of the 2century,
with millions of individuals facing chronic exposuto elevated levels of arsenic via
contaminated waters, soils and foodstuffs. The Iprabof environmental arsenic
contamination ranges in scale from local to redioaHecting both developed and
developing countries. The mobilisation of arsemcder natural conditions such as
weathering and erosion, biological activity andcavlic emissions are the biggest
cause of arsenic-related environmental problemshrdpogenic impacts, although
less widespread are also significant, particulamlyareas of mining activity, fossil

fuel combustion and intensive agriculture (Bissad &rimmel 2003, Smedley and
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Kinniburgh 2005). This section will look in summnyaat the sources behaviour and

levels of arsenic that occur in the environment.

2.3.1 Minerals

Arsenic occurs naturally in over 200 different mialeforms of which 60% are
arsenates, 20% sulphides and sulphosalts andrtreniag 20% including arsenides,
arsenites, oxides, silicates and elemental arséiiandal and Suzuki 2002)
consisting mainly of ore minerals or their altevati products (Smedley and
Kinniburgh 2005). Arsenopyrite (FeAsS) is the madtundant As containing
mineral (Mandal and Suzuki 2002) occurring mosngwnly in mineral veins in
association with sulphide mineralisation (Smedleg &inniburgh 2005). Other
important arsenic bearing minerals include orpim{@stS;), realgar (AsS), cobaltite
(CoAsS) and niccolite (NiAs) (Bissen and FrimmeD30Smedley and Kinniburgh
2005). High arsenic concentrations are also foundnany oxide minerals and
hydrous metal oxides either as part of the minshaicture or as adsorbed species.
Concentrations in iron oxides can also reach séyper@ent by weight particularly
where they are formed as the oxidation productrmhary iron sulphides (Smedley

and Kinniburgh 2005).

2.3.2 General abundances

Arsenic is less abundant in minerals than Cu and@mmore so than Cd, Au, Ag,
Sb, and Se. The total amount of arsenic in thehEactust is estimated to be around
4.01x10° tonnes (Bissen and Frimmel 2003, Mandal and Su20@P, Matschullat
2000). The average As content in the upper conthestust is estimated to be
around 5 mg kg when based on surface exposures and between atoamd 5 mg

kg' based on sedimentary data (Rudnick and Gao 2004 total crustal
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concentration of As, based on upper, middle andetoerustal compositions is
estimated to be around 2.5 mg*kdRudnick and Gao 2004). The average
concentration of As is reportedly 17 pgkip seawater, 13 mg Kgin shale, 20 mg
kg’ in pelagic clays, 140 mg Kgin manganese nodule and 15 mg ki marine

organisms (Yuan-Hui 1991).

2.3.3 Soils

Arsenic occurs naturally in soils, particularly wéepedogenesis occurs over
underlying geology with arsenic containing mineraisd through a variety of
anthropogenic inputs. The average arsenic conténminoontaminated soils are
reported in the range 1 — 40 mgkgarying with underlying geology, climate,
organic/inorganic components of the soil and regdotential (Mandal and Suzuki
2002, Smedley and Kinniburgh 2005). In the UK gpildeline values (SGVs) are
prescribed by the Department for environment food airal affairs (Defra) and the
Environment Agency (EA) as indicators of potentiacceptable risk. The current
SGV for As is set at 20 mg KgDefra 2002a). Large areas of Devon and Cornwall
have background levels of arsenic in soil well abthe current SGV due to both the
underlying geology and contamination from histanting activities. This makes

the application of such guidelines unrealisticentain areas.

Anthropogenic soil arsenic inputs are derived frdne application of arsenic
containing pesticides and herbicides, contaminabgrnindustrial and mine waste,
irrigation with arsenic contaminated groundwated atmospheric deposition from

the local combustion of fossil fuel and mineral #sre (Mandal and Suzuki 2002).
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Arsenate (A%) and arsenite (A% are the primary arsenic species found in soie T
prevalence of either species is a function of regoxential, pH and microbial
activity (Moore 1988). Under oxidising conditionss@nic is present in soils in the
As’ oxidation state whilst in reducing conditions"Agredominates (Figure 2.1).
The sorption of arsenic onto specific mineralshia oil is controlled by the content

of amorphous iron, aluminium hydroxides, clay maigrand pH (Masscheleye al.

1991).
12[“:. - 1 I | 1 1 I 4 20
Hs"!"if-:'aj\
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Figure 2.1: Eh-pH diagram for aqueous As species in the sy#tef®,-H,0 at 25

°C and 1 bar total pressure. Brackets denote oagidatate of As based. Adapted
from Smedley and Kinniburgh (2002).

2.4 Toxicity of arsenic and its compounds
The toxicity of arsenic and arsenic containing commps is an extensive issue

complicated by the fact that arsenic can existiffergnt oxidation states and in a
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plethora of both organic and inorganic compound&EKRA and EA 2002). A
number of contemporary review articles cover thbjextt at length providing a
detailed insight into the issue (ASTDR 2005a, Basal. 2001, CEPA 1993, Gebel
2001, Kapajet al. 2006, Tchounwou 2004). The aim of this sectiotoisummarise
the current understanding of arsenic toxicity, nsodecarcinogenicity and the role

of metabolism.

Arsenic has been listed as a human carcinogen 4888 by the International
Agency for Research on Cancer (IARC) and is unigsighe only known human
carcinogen for which there is adequate evidencecastinogenic risk both by
inhalation and ingestion (Kapagt al. 2006). Arsenic is now recognised as a
carcinogen of the human skin, bladder and lung td.and Hays 2006). The toxicity
of arsenic containing compounds varies accordingxidation state, chemical form
(organic/ inorganic), physical state and with fasteuch as particle size, solubility
and uptake/ elimination rates (ASTDR 2000). Fig® illustrates several

commonly occurring forms of arsenic in biologicgstems.
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Figure 2.2: Some of the more common arsenic species foundoiodical systems
in approximate order of decreasing toxicity. Adaptem Francesconi and Kuehnelt
(2004).

2.4.1 Metabolism of arsenic

The pathway for inorganic arsenic metabolism in Aosminvolves alternating steps
of reduction of A% to Ad" followed by oxidative methylation of Asto form the
methylated arsenic metabolites. In brief'As first reduced to AS through a

process involving glutathione. Asis then sequentially methylated, initially to
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methylarsonate/methylarsonite (MA) then to dimethylarsinate/dimethylarsinite
(DMAY™Y via oxidative/reductive methylation steps (Adgtial. 2005, Gebel 2001).
Until recently inorganic arsenic, particularly "Aswas considered the most toxic
chemical form with the methylation of inorganic emg considered a detoxification
step. This was due to an understanding based omylattd compounds being less
acutely toxic, less reactive with tissue macro mwales and having increased
elimination rates than inorganic compounds (Geb@l12. However, recent research
on the metabolism and biological effects of arsdvas forced our understanding on
the role of metabolism in the mediation of arsetoxicity to be reassessed
(Tchounwou 2004). There is how strong evidenceauggsst that the biomethylation
of arsenic, in particular the production of trivalenethylated arsenic metabolites, is
a process that activates arsenic as both a toxircarcinogen (Kitchin 2001, Styblo
et al. 2002). Methylated trivalent arsenicals (MAand DMA") are reported to be
less stable and more genotoxic than their pentavatguivalents (MX and DMA),
highly reactive and at least as toxic to mammatielfs in culture as AS (Aposhian
2000, Le et al. 2000, Mass 2001, Mooret al. 1997). Adairet al. (2005) suggest
that methylated arsenicals containind"Aare the most reactive exceeding arsenite in
both cytotoxic and genotoxic potency. In additiamo methylated arsenicals
containing A¥ (DMAY and trimethylarsine oxide: TMAO) have been demarst
as carcinogens in rats (Shehal. 2003, Wei et al. 1999) adding further support to

the idea that the methylation of inorganic As isaativation step.
2.4.2 Carcinogenicity

The precise cellular mechanism by which arseniaziged cancer is still unknown

Table 2.2 outlines the possible modes of carcinieggrproposed in the literature to
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date. It seems a consensus has been reacheddhaethanisms outlined in Table
2.4 are not mutually exclusive, with a strong plodisy of concurrent or sequential
operation (Goering et al. 1999). Tchounwouet al. (2004) suggests strongest
evidence, both in experimental systems (animal hachan cell) and in human
tissues, for chromosomal abnormalities, oxidativess and altered growth factors as
the principal modes of carcinogenicity with lesspgort for the remaining
mechanisms, particularly fromm vivo studies with lab animals and vitro studies
with cultured human cells. There is therefore @rgjrcase for arsenic as a co-

carcinogen and/or a promoter or progressor of saganesis.

18



Table 2.2: Proposed mechanisms of arsenic carcinogenesis

Proposed mode of ar senic carcinogenesis

References

Chromosomal abnormalities: arsenicals are effective f
clastogenicity (chromosome damage). Arsenic indy
chromosomal aberrations reported include micromuatel
sister chromatid exchanges

(Goeringet al.
P9, Gonsebatét
al. 1997, Kitchin
2001)

Oxidative stress: Reaction of minor trivalent arsenicals witfAhmad et al.

molecular oxygen form a (GHAs radical and superoxide anio
This radical can then add another molecule of nubéégaxygen to
form the (CH),AsOO hydroxyl radical reactive oxygen spec
(ROS). Exposure of DNA to these radicals or ROSthan result in
single strand breaks.

n2000, Goeringt al.

1999, Kitchin 2001
ies

Altered DNA repair: Trivalent arsenicals demonstrate f{
capability for protein binding, conformational atligon of
protein structure and enzymatic inhibition caustigruption
to DNA repair enzymes.

he&oeringet al.
1999, Kitchin 2001

Altered DNA methylation: Hyper/ hypomethylation of DNA
in arsenic exposed cells could commit cells towasd
carcinogenic pathway via altered gene expression

\ (Goeringet al.
51999, Kitchin 2001,
Mass 2001)

Altered growth factors: Arsenic exposure could incred
production of ROS, activation of transcription farst and ove
secretion of proinflamatory and growth promotingogynes,
resulting in increased cell proliferation and figa
carcinogenesis

séKitchin 2001)
" (Vega et al. 2001)

Enhanced cell proliferation: Exposure to arsenite results
increased ornithine decarboxylase (ODC) activitigicamarker
for cell proliferation

ifGoeringet al.
1999, Kitchin 2001,
Tchounwou 2004)

Enhanced cell promotion / progression: Evidence for the
promotion of carcinogenesis in skin, lung bladdddney,
liver and thyroid may be due to increased cell iferdtion
rates

(Tchounwou 2004)
(Kitchin 2001)
(Goeringet al.
1999)

Suppression of p53: Decreased p53 protein levels a
function (the “guardian of the genome”) after expesto
arsenite could cause mutations to accumulate adtarfrate in
exposed organisms leading to carcinogenesis.

n@itchin 2001)

Gene amplification: Arsenic induced gene amplification h
been demonstrated in mice leading to decreasedilare
survival

a@itchin 2001)
li(Lee et al. 1988)
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2.5 Study site

2.5.1 Location

Devon Great Consols (DGC) is one of numerous formeing sites in Southwest
England, formed in the early #%entury from the consolidation of the adjacent
mines Wheal Maria, Wheal Fanny, Wheal Anna Maria, Wheadigh and Wheal
Emma (Klinck et al. 2002). DGC lies on the east bank of the River Traimahe
Tavistock district of Devon (GR: 426 735), as ithased in figure 2.3a. The mines of
DGC lie east to west along the main lode of the.afde mine tailings are clearly
visible in centre of figure 2.3b, surrounded by iéenous woodland and agricultural
land. Although it has been many decades sincengiactivity ceased at DGC the
high levels of arsenic in the mine wastes havegd vegetation re-colonising the

area worst affected by the contaminated mine wastes
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Figure 2.3a/b: Geographical location of DGC in the southwest Uit aerial view
of mine wastes and surrounding woodland/ agricaltland. Image courtesy of the

British Geological Survey.
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2.5.2 Geology
Mineralisation at DGC is influenced by an igneouxly known as the Hingston

Down Granite, one of eleven satellite intrusiond aix major plutons comprising the
Cornubian Batholith of southwest England (Figu4a. The batholith underlies the
counties of Cornwall and Devon, running down this ax the peninsula for a length
in excess of 200 km (Klinclet al. 2002). Water, boron and other volatiles were
abundant in the granites making up the batholithaBGy 1986) enabling them to
transport large quantities of metals as halogenptexes, primarily chlorine, and as
complex silicic acids. Continuing crystallisatioredl to the concentration of
incompatible elements and the subsequent formatian series of residual volatile
reservoirs in the apical sections of the varioustgrls (Dines 1956). Successive
increases in vapour pressure led to hydraulic dirawy and the formation of high
temperature greisen veins, breccia pipes and eaintuin conjunction with
extensional and strike-slip faulting, the formatiohthe main stage lodes of the
region (Le Boutillier 2001). The lodes are maingsewest in trend, with the most
productive lodes located in the metamorphic aureatber than the granite itself

(Klinck et al. 2002).

At DGC the main lode is heaved up to 225m in atrigteral sense by a cross course
structure, as illustrated in figure 2.4b. Copped amsenic were by far the most
economically viable products of the area. The ppalc minerals of economic
importance at DGC were arsenopyrite (FeAsS), cipgicte (CuFed and Galena
(PbS). Other local ores were cassiterite (gradd stannite (GeSng) (Farago and

Kavanagh 1999).
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Figure 2.4: Devon/ Cornwall 1:250,000 bedrock (a) and 1:50,66@rock geology

at DGC (b). Digital maps supplied by the BritishaBmgical Survey (DiGMapGB),©
NERC.

23



2.5.3 History:

Throughout the 19 century DGC was the largest and richest mine & Famar
valley. Copper production was the central actiafythe mine in the early operative
years until 1868 when arsenic was first commergisdiid. In the 1870s DGC along
with half a dozen mines from the Callington and i$tock area were the source of
an estimated 50 percent of the world’s arsenic yetdn (Klinck et al. 2002). The
total refined arsenic output from 1844 to 1902 stneated at 72,279 tons (Barton
1964). Declining arsenic prices and loss of marksgtw mining activity at DGC
cease in 1930. Figure 2.5 is used to summariskighery of mining at DGC. Mining
activities in the South-West, UK have caused extensontamination of the
surrounding environment with As. An area coverimpraximately 700 krh has
been affected (Abrahams and Thornton 1987). Mosthef contaminated area is

agricultural encompassing small towns and villagesago and Kavanagh 1999).

Date | Activities

1844 Extensive exploration of Blanchdown wood, coppel re found

1845 Entire complex becomes known as DCG

1849 River Tamar used for power and transport

1856 £1.4m return on initial 12 years ore sales

1858 Railway established to Morwellham Quay with majockl excavation
1865 420,000 tons of copper ore mined and sold

1866 Construction of arsenic works near Wheal Anna Mageeed

1868 First commercially sold arsenic

1869 160 tons of refined arsenic per month now prody{6é&bo of worlds supply)
1871 Wheal Maria arsenic production works completed @00 t/yr capacity
1888 Around 240 tons of arsenic produced per month

1891 Total arsenic produced is 5883 cwt barrels

1899 Arsenic production down to 150 tons per month

1901 Sharp decline in arsenic prices, production ceased

1903 Mine abandoned

1915 Arsenic extraction reinitiated on upper levels di&dl Fanny

1919 Railway re-laid between Wheal Anna Maria and Bedlfanited mines to south
1922 Two new calciners employed as supply and qualityrefdeteriorates
1925 Mining suspended as price slumps

1930 Mining activity at DGC finally ceased

Figure 2.5 Summary of mining history at DGC. Adapted fromri¢k et al. (2002).
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Chapter 3 - Analytical techniques, challenges and

solutions

3.1 Inductively Coupled Plasma M ass Spectrometry (ICP-MS)

Quadrupole ICP-MS was the principal analytical teghe used in this research
employing the Thermoelemental PQ ExCell and AgiléB00 models. Since the
introduction of the first commercial instrument @083, ICP-MS has become
accepted as a powerful technique for elementalyaisal ICP-MS provides rapid,
multi-element and multi-isotopic analysis, high ggenthroughput, detection limits at
single parts per trillion or below for up to 60 rlents in solution (Olesik 2000) and a
wide analytical range. A quadrupole ICP-MS instrameomprises (1) sample
introduction system, (2) ion source (ICP), (3) ifdee, (4) ion focusing system, (5)

mass analyser and (6) detector (Figure 3.1).

(4) (6)

()

o

(2) (5)

Figure 3.1: Diagram showing the components of a quadrupole M&Pinstrument
(Agilent 7500 Series). Image courtesy of AgilenK (www.chem.agilent.com).
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3.1.1 Sampleintroduction
The ICP requires any sample to be introduced imocentral channel gas flow as a

gas, vapour or most commonly an aerosol. Most systare fitted with an aerosol
generating pneumatic nebuliser as standard. Atpiispump is used to deliver the
sample to the nebuliser where a high velocity gesam produces a fine droplet
dispersion of the analyte solution. Larger dropbets removed by the spray chamber
allowing only those below approximately 8 um inrdeter to pass on to the plasma
(Jarvis et al. 2003). The selection of smaller droplets leads inefficient
transportation of the sample (1 to 2 % approx.)ibuequired firstly, because large
droplets are not efficiently dissociated in thespt@ and secondly, to smooth out
pulses that occur during the nebulisation processsed by the peristaltic pump
(Thomas 2008). The pneumatic nebuliser, of whidrdhare many forms, remains
popular due to its convenience, stability and esfseise with automated sample

uptake devices.

3.1.21on source (ICP)

The ICP consists of a glass torch, a radio frequgR¥) coil and an RF power
supply used to generate and sustain the plasmalQmdorch consists of a quartz
tube through which an inert gas, usually argony$loThe quartz tube is surrounded
by the water-cooled RF induction coil. An intensscibating magnetic field is
developed around the coil. lonisation of the flogvargon is initiated by a spark from
a Tesla coil. Once the plasma discharge has béetad, electrons in the plasma are
accelerated by the oscillating magnetic field Snstg the plasma. Heating of the
argon gas up to 8000 K is caused by collisions éetwelectrons and argon atoms.
On introduction into the plasma from the nebulis@i]isions between electrons and

analyte atoms cause ionisation of the analyte (¥easteele and Block 1997). The
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ionisation potential of an atom or molecule is disd as the energy required to
remove one mole of electrons from one mole of gasedoms or ions (McNaught
and Wilkinson 1997). The majority of elements ire theriodic table have first
ionisation energies of < 8 eV. By comparison arsesireluctant to surrender an
electron, with a first ionisation energy of 9.78.d¥nhstable elements like alkaline
earth metals magnesium (Mg) and calcium (Ca), witisation energies of <6 eV are

more easily ionised.

3.1.3 Interface

The role of the interface is to transport the atgalgns efficiently and consistently

from the plasma to the mass analyser and to faelita pressure drop from

atmospheric to a strong vacuum. The positively gbarions generated in the plasma
at atmospheric pressure are extracted through dwes; typically made of nickel and

maintained at a vacuum of 2 Torr using a rotary pufhe first cone is known as the

sampler cone with an orifice diameter of 0.8 torhi®. The second cone is known as
the skimmer cone with a smaller orifice of 0.4 t8 thm (Thomas 2002a). To reduce
the effects of the high temperature plasma on ¢tme< the interface housing is water
cooled and made from material that dissipates heatsly such as copper or

aluminium (Thomas 2002a).

3.1.41on optics

The function of the ion optics is to maximise tramssion of positive ions from the
skimmer cone into the mass analyser while miningidsackground noise. The ion
optics consists of several electrostatically cdrelens components which steer and

focus the analyte ions from the interface into it@ss analyser. The ion lenses are
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also used to separate ions from photons and résidu&ral material. A well designed
ion optic system will provide low background signgbod detection limits and a

stable signal in real-world samples (Thomas 2002a).

3.1.5 Mass analyzer
The mass analyser or mass separation device igetlien of the ICP-MS that
separates ions according to their mass-to-chatge (ra/z). Approximately 90 % of
ICP-MS instruments use quadrupole—based systentgia@lrupole consists of four
cylindrical or hyperbolic metal rods of equal lemgind diameter. By placing a direct
current (dc) on one pair of rods and a radio fregyeon the opposite pair, ions of a
selected mass are allowed to pass through thetoottee detector while others are
ejected from the quadrupole (Thomas 2002a). Siheeplasma produces almost
exclusively singly charged ions, the m/z ratiogsi@ to the mass of the element. By
varying the current applied to the quadrupole the welues transmitted to the
detector can be varied (Skoog and Leary 1991).sEnsitivity by which an ICP-MS
instrument can differentiate between m/z ratioknswn as the mass resolution and
can be defined as:

R=M/AM
Where R is resolution, M is the mass of the isotopeiterest and\M is the peak
width of the isotope at 5% peak height. Most qupdle mass analysers operate with
an upper resolution of 400, which enables resatutib around 0.2 to 1 mass unit

(O'Connor and Evans 2007), typical to both instmim@sed in this research.
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3.1.6 Detector

lons that pass through the quadrupole are coungdtiebinstrument’s detector. An
electron multiplier type detector was fitted to dCP-MS instruments used in this
research. The detector converts the ions intoraéatpulses which are then counted
by its integrated measurement circuitry. The nundbezlectrical pulses per unit time
(count rate) is usually proportional to the numbgrnalyte ions present in the ion
beam. However, high ion count rates can overloadd@ttector causing some ions to
go undetected and leading to a non-linear respdrss. problem is overcome with
the use of dual mode detectors, as used in battuments in this research, that allow
the measurement of higher count rates. Dual motiecides use pulse counting at
lower count rates (several million counts per sd¢d@PS) then, on detection of
higher count rates, switch to analogue mode measuhie current generated by the
electron stream rather than the pulse derived faah individual ion impact (Agilent
2005). Quantification of trace elements in an unkmsample can then be carried out

by comparing the ion signal to known calibraticanstards (Thomas 2002b).

3.2 Calibration

The available calibration methods suitable for edatal analyses can be divided into
two categories, absolute or relative. Absolute m@shproduce a result that is directly
traceable to Sl units such as gravimetry (kg)intigtry (moles) and coulometry

(coulomb). All absolute methods are particularlypstve to interferences making

them best suited to pure samples rather than connpibeures. Absolute methods are
also generally unsuitable for the determinatiorirate level analytes, making them
mostly unsuitable for elemental analyses. Relatnethods on the other hand rely on

the detection and quantification of the elemenpscges by comparison to a set of
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calibration standards of a known concentrationebincalibration graphs are the most
practical method for use in analytical chemistryhey are obtainable by the
measurement of only a few calibration standards ead be described by the
following function:

Yy=Mx+C
Wherey = signal responsen = slope of the graplx = concentration of working

solution (e.g. pg i) andc = intercept on the Y-axis (Dean 1997).

The steepness of the slope represents the setysdfvihe instrument. Higher slopes
give a higher signal/background ratio and therefesailt in increased precision of the
calibration method for a given percentage of amadyioise. Linear calibrations are
not always obtained due to either non-linearity imétrument response or poor
technique. The fitting of non-linear calibrationrees requires the use of non-linear
regression analysis. Such methods were not requiréals research and are therefore

beyond the scope of this text.

The repeatability of the measurement is a princigator in the quality of the
calibration, along with the trueness of standard ealidity of comparison between
calibrant and sample. Repeatability influences grexision of the result whilst the
trueness of standard and validity of comparisorl ddétermine the accuracy. The
validity of comparison between the calibrant anthgle is one of the most critical
factors in calibration techniques for trace levahlgses with different techniques
available depending on how critical the comparisen For elemental analysis

identical measuring conditions are required betwbercalibrant and sample.
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The measurement of a range of standards of knownetdration within the same
analytical run is commonly used. This method ca&o #le tailored to correct for drift

in instrument response over time by measuring &tibration repeatedly throughout.

3.3 Interferences and interference correction

The measurement of an analyte by ICP-MS can beienfled by interferences
leading to either enhancement or suppression oariaéyte signal, in turn leading to
respectively over or under-estimation of concerdratif not identified and corrected
for. Interferences in ICP-MS can be classifiea itwo major groups, spectroscopic
and non-spectroscopic or matrix effects (Thomas8p00his section will focus on

those interferences relevant to arsenic deternoinand how they can be overcome.

Spectral overlaps provide the most serious intenfees in ICP-MS. The most
common are polyatomic interferences which occurwtwo or more atomic ions
combine to give a new ion with a m/z ratio overlagpwith that of the analyte
(Thomas 2008). Polyatomic ions originate from atitude of sources but are most
commonly associated with the plasma and nebuliasr gatrix components in the
solvent or sample, other analyte elements or emdaoxygen or nitrogen from the
surrounding air. For argon plasmas spectral overlepused by argon ions and
combinations of argon ions with other ions are camr(Olesik 2000). Arsenic, with
an atomic mass of 75, is most commonly subjecttierference from the polyatomic
ion “°Ar®*CI*. For this reason matrices and solvents containigly levels of chloride
are generally avoided in arsenic determination ®-MS. Several other potential
polyatomic interferences diAs exist (Table 3.1) but in general are insignificdue

to containing minor isotopes of constituent elermeRor example, the polyatomic
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interferences containinAr or 3*Ar are rare as these isotopes represent only @33 a
0.06 % of the natural abundance of Ar. Polyatomierferences can be reduced to be
negligible/ insignificant using collision/reactiatell technology (CCT). CCT uses
ion-molecule collisions and reactions to cleanse tbn beam of polyatomic
interferences before they enter the mass analysgite(it 2005). Both ICP-MS
instruments used in this research (Thermo PQ BExaal Agilent 7500) are fitted
with dynamic reaction cells utilising a mixture leélium and argon as the reaction
gas. This type of reaction cell is highly effectia® eliminating the*°Ar**Cl*
interference from m/z = 75 reducing its intensity<t2% of the value without the
collision cell (Figure 3.2) making it possible toadyse low levels of arsenic in high
chloride matrices. The gases He angl dfe commonly employed as the reaction/
collision gases respectively either alone or in bmation. Recent research indicates
that He alone introduced into the collision celaatte of 4 | mitt is most effective at
removing the poly-atomic interference GiAs caused by°Ar**Cl (Dufailly et al.

2008). This method was employed in all analysdhigiresearch.

Table 3.1: Potential polyatomic interferences dPAs. Adapted from May and
Wiedmeyer (1998).

| sotope| Polyatomic I nterference
75AS 590016O+, 36Ar38ArlH+, 38AI'37C|+, 36Ar39K+,
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Figure 3.2: Effect on signal at m/z 75 of HCI content (% H@Iv)) on a blank

solution in standard&) and collision cell madea) modes. Adapted from Dufaillgt
al. (2008).

Matrix interferences occur for a number of reasshen the calibrant and sample
matrices differ. For example; if the sample corgaam organic component or high
concentrations of dissolved salts, matrix-induckdnges in the intensity of the ion
signal might occur (Thomas 2008). Physical intenees, such as changes in the
viscosity of solutions, may affect the rate of asfpon into the plasma and therefore
the delivery of the analyte. Samples containingertban 10 gt of dissolved solids
are susceptible to major matrix effects. Suppressibthe analyte signal is most
common, although enhancement has been reportedrebaevwstrumental factors are
also important in determining the severity of pbsmatrix effects:

e Aperture size of sampling and skimmer cones

e Carrier gas flow rate

e RF power
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e Sample uptake rate
Blockage of the sampling cone aperture by soluti@mtaining high salt
concentrations is a common matrix effect leadin@ tdecrease in signal over time.
Even without salt deposition, high salt levels insample can cause ionisation
suppression. The introduction of an easily ioniskeanent into the plasma, such as an
alkaline earth element contributes to the electdensity, shifting the ionisation

equilibrium so that the analyte elements are i@hteea lesser extent (Olesik 2000).

Signal suppression is also caused by the spacgetsfect. The electrostatic lens
system in an ICP-MS only transmits positive ion® ithe detector. Without a matrix
these ions are usually Aand O. With a matrix the number of positive ions in the
extracted beam increases e.g.” Nhiese ions may repel analyte ions. The increased
space charge means the beam is less easily fodLighter analyte ions suffer most

from this effect.

Correction of matrix effects can be achieved inesahways to improve the quality of
calibration in elemental analysis. The use of mistandards is perhaps the best way
to compensate for matrix effects. With this metleodmall group of elements are
mixed with the samples, standards and blanks viapgece attached to the sample
introduction system of the ICP-MS. As the intensifythe internal standard signal
changes throughout an analytical run the analgeasican be corrected accordingly.
Selection of a suitable internal standard elemg&mnportant, taking into account the
following: 1) they should not be present in the plan2) the sample matrix or
analyte elements do not spectrally interfere wiémt and 3) they are usually grouped

with analyte elements of a similar mass range amdsation potential (Thomas
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2008). Internal standards used in this researcle wetium (In) rhenium (Re) and

tellurium (Te). Te in particular was chosen forsisiilar ionisation potential to As.

Maximum dilution of the sample will reduce matrifteets by increasing the purity of
the sample and improving the validity of comparidogtween the calibrant and
sample although this needs to be balanced agadseted analytical precision with
decreasing concentration. Matrix matching the cahb and standard will also
improve the validity of comparison by ensuring bdtle calibrant and sample are
subject to the same/similar matrix interferenceswelher the non-linearity of matrix
interferences can be problematic (Dean 1997). @didn by standard addition
provides a means of overcoming problems assocwitbdthe validity of comparison
between calibrant and sample by avoiding the ustf individually. In this method
each sample is divided into several subsamples wafthincreasing, but known,
concentration of the analyte spiked into the ddfgrsubsamples. By comparing how
the concentration of the sample has changed bafatefter addition of the standard
the concentration in the unknown sample can beapatated (Figure 3.3). The
calibration must therefore be linear over its entength to avoid introducing error
(Dean 1997). This type of calibration was employed samples in this research

whose matrices differed significantly from thattloé calibration standards.

35



7000 -

y=79.1x+ 2403
R2=1.00

Instrument response (CPS x10 )

-40 -30 -20 -10 0 10 20 30 40 50 60
Spiked As Y concentration (ul 1)

Figure 3.3: Standard addition calibration plot for a soil sdnpxtracted using a
phosphoric/ ascorbic acid matrix (Chapter 6). Tamfat zero spike concentration is
the unknown sample alone followed by the same sasyked with 0.5, 5 and 50 g
It of As’. Thex-axis intercept is the concentration ofAs the unknown sample, in

this case 30 pgl

3.4 High Performance Liquid Chromatography-ICP-M S

Separation techniques are fundamental to elemapitiation analyses. ICP-MS
provides highly sensitive total element detectibnf it is not until a separation
technique is coupled with an element specific detethat the various chemical
forms (species) of an element in a sample can berrdmed (Ackley and Caruso
2004). High Performance Liquid Chromatographic (l@Plseparations are carried
out by introducing an aqueous sample onto a chragnaphic column filled with a
solid stationary phase while a liquid mobile phaseontinuously pumped through

the column. The HPLC column is coupled directlythhe nebuliser of the ICP-MS
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where separated species are detected as an inchreaseunts (peaks in a

chromatogram) for arsenic (Figure 3.4).

Nebuliser

o -

Figure 3.4: HPLC-ICP-MS instrumentation used in this research.

Interactions between an analyte and the statioaady mobile phases are based on
polarity, electrical charge, pH and molecular m@&skley and Caruso 2004). In
general, ion exchangers favour the binding of iohshigher charge and smaller
radius. The stationary phase typically consistarofonic functional group bonded to
a polystyrene-based polymer or silica. The ioniesson the stationary phase have the
opposite charge to the analytes to be separatedlytés with a charge that is
opposite to that of the charge bearing functiorraug interact with the stationary
phase electrostatically. The retention time of aalye therefore increases with

increasing electrostatic force (Ackley and Carug04).
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Knowledge of an analytes structure can help inipted) how it will behave during
HPLC separation. The selection of a suitable@tatly phase is based on the nature
of the analytes to be separated. For example, taureiof negatively charged species
(anions) can be separated using a column with diyelg charged anion exchange
stationary phase (column). The negatively chargedies are thereby retained on the
positively charged sites of the anion exchange roalwhilst neutral and positive
species are not retained. Species that are natedtalute as a mixture are referred to
as the solvent front. This situation is then resdrdor cation chromatography
whereby a negatively charged stationary phase ed @ retain positively charges
cations. Other variables can be altered to achiavsuitable separation. The
concentration determines the eluting power of thebile phase by increasing or
decreasing the number of counter ions availabldigplace retained analyte species.
The pH influences the equilibrium between the nehihd stationary phase. In cation
exchange an increase in pH reduces retention tivhdst an increase in pH increases
retention times in anion exchange (Small 1989). pheof the mobile phase also
influences speciation of the analyte in terms oérall charge and therefore the
resulting retention on the column. As demonstratefigure 2.1 in chapter 2, whilst
the oxidation state of As in a particular species/he positive the overall charge of
that species may be negative or neutral. The fades of the mobile phase can also be
increased or decreased to hasten or slowdown thierelof retained analyte species
respectively. Duringsocratic separations the composition of the mobile phase is
maintained constant throughout the separation valsere agradient elution the
composition of the mobile phase is changed durlmg ¢ourse of the separation.

Gradient elution is useful for separating mixtuotscompounds that cover a wide a
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wide range of chromatographic polarity. As the sapan proceeds the strength of
the mobile phase can be increased to speed upluheneof compounds with a

stronger affinity for the column. This provides tditional benefit of combating the
problem of peak broadening, associated with laterg] peaks, which can impair the

resolution of individual peaks (Small 1989).

3.4.1 Speciesidentification

Comparison of retention time allows individual pegalelating to each unknown

species to be quantified by comparison to knowndsed solutions. The different

arsenic species in aqueous sample extracts inrédssarch were identified by

comparison to five commercially available arsermpedation standards. Inorganic
As" /As’, and organic MX DMAY and AB. In addition, four arsenosugars were
isolated from a sample of marine algae (gdaruis) following the method described

by Madseret al. (2000), as illustrated in figure 3.5.

Fucus washed in deionise Methanol decanted from
water, cut into strips then extracted algae and evaporated
soaked in methanol for 24 h. to dryness using a rotary
evaporator.
Resulting brown solid emaining residue (dark green
(containing sugars) was thg gum) washed with acetone ar|d
dissolved in water. acetone discarded.
Sugar solution washed wi Resulting solution analysed
diethyl ether, separated from by HPLC-ICP-MS and
the organic layer and filtered. compared to known
arsenosugar standard
donated by Prof. K.
Francesconi (Karl-Franzens
University, Austria).

Figure 3.5: Flow chart showing steps involved in isolating #msenosugars (1-4)

from marine algae of gendaicus.

39



Arsenic species were separated using either am amchange column or cation
exchange column. Details of both chromatographstesys are provided in Table 3.2.
The chromatographic separation of arsenic speabg\sed using the anion and
cation systems are illustrated in figures 3.6 and f&spectively. The anionic
separation was based on a modified gradient eldystem developed by Martinez-
Bravo et al. (2001). This system was used to quantify’ Aas arsenite), DMA
MA"Y, As’ (as arsenate), sugar-2 and sugar-4. The ordehithwthe As species elute
using this system is explained by both the charfy¢he species and pH of the
solution. The PRP-X100 column provides retentiobath negatively charged anions
and neutral, low polarity species, due to the p@yrackbone. In solution at pH
8.65, AB, sugar-1 and arsenite are all neutraliogutiem to elute early (figure 2.1,
chapter 2). The remaining negatively charged spesligte in order of increasing pH
as increasing pH results in increased retentiorgiffrrancesconi 2009). The cationic
separation was a modified version of the isocraation method developed by
Geiszingeret al. (2002). This system was used to quantify AB (actatsee figure
2.2, chapter 2) and sugar-1. Sugar-3 was not a@etect any of the samples
investigated. Sugar-1 appears later in this chrogram (Figure 3.7) due to the
neutral charge being retained by the cation exahaajumn, by comparison to the
negative charge of sugars 2-4. This system wadsogexb primarily to check that AB
was not eluting in combination with other cationsthe solvent front of the anion
method. A comparison of the results obtained for pBntification in all earthworm
sample extracts is displayed in figure 3.8. The mathods gave comparable results,
identical within analytical precision. Further déta of the HPLC-ICP-MS
methodology used in the research are included enréltent study by Watts and

Buttonet al. (2008) included asppendix B.
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Table 3.2: Details of the chromatographic systems employetigwresearch.

Details

Anion exchange

Cation exchange

Stationary phas
(column)

PRP-X100, (250 x 4 mm, 10 pr|
length, diameter, particle size)

PRP-X200, 250 x 4 mm, 10

um

Mobile phase Gradient A: 4 mM NHENO; and Isocratic 10 mM pyridine ¢
(eluent) B: 60 mM NHNO; at pH 8.65 | pH 2.26
Flow rate 1 ml miit 1.5 ml min"
Injection volume | 100 pl 100 pl
12000
. D. rubidus extract
AB DMAV_ ------- Spiked with mixed
- y sugar standards+sugari1-4
& 9000 As 3 |
& | DAY
° ; 60mM
o 1 \
& 6000 - / Y 4mM
o I e
c
g sugar
S 4
% 3000 - .
=
0 T T T T T T T T

2 3 4 5 6 7 8 9 10 11 12 1

retention time (min.)

3 14 15

Figure 3.6: Anion gradient elution profile for a mixed standlaolution (10 pg¥)

and a representative earthworm extract. The dakhedndicates transitions in the

mobile phase.

41



60000

DGC 9

------- sugars 1-4

AB

45000 -

DMAY + sugars-2/3

30000 +

instrument response (CPS)

15000 -

retention time (min.)

Figure 3.7: Cation isocratic elution profile for an earthwoentract (DGC 9), an

algal extract containing sugars 1-4 and an AB stethdt (13 pg}).

16
1:1
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10 y = 0.96x + 0.15

R?=0.98

AB (mg kg ™) via cation exchange
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0 2 4 6 8 10 12 14 16
AB (mg kg ) via anion exchange

Figure 3.8: Comparison of the results obtained for AB quardifien in earthworm

extracts for the two chromatographic systems engaloy
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3.4.2 Sample extraction

The main difficulty encountered in the determinatiof arsenic speciation is the
development of a method that provides both quamgiand reproducible recoveries
whilst maintaining the species integrity of a sampExtraction recoveries are
dependent on the sample matrix, species presentracégn solvent and

aggressiveness of the extraction procedure (Pizagelo 2003).

The majority of naturally occurring arsenic spscidentified so far are polar and
highly soluble in water, suggesting water alonghis best solvent for extracting
arsenic species in biological samples (FrancesmomiKuehnelt 2004). However the
most common approach is to use a methanol/watelureixo improve penetration of
solvent into the sample matrix. Methanol also extsafewer non-arsenical
compounds and is easily removed by evaporation evipee-concentration of a
sample is required. Shakers and rotators aretlstillmost commonly used devices to
enhance the extraction of arsenic from biologieahgles (Van Elterest al. 2007).
However, for geological samples such as soils aenaggressive extraction is
required as methanol/water based approaches tiypiesiract < 5 % of the total
arsenic (Francesconi and Kuehnelt 2004). Sonicatiocelerated solvent extraction
and microwave-assisted extraction techniques peowvigbroved recoveries from soils
by weakening the bond between arsenic species lamdsample matrix. The
extraction and measurement of arsenic speciedlsisaliscussed in more detail in a

report from this research (Button and Watts 2008luded asppendix A.
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3. 5 Physiologically-based extraction tests

Physiologically-based extractions tests (PBETs)utate the leaching of a solid
matrix in the human gastrointestinal tract to deiae the bioaccessibility of a
particular element i.e. the total fraction thatisilable for adsorption during transit
through the small intestine (Rulgy al. 1993). The PBET was designed around the
paediatric gastrointestinal tract for a child oB 3ears as this age group is believed to
be at greatest risk from accidental soil ingestiBuby et al. 1993). The test is
essentially a two stage sequential extraction usiagous acids and enzymes to
simulate both the stomach and small intestine cotmeats. The extraction is carried
out in rotating extraction vessels containing thengle and extraction solution in a

water bath at 37 °C to simulate the temperatuteeohuman body (Figure 3.9).

Figure 3.9: Apparatus used for PBET extractions. Image court#dsthe British

Geological Survey.

Numerousin vitro PBETs have been developed as simple, inexpensivs to

investigate the bioaccessibility of soil contamitsaOomen 2002). Uncertainties as
to whether these models produce similar estimatadrisoaccessibility has hindered
their incorporation into the contaminated land risksessment process. The

Bioaccessibility Research Group of Europe (BARGEO&O0 undertook an
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international collaborative initiative to establighunified PBET method (the Unified
BARGE Method UBM) for estimating human bioaccessjbcapable of providing
reproducible, robust and defensible bioaccesgibdidita (Caveet al. 2006). The
UBM was used in this research to estimateithatro bioaccessibility of arsenic in
soil samples. Figure 3.10 details the individuapst involved in the extraction

procedure. A more detailed description of the metisgrovided in chapter 4.

Stomach Only Phase

..............................................................

0.6g <250um of air dried soil mixed
with 9ml of simulated saliva, pH 6.5,
for 5 mins.

13.5ml of simulated gastric solution
added, pH 1.2. Shaken end-over-end
at 37°C for 1 hr.

27ml of simulated duodenal fluid &
9ml of simulated bile fluid, pH 6.3,
added to mixture. Shaken end-over-
end at 37°C for 4 hr.

................................................................

Stomach + I ntestine Phase

Figure 3.10: The unified BARGE bioaccessibility method (UBM) sists of a

stomach only and stomach and intestine phaseselec@agtesy of Dr A. Broadway.

3.6 The Comet Assay

The Comet, or SCGE (single-cell gel electrophojedissay is a simple method for
measuring deoxyribonucleic acid (DNA) strand breekgsukaryotic cells. Over the

past decade the Comet Assay has become one dfatislasd methods for assessing
DNA damage in the fields of genotoxicity testingddmuman biomonitoring (Collins

2004). The Comet Assay begins with the immobilmatiof isolated cells by
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embedding them in agarose gel on a glass slidedéfsis with detergent solution
with a high salt content (Figure 3.11). The lysesatment removes membranes and
solubilises histones leaving behind the nucleoidyboontaining ribonucleic acid
(RNA), proteins and supercoiled DNA (Collins 200Fhe DNA is then denatured
(deconstructed) by immersion in an alkaline elgttayesis buffer. Strand breaks in
the denatured DNA result in supercoil relaxatiomwinding). The greater the
number of strand breaks the greater the degreenwinding. Given a sufficient
degree of unwinding, the application of an electfield across the slides
(electrophoresis) creates a motive force by whiol ¢harged DNA may migrate
away from the immobilised nucleoid body (Lee andir&rt 2003). The resulting
structure resembles a ‘comet’ with a bright head fiagmenting tail (Figure 3.12)
Following electrophoresis the slides are rinsed meutral buffer and stained using a

DNA binding dye (propidium iodide).

Adoption of and rigorous adherence to a standeddigrotocol is essential to
overcome such limiting factors as discrepanciewéen buffers, gel thickness,
temperature during preparation and exposure of tellJV radiation. Assessment of
methodological precision can be achieved to a icegatent by including standard
cells in the analysis where available. For exampja)phocytes prepared from
several individuals could be pooled and frozen laguats for future use (Collins
2004). The cells should provide a consistent measefr damage with each
experiment thereby highlighting changes in the sxsa&en damage levels in the
controls deviate widely from the normal level. @adition of the method can be

performed by irradiating samples of cells with gaanar X-rays to induce a known
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number of strand breaks; comets are reported to shimear increase in damage (%

tail DNA) over a range of 0 to 8 Gy(Collins 2004).

\ — 3 \
ﬂ-—— g - Cell Lysis
0.5% LMP Agarose | Mem:branes
Histones
Y _ Nucleoid
| Body

E‘ Unwinding / Electrophoresis

¥ i

b o
-

\ ] e iy S N I
Analysis T\ ‘ S ‘ ’ ‘Head Tail

Stain Neutralisation —
Diraction of Eleclrophorasis

Figure 3.11: Schematic showing the various stages involvecnfopming the Comet
Assay and a depiction of the formation of a conadibWing electrophoresis (Image
courtesy of the Department of Cancer Studies & kldir Medicine, University of
Leicester).

" Gy = Gray unit. 1 gray is the absorption of onglgoof energy, in the form of ionising radiatiory, b
one kilogram of matter.
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3.6.1 Selection and visualisation of comets

Comets must be selected for scoring without biasranst represent the whole slide.
Repeated analysis of the same comets must alsudided; therefore each slide is
systematically scanned until the required numbérsomets have been recorded.
The edges and areas around any air bubbles shewd@idided as they often display
comets with erroneously high levels of damage (@®2004). The number of cells in

a single gel is important as cells packed too ctogether cannot be reliably scored.

Visualisation (scoring) is achieved using a fluseesce microscope coupled to a
computer loaded with a software package that alloagid measurement of
fluorescence parameters for comets selected bypgbeator. Figure 3.12 displays a
typical comet as imaged using Komet 5.0 softw&Beveral parameters can be used
to quantify damage levels including tail length,ITANA (%) and the Olive Tall
Moment (OTM). Tail length (Figure 3.12) is the diste of DNA migration away
from the Comet head (nucleoid body). Tail DNA (%Jers to the fraction of total
DNA in the comet tail and the OTM is the productlioé tail length and the fraction
of the total DNA in the tail. Tail length is the stocommonly employed parameter
although this measure is subject to the limitabdronly increasing while the tail is
first becoming established at relatively low damadgeels. Subsequently the tall
increases in intensity but not length as damageases (Collins 2004). Tail length is
also subject to background thresholds of the ingagoftware as the end of the tail is
defined by a certain excess of fluorescence abaekdround (Collins 2004). Talil
DNA (%) was used in this research as it bears aalinrelationship to break

frequency, is relatively unaffected by thresholttisgs and facilitates discrimination
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of damage over the widest possible range. Spediétails on the scoring and

statistical analysis methods used in this researelprovided irchapter 5.

Figure 3.12: Digital fluorescence microscope image of comet$wérying levels of

damage. Box surrounding comet is part of Kometabiid-integration software.
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Chapter 4

Earthwormsand in vitro physiologically-based extraction
tests: complementary toolsfor a holistic approach towards

understanding risk at arsenic contaminated sites

4.1 Abstract

The relationship of the total arsenic content ofad and its bioaccumulation by
earthworms l(umbricus rubellus and Dendrodrilus rubidus) to the arsenic fraction
bioaccessible to humans, measured usinghastro physiologically-based extraction
test (PBET), was investigated. Soil and earthwoames were collected at 24 sites
at the former arsenic mine at the Devon Great Aen&GC) in Southwest England
(UK), along with an uncontaminated site in Nottiagh UK, for comparison.
Analysis of soil and earthworm total arsenic viauatively coupled plasma-mass
spectrometry (ICP-MS) was performed following a edxacid digestion. Arsenic
concentrations in the soil were elevated (204 2% Mg kg') at DGC. The arsenic
Bioaccumulation Factor (BAF) for both earthworm @pe was found to correlate
positively with the Human Bioaccessible FractiorBf), although the correlation was
only significant (P = 8.05) forL. rubellus. The potential use of boih vitro PBETs
and earthworms as complementary tools is explosedl lzolistic and multidisciplinary
approach towards understanding risk at contaminaggds. Arsenic resistant
earthworm species such lasrubellus populationsat DGC are presented as a valuable

tool for understanding risk at highly contaminasgés.
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4.2 Introduction

Arsenic contaminated land is demanding increasittgn@gon from environmental
scientists due to its potential toxicity to humdihsia and fauna (Cammt al. 2004). A
widely employed method for the assessment of rigk human health from
contaminated land in the UK, (the Contaminated LBrdosure Assessment (CLEA)
model) (Defra 2002b), is arguably preoccupied witle derivation of a single
universal Soil Guideline Value (SGV) , presumatdyfacilitate practicality and ease
of application (Hamilton 2000). The current SG\he UK (implemented in 2002) for
residential gardens and allotments is specifie?0amng kg" dry weight (Defra 2002).
In parts of the UK such as the Southwest, wherenazscontamination is widespread
due to historic mining and calcination of polymetaires (Camnet al. 2004, Hutton
et al. 2005, Van Eltereret al. 2006), the current SGV is unrealistic. One major
criticism of the CLEA model is that contaminante assumed to be completely
available to a receptor following exposure (Hutebral. 2005) leading to a potential
overestimation of exposure. The primary pathwayfiwwhan exposure to arsenic in
soil that result in significant health effects arbalation and oral ingestion leading to
both carcinogenic and non-carcinogenic responsatstwiermal adsorption is not
thought to be significant (Schultz and Biksey 20@3)nsideration of a contaminant’s
oral bioaccessibility is important in understandirexposure associated risk
(Intawongse and Dean 2006). Numerausitro physiologically-based extraction tests
(PBETs) have been developed as simple, inexpenwioés to investigate the
bioaccessibility of soil contaminants (Oomen 20QR)certainties as to whether these
models produce similar estimations of bioaccessidilas hindered their incorporation
into the contaminated land risk assessment proddss.Bioaccessibility Research

Group of Europe (BARGE 2008) undertook an inteoral collaborative initiative to
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establish a unified PBET method (the Unified Bakdethod UBM) for estimating
human bioaccessibility capable of providing repmbdie, robust and defensible
bioaccessibility data (Cawt al. 2006). Such efforts are likely to hasten the adopt
of bioaccessibility testing in risk assessmentfoeced by the fact that the Scottish
and Northern Ireland Forum For Environmental Redeé8NIFFER) already propose
a method for deriving site-specific human healtheasment criteria for contaminants

in soil that incorporates bioaccessibility test{fFgrguseret al. 2003).

Ecosystem indicator species such as earthwormsgraven a useful tool in assessing
soil contamination, particularly the accumulatioh a contaminant by earthworm
populations, as a guide to bioavailability (Langabral. 2001, Langdoret al. 2003,
Mariio and Morgan 1998, Morgan and Morgan 1999)e Tdarthworm species
Lumbricus rubellus and Dendrodrilus rubidus are known to inhabit soils and mine
wastes in southwest England highly contaminatett witenic (Morgan 1994). They
are thought to have developed a resistance toiareqcity (Langdonet al. 1999),
although not through avoidance of the contaminataomce arsenic body burdens have
been demonstrated up to 566 mg Kgangdonet al. 2002). This ability to accumulate
high levels of arsenic makes these two earthworetiep particularly useful tools in
assessing arsenic bioavailability to indicator gggem highly contaminated soils. Both
earthworm species are epigeic (surface living) wedefore ideal in assessing the soil
surface, the soil fraction of most concern in assgshuman exposure. Whilst many
studies have investigated the impact of soil comation on soil biota, in particular
earthworms (Cotter-Howellet al. 2005, Piearcet al. 2002, Van Vlietet al. 2006),
ecological input into contaminated land risk asses¥ is poor. A holistic approach,
whereby the geochemical, human and ecological &sp#ccontaminated land are

employed as multiple lines of evidence in undeditagnrisk, requires investigation.
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The aim of this work is to examine the interrelaiess of available tools in
understanding the risk to human health and theyster® at arsenic contaminated
sites. Comparison of the soil total arsenic, huntaoaccessible fraction and
bioaccumulation by earthworms will provide insigimto whether or not these
complementary tools can be used in parallel for @enholistic approach towards

understanding risk at contaminated sites.

4.3 Materials and methods

4.3.1 Study site

The Devon Great Consols (DGC) is situated by theeRTamar in the Tavistock
district of Devon (grid reference: SX 426 735) amndne of many former mining sites
in southwest England (Fig. 4.1). Soil arsenic cotregions found in and around the
mine vary significantly depending on their proxiyib the main tailings ranging from
249 to 34,000 mg ky(Klinck et al. 2002, Langdoret al. 2001). Klincket al. (2002)
demonstrated the high potential for the releasareénic from sulphide ore and other
wastes by carrying out leaching experiments. Acsémaccessibility in soils in the
mine area and mine tailings have previously be@wsho be well above the 20 mg
kg!SGV (Caveet al. 2002) for gardens and allotments. Notably, cotra¢ipns up to
624 mg kg of bioaccessible arsenic in residential areasratahe mine site were

reported giving cause for concern in terms of pidéhuman exposure.
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Location,
site

Sampling sites

+ L. rubellus

O D. rubidus Z7» Mine waste

® Both species Woods ?—O'IZS—DiS km

Figure 4.1: Geographical location of study area and positigremd identification

number of sampling sites.

4.3.2 Sample collection and preparation

The following sample collection and preparation moels were employed at the
contaminated study site (DGC) and an uncontamint@tingham garden. The soil
surface (0 — 20 cm) with an area of ~% was overturned with a spade allowing
individual earthworms to be handpicked. Specimensrewpromptly separated

according to species using a dichotomous earthwan(WWC 2008), thoroughly

rinsed with deionised water and placed in ventilaidastic tubes with moist filter

paper to begin depuration of the gut contentselFiitapers were changed daily to
prevent coprophagy. Earthworms were depurated fominimum of 48 hours, since
shorter times were unlikely to remove all soil s in larger species such hs

rubellus (Langdon, 2003). Approximately 10-25 mature eaocitmas (clitellum
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present) were collected at each sampling point. utdpd earthworms were
thoroughly rinsed with deionised water and driecaifow temperature oven (50 °C)
before homogenisation in a ceramic pestle and mokt@omposite soil sample from
the overturned surface (~1 kg) was collected ah s#te, placed in a sealed paper bag
and dried at room temperature. Soils were disgggeel in a ceramic pestle and
mortar, sieved to < 250 um, homogenised by shatkiaeg stored in airtight containers

prior to analysis.

4.3.3 Standards and reagents

All reagents used were analytical grade or bettedity. All aqueous solutions were
prepared using deionised water (18.2Millipore, UK). Concentrated HN§) HF,
30 % v/iv HO, and HCIQ (Aristar; BDH, UK) were used for the dissolutiof o
earthworms and soil samples. CaQFisher Scientific, UK) was used for the
measurement of soil pH. NaCl, KSCN, anhydrous3{4, KCI, CaC}.2H,0, NH,Cl,
NaHCQ;, KH,PQ,, MgCL6H,O, NaOH, HCI, urea, anhydrous D+ glucose, D-
glucosaminehydrochloride, pepsin (pig), Bovine &erAlbumin (BSA), pancreatin
(pig), 69 % HNQ (Merck, UK), a-amylase (bacillus species), lipase (pig), bildssal
(bovine) (Sigma, UK), NapPO, (Baker, UK), mucin (pig) (Carl Roth, Germanw)
glucuronic acid (Fluka, Germany) and uric acid (dkeProlabo, UK) were used in the

invitro UBM PBET for estimating human bioaccessibility ({€at al. 2006).

4.3.4 Total digestion of earthworm
Microwave assisted (CEM MARS5; CEM Corporation, UKjssolution of the
earthworms using a closed vessel system was pextbrom 0.1 g of earthworm

homogenate (dry weight). Concentrated nitric a¢@ ifil) and hydrofluoric acid (100
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ul) was added, allowed to stand for 30 minutes &ah tmicrowaved. Following an
initial heating program (ramp to 100 °C over 5 nb@suthen hold for 5 minutes, ramp
to 200 °C over 5 minutes then hold for 5 minutég) vessels were allowed to cool
(<50 °C) and then 1 ml of 30 %,6, was added. The vessels were sealed and the
microwave cycle repeated. After cooling, the sangidutions were transferred to
PTFE Savillex containers and evaporated to drynasa hotplate (100 °C) to reduce
the presence of organic compounds that could farssiple polyatomic interferences
on analysis by ICP-MS. Samples were reconstitbtethe addition of 2 ml of 50 %
v/v nitric acid, heated at 50 °C for 30 minutes ghdn made up to 10 ml with
deionised water. This final stage reduced thetidiluof the acid to that required for
ICP-MS measurement (<2.5 % v/v). The procedure masitored using a certified
reference material, CRM 627 tuna fish (BCR, BrugseMean total arsenic recoveries
of 96 £ 7 % (n = 6) were obtained, compared to d¢kdified value. The method
precision, expressed as the mean % differenceSB)l between duplicate earthworm

samples was 1.7 = 0.9 % (n= 4 duplicates).

4.3.5 Soil chemistry

Soil pH was determined by adding 0.01 M aqueousI|LC&C25 ml) to 0.25 g of

homogenised soil. Each soil slurry was mixed faniutes and left to stand for 15
minutes prior to analysis using a pH meter (Orioh73), UK). Readings were
checked at the start and end of the run using & pidffer solution and an in-house
QC standard (pH 7.3). Loss on ignition (LOI) wasoaldetermined for each soil
sample to provide an estimation of the organic enatbntent. One gram (dry weight)

of each soil was weighed into a glass crucible fgefeating to 450 °C for 4 hours.
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The percentage weight reduction after heating wasrded as the estimated organic

matter content.

4.3.6 Sail dissolution

Homogenised soils (0.25 g) were prepared for te@nental measurements by ICP-
MS based on a mixed acid digestion approach (HINOH HCIO,) (Greenet al.
2006). Samples were weighed directly into PTFEsyiatids added and heated on a
temperature programmable graphite hot-block (8@0tG hrs, 100 °C for 2 hrs, 120
°C for 1 hr, 140 °C for 3 hrs, 160 °C for 4 hr$his mixture was used, rather than the
more widely used aqua regia, as the hydrofluorid dreaks down the silicate
structure, except for a few accessory mineralgjute an almost total digest and hence
total concentrations can be determined. HGAM@s used to breakdown more resistant
minerals and ensure complete evaporation of theolflydric acid. Once digested and
evaporated, the sample was taken up in 2.5 ml @ 8 nitric acid, heated at 50 °C
for 30 minutes and then treated with 30 %Ok (v/v) to avoid precipitation of meta-
stable hydroxyl-fluorides, before being made upvédume (25 ml) with deionised
water to give a final solution of 2.5 % HN@or analysis by ICP-MS. Certified
reference materials were included with each bafcéo digestions as a measure of
guality control. These were NIST CRM 2710 Mont&w@l | and NIST CRM 2711
Montana Soil Il. Recoveries of 98 + 4 % (n = 6) &1d+ 3 % (n = 3), respectively,
were achieved during the course of the study. Tépeatability precision for the
method was additionally assessed using the Thompimmarth precision control
method (RSC 2002). Thompson Howarth precision obntharts are a simple
graphical method for assessing and controllingatgislity precision from a moderate

number of duplicated analytical results, in thisea = 21 duplicate analyses. The
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repeatability precision was found to exceed thecifipd Fitness for Purpose (FFP)

criteria of 5 % RSD on the duplicate analyses (nu@tails provided imppendix C).

4.3.7 Physiologically-based extraction test (PBET)

The UBM PBET (Cavest al. 2006) was employed in this study with the permiss
and assistance of BARGE members. 0.6 g of < 250drie¢ and homogenised soill
was mixed with 9 ml of simulated saliva at pH 6&©5% minutes. 13.5 ml of simulated
gastric solution was then added at pH 0.9 - 1dite a final pH of 1.2 and shaken end
over end at 37 °C for 1 hour. This first stagestibuted the stomach only phase of the
extraction technique. In order to simulate thenstoh and intestinal phase together, a
duplicate stomach phase solution was produced anthis 27 ml of simulated
duodenal fluid and 9 ml of simulated bile fluidpi 6.3 was added to the mixture and
shaken end over end at 37 °C for 4 hours. Extractessels were then centrifuged at
3000 g for 5 min, 1 ml of the supernatant was ttransferred to a test tube and
preserved by addition of 9 ml of 1% HN@conc). Samples were analysed at a
minimum 100x dilution to avoid matrix interference¥he phase giving the highest
value was taken as the estimation of arsenic besadgility. Certified Reference
material NIST 2710 (Montana soil ) was includedeiach batch of samples (n = 5)
along with duplicates and reagent blanks. CRM 2%&8 also employed by BARGE
in an inter-laboratory study (Cawt al. 2006) facilitating comparison of the results
obtained for NIST 2710 in this study with thoseB&RGE. The results for arsenic (in
mg kg', errors expressed as + 1 SD) were highly comparaftie BARGE inter-
laboratory study obtained 323 + 45 mg'ka = 4) for the stomach only phase and 264
+ 18 mg kg (n = 3) for the stomach and intestine phase. énpifesent study 310 + 8

mg kg* (n = 5) was obtained for the stomach only phase2a9 + 2 mg kg (n = 5)
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for the stomach and intestine. These recoveries well within error on the BARGE
inter-laboratory values suggesting good reprodlitiband accuracy of results using
the UBM PBET method. The method precision expressedhe mean percentage

difference (x 1 SD) between duplicate samples was£3.5 % (n = 12 duplicates).

4.3.8 Instrumentation

Earthworm and soil digests were analysed for tracetal contents using a
Thermoelemental PQ ExCell ICP-MS. The standardradjpey conditions were as
follows: RF power 1350 W; gas flow rates: coolaBtlimin®, auxiliary 0.9 | mift,
nebuliser 0.93 | mih; spraychamber temperature 3 °C; Meinhardt nebulisEhe
instrument was tuned using a 1 iy dilution of Claritas PPT multielement tune
solution 1 (GlenSpectra Reference Materials, UKataDwas acquired in peak jump
mode with an acquisition of 3 x 30 seconds. Indatra concentration of 10 pg Wwas
used as an internal standard and was added t@mhgles stream via a T-piece. UBM
PBET solutions were analysed using a Fisons ARL-AES, with a low flow torch,
Babington nebuliser and impact bead spray cham®gnultaneous detection of
analytes was employed with radial viewing of plass&50 W forward power. All
samples were analysed at maximum dilution to mis@rthe occurrence of matrix

effects.

4.4 Results

4.4.1 Total arsenic concentrations

Arsenic concentrations in soils were highly varsabepending on their proximity to
the mine tailings. Sampling sites 1 - 3, 13, 18 a6dwo the north of the study area

(Fig. 4.1) and closest to the mine tailings demmastl the highest soil arsenic
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concentrations in the range 1005 — 9,025 mid I8ampling sites 4, 7, 9 - 11, 21 - 24
and 27 to the south of the of the study area, stosethe River Tamar and further
from mine tailings demonstrated lower soil arsesoacentrations in the range 204 —
1306 mg kg. Sites 15, 19 - 20 and 16 - 17 to the northwestratheast, respectively
of the study area displayed soil arsenic concaatratin the range 622 — 6,308 mg
kg™. The soil arsenic concentration at the uncontareéh&lottingham comparison site

was 16 mg kg, below the current SGV of 20 mgk¢Defra 2002).

L. rubellus were found inhabiting soils covering a wide arsetoncentration range
from 204 — 9,025 mg kK with a mean of 2,301 mg Rg(n = 12) (Table 4.1)D.
rubidus were only found in soils up to an arsenic conegiun of 3,995 mg Kgwith a
mean of 837 mg k§(n = 12). Both earthworm species were found cdhapat three
sites (11, 17 and 27) where arsenic concentratiare comparatively low 289 - 622
mg kg*. The high mean soil arsenic concentrationis. atibellus sites were reflected
by high mean arsenic body burdens for this spgoiesin 287 mg k§ n = 12). The
mean arsenic body burden r rubidus was 134 mg K§ (n = 12). The arsenic body
burden ranges for both earthworm species were airfiilable 4.1) and the difference
between the mean values was not significant (Tdd¢. At the uncontaminated
comparison site where both species of earthworne o found residing together,
the arsenic body burdens were similar (Table 4Alpositive linear correlation was
observed between the arsenic concentration indheasd arsenic body burdens for
both earthworm species (Fig. 4.2) with ®lues of 0.73 and 0.93 far rubellus and

D. rubidus respectively.
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4.4.2 Bioaccumulation

Earthworm Bioaccumulation Factors (BAFs) were cal@ad as the earthworm total

arsenic (mg kg) divided by soil total arsenic (mg Kl BAFs of <1.00 were observed

at all sites indicating no enrichment above sorlaamtration was occurring. The mean

BAF for L. rubellus of 0.15 (n = 12) was slightly higher than frrubidus at 0.12 (n

= 12), although the BAF range for both earthworracsgs were similar at around 0.04

— 0.30 (Table 4.1) and the difference between tkeanmvalues was not statistically

significant (Table 4.2).

Table 4.1: Mean As data presented with the range encountenextsl. rubellus and

D. rubidus sampling sites.

Mean M ean

rubellus Control| rubidus Control

(n=12) | min| max| rubelus| (n=12) | min| max|rubidus

Soil Total* 2301 204 9025 16 837 255 3995 16

Worm Total* 287 11 877 6.5 134 1% 737 7.1

Bioaccessible 413 36| 1312 6.7 177 36 837 6.7
HBF 0.19 0.10 0.34| 042 0.21 0.18 0.33] 0.42
BAF 0.15 0.04 0.28 0.41 0.12 0.04 0.32] 0.44
Soil pH 4.6 3.5 6.1 6.7 4.7 4.0 6.3 6.7
Soil LOI (%) 5.7 1.9 12 3.8 4.6 1.9 12 3.8

*(mg kg?). HBF Human Bioaccessible FractioBAF earthworm Bioaccumulation

Factor,LOI loss on ignition
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Table 4.2: Results of the Wilcoxon signed-rank test for digance of difference

between paired groupk.(rubellus andD. rubidus sites).

Group Variable P value
Soil total As (mg kg™) 0.13
Worm total As(mg kg™ 0.13
Bioaccessible As (mg kg™) 0.53
Soil pH 0.82
Soil LOI (%) 0.29
HBF 0.56
BAF 0.40

Difference between group variables significant a0F05.

4.4.3 Bioaccessibility

The estimated Human Bioaccessible Fraction (HBF)arskenic, calculated as the
bioaccessible arsenic (mg Rgdivided by total arsenic in the soil (mgRg varied
substantially across sites from 0.10 to 0.34. ThBFHat the uncontaminated
comparison site was higher at 0.42. A positivedimsorrelation was observed between
the bioaccessible arsenic and total arsenic irsthie(R? = 0.93) (Fig. 4.2) when all
sites were combined. This trend did not differ wites sites were split into groups for
L. rubellus andD. rubidus (Fig. 4.3). The trend was similar to that of taasenic in
both earthworm species suggesting colinearity betvearthworm BAFs and the HBF
at the investigated sites. Table 4.1 shows the raesemic bioaccessibility was higher
for L. rubellus sites (413 mg K§ than forD. rubidus (177 mg kg, although the
ranges were similar (Table 4.1) and differencesvben the two earthworm species

were not significant (Table 4.2).
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Figure 4.2: Correlations between bioaccessible As and eartmtotal As to soil

total arsenic fot. rubellus andD. rubidus (includes DGC and control site).
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Figure 4.3: Correlations between bioaccessible As and sail &senic at. rubellus

andD. rubidus sites.
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4.4.4 Compar ability of estimated HBF and earthworm BAF

Figure 4.4 displays the HBF plotted against the BAFboth earthworm species. The
bioaccumulation of arsenic dy rubellus correlates positively with the HBF at each
site (R = 0.75). This is reflected in similar mean valé@sL. rubellus sites of 0.19 (n
= 12) for the HBF and 0.15 (n = 12) for the meanmBAable 4.1). The BAFs fdD.
rubidus also showed a positive correlation with the HBFeath site (R= 0.52),
although the correlation was not significant, aleoted by the greater difference
between the means of each measure for this sp@cisk and 0.12, n = 12) for HBF

and BAF, respectively.
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y=1.00x-0.04 y=1.06x-0.09 o)
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Figure 4.4. Correlations between the Human Bioaccessible ieractHBF) and
earthworm Bioaccumulation FactoBAF) atL. rubellus andD. rubidus sites.

4.4.5 Statistical analysis
Potential causes for the differing correlationsasstn BAF and HBF foL. rubellus
and D. rubidus, such as differing soil edaphic and geochemicaitofs were

investigated. The non-parametric Wilcoxon signatkréest for two related samples
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was applied (SPSS 14.0) to the groulpsr(bellus andD. rubidus sites) for each of
the variables listed in Table 4.2. The hypothesiat tthe two groups differ is
significant at P values < 0.05. No significantfeliénce was observed between the

groups for any of the variables tested.

The significance of the positive correlation betw®AF and HBF for both earthworm
species was also investigated via a non-paramsgiuficance test using bootstrap
resampling (Efron and Tibshirani 1993) of the paidatasets. The datasets were
resampled 1 x Ttimes using a resampling statistics add-in packeg&xcel (Blank
et al. 2001). For each resample the slope of the BAFB& Kast square linear fit was
recalculated. The upper and lower 95% significdimoéds were calculated from the
resampled data (97.5 and 0.025 percentiles). The @&mfidence limits foL. rubellus
were 0.66 to 1.53, showing that the slope was fsogmtly different from zero and
therefore, a significant relationship exists. Hog D. rubidus samples however the
95% confidence limits were -0.31 to 1.52, showingf the slope was not significantly
different from zero and that there was not a sigaift relationship between BAF and

HBF for this species of earthworm.

4.5 Discussion

Soil arsenic concentrations at the sites invesityat DGC were found to be elevated
well above the current SGV (20 mgRg The values presented in this paper are in
agreement with levels reported in previous stuff@vanaghet al. 1997, Klincket al.
2002, Langdoret al. 2002). Whilst the HBF of arsenic was never gretdian 0.34
(Table 4.1) of the total arsenic in the soil, bioegsible arsenic levels at all sites were

well above the SGV. Soils at DGC are reported tmshigher arsenic bioaccessibility
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than other mineralised soils not affected by minfRglumbo-Roe and Klinck 2007).
Anthropogenic sources of contamination such as miastes are likely to give rise to
higher bioaccessibility as the contaminant hastively little time to bind to soil
phases such as iron oxyhydroxides. This may algptbeexplain the linearity between
bioaccessible and total arsenic in the soils at O&G. 4.2). The same linear trend
was not observed in studies of arsenic bioaccédisgibivhere the source of
contamination was geogenic (Palumbo-Rsbeal. 2005, Wragget al. 2007). The
higher bioaccessibility of arsenic at DGC is retibecin the arsenic body burdens in
both L. rubellus and D. rubidus populations, which also demonstrate a degree of
linearity with increasing soil concentrations (Hg2). These results differ from those
in the literature where bioaccumulation of contaanits by earthworms is reported to
decrease as soil concentrations increase (Neuheaualerl995, Samplet al. 1999).
The fact that arsenic accumulation in earthwormB@C does not conform to models
in the literature, is likely due to their reportegbkistance to arsenic toxicity (Langdon

et al. 1999).

Previous studies have failed to provide firm evie@about species differentiation in
terms of contaminant uptake from soils by earthwiiMarino and Morgan 1999).
The correlation between BAF and HBF was statidiicafnificant forL. rubellus, but
not for D. rubidus in this study and could not be explained by anthefedaphic and
geochemical soil characteristics investigated (@abR). This finding agrees with the
suggestion by Morgan and Morgan (1999) that no Empiversal relationship exists
between soil and earthworm arsenic concentratibngher research on the ratio of
earthworm body mass to the mass of ingested sailldvbe useful in elucidating

causes for the observed difference between earthvgpecies. L. rubellus were
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reported to be less sensitive to mining derivedtamomation than other species
(Spurgeon and Hopkin 1996). The differences betvieerearthworm species reported
here may be related, in part, to variation in densi to the contamination, this may
also explain differences in the distributions ofteaorm species around the mine area

(Fig. 4.1).

The accumulation of arsenic by both earthworm serinforces the observed trends
in bioaccessibility at DGC (Figs. 4.2 and 4.4). wéwer, the intra-species differences
in the relationship between BAF and HBF (Fig. /ghlight the need for a degree of
standardisation if biological receptors are to Iseduin conjunction withn vitro
estimates of arsenic bioaccessibility. This neeadstandardisation also applies when
usingin vitro bioaccessibility models at contaminated sitekefytare to be adopted in
the risk assessment process. Small variations betl®accessibility tests such as the
solid-solution, pH and residence times have beeowshto cause significant
differences in bioaccessibilty estimates (Ooneeal. 2002). These differences may
also impact upon the relationshipiofvitro bioaccessibility tests tm vivo estimates

of a contaminant’s bioavailability.

For obvious reasons, earthworm species with a dpedl resistance to arsenic
contamination are unsuitable for determining thetaminant’s toxicity. However, the
results presented here suggest resistant earthgesies may be more useful in the
indirect assessment of bioavailability at siteshwhighly elevated levels of arsenic.
The incorporation of earthworm BAFs alongside baessibility testing at

contaminated sites would provide complementaryslioé evidence in support of
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existing methods for assessing risk such as theAC({[Befra 2002) and SNIFFER

(Ferguseret al. 2003) models.

4.6 Conclusions

This study is in no way presented as an alternativeexisting methods for
understanding risk at contaminated sites. Thesealtsesepresent a focal point for
discussion on more holistic, multidisciplinary apgches towards understanding risk
at contaminated sites. Indirect measures of a nun&nt’s bioavailability, such as its
accumulation by earthworms, can be used as complanyelines of evidence to
reinforce site-wide trends usimg vitro bioaccessibility, when estimating the potential
for human exposure to a contaminant. Further rekemto the inter-relatedness of
earthworm BAFs andin vitro PBETs at sites with differing contamination
characteristics would be of benefit. This shoulclude the study of a wider range of
earthworm species to qualify the applicability afrtbwormsfor a holistic approach

towards understanding risk at contaminated sites.
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Chapter 5

DNA damage in earthwor ms from highly contaminated
soils. Assessing resistanceto arsenic toxicity using the

Comet Assay

5.1 Abstract

Earthworms native to the former mine site of Devareat Consols (DGC), UK
reside in soils highly contaminated with arsenicsAThese earthworms are
considered to have developed a resistance to Agitiox The mechanisms
underlying this resistance however, remain uncléarthe present study, non-
resistant commercially sourcédimbricus terrestris were exposed to a typical DGC
soil in laboratory mesocosms. The earthworms bioactated As from the soil and
incurred DNA damage levels significantly above twomtrol mesocosm (assessed
using the Comet Assay). A dose response was olisbetveen DNA damage (%
tail DNA) and soil As concentration (control, 983l 236, 324 and 436 mg Ky
As-resistant earthwormsé.mbricus rubellus, Dendrodrilus rubidus and Lumbricus
terrestris) collectedfrom contaminated soils at DGC (204 to 9025 mg Kg) had
also bioaccumulated high levels of As from theisthsoils yet demonstrated low
levels of DNA damage compared to earthworms froroontaminated sites. The
results presented demonstrate that the As contéedirsils at DGC are genotoxic
to non-native earthworms and provide further evogeof a developed resistance to

As toxicity in earthworms native to DGC.
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5.2 Introduction

Arsenic is well known for its toxicity, has beerassified as a human carcinogen
since 1980 by the International Agency for ResearciCancer (Kapagt al. 2006)
and is now recognised as a cause of lung, bladagrkalney cancer in humans
(Lantz and Hays 2006). Arsenic occurs naturallys@is with the concentration
determined mainly by the parent rock and to a lesséent by climate, organic/
inorganic components and redox potential (Manddl Snzuki 2002, Smedley and
Kinniburgh 2005). Background concentrations of Asuncontaminated soils vary
from 1 to 40 mg kg (Mandal and Suzuki 2002, Smedley and KinniburgB530
However, anthropogenic derived contamination caafly increase the amount of
As present in the soil. Historic mining activitiaad polymetallic ore calcination
have led to widespread As contamination in the ISeest UK, (Huttoret al. 2005,
Van Elterenet al. 2006) with elevated soil As concentrations repblietween 204
and 34,000 mg k§j(Buttonet al. 2009, Langdoret al. 2001). Such highly elevated

As levels give rise to concerns for human and estesy health.

Earthworms are important members of terrestrial sgstems, aiding the

maintenance of soil aeration, permeability, orgamatter and soil structure,
consuming large quantities of soil in the procdsangdonet al. 1999). They are

also primary consumers in terrestrial food chaind are prey for many small
mammals and birds (Ash and Lee 1980, Zheh@l. 1997). For these reasons
earthworms are commonly employed as an ecosystaticator species in

ecotoxicological studies on soil contaminants (Buttt al. 2009, Langdoret al.

2001, Marino and Morgan 1999, Reinecke 2004). Thwleyment of native
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earthworms to determine soil toxicity in areas eamhated with metalliferous mine
waste is complicated by the fact that some popmnatappear to have developed a
resistance to genotoxic metals in soil. The ubapst epegeic specigs rubellus
andD. rubidus are known to inhabit soils highly contaminatedhwis at the former
mine site of Devon Great Consols (DGC), UK (Langédbal. 1999, Morgan 1994).
The mechanism underlying this resistance is unkndwnhis thought to involve the
sequestration of arsenic in the metallothioneih-rahloragogenous tissue which
separates the intestine from the coelomic cavityor@dn 1994). Whilst no
physiological or behavioural side-effects have besported in As-resistant worms

at DGC, whether or not DNA damage is actually beénagirred is as yet unknown.

The Comet Assay or single-cell gel electrophoréSB8GE) has become one of the
standard methods for assessing DNA damage duge serissitivity, versatility, speed
and economy (Collins 2004). The assay is essgntathethod for measuring DNA
strand-breaks in eukaryotic cells. One of severabppsed modes of As
carcinogenesis involves inhibition of the naturdi repair process resulting in
increased numbers of strand-breaks in affected ¢&poshian 2000, Goerirg al.
1999, Kitchin 2001, Mass 2001). The Comet Assay leen demonstrated to be
effective in determining DNA damage levels in theelomocytes of earthworms
exposed to genotoxins, batmvivo andin vitro, in several studies (Di Marzei al.
2005, Fouriest al. 2007, Qiacet al. 2007, Rajaguru 2003, Reinecke 2004, Salagovic
et al. 1996). Dose-dependent DNA damage in earthwormooumtytes has been

demonstratedn vivo for chromium (Manerikagt al. 2008), cadmium (Fouriet al.
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2007) and nickel (Reinecke 2004). As yet therenarg@ublished findings on DNA

damage in the coelomocytes of earthworms exposAd tmntaminated soils.

The aims of this investigation were firstly, toaddtsh the dose-response genotoxity
of a typical As contaminated DGC soil. To achieheés,t non-native (As-naive)
earthworms were exposed to contaminated soil iar&bry mesocosms. Resulting
DNA damage was monitored using the Comet Assaycor@Hy, to assess DNA
damage levels in As resistant earthworms nativB@&gL (L. rubellus, D. rubidus
and L. terrestris), collected from soils with varying levels of cantination and
thirdly, to compare the results to background DNémage levels observed in

earthworms from uncontaminated sites.

5.3 Methods

5.3.1 Sample collection and preparation for analysis of total arsenic

All experiments were conducted in accordance witttiomal and institutional
guidelines for the protection of animal welfare eTtbllowing sample collection and
preparation methods were employed for the contaeuhatudy site (DGC) and
three uncontaminated sites in the East Midlands)(BMK. Field samples were
collected in April 2007. All reagents used werelginzal grade or better quality. All
aqueous solutions were prepared using deionisedr k8.2 M2 Millipore, UK).
Nitric acid (HNG;, conc.), hydrogen peroxide §8, 30%), and hydrofluoric acid

(HF. conc.) (BDH Aristar, UK) were used for the esgion of samples.
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5.3.2 Soil samples

The soil surface (upper 20 cm) with an area of axiprately 1 i was overturned
with a spade. A composite soil sample from the toweed surface (approximately 1
kg) was collected at each site, placed in a sepdgzer bag and dried at room
temperature. Soils were disaggregated in a cerppstle and mortar, sieved to <
250 um, homogenised by shaking then stored irghtrtontainers prior to analysis.
Homogenised soils (0.25 g) were prepared for ®l&rhental measurements by ICP-
MS based on a mixed acid digestion approach (HNOH HCIO,) (Greenet al.
2006). Samples were weighed directly into PFA viatsds added (2.5 ml, 2 ml and
1 ml respectively) and heated on a temperatureranogable graphite hot-block
(80 °C for 8 hrs, 100 °C for 2 hrs, 120 °C for 1140 °C for 3 hrs, 160 °C for 4 hrs).
Once digested and evaporated, the sample was tgkém 2.5 ml of concentrated
nitric acid, heated at 50 °C for 30 minutes andttreated with 30% D, (V/v),
before being made up to 25 ml with deionised wadggive a final solution of 5%
HNO; for analysis by ICP-MS. Certified reference miaisrwere included with
each batch of soil digestions as a measure of tyuadintrol. These were NIST
CRM 2710 Montana Soil | and NIST CRM 2711 Montarl 8. Recoveries of 98
+ 4% (n = 6) and 91 £ 3% (n = 3), respectively, avachieved during the course of
the study. The repeatability precision for the mdtivas additionally assessed using
the Thompson Howarth precision control method (R&EXD2). The repeatability
precision was found to exceed the specified fitHespurpose (FFP) criteria of 5%

RSD on duplicate analyses (n =21).
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5.3.3 Earthworms

Approximately 10 to 25 mature earthworms (clitellpnesent) were handpicked at
each sampling point and placed in ventilated pidstixes with approximately 2 kg
of the host soil and some leaf litter. The boxestaming earthworms and soil were
returned to the laboratory, stored in a cool da&nr and the soils kept moist.
Earthworms were separated according to specieg asidichotomous earthworm
key, (WWC 2008) thoroughly rinsed with deionisedevaand placed in ventilated 9
cm Petri dishes with moist filter paper to begipua@tion of the gut contents. Filter
papers were changed daily to prevent coprophagyth&orms were depurated for
a minimum of 48 hours, since shorter times weréalyl to remove all soil particles
in larger species such &asrubellus (Langdon, 2003). Depurated earthworms were
thoroughly rinsed with deionised water, humanelpdiched by rapid temperature
reduction, then dried in a low temperature oven’Bpbefore homogenisation in a
ceramic pestle and mortar. Microwave assisted (MARS5, CEM Corporation,
UK) digestion of the earthworms using a closed &ksgstem was performed on 0.1
g of earthworm homogenate (dry weight). Concendraigric acid (10 ml) and
hydrofluoric acid (10Qul) were added to each microwave vessel, allowestaad
for 30 minutes, sealed and then heated. Followmgnitial heating program (ramp
to 100 °C over 5 minutes then hold for 5 minutaspp to 200 °C over 5 minutes
then hold for 5 minutes) the vessels were alloveedobl! (<50 °C) and then 1 ml of
30% HO, was added. The vessels were sealed and the naiceogycle repeated.
After cooling, the sample solutions were transign® PTFE Savillex® containers
and evaporated to dryness on a hotplate (100 S23mples were reconstituted by

the addition of 2 ml of 50% v/v nitric acid, heata/50 °C for 30 minutes and then
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made up to 10 ml with deionised water. The proceduas monitored using a
certified reference material, CRM 627 tuna fish l8®@russels). Mean total arsenic
recoveries of 96 + 7% (n = 6) were obtained, comgdo the certified value. The
method precision, expressed as the mean percediidgence (£ 1 SD), between

duplicate earthworm samples was 1.7 + 0.9% (n aplichtes).

5.3.4 Instrumentation

Earthworm and soil digests were analysed for trametal contents using a
Thermoelemental PQ ExCell ICP-MS. The standardaijpey conditions were as
follows: RF power 1350 W; gas flow rates, coola®t min*, auxiliary 0.9 L mirt,
nebuliser 0.93 | mif; spraychamber temperature 3 °C; Meinhardt nebulise
Instrument sensitivity was optimised using a 1 ftgdilution of Claritas PPT
multielement tune solution 1 (GlenSpectra Referehtzerials, UK). Data was
acquired in peak jump mode with an acquisition of 30 seconds. Indium at a
concentration of 10 pg'lwas used as an internal standard and was add to

sample stream via a T-piece.

5.3.5 Laboratory mesocosms

In order to assess the dose-dependent genotoxitigytypical DGC soil to non-
native earthworms, a mesocosm investigation waslwmied. Adult Lumbricus
Terrestris (Recycle Works, UKwere used as the test organism for the mesocosm
investigation. A bulk soil sample (~5 kg) with @abAs content of 660 + 5 mg Kg
was collected from DGC. The contaminated soil wesdughly mixed with equal

proportions of uncontaminated topsoil and Johndrie. £ compost in increasing
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amounts to give five soil mixtures (5 kg) of incse®y arsenic contamination. A 1:1
mixture of uncontaminated topsoil and compost wasduas the control. Clear
plastic containers with drainage holes were usdtbtse the soil mixtures and were
stored in a cool dark outbuilding. Soils were keptist with distilled water. The

homogeneity of each mesocosm soil was assessedphbyate sampling across a
diagonal transect at different depths. Soil samplese prepared for analysis via
ICP-MS as described above. In addition to As, meswcsoils were analysed for a
range of elements by ICP-MS to determine the prsenf other potentially

genotoxic elements (Al, V, Cr, Mn, Co, Ni, Cu, Zs, Se, Mo, Cd, Sn, Sb, Ba, Pb,
Th and U)in order to assess their contribution to any DNAndge observed.

Homogenous mixtures were necessary to prevenbtgahisms avoiding exposure
to the contamination in the soils (Tomlin 1992).eTpH and moisture content of
each mesocosm soil was consistent across the exp@swge at 5.9 £ 0.4 and 31 £
1.3 (% moisture) respectively. Results of homoggnéesting, included as a
measure of the validity of the system, are displayeTable 5.1. Earthworms were
sampled in duplicate and analysed for total Asrdfte3, 4 and 5 weeks exposure.

DNA damage was assessed via the Comet assay afezls exposure.
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Table5.1: Homogeneity testing results for arsenic in mesocsails. Total As value
is the result of triplicate samples, sampling asrasdiagonal transect at different

depths in each mesocosm.

Mesocosm | Total As | % RSD
exposure | (mgkg?) | (n=23)
control 1.0 41
1 98 8.4
2 183 17
3 236 7.4
4 324 7.5
5 436 7.7

5.3.6 Cell harvesting

All reagents used were analytical grade (Sigma-i8lildrUK). Cell suspensions were
obtained fromL. terrestris sampled from the mesocosm soils and from earth&orm
from the three uncontaminated sites by dissectidhevalimentary canal (Martiet

al. 2005). Specimens were euthanised by exposure layobbrm vapour for 1
minute then mid-dorsally dissected and pinned ofdre alimentary canal was
opened mid-dorsally and the contents of the gubked by rinsing with deionised
water. A small piece of the intestine was then amty below the gizzard, finely
chopped using scissors and suspended in steritel Bppendorf tubes containing

1 ml of ice cold Phosphate Buffer Solution (PBSgllGuspensions were filtered
using 100 um cell strainers (Falcon BD, VWR Intéioraal Ltd, Lutterworth, UK)
and homogeneity assessed under a microscope. lgem@ous samples or samples
with low cell counts were rejected. For earthworoBected at DGC a more rapid
method of cell collection was required due to thrgé numbers of specimens to be
processed. For this reason a non-invasive cellusxin method (Eyambet al.

1991) was employed with the modification of exchgliguaiacol glycerol ether (Di
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Marzio et al. 2005). This method was applied to earthworms froroontaminated
sites for comparison. Individual earthworms weresed with cold PBS and placed
on a paper towel. The lower part of the body wastlgemassaged with a gloved
finger to expel the contents of the lower gut (BxseaLet al. 1997). Each worm was
then placed posterior first into a 15 ml polypragg tube containing 1 ml of cold
extrusion solution (95% 0.15 M NacCl, 5% ethanol &t mg EDTA, pH adjusted
to 7.5 with NaOH) and left for 3 minutes. The esion solution acts as an irritant
causing the earthworm to secrete coelomic fluidaiamg coelomocytes (Reinecke
2004). The extrusion solution containing the coeloyes was washed three times
by repeated centrifugation (2000 rpm, 5 minuted4°&) and re-suspension of the
cell pellet in 1 ml cold PBS. Single-cell suspensiowere counted using a
haemocytometer and cell viability was determinedtiypan blue dye exclusion;

samples of too low a viability (<70%) were not sadi

5.3.7 Comet assay

All reagents used were analytical grade (SigmaiélidrUK). Single clear glass
slides were pre-coated with 1% agarose (normalimgelpoint). An aliquot of
counted cell suspension, sufficient to provide appnately 30,000 cells per gel,
was centrifuged (2000 rpm, 5 minutes at 4°C) anel shpernatant carefully
removed. The cell pellet was then suspended in {dl76f warm (37 °C) 0.6%
agarose (low melting point) and two 80 ul aliquptasced onto a glass slide. Each
aliquot was then immediately overlaid with a coskp. Rapid solidification of the
agarose was achieved by keeping the slides on al imay placed on ice for 5

minutes. Cover slips were then carefully removed slides placed in lysis buffer
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(100 mM EDTA, 2.5M NaCl, 10 mM Tris-HCI and 1% Toit X-100 adjusted to pH

10 with NaOH) and left overnight. Following cellsing, slides were washed twice
by submersion in ice-cold deionised water thensiemed into an electrophoresis
tank, containing cold electrophoresis buffer (300 aOH, 1 mM EDTA, pH 13)

and incubated for 20 minutes to allow unwindingled DNA. Electrophoresis was
carried out for 20 minutes at 30 V and 300 mA. &lidvere removed from the tank
and flooded with neutralisation buffer (0.4 M THEEI, pH 7.5) then rinsed twice

with deionised water.

5.3.8 Scoring and statistics

Slides were stained by flooding with approximatélynl of 2.5 ug mt propidium
iodide for 20 minutes then rinsed with deionisedenaComets were visualised and
measured using Komet® 5.5 software under a fluerese microscope. 50 non-
overlapping comets were measured in each of thegel®on each slide, giving 100
measurements per slide (per earthworm). Only comigttssimilar nucleoid size and
shape were scored to avoid heterogeneous respbdgéenng cell types present in
coelomic fluid (Reinecke 2004). All statistical &ses were performed using
statistics package SPSS version 14 (SPSS Inc.)pdined samples T-test was used

in significance testing (P < 0.01) for outcomesh& mesocosm experiment.

5.4 Results

5.4.1 Mesocosm investigation
A high degree of consistency was achieved for tasdlevels in each mesocosm soill

via the mixing strategy described (Table 5.1). Tilgh % RSD value for total As in
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the control mesocosm is due to the low levels ofphAssent in the control soil.
Arsenic accumulation irL. terrestris increased with dose and time across the
concentration range investigated (Figure 5.1). Aimam As body burden of 139
mg kg' was observed ih. terrestris exposed to a soil As concentration of 436 mg
kg™ for 5 weeks resulting in a bioaccumulation fa¢d®AF = total As in earthworm

/ total As in soil) of 0.32. Arsenic bioaccumulatievas not linear across the As
exposure range (Figure 5.2) with a fluctuating elation between BAF and As
concentration in the soil. However, arsenic bioawglation did generally increase,
though not consistently, with time between 1 andvéeks of exposure in the
contaminated mesocosms. No mortality was obseruedgithe exposure period of

5 weeks.
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Figure 5.1: Arsenic accumulation irn. terrestris exposed to increasing soil As

concentrations in laboratory mesocosms.
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Figure 5.2: Arsenic bioaccumulation factors (BAFs) for terrestris exposed to

increasing soil As concentrations in laboratory ocesms.
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The relationship of DNA damage (% tail DNA) to éavbrm body burdens for
multiple elements was investigated via a corretafr@trix. A correlation coefficient
of r* = >0.8 was used as the selection criteria to ignmeaningful correlation. Six
elements were positively correlated to DNA damadgable 5.2). Arsenic
accumulation was by far the highest of these elésnemith a maximum body
burden of 139 mg kY A clear dose-response relationship was observeesults

of the Comet after 5 weeks exposure (Figure 5.B)ADlamage levels (expressed as
% tail DNA) increased with increasing concentratafrarsenic in each mesocosm
soil, although the trend observed was subjectightsfluctuations. DNA damage
levels were significantly higher at all As concatibns investigated compared to
that noted for the control mesocosm (p< 0.01). Didnage levels ih. terrestris
from the control mesocosm were comparable to timeage levels observed in the
field-collected earthworms from the uncontaminaked sites. All As exposures
induced DNA damage ib. terrestris above the mean damage levels observed in the

field collected earthworms from the uncontamindiédi sites (Figure 5.3).
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Table 5.2: List of all elements analysed in earthworms exgasemesocosm soils

for 5 weeks and bioaccumulation- DNA damage cotiaa coefficients for

potentially toxic elements with ah» 0.8.

Elementsanalysed: Al, V, Cr, Mn, Co, Ni, Cu, Zn
As, Se, Mo, Cd, Sn, Sb, Ba, Pb, Th and U.
Bioaccumulation Correlation
Correlating | range (mgkg?) with
elements % tail DNA (r%)
Arsenic 0.9-139 0.86
Cadmium 25-56 0.92
Cobalt 3.8-9.6 0.89
Selenium 1.5-46 0.88
Tin 0.1-1.7 0.84
Antimony 0.1-0.3 0.80
*
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Figure 53: DNA damage inL. terrestris exposed to increasing soil As

concentrations in laboratory mesocosms for 5 wetekssignificantly different from

control (P < 0.05). % Tail DNA based on the me&rduplicate specimens (200

comets) + 2 SE. Lines X, Y and Z represent the nfean24) 98' and & percentiles

for DNA damage observed in earthworms collecte@ anhcontaminated sites with

cell harvesting (dissection) as per the mesocgsuisens.
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5.4.2 DGC earthworms

Three earthworm species were found residing at DIG@rrestris, L. rubellus and
D. rubidus) inhabiting soils with total As concentrations garg from 204 — 9025
mg kg' (Table 5.3) greatly exceeding the concentratiomyeaimvestigated in the
mesocosm experiment. As reported in a previousys(Bdtton et al. 2009), L.
rubellus were generally found inhabiting soils with the liegt As concentrations.
The As body burdens in the earthworms ranged frbm 749 mg kg giving rise to
BAFs of 0.04 — 0.23 (Table 5.3). BAFs were gengrldiver in earthworms from
soils with the highest As concentrations. The lew# DNA damage observed in
earthworms collected at DGC were less than the sowamage levels {5
percentile) observed in the earthworms from the&uataminated EM sites (Figure
5.4) with the exception of site DGC 26 (Table 5y@here DNA damage levels In
terrestris were slightly higher than the $%ercentile of damage levels observed in
earthworms from the uncontaminated EM sites (Figi4¢. No obvious correlation
was observed between DNA damage (expressed asl ®N4A) and the total As
concentration of the host soil (Figure 5.4). Likeyi the levels of DNA damage
observed in the DGC earthworms did not correlatih ihe earthworm As body

burdens (Table 5.3), with a correlation value®fr-0.03.
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Table 5.3: Earthworm species collected at each DGC site wuhih total As

concentration in the earthworm, soil and resulBngaccumulation Factor (BAF).

Earthworm Soil
Earthworm total As total As

Siteid species (mg kg™) (mg kg BAF

DGC22| L.terrestris 48 204 0.23
DGC23| D.rubidus 19 275 0.07
DGC27 | D.rubidus 15 427 0.04
DGC21| D.rubidus 59 480 0.12
DGC17| D.rubidus 132 622 0.21
DGC19| D.rubidus 165 1173 0.14
DGC24| L.rubélus 50 1306 0.04
DGC18| L. rubdlus 335 1567 0.21
DGC16| D. rubidus 665 3878 0.17
DGC26| L.terrestris 607 5760 0.11
DGC20| L.rub€lus 374 5767 0.06
DGC20| D.rubidus 128 6308 0.02
DGC25| L. rub€lus 749 9025 0.08

30 - L. terrestris  D. rubidus L. rubellus
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Figure 5.4: DNA damage in earthworms collected from contaneidagoils at DGC.
% Tail DNA represents the mean of at least 2 specgnimin. 200 comets) + 2 SE.
Lines X, Y and Z represent the mean (n = 8)" @hd &' percentiles for DNA
damage observed in earthworms collected from 3ntacanated EM sites with cell

harvesting (extrusion) as per the DGC collectedispens.
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5.5 Discussion

Homogeneity of the mesocosm soils was requireddogntL. terrestris specimens
avoiding exposure to the As contamination. Contamiravoidance behaviour has
been reported in previous studies whereby testnisges moved away from the
source of exposure (Arnoldt al. 2003) or curled up to avoid interaction with
contaminated media (Langdehal. 1999). The increasing accumulation of As with
increasing exposure (Figure 5.1) suggests lthégrrestris in the mesocosms were
successfully exposed to the As contaminated sAitsenic BAFs did not increase
linearly with dose, decreasing initially betweetl & concentrations of 98 and 183
mg kg* before showing a general increase with soil Asceatration (Figure 5.2).
The non-linearity of earthworm bioaccumulation Haeen mentioned elsewhere
(Sampleet al. 1999, Wattst al. 2008) and may be due in part to increased excretio
of a contaminant in cast material with increasinged Although no mortality was
observed after 5 weeks exposure, it was not clkeaccumulation had begun to
equilibrate. Accumulation might have increased Hertwith increasing exposure
time; in a study on the time-course of metal acdatian by L. rubellus, an
exposure period of around 9 weeks in laboratorysseias noted before metal

accumulation equilibrates in relation to the suldst{Marino and Morgan 1999).

The fact that soils contaminated with metalliferause-waste, such as those at
DGC, often contain complex mixtures of potentiathxic metals, makes it difficult
to attribute any observed genotoxic effect to ai@aar metal/metalloid. Of the
potentially toxic elements measured in the mesocg@ifa only the bioaccumulation

of As, Cd, Co, Se, Sn and Sb was positively cateel (f >0.8) to DNA damage in
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L. terrestris. The amount of As bioaccumulated from the mesoceeils was at
least 10-fold higher than the other correlating atgtThe low levels at which Co,
Se, Sn and Sb were present are not generally atstavith adverse health effects
(ASTDR 1992, 2003, 2004 and 2005b). In particulat,was present at levels below
those that have been shown to induce DNA damagexposed earthworms of
several species (Fourat al. 2007). It is therefore likely that As is the soeirof

genotoxicity in the mesocosm soils.

A dose response relationship was observed betwetall ®WNA and increasing As
concentration, although, the trend was subjectiuictidations. These findings are
comparable with other studies in which the Cometajswas used to investigate a
dose-response in earthworms exposed to soil congants. Manerikaet al. (2008)
demonstrated the genotoxicity of ‘€to D. curgensis showing increasing damage
with dose and exposure time, also noting fluctuetion the dose-response. A non-
linear dose-response between DNA damage in eanthwooelomocytes and
polyaromatic hydrocarbons (PAHSs) has also been dstrated (Qiacet al. 2007).

In the present study significant levels of DNA d@mavere induced ih. terrestris
exposed to As in the mesocosm soils by comparigdhe control mesocosm at all
concentrations (Figure 5.3). The damage levelsrabden the exposed mesocosm
earthworms were generally higher than the meanZa)=amage levels observed in
earthworms collected at three uncontaminated EBksithree As exposures (183,

324 and 436 mg kbat 5 weeks) were notably higher than th& psrcentile.
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Published data on background or normal levels MARIamage in earthworms is
limited. The % tail DNA range reported here fortearorms from uncontaminated
soils (16 — 24%) overlap with damage levels repbeésewhere (14 — 19% tall
DNA) (Fourie et al. 2007) for control earthworms of several speciegnelcells

were harvested using a comparable cell extrusiotihade Typical background %
Tail DNA in human blood cells is around 9.5% + f\aller 2006). It is possible
that earthworm cells are more susceptible to danfegm the Comet Assay
procedure than human cells for which the methodleyed was developed. Even
so, any damage to cells that may have been indidwedo the method employed in
this study has not impeded the measurement of daneagls well above both the
control mesocosm and the damage levels in earthsv@mom the uncontaminated

sites.

Earthworms from DGC demonstrated lower levels ofADddimage than earthworms
collected from the uncontaminated EM sites (Figws&) despite soil As
concentrations up to 9025 mgkand earthworm As body burdens up to 749 mg
kg'. This confirms the suggestions of other studies garthworms at DGC have
developed a resistance to As toxicity (Buttenal. 2009, Langdoret al. 2003b,
Watts et al. 2008). No dose-response relationship was obsebetdeen DNA
damage and As concentration in the soil. The ebedamage levels in the aneceic
L. terrestris from site 26 with an As concentration of 5760 ngff knay be due to a
decreased As tolerance or the differing behaviawa#k in this species compared to
the epegei®. rubidus andL. rubellus, whereby aneceic species may have a higher

exposure risk than epegeic species (Langdah. 2003a). The bioaccumulation of
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As was similar folL. terrestris exposed in the mesocosms and earthworms collected
at DGC with little evidence that accumulation wasided. This suggests that the
mechanism for mitigating genotoxic effect in earthms native to DGC is not
behavioural, whereby interaction with contaminaticn avoided, as has been
previously suggested (Langdenal. 1999). It is probable that the tolerance to As in
DGC populations is, in part, related to the seqaésh of arsenic in the
metallothionein-rich chloragogenous tissue (Mor@884). In non-resistant species
toxic effects are thought to occur when the meiadling capacity of
metallothionein is exceeded (Campbell 1986). Eewtms at DGC may have an
increased capacity to sequester As away from sifeadverse action, thereby
mitigating the genotoxic effects observed in nosistantL. terrestris exposed to a
typical DGC soil. It is also likely that a multi-ogonent response mechanism is
behind the resistance to arsenic toxicity obsenve®GC earthworms. The low
levels of DNA damage observed in DGC earthwormgufé 5.4) could be due to
an adaptive response such as the upregulatiordefeance mechanism that is only
present when cells are challenged with arsenics Wauld also help explain why
cell damage in DGC earthworms was lower than intheamrms from the
uncontaminated soils. The upregulation of glutathjoa sulfhydryl tripeptide
involved in the detoxification of reactive oxygermpesies (ROS), has been
demonstrated in cultured human cells challengetl imibrganic As (Schuligat al.
2002). Further research is required to identify tiwbe similar processes are

involved, in part, for the resistance to arsenigdity in earthworms at DGC.
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Collecting earthworms from the uncontaminated sie$ harvesting the cells using
both dissection and extrusion was intended to geeontext for the damage levels
observed in both the mesocosm exposed earthwortheamhworms from DGC.
However, the employment of different cell harvegtmethods for the mesocosm
investigation (dissection) and field collected baxdarms (extrusion) is a limiting
factor in making direct comparison of results fréma two experiments. However, in
future work we propose to use just the extrusiothouk and this will permit direct
comparability between field collected resistantcég® and non-resistant species

exposedn-vitro.

5.6 Conclusions

The genotoxicity of a typical As contaminated sdibm DGC has been
demonstrated using the Comet Assay to detect DNAage in coelomocytes of
non-nativel, terrestris exposed in laboratory mesocosms. A dose-resporse W
observed between DNA damage and increasing As otatien in the soil. Multi-
element correlation analysis of the dose-respoasgden DNA damage and various
metals in the DGC soil suggests As is the mostjikemponent in the genotoxicity
of the contaminated soil although genotoxic effdoten Cd, Co, Se, Sn and Sb
cannot be ruled out at this stage. In the earthwdrmrubellus and D. rubidus
native to DGC, not only were DNA damage levelsdowhan levels observed in
earthworms from uncontaminated sites, DNA damagevell no correlation to the
As concentration in the host soil despite bioacdation up to 749 mg K§ These
findings provide the first DNA-based evidence o tlesistance to arsenic toxicity in

earthworms at the former mine site DGC.
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Chapter 6

Arsenic biotransfor mation in earthworms from

contaminated soils

6.1 Abstract

Two species of arsenic (As) resistant earthworbymbricus rubellus and
Dendrodrillus rubidus, their host soils and soil excretions (casts) voaléected from
23 locations at a former As mine in Devon, UK. Td&a concentrations, measured
by ICP-MS, ranged from 275 to 13080 mg ki soils, 11 to 877 mg Kygin
earthworms and 284 to 4221 mg'kim earthworm casts from a sub-sample of 10 of
the 23 investigated sites. The samples were alsasuned for As speciation using
HPLC-ICP-MS to investigate potential As biotransfiation pathways. Inorganic
arsenate (A9 and arsenite (A% were the only species detected in the soil. asd
As"" were also the dominant species found in the eartms and cast material
together with lower proportions of the organic spscmethylarsonate (M,
dimethylarsinate (DMKX), arsenobetaine (AB) and three arsenosugars. sy\ihie
inorganic As content of the earthworms increasetth wicreasing As body burden,
the concentration of organic species remained ivelst constant. These results
suggest that the biotransformation of inorganiemics to organic species does not
contribute to As resistance in the sampled eartiwpopulations. Quantification of
As speciation in the soil, earthworms and cast ristallows a more comprehensive

pathway for the formation of AB in earthworms toddecidated.
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6.2 Introduction

The chemistry of As in environmental and biologisgktems is complex. Whilst
inorganic As species are the most prevalent intebenvironments, the uptake of
inorganic As by living organisms can lead to thethgsis of organic As species
(Raabet al. 2004) through biotransformation. The ubiquitougegeic earthworm
speciesL. rubellus and D. rubidus are known to inhabit soils highly contaminated
with As at the former mine site of Devon Great GoagDGC), UK (Buttonet al.
2009, Langdoret al. 1999, Morgan 1994, Watet al. 2008). These earthworms are
clearly resistant to As toxicity and several potntoping mechanisms have been
proposed, yet the underlying mechanism behind tieisistance is unknown.
Behavioural adaptation, whereby the earthworm avomhtact with the contaminant
(Langdonet al. 1999), is unlikely as earthworms from DGC are knote have
elevated As body burdens (Buttehal. 2009, Langdoret al. 1999, Wattset al.
2008). The biotransformation of highly toxic inonga As to the less toxic organic
species AB has been speculated as a mode of rnmggé#ts toxicity in DGC
earthworms (Langdomt al. 1999, Wattset al. 2008). An alternative mechanism
involves the sequestration of arsenic in the nmtatbnein-rich chloragogenous
tissue which separates the intestine from the coele@avity (Morgan 1994). With

this mechanism it is proposed that inorganic"

Abinds to the sulphur-rich
metallothionein thereby sequestering ingested Aa form that is not biologically

reactive (Vijveret al. 2004).

The study of As speciation can provide importantformation on As
biotransformation and toxicity and to date a mutté of organic As species have

been identified (Pergantes al. 1997). The occurrence of organic As species agid th
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biotransformation pathways are well documented iarime@ organisms such as
crustaceans, molluscs, fish and algae (Ma@sah 2000, Ngrunet al. 2005, Peshut
et al. 2008). However, less is known about the occurreara behaviour of As in
terrestrial organisms such as earthworms (Geiseieiga. 1998). Until recently the
organo-arsenic species AB was thought to be réstirito the marine environment
(Ritchieet al. 2004), but has now been demonstrated in terrefingi (Slekovecet

al. 1999) and earthworms (Geiszinggtral. 1998, Langdoret al. 2003b, Wattst al.
2008). The biotransformation pathway for the fonoatof AB in marine organisms
is thought to involve the carbohydrate containing Aompounds known as
arsenosugars (Smith 2007). Langdoet al. (2003a) have proposed a
biotransformation pathway for the formation of ABrh ingested inorganic As in
earthworms but did not include arsenosugars. likedy that arsenosugars were not
included as they were not observed in arsenic apecistudies in earthworms by the
same authors (Langdaat al. 2002). In contrast, it is now clear that at lethste
arsenosugar species (glycerol, phosphate and se)plmave been detected in
earthworms from both uncontaminated and contaninatels (Geiszingeset al.

2002, Wattst al. 2008).

In light of the uncertainties surrounding the bamisformation pathway for AB and
the role of AB and other organo-arsenicals in theclmanism underlying the
resistance to As toxicity in earthworms from DGCseems prudent to examine the
issue further. The aim of this study was firstly,investigate the source of AB and
arsenosugars in earthworms from DGC by determithiegAs speciation of the host
soil, earthworm and earthworm casts. Secondly|uocidate a more comprehensive

biotransformation pathway for the formation of AB earthworms and thirdly, to
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examine further the role of AB and arsenosugarsth@ resistance to As of

earthworms from DGC.

6.3 Methods

6.3.1 Study site

DGC is one of many former mining sites in southwe&sgland situated by the River
Tamar in the Tavistock district of Devon (SX 4265Y.3In the 1870s, DGC along
with half a dozen mines from the Callington and i$tock area were the source of an
estimated 50 percent of the world’s arsenic pradacfKlinck et al. 2002). Arsenic
concentrations found in soils surrounding the miaey significantly depending on
their proximity to the main tailings, ranging fra®4 - 34,000 mg K§ (Klinck et al.

2002, Langdoret al. 2001, Wattst al. 2008).

6.3.2 Reagents and standards

All reagents used were analytical grade or bettadity. All aqueous solutions were
prepared using deionised water (18.22Niillipore, UK). Inorganic AY' and AY
(Fisher, UK), organic MA (Sigma-Aldrich, UK), DMA’ (Greyhound, UK) and AB
(LGC, UK) were used for the preparation of standdoit arsenic speciation analysis.
Four arsenosugar compounds were isolated from malgae as reported previously
(Watts et al. 2008). These arsenosugar compounds were prepacmidmg to
methods published by Madsehal. (2000)and were used for the identification of
arsenosugars in earthworm extracts. Figure 6.stilites the structure of the four
arsenosugar compounds. Methanol (Fisher Scientifi€), phosphoric acid and
ascorbic acid (BDH Aristar, UK) were employed dgrirsample extraction.

Ammonium nitrate (Sigma-Aldrich, UK) was used as thobile phase for gradient
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anion exchange separation of arsenic speciesic lditid (HNG; conc.), hydrofluoric
acid (HF conc.), perchloric acid (HCJ@onc.) and hydrogen peroxide B4 30 %)
(BDH Aristar, UK) were used for the dissolution earthworms, cast and soil

samples.

o

H3C—A” o O/Y\R
W OH
CH,

OH OH
Arsenosugar 1 (glycerol) R = OH
Arsenosugar 2 (phosphate) R = OP(O)(OH)QCH(OH)CH,OH
Arsenosugar 3 (sulphonate) R =40
Arsenosugar 4 (sulphate) R = O$D

Figure6.1: Structures of the four arsenosugars

6.3.3 Sample collection and preparation

Soil and earthworm samples were collected during $ampling trips to DGC in
April 2006 and April 2007. The soil surface (0 — 2®n) with an area of
approximately 1 riwas overturned with a spade allowing individualtabrms to
be handpicked. Approximately 10 to 25 mature eawstiwg (clitellum present) were
collected at each sampling pointL. rubellus and D. rubidus specimens were
identified and separated using a dichotomous eartinwkey (WWC 2008),
thoroughly rinsed with deionised water and placed/entilated plastic tubes with
moist filter paper to begin depuration of the gontents. Filter papers were changed
daily to prevent coprophagy and allow collectiontloé cast material. Earthworms
were depurated for a minimum of 48 hours, sincertehdimes were unlikely to
remove all soil particles in larger species such.asibellus (Langdonet al. 2003a).

Depuration was halted when no more cast materialdegposited on the filter paper.
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In addition, a sub-sample of depurated earthwornesewdissected and the gut
contents examined under a microscope to ensureatepuwas complete. Depurated
earthworms were dispatched humanely (rapid freg@drépre being dried along with
the cast material (collected during depuratiord low temperature oven (50 °C) then
homogenised in a ceramic pestle and mortar. A ceitgsoil sample from the
overturned surface (approximately 1 kg) was caoléct each site, placed in a sealed
paper bag and dried at room temperature. Soil® wlesaggregated in a ceramic
pestle and mortar, sieved to < 250 um, homogergeshaking then stored in airtight

containers prior to analysis.

6.3.4 Sample digestion

6.3.4.1 Soils and casts

Homogenised soils and earthworm casts (0.25 g) wezpared for total elemental
measurements by ICP-MS based on a mixed acid dgegpproach (HF / HNgY
HCIO4) (Greenet al. 2006). Samples were weighed directly into PTFA il&a®
vials, acids added and heated on a temperatureégonogable graphite hot-block (80
°C for 8 hrs, 100 °C for 2 hrs, 120 °C for 1 hrQ 2€ for 3 hrs, 160 °C for 4 hrs).
Once digested and evaporated the sample was taken2u5 ml of 50 % v/v HNQ
heated at 50 °C for 30 minutes, left to cool theated with 1 ml KO, before being
made up to volume (25 ml) with deionised water e g final solution of 2.5 %
HNO; for analysis by ICP-MS. Certified reference miadsrwere included with each
batch of soil and cast digestions as a measureiafty] control. These were NIST
CRM 2710 Montana Soil | and NIST CRM 2711 Montaral 8 with certified As

values of 626 + 38 mg Kgand 105 + 8 mg Kirespectively.
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6.3.4.2 Earthworms

Microwave assisted (MARS 5, CEM, UK) dissolution thie earthworms using a
closed vessel system was performed on 0.1 g diwartn homogenate (dry weight).
To each vessel 10 ml HN@nd 10Qul HF was added before standing for 30 minutes
then microwaving. Following an initial heating pragm (ramp to 100 °C over 5
minutes then hold for 5 minutes, ramp to 200 °Cr dveminutes then hold for 5
minutes) the vessels were allowed to cool (<50@)then 1 ml of kD, was added.
The vessels were sealed and the microwave cyceateg. After cooling the sample
solutions were transferred to the PTFA containerd avaporated to dryness on a
hotplate (100 °C). Samples were reconstitutednieyaddition of 2 ml of 50 % v/v
HNO;, heated at 50 °C for 30 minutes and then madeouf®tml with deionised
water. The procedure was monitored using a cettifeference material, CRM 627

tuna fish (BCR, Brussels) with a certified As vabfet.8 + 0.3 mg kg.

6.3.5 Sample extraction

6.3.5.1 Soilsand casts

Extraction of As from soils and earthworm casts wasformed using a method
developed previously (Button and Watts 2008); ageendix A. In brief, 0.2 g of
each prepared sample was accurately weighed intml3@und-bottom Nalgene®
extraction vessels, 10 ml of a 1 M phosphoric a€dcb M ascorbic acid mixture was
then added and the lids securely fastened. Thaatxin vessels were then attached
to an orbital shaker and extracted for 4 hour&trpm. Extractions were conducted
in the dark to avoid speciation changes due to BMation. Following shaking the
extraction vessels were placed for 5 minutes soric bath (Pizarret al. 2003),

centrifuged for 15 minutes at 2000 rpm and the mgiant carefully removed. Only
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one extraction step was employed as any additiarsgnic contained in the second
and subsequent extractions has been shown to bmurdable to the residual

dissolved arsenic carried over from previous exivas (Francesconi 2003). Sample
extracts were stored in the dark at <4 °C. All sggean analyses were performed
within 24 hours of extraction, the maximum timeipdrin which species are known

to remain stable (Ruiz-Chanchbal. 2005).

6.3.5.2 Earthworms

Homogenised earthworm powder (0.25 g) was weigheettty into 30 ml round
bottom Nalgene® extraction vessels. 10 ml of methamter (1:1 v/v) was then
added and the tubes shaken on an orbital shakéiSatpm for 4 hours. The extracts
were centrifuged at 3000 rpm for 10 minutes andstigernatant transferred to 10 mi
polypropylene bottles. The methanol was evaporafédising a rotary evaporator
before freeze drying. The freeze-dried residue masnstituted in 10 ml of deionised
water and analysed immediately. Prior to extractadinearthworm samples, the
stability of arsenic species (AsAs’, MAY, DMA" and AB) was established under
the extraction conditions employed by separateikirsp earthworm powder material
with each of the arsenic species. Recoveries ikedparsenic species were 93 + 18
%, with no evidence of interconversion between gse(particularly between A's
and AS). Extraction repeatability was monitored using @RM 627 tuna fish tissue

(BCR, Brussels).
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6.3.6 Instrumentation

6.3.6.1 Total Asanalysis

All digested samples and earthworm extracts wereraened for As using a
Thermoelemental PQ ExCell ICP-MS (Thermo Scientifi). The instrument was
fitted with a Meinhardt nebuliser and Scott-typeaspchamber. The instrument was
tuned using a 1 pg'IClaritas PPT multi-element tune solution 1 (GleaSm, UK).
Indium at a concentration of 10 pi§Wwas used as an internal standard and was added
to the sample stream via a T-piece. Soil and cesaes were determined for As
using an Agilent 7500 ICP-MS (Agilent Technologié#K). The instrument was
fitted with a micro flow concentric nebuliser andagtz Scott-type spray chamber.
The instrument response for As was optimised daflysenic detection was
performed in collision cell mode using He (4 |/mind minimise potential
interferences such as that of the polyatomic*fém + *Cl. Tellurium (50 pgt) was

used as the internal standard by sample spiking.

6.3.6.2 Arsenic speciation analysis

A quaternary pump (GP50-2 HPLC Pump and an AS-59sampler, Dionex, USA)
was directly coupled to the ICP-MS for measuremehtarsenic species by
connecting the analytical column to the ICP neleuliwith PEEK tubing. The two
instruments were coupled in such a way that thectign of each sample solution via
the autosampler and subsequent measurement wads@yised automatically using
the ICP-MS software, enabling reproducible sampiections. Full details of the
chromatographic system employed are published eksev(Wattset al. 2008). In
brief, anion and cation exchange columns (HamiR&P-X100, 250 x 4 mm, 10 um)

and (Hamilton PRP-X200, 250 x 4 mm, 10 um) respelsti with guard columns of
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the same material were used to separate the arspaaes present in the sample
extracts. Ammonium nitrate was used as the anichange mobile phase at pH 8.65
(adjusted with agueous ammonia) using a gradieartoel between 4 and 60 mM.

Pyridine (10 mM isocratic) was used as the catxehange mobile phase at pH 2.26
(adjusted using conc. formic acid). Earthworm a&octis were analysed using the
Thermoelemental PQ ExCell ICP-MS as the ion spedétector. Peak areas were
calculated from resultant chromatograms using PéakB.0 chromatography

software (Seasolve Software, USA). Soil and casitaets were analysed using the
Agilent 7500 ICP-MS as the ion specific detectagalP areas were calculated using

the Agilent Chemstation LC-MS software (Agilent, YK

6.4 Results

6.4.1 Soils

Recoveries of total As from CRM 2710 and CRM 2719&®+ 4 % (n = 6) and 91 £
3 % (n = 3) of the certified value, respectivelyre achieved during the course of the
study. The repeatability precision for the methaasvadditionally assessed using the
Thompson Howarth precision control method (RSC 200hompson Howarth
precision control charts are a simple graphicalhmetfor assessing and controlling
repeatability precision from a moderate number @blidated analytical results, in
this case n = 21 duplicate analyses. The repegyapiecision was found to exceed
the specified Fitness for Purpose (FFP) criteri& 8 RSD on the duplicate analyses,

see appendix B.

Total As levels in the earthworm host soils coveaediide As concentration range

from 255 to 13,080 mg Kg(Table 6.1). All the soils are highly contaminateten
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considered against the current UK Soil Guidelindue¢dSGV) for As of 20 mg K§
(Defra 2002a). The extraction procedure employack gamean recovery of As from
the soil of 80 + 9 %. The mean recovery of As spefiom the column was 97 + 7 %
of the total As in the soil extrac®nly inorganic As was present in the soil extracts

with the majority being ASwith small amounts of AS

Table 6.1: Total and speciation data for As in soil samplestraction efficiency
based on extracted arsenic as a percentage ofAmt&olumn recovery refers to As

species recovered from the column as a percenfape ¢total As in the extract. nd =

no data
Total Extracted Extraction Speciated As Column

Site As As efficiency (mgkg') Recovery
id (mgkg?) (mgkg) (%) As" As’ (%)
D1 2980 2365 79 23 2177 93
D2 1573 1113 71 5.8 973 88
D3 1005 771 77 35 734 100
D4 255 201 79 2.8 177 89
D6 13080 12434 95 76 10442 85
D7 372 400 108 36 362 100
D9 284 222 78 54 221 102
D10 439 326 74 4.8 302 94
D11 289 237 82 7.5 217 95
D12 5141 3713 72 89 3760 95
D13 2871 2484 87 39 2359 97
D15 913 742 81 5.6 712 97
D16 3995 3184 80 95 3044 99
D17 622 489 79 4.4 450 93
D18 1567 1188 76 19 1100 94
D19 1173 1136 97 12 905 81
D20 6308 4572 72 62 5154 109
D21 480 406 85 12 393 100
D23 275 211 77 12 192 96
D24 1306 nd nd nd nd nd
D25 9025 8097 90 111 8336 98
D26 5760 4055 70 45 4279 104
D27 427 298 70 4.9 301 97

102



6.4.2 Earthworms

Recovery of total As from CRM 627 was 96 + 7 % (6)compared to the certified

value. The method precision, expressed as the fedifference (x 1 SD), between

duplicate earthworm samples was 1.7 £ 0.9 % (n duglicates). The extraction

procedure employed gave a mean recovery of 7Pa(h = 3) of the total arsenic

value for CRM 627 with a precision, expressed asntiean percentage difference (x

1 SD) between duplicate samples, of 2.8 + 1.8 % 4rduplicates).

Both species of earthworm had accumulated highdexMeAs from the host soil with
As body burdens ranging from 11 to 877 mg‘'Kgable 6.2) depending on the As
concentration of the host soil. Further detaileafthworm species differentiation in
terms of As accumulation are presented elsewhengdiBet al. 2009, Wattset al.
2008). The methanol / water extraction proceduxe gariable recoveries of As from
prepared earthworm samples (Table 6.2) with a negtnaction efficiency of 51 + 18
%. The mean recovery of As species from the colwas 90 + 23 % of the total As
in the earthworm extracts. Inorganic "Asvas the dominant species extracted
followed by Ad'. In general AB was the dominant organic speci¢saeted from the
earthworms at an average concentration of 4.2 +n8y2kg". Similar amounts of
MA" and DMA’ were present with the arsenosugars 1, 2 and 4 §Eiy present at
the lowest concentrations of the organic speciexbI€l 6.2). The concentration of
inorganic As showed a positive correlation withreasing As body burden in the

earthworm (Fig. 6.2a). In contrast, organic As ssecdo not demonstrate a
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correlation with increasing As body burden (Fi2l§. The organic species remain

fairly constant (with some fluctuation) across targe of As body burdens observed.

6.4.3 Casts

Total As levels in the earthworm casts ranged f&84 to 4221 mg K§in the 10
available samples, and were similar to total Aglewn the corresponding host soil
(Tables 6.1 and 6.3). The extraction procedure eyapol gave mean recoveries for As
of 84 + 16 % of the total. The mean recovery ofspecies from the column was 106
+ 10 % of the total As in the cast extracts. Arsapeciation in the earthworm casts
was similar to that of the host soil with Apresent as the dominant species with
lower amounts of AS. In addition the organic As species AB, DMAVIAY, sugar 2
and sugar 4 were present at low levels in somehefcast samples with DMA
present in higher amounts than the other orgareciep. No clear relationship was
observed between the organic species present iedtieworm and the subsequent

organic species observed in the earthworm cast.
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Table 6.2: Total and speciation data for As in earthworm dampExtraction efficiency based on extracted acsas a

percentage of total As. Column recovery refers sospecies recovered from the column as a percenfape total As in

the extract. < LOD = not detected or below limideftection.

Earthworm  Total Extracted Extraction Speciated As (mg kg™ Column
Siteid  species As As Efficiency sugar sugar Sugar Recovery
(mgkg’) (mgkg?) (%) AB As" DMAY MAY Ag’ 1 2 4 (%)
D11B L.rubelus 11 3.6 32 0.5 0.7 <«LOD <LOD 2.4 0.3 0.3 <LoD 115
D10 L. rubelus 40 11 27 15 28 <LOD 0.1 7.2 0.1 nd <LOD 109
D24 L.rubelus 54 15 28 0.8 5 <LobD 0.3 11 0.1 <LOD <LOD 114
D12 L.rubelus 203 163 81 2.6 42 0.1 0.8 50 0.3 nd 0.7 59
D2  L.rubelus 257 161 63 4.8 47 0.2 0.5 44 0.3 nd 0.6 60
D18 L. rubelus 355 186 52 2.4 82 10 10 104 0.3 nd 0.2 118
D6 L.rubelus 359 150 42 1.9 40 <LOD 1.3 40 0.2 nd 1 56
D20 L.rubelus 385 127 33 14 24 2.7 4.2 77 <LOD nd <LOD 86
D13 L. rubelus 571 366 64 4 149 0.1 0.5 61 0.8 nd 1 59
D1 L.rubdlus 595 215 36 2.2 55 0.2 0.6 51 0.5 nd 1 52
D26 L.rubelus 607 345 57 3.4 39 15 2.8 289 0.3<LOD <LOD 98
D25 L.rubelus 877 430 49 7.8 155 <LOD 1.2 335 0.4 <LOD <LOD 116
D27 D. rubidus 15 9 60 5.4 1.8 <LOD <LOD 2.1 0.3 0.3 <LOD 110
D7  D.rubidus 17 9.3 54 3.4 4.3 0.1 0.1 1.6 0.3 0.1<LOD 105
D9  D.rubidus 18 14 77 5 5.9 0.1 0.1 1 0.7 0.1 0 94
D4  D.rubidus 19 5.9 31 2.9 0.3 <tOD 0.1 1.8 0.2 0.4 <LOD 97
D23 D. rubidus 19 9 47 2.1 3 0.1 0.1 3.9 0.5 0.2<LOD 108
D11A D. rubidus 37 20 52 1.7 5.6 <LOD <LOD 2.5 0.4 0.1 <LOD 53
D21 D.rubidus 61 27 44 2.4 7.2 3.7 0.6 11 0.3 0.2<LOD 95
D15 D.rubidus 73 54 73 6 33 0.3 0.3 14 0.2 0.8 0.2 102
D17 D.rubidus 132 94 71 9.7 11 22 6.9 36 0.4 0.3 0.1 91
D19 D.rubidus 164 53 32 7 7.3 4.9 0.9 34 0.3 0.8<LOD 104
D3  D.rubidus 317 260 82 7.7 93 0.1 0.1 41 0.2 0.1 0.5 54
D16 D.rubidus 737 237 32 14 68 1.8 1.5 159 0.8 0.XLOD 103
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Table 6.3: Total and speciation data for As in cast samtatraction efficiency based on extracted arsenia psrcentage
of total As. Column recovery refers to As specaorered from the column as a percentage of théAstin the extract. <

LOD = not detected or below limit of detection.

Total  Extracted Extraction Speciated As (mg kg™?) Column
As As efficiency sugar sugar Recovery
Siteid (mgkg") (mgkg?) (%) AB AS'" DMAY MAY As’ 2 4 (%)
D1 2488 2326 94 <LOD 72 <LOD 0.3 2204<LOD <LOD 98
D3 994 908 91 <LOD 92 0.8 0.2 864 0.3 0.7 105
D10 284 244 86 <LOD 12 <LOD <LOD 236 <LOD <LOD 101
D11A 291 204 70 0.1 17 <LOD 0.1 231 <LOD 0.1 122
D12 1173 1420 121 <LOD 107 <LOD 0.7 1344 0.1 0.5 102
D16 2290 1960 86 0.1 66 5.4 0.1 19400D 04 103
D19 1203 1041 87 0.1 20 <LOD 0.2 1001<LOD <LOD 98
D20 2359 1465 62 <LOD 27 5.7 0.2 1445<L0OD <LOD 101
D21 421 292 69 <LOD 12 7.1 <LOD 351 <LOD <LOD 127
D26 4221 3333 79 0.1 60 <LOD 0.5 3473<LOD <LOD 106
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6.5 Discussion

The earthworm specids rubellus andD. rubidus are able to reside in soils highly
contaminated with As at the former mine site DGE reported here and in several
other studies (Buttomet al. 2009, Langdoret al. 2001, Wattset al. 2008). The As
body burdens observed in this study are highlyaks up to a maximum of 877 mg
kg' (Table 6.2) yet no harmful physiological side effeare evident or have been
reported. These earthworms have clearly developddolgical mechanism for
mitigating the toxic effects of arsenic. The onhgemnic species detected in the host
soils were inorganic Asand AS of which As’ accounted for between 91 and 99%
of the extracted As . This precludes selective dmamulation of organic species from
the host soil as a potential source of the orgaksc species observed in the
earthworms, as has been suggested previously (Gegaszt al. 1998). Elsewhere,
the biotransformation of Asby soil organisms is considered the source ofricgas
species in the soil environment (Smith 2007). Lileaythis seems a probable source
of the organic species observed in earthworms irgsidat DGC. The
biotransformation pathway proposed by Lang@bal. (2003a) attempts to explain
As accumulation via the sequestration of high levef As through AS-thiol
complexing and the formation of AB via subsequerthylation of the AS-thiol
complexes. This pathway was proposed on the baaisAB was the only organic As
species detected using HPLC-MS, whilst"Asoordinated with sulphur was detected
using XAS. This pathway does not take into accduet presence of both simple
methylated compounds (MAand DMA') and arsenosugars in the earthworm, as

reported here (Table 6.2) and elsewhere (Geisziagal. 2002, Geiszingeet al.
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1998, Wattset al. 2008). A more comprehensive pathway for the faionaof both
arsenosugars and AB in earthworms (Fig. 6.3) carnypothesised from what is
known about the transformations of As by organiamsmarine and freshwater
environments (Murray 2003, Ritchée al. 2004). It is more likely that Asingested
from the soil is first converted to DMAvia the Challenger pathway (Smith 2007,
Thomaset al. 2004) (Fig. 6.3, a) which in turn is convertedatsenosugars through
addition of the adenosyl group froBiadenosylmethionine (SAM) (Murray 2003).
This nucleoside then undergoes glycosidation talyee a range of arsenosugars
(Murray 2003, Smith 2007). These arsenosugars lavaght to subsequently be
converted to AB along a pathway involving eithersesrocholine (AC) or
dimethylarsinoylacetate (DMAA) (Ritchiet al. 2004) (Fig. 6.3, b). The tendency for
AB to be more prevalent in earthworm extracts wb&hA"Y and the arsenosugars are
also present (Table 6.2 and Fig. 6.2) provides sewudence for this pathway as the

source of AB in DGC earthworms.
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Murray 2003, Ritchiest al. 2004, Smith 2007).

The synthesis of AB in earthworms from highly contaated soils has been
speculated as a potential mechanism for mitigadisdoxicity (Langdoret al. 2002).
However, the fact that AB is only present at lowma@entrations between 0.5 and 14
mg kg' (Table 6.2) irrespective of the total As body mrdFig. 6.2b) suggests that

AB formation is not a mechanism by which earthwoah®GC mitigate As toxicity.
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Similar findings were interpreted differently by thoLangdonet al. (2002) who
reported similar AB concentrations of 0.3 — 15 my kising HPLC-ICP-MS irL_.
rubellus from contaminated soils and in a previous studwattéét al. 2008). When
the AB concentrations were considered as a prapyrtirather than actual
concentration, against the earthworm total As, latimship dependent on the
earthworm total arsenic was reported (Langdbal. 2002, Wattst al. 2008). Such
interpretation is misleading as consistently low A&8ncentrations will inevitably
decrease proportionally as total arsenic body burdereases. Concentrations of AB
in L. rubellus and D. rubidus from uncontaminated soils of 0.3 and 0.5 mg" kg
respectively have previously been reported (Waetttal. 2008), falling within the
range reported for contaminated sites. This reg&®ithe point that AB formation in
earthworms is independent of total As burdens astdimvolved in mitigating As
toxicity. The resistance is more likely due to ams®l process (Fig. 6.3, ¢) whereby
As is thought to be sequestered via binding witlptaur-rich metallothionein within
the chloragogenous tissue (Langdairal. 2002, Morgan 1994, Sturzenbauwenal.
2004) allowing the continued accumulation of iremig As (Fig. 6.2, a) in a form

that is not biologically reactive (Vijveat al. 2004).

The egestion of As in the earthworm cast materas mainly in the form of As The
presence of DMA as the dominant organic As species in some ot#se samples
(Table 6.3) may suggest this is the most readibreted arsenical, although a greater
sample size is required to confirm this as Das not present in all samples. Low

levels of arsenosugars were detected in some ofadbesamples (Table 6.3). Trace
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levels of arsenosugars in earthworm casts weretexpm the study by Geiszingetr
al. (2002). However, the authors were unable to p®wguantitative estimates of the
concentration of arsenosugars in the earthwormscast the methanol / water
extraction was only 0.7 % efficient. The mean ecttom efficiency of 84 + 16 %
presented here allows the speciation data for csatsples to be considered
quantitative. Only very low levels of AB (0.1 ma@® were present in the cast
material (Table 6.3) suggesting this arsenicaleiss Ireadily excreted than either
DMAY (up to 7.1 mg kg) or the arsenosugars (up to 0.7 mg'kdrhis precludes
egestion of AB as a possible mechanism behind ¢msistently low levels of this

organic As species observed in earthworms withagéel/As body burdens.

The use of solvent extraction separation technidasignore the results of in-situ
studies are potentially misleading with respect As speciation. AS-sulphur
complexes were detected in DGC earthworms by Lamgtal. (2002) when the in-
situ speciation technique X-ray Absorption Spedopy (XAS) was employed. It is
possible that the solvent extraction method employe this study may cause
dissociation of A8-sulphur complexes leading to the detection of Agone. This

' determined in earthworm

would provide one explanation for the high levelsAs
extracts in this study. The reason for the presewmicédAB at consistently low
concentrations irrespective of total body burdemas clear. It would be useful to
investigate AB synthesis in earthworms from soiithwery low As concentrations to

see if a minimum level of AB is synthesised, peghapove soil levels, which would

clarify its role in the physiological processesearthworms. It has been suggested
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that AB may act as an analogue for the osmoregudgsiteine betaine in marine
animals (Amlund and Berntssen 2004). Whether thacgss is involved in the

regulation of AB in earthworm populations at DG@Quies further investigation.

6.6 Conclusions

The definitive biotransformation pathway for Asearthworms is still unclear. The
data presented here suggests that the organicespece a product of As
biotransformation within the worm itself as no angaspecies were present in the
soil. The biotransformation of X¢o AB is not likely involved in the resistanceAs
toxicity in earthworm populations at DGC as AB centrations are consistently low
and independent of earthworm total As. It is moilkely that there are two
independent processes of arsenic biotransformatcmurring in these As resistant
earthworms. The first process provides the mecharig arsenic resistance and
involves the sequestration of inorganic As in arfdhat is not biologically reactive
such as binding with sulphur-rich metallothioneiithm the chloragogenous tissue.
The second process is the biotransformation ofgmuic AS along a pathway
comparable to those proposed for marine and fretgnvesganisms. This process is
the likely source of the observed organic arseammounds but is not involved in the

resistance to As toxicity.
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Chapter 7

Human toenails as a biomarker of exposure to eleved

environmental arsenic

7.1 Abstract

A pilot study was conducted to determine the ajppiitty of toenails as a biomarker
of exposure to elevated environmental arsenic (&gls. A total of 17 individuals
were recruited for the pilot study: 8 residentsnlgvnear to a former As mine, Devon,
UK, forming the exposed group, plus 9 residentmfidottinghamshire, UK, with no
anticipated As exposure who were used for compares® a control group. All
toenail samples were thoroughly washed prior tdyaigaand the wash solutions
retained for As determination via ICP-MS to provateindication of the background
environmental As levels for each group. Total Aswatermined in washed toenail
samples via ICP-MS following microwave assistedlatigestion. Concentrations of
total As in the toenails of the exposed group walevated, ranging from 858 to
25,981 ug kg (geometric mean = 5406 pg Rg compared to the control group
whose toenail As concentrations ranged from 737® |29 kg (geometric mean =
122 pg k). Higher levels of exogenous As contamination weresent on the

toenails of the exposed group (geometric mean = |506kg') compared to the

control group (geometric mean = 4.0 pgkgproviding evidence of higher
environmental As levels in the exposed group. Télconcentrations in toenalil
samples were positively correlated to environmeAglevels (r = 0.60, p <0.001).
HPLC-ICP-MS analysis of aqueous toenail extractgeaed inorganic arsenite

(As") to be the dominant species extracted (~ 83 %) wésser amounts of
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inorganic arsenate (Asand organic dimethylarsinate (DMpat ~ 13 % and ~ 8.5
% respectively. Arsenic speciation in analysed &degxtracts from the two groups
was comparable. The only notable difference betwgrenps was the presence of
small amounts (<1 %) of organic methylarsonate {iylih two toenail samples from
the exposed group. Toenails are presented adke \nemarker of exposure at sites
with elevated environmental As, such as the formeing sites found throughout

Devon and Cornwall, UK.

7.2 Introduction

Arsenic is naturally occurring and ubiquitous ire tenvironment. Humans are
exposed to As via contaminated water, food, sod dost (Mandal and Suzuki
2002). Chronic exposure to As is associated witheiases in lung, liver, bladder and
kidney cancer, skin keratoses and peripheral vasditease (Karagae al. 2002,
Yoshida et al. 2004). Biological markers (biomarkers) can beisddl to make
quantitative estimates of exposure to harmful suzss (Decaprio 1997) and
subsequent risk of disease. There is now incrgastarest in the use of human nails
as a routine biomarker of As exposure. On ingestsmhuble arsenic is adsorbed
from the gastro-intestinal tract and distributedatb bodily systems in the blood,
accumulating in many body parts, in particular kkeatin rich materials such as hair
and nails (Mandadt al. 2003). Arsenic is thought to accumulate in hadt aails as a
result of its affinity for sulphydryl groups (Wilha et al. 2005) and remains isolated
from the body’s metabolic processes both after fmhation and throughout nail
growth (Hopps 1977). The long-term accumulatiodsfin human nails makes them
more useful as a biomarker of chronic As exposiiaa blood or urine in which the

residence time of As is at most a few days (Slétreical. 2007). Human toenail
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samples are easy to collect, store and trans@onpkng is non-invasive and they are
less prone to exogenous contamination than haiplesm(Slotnicket al. 2007),
making them an attractive biomarker of exposureaisenic contaminated areas
(Wickre et al. 2004). The exposure—biomarker association is stibpevariation due
to factors such as age, gender, recreational habdsdietary intake (Slotnick and
Nriagu 2006). Toenail growth rates are reportetthyver in females and the elderly
(Geyer et al. 2004) whilst consumption of seafood or foodstuffeown in
contaminated soil can both be a significant soofexposure (Wilhelnet al. 2005).
Investigation of these factors via questionnairégades therefore useful when
employing toenails as a biomarker of exposure. Bh@ngest As exposure-
biomarker correlations have been observed when ##alevels in contaminated
drinking water are employed as the measure of expd$lotnick and Nriagu 2006)
Reported As levels in the toenails of populationgsidered to be exposed range
from 3 pg kg, (Slotnicket al. 2007) to 37,200 pg Kg(Hinwoodet al. 2003) (based
on reported ranges). Lower levels are reportednexposed or control populations
ranging from 12 pg kg (Freemaret al. 2004) to 140 pg kY (Karagast al. 1996),
however only 3 studies report control data for toksn(Freemanet al. 2004,
Hinwood et al. 2003, Karagaset al. 1996). There is little available data on
background levels of arsenic in human toenails lamdls at which adverse health
effects are likely to be incurred. Arsenic levefslf00 pg kg in human hair have
been associated with adverse health effect (Hinsilmand McCurdy 1986). The
Canadian government has employed a guideline 8000 pg kg to indicate a
significant increase in exposure (Raml. 1993). Some evidence has been presented
of a link between an increased risk of skin car(sguamous cell carcinoma) and

high levels of toenail arsenic (350 to 810 pg'kd¢Karagaset al. 2001). In an
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epidemiological study conducted in lowa, US, Freemaal. (2004) report toenail
arsenic concentration and cutaneous melanoma t@oséively correlated, the
maximum reported toenail arsenic concentration 888 pg kg in the exposed
population. However, in a similar epidemiologicaldy no correlation was observed
between toenail arsenic concentration and theafitkadder cancer (Michauet al.
2004). Correlations between the total As contdrnbenails and As contaminated
drinking water have been demonstrated in numerdudies (Gaultet al. 2008,
Karagaset al. 1996, Kileet al. 2007). However, only a limited number of studies
have investigated the speciation of As in humatsr{@aultet al. 2008, Mandakt

al. 2003, Sanzt al. 2007). The toxicity of As is known to be speciependent. A
better understanding of the potential toxicity nfjiested As can be gained through
investigation of the resulting metabolites in humi@ssues. The pathway for
inorganic arsenic metabolism involves alternatiteps of reduction of Asto Ag"
followed by oxidative methylation of Asto form the methylated arsenic metabolites
with S-adenosyl-methionine as the methyl donor @eb001). Until recently
inorganic arsenic, particularly Aswas considered the most toxic chemical form
with the methylation of inorganic arsenic considesedetoxification step. There is
now strong evidence to suggest that the methylatibarsenic is a process that
activates arsenic as both a toxin and carcinogaich(id 2001, Styblcet al. 2002).
Therefore the identification of As speciation inemails may be useful in

understanding the potential toxicity of ingesteskeaic.

The unique geology and historic mining activitidDevon and Cornwall in the UK

led to widespread As contamination of the surromgdagricultural land and

residential soils (Buttoret al. 2009, Cammet al. 2004, Van Eltereret al. 20086,
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Watts et al. 2008). Several studies set out to characteriseAgeontamination
occurring in the southwest UK (Camenal. 2004), including the use of bioindicator
species (earthworms) and vitro bioaccessibility testing, to better understand the
potential risks associated with exposure to Asamimated soils (Buttoet al. 2009,
Langdonet al. 2003). Elevated levels of urinary As in resideotdormer mining
sites caused by soil ingestion have been repontédistralia (Hinwoockt al. 2004)
and in two studies conducted in Devon and Cornwalthe UK (Johnson and
Farmer 1989, Kavanagi al. 1998). However, there are no reports to date en th
sensitivity of toenails as a biomarker of exposuraesidents living near to the
former mining areas of Devon and Cornwall whereirammental As levels are
highly elevated. In particular the resulting A®siation in human toenails following

exposure to As contaminated soils is yet to bestigated.

The present pilot study aims to improve understagndif the exposure-biomarker
relationship between human toenails and elevatedtamental As levels. Toenalil
samples were collected from residents living nea tormer As mine in Devon, UK
and a control group in Nottinghamshire, UK with anticipated As exposure in
order to: (a) assess As exposure levels in redgdehta former As mine by
comparison to the control group and (b) comparerdiselting As speciation in the

toenails of the two populations.

7.3 Methods

7.3.1 Study site
Devon Great Consols (DGC) is situated by the Rivaanar in the Tavistock district

of Devon (SX 426 735) and is one of many former ingnsites in southwest
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England. In the 1870s, DGC along with half a dozenes from the Callington and
Tavistock area were the source of an estimatedesfept of the world’s arsenic
production (Klincket al. 2002). Soil arsenic concentrations across the siteevary
significantly depending on their proximity to theam tailings, ranging from 204 -
34,000 mg kg (Klinck et al. 2002, Langdoret al. 2001, Wattset al. 2008). More
specifically total As in residential soils and soddjacent to residential properties
were shown in a previous study to range from 208085 mg kg (Button et al.
2009). Arsenic bioaccessibility in soils in the miarea and mine tailings were
previously shown to be well above the 20 md &gil guideline value (SGV) (Button
et al. 2009, Cavet al. 2002) for gardens and allotments. The Human Biesgible
Fraction (HBF) estimated using am vitro Physiology-Based Extraction Test
(PBET) is reported to range from 10 to 30 % of thial As (Buttonet al. 2009).
This equates to bioaccessible As levels betweean861312 mg Kg in residential
soils and soils close to residential propertie&C (Buttonet al. 2009), giving

cause for concern in terms of potential human ex@os

7.3.2 Study group

Ethical approval for this study was provided by theman ethics committee of
Nottingham Trent University, UK. Residents living properties on and around
the former mining site of DGC were recruited by {pds total of 22 information
packs were posted to 11 properties whose addresses publicly available. A
total of 8 residents from 6 properties volunteetedake part. Information packs
contained details of the study, instructions fonpé collection, a small sealable
polythene sample bag and a questionnaire. ResideTes asked to allow toenails

to grow for at least two weeks prior to sample edlion. The self administered
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guestionnaire was designed to provide informatielewant to assessing potential
exposure to As such as age, gender, time in resedext DGC, time spent
outdoors around the mine site, whether or not \&ges were grown and eaten
from native soil and other potential dietary sogrseich as seafood and alcohol
consumption. A comparable number of volunteersa(®) no anticipated arsenic
exposures were also recruited by word of mouth frmttinghamshire, UK
where soil As levels were below the current SG\20fmg kg' (Scheib and Nice

2008).

7.3.3 Reagents and standards

All reagents used were analytical grade or bettiadity. All agueous solutions were
prepared using deionised water (18.2Miillipore, UK). A multi-element standard
and tellurium solution (SPEX CertiPrep, UK) weredisas calibration standard and
internal standard respectively for ICP-MS analysisrganic arsenite (AS Fisher
UK), arsenate (AS Fisher, UK), methylarsonate (MA Sigma-Aldrich, UK), and
dimethylarsinate (DMK, Greyhound, UK) were used for the preparation of
standards for arsenic speciation analysis. Corateatmitric acid (HN@) and 30 %
viv hydrogen peroxide (#D.), (BDH Aristar, UK) were used for the dissolutioh
samples. Ammonium nitrate (> 99 %) and aqueous @man(Fisher, UK) were

used in preparation of the mobile phase for aniamange chromatography.

7.3.4 Preparation of toenail samples
Toenail samples were washed thoroughly followinglightly modified version of
the protocol described by Slotniat al. (2007), which is comparable to several

published methods (Brimet al. 2006, Karagast al. 2000, Mandalet al. 2003,
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Wilhelm et al. 2005). Visible exogenous material was firstly rerub using plastic
forceps and a clean quartz fragment. Samples were glaced in clean glass vials
and sonicated for 5 minutes using 3 ml of acetaneed first with 2 ml of deionised
water then 2 ml of acetone, sonicated for 10 meute3 ml of deionised water then
twice rinsed with 3 ml of deionised water, ensurtgnplete submersion of the
sample during each step. The final rinse solut®m() was retained for immediate
analysis by ICP-MS to ensure removal of exogenaugarnination was complete.
The supernatants from each step of the washingeduwe were combined and
reduced to dryness in PFA vials (Savillex, USA)eographite hot block at 80°C. The
residue was then reconstituted in 3 ml of 1 % HIRD analysis by ICP-MS. After
washing, toenails were left to dry at room temperin a clean laminar flow hood
before freeze-drying (Christ, Germany). The fredaed toenails were pulverised to
a fine powder using a cryogenic freezer mill in hbstainless steel cylinders with
stainless steel slugs (Spex CertiPrep, UK). Samplese stored in a silica gel
dessicator prior to weighing. Certified referencatenials NIES CRM 13 human hair
(NIES, Onogawa Japan) with a reference As valudQff pg kg and NCS zC
81002b human hair (NCS Beijing, China) with a dexti As value of 198 + 23 ug
kg' were used throughout. An in-house human fingemedérence material (BGS
Bulk) was also prepared using fingernail clippingglected over several months
from 4 healthy volunteers not exposed to elevatedirenmental arsenic. The
clippings were pooled and prepared into a fine paw@ 3000 mg) using the

methods outlined.
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7.3.5 Quantitative arsenic determination

Toenail samples were acid digested for total Aemeihation using a closed vessel
microwave assisted digestion (MARS 5, CEM CorporgtiUK). Into each vessel 4
ml of HNO; and 1 ml of HO, was added to accurately weighed pulverised toenalil
samples and left to stand for 1 hour before sedhegvessels. The average sample
mass was 57 + 29 mg and 75 + 13 mg for the expaset control groups
respectively. Several individuals from the contgobup provided sufficient sample
for triplicate determinations. The recommended @anmass of 200 mg was used
for NCS ZC 81002b, 120 mg for CRM 13 and 100 mgB@&S Bulk. In addition,
BGS Bulk was digested in triplicate using the meample masses of the exposed
and control groups. The microwave heating programma® 100% power (1200 W),
5 minute ramp to 100 °C, held for 2 minutes, ramfmecd minutes to 200 °C then
held for 30 minutes. The pressure in the system apggoximately 200 psi under
these conditions. This method resulted in com@ataple dissolution. The solutions
were transferred with MQ water to PFA vials andpmrated to dryness on a hotplate
at 110 °C. Samples were reconstituted with 1 miBé&6 v/iv HNG, heated at 50 °C
for 10 minutes and then made up to 3 ml with deiediwater to give a final solution

of 1 % HNG for direct determination via ICP-MS.

7.3.6 Extraction procedure for arsenic speciation

Aqueous extraction of As species from toenail samplas performed using a closed
vessel microwave system (CEM MARS 5, CEM CorporgtidK). The extraction
procedure was optimised using human hair CRM NCSZ@2b and the BGS Bulk
fingernail sample. In addition, at each stage @& #xtraction optimisation, blank

extraction solutions spiked with 10 pg bf the As species A5 DMAY, and MA’
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were also heated to test species stability, spediithe formation of AS under the

potentially oxidising conditions of the extractioprocedure. From an initial
temperature of 80 °C the extraction time was irsgddrom 15 - 60 minutes at 15
minute intervals. From the extraction time at whiéls recovery peaked the
temperature was ramped at 10 °C intervals to th@ powhich species stability was
compromised. Optimum extraction conditions werenfbuo be a 30 minute
extraction at 100 °C. Pulverised toenail sample€s {380 mg) were accurately
weighed into the HDPE microwave vessels and 5 ndnieed water added before
shaking thoroughly by hand to ensure complete agtof the sample. As the
recommended sample mass of 200 mg was used forA0CEH.002b and 120 mg for
CRM 13, 10 and 6 ml MQ water was added respectit@lgrovide a comparable
solid-solution ratio to that of the toenail sampldsollowing extraction the

supernatant was recovered via syringe filtratiomouigh 0.45 pm nylon mesh filters

(Pall, UK) and stored overnight in pre washed padpylene tubes at < 4 °C.

7.3.7 Arsenic determination by ICP-MS

Arsenic determination in toenail digests and exsracas performed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS, Agil&t07 Agilent Technologies,
UK). The instrument was fitted with a micro flowreentric nebuliser and quartz
Scott-type spray chamber. The instrument respooseA$ was optimised daily.
Arsenic detection was performed in collision celbde using He (4 I/min) to
minimise potential interferences such as that & folyatomic ion*°Ar+*Cl.

Tellurium (50 pgt) was used as the internal standard (Entwisle aatii2006) by
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sample spiking. The limit of detection (LOD) foretimethod expressed as the mean

blank signal + 3SD was 0.07 pgkg

7.3.8 Arsenic speciation by HPLC-ICP-MS

A quaternary GP50-2 HPLC Pump and an AS-50 autgkaniDionex, USA) with

a 100 pul injection loop were coupled directly te I€CP-MS with PEEK tubing. The
two instruments were coupled in such a way thatitlection of each sample
solution and its subsequent measurement was symshtbautomatically using the
ICP-MS ChemStation (Agilent, UK) software, enablirrgproducible sample
injections. Full details of the chromatographic tegs are published elsewhere
(Wattset al. 2008). In brief an anion exchange column (PRP-X260 x 4 mm, 10
pm) with a guard column of the same material weseduto separate the arsenic
species present in the toenail extracts. Ammoniimata was used as the mobile
phase at pH 8.65 using a gradient elution betweand60 mM to achieve good

separation for all As species investigated (Figuie.
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Figure 7.1: HPLC-ICP-MS chromatogram of a mixed standard smiufAs' and
As’ at 0.2 ugt, DMAY and MA at 0.5 pgt) and toenail extract Control LW.

7.4 Results

7.4.1 Study participants

Selected demographics for the exposed and contmlpg are shown in Table
7.1. All participants were white, non smokers oftBh origin. The mean ages of
the exposed and control groups were comparablé andl 41 respectively. The
male to female ratio for both groups was approxetya:1. The exposed group
spent more hours outdoors in the local area thanctimtrol group with mean
values of 11 and 5 h/w respectively. The dietapgcsfically seafood and alcohol,

consumption of the two groups were comparable.
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Table 7.1: Summarised demographic, toenail As concentratiod axogenous
toenail contamination data for the exposed androbgtoups. * = geometric mean.

Exposed group Control group
mean £ SD | min| max mean + SD min  max
Age 46 £ 26 11 | 67 41 +£13 25 55
Male/Female (n) 5/3 6/3

hours outdoors 117 3 21 5£2 2 10
(per week)

Toenail As (ng kd) 5406 * 858 | 25981 122* 73 | 273

Exogenous toenail 506 * 102 | 3784 4.0* 21 | 13
As (ug kg)

7.4.2 Total Arsenic

All toenail samples were above the method limitlefection for As of 0.07 pg Kg
The accuracy of the method was assessed by desgiomrof total As in human hair
certified reference materials (Table 7.2). The Asaentration determined in human
hair CRM NCS ZC 81002b was 200 + 12.8 ug'Kg = 8) well within the certified
value of 198 + 23 pg ki The As concentration determined in human haiMCR
NIES 13 was 98.5 + 6.5 pg Rdn = 6) agreeing well with the reference valud 0@
ng kg'. The method precision was assessed by repeaisamaf the in-house BGS

Bulk human fingernail sample. The overall As coricaion determined in BGS

o

Bulk was 72.8 + 5.6 pug kg(n = 7) using a sample mass of 100 mg. Analybis
BGS Bulk using the mean sample masses of the ed@ow control groups toenalil
samples of 57 and 75 mg gave arsenic recoveri@9.6f+ 8.4 pg kd (n = 3) and

71.0+0.2 ugkg (n = 3).

The total As concentration in toenails of the exgbgroup ranged from 858 to
25,981 pg kg with a geometric mean of 5406 pugké = 8) (Table 7.1). Total

arsenic concentrations in the control group tdsmainged from 73 to 273 pg kg
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with a geometric mean of 122 pgk¢ = 9). Geometric means were used due to
both datasets being positively skewed. Analysithefwash solutions (corrected for
sample mass) revealed exogenous contamination erto#nails of the exposed
group ranged from 102 to 3784 pg'kgith a geometric mean of 506 pgkall
wash solutions for the exposed group were aboveméthod limit of detection.
Exogenous As contamination on the toenails of tr@rol group (3 of which were
below the limit of detection) ranged from 2.1 ta& g kg', with a geometric mean
of 4.0 ug kg. Arsenic was detected in 6 out of 8 final rinsdusions for the
exposed group ranging from 10 to 214 pd kgth a geometric mean of 37 pgkg

In the control group only 3 out of 9 final rinsellg®mns contained detectable levels

of As ranging from 1.0 to 3.8 pg Rgvith a geometric mean of 2.0 pgkg
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Table 7.2: Data relating to the extraction and speciatiodA®fin reference materials and toenail samples.ifigertotal As value for ZC
81002b and reference value for CRM 13 are showbrackets. Extraction efficiency = extracted Astatd\s x 100. Column recovery =

sum species / extracted As x 100. * = single dateation. <LOD = below limit of detection.

Extracted | Extraction As species (ug K Sum Column
Total As As efficiency species | recovery
Sample mean (ug kg | (ug kg?) (%) As" | DMAY | MAY As’ (g kg?h) (%)
ZC 81002b (human hair) | 200 (198) 119 60 51 2.9 0.9 53 108 91
D (n=8) 13 6.1 29 0.7 0.7 48 6.9
CRM 13 (human hair) 99 (100) 43 44 19 3.7 <LOD 20 43 100
D (n=6) 6.5 2.8 31 1.9 4.13 4.4
BGS Bulk (fingernail) 74 51 70 27 6.4 <LOD 6.5 40 78
D (n=13) 6.2 6.8 53 2.8 3.4 5.8
Control LW 85 33 39 22 2.3 <LOD 6.0 30 91
(SD(n=3) 37 7.9 52 0.2 15 4.2
Control JB* 99 52 52 44 3.3 <LOD| 4.9 52 100
Control MW 101 59 59 51 <LOD | <LOD 2.2 53 90
D (n=3) 3.1 9.7 32 2.3 1.7
Control VB 184 69 38 49 3.9 <LOD 5.8 59 86
D (n=13) 28 19 17 1.6 4.8 14
Control MB 273 161 59 115 3.9 <LOD 36 155 96
D (n= 3) 17 19 43 0.2 3.2 10
Exposed 16* 2987 2031 68 1743 37 6.4 106 1892 93
Exposed 11* 25981 14176 55 11477 84 73 2899 14533 103
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7.4.3 Optimisation of extraction procedure for As peciation

The impact of increased extraction time (extractiemperature = 8C) on the
recovery of As species from BGS Bulk fingernailereince sample and Human hair
CRM ZC81002b are displayed in Figures 7.2a and i&8pectively. The extraction
efficiency (extracted As / total As x 100) for ZQRBPb peaked at 30 minutes but
continued to increase with time up to 60 minutesBGS Bulk. The recovery of
As’ was greatest at 30 minutes for both samples witaral of decreasing recovery
of As’ with time most evident in the BGS Bulk sample. ®exy of the remaining
As species detected in BGS Bulk {Aand DMAY) showed a gradual increase with
increasing extraction time. For CRM ZC 81002b enttoan times above 30 minutes
had little impact on the recovery of the detectedspecies (A5 As", DMA" and
MAY). For this reason 30 minutes was taken as thenapti extraction time for
investigating the effects of increased temperaturepecies recovery. Figures 7.2c
and 7.2d display the effects of increasing tempeeabn the species recovery for
the same two samples. BGS Bulk fingernail sampieatestrated a gradual increase
In species recovery with each temperature increméhtthe proportion of species
remaining fairly constant. Increasing extractiomperature had a lesser impact on
the recovery of species from the hair CRM ZC8100@dth the exception of
increased recovery of Asbetween 80 and 100 °C. No inter-conversion of isgec
was observed in the blank solutions spiked withug0I* of each As species and
subjected to the extraction cycle (Table 7.3) witlod recovery of all species under
the chromatographic conditions employed. A limiteabply of the BGS Bulk
reference sample precluded further optimisation tloé extraction procedure
therefore the method applied to toenail samplesedb@n the present findings, was

taken as a 30 minute extraction at 100 °C.
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Figure 7.2 Effect of extraction time at 80 °C on the recovef As species from (a)

BGS Bulk fingernail reference sample and (b) Hurham CRM ZC81002b. Effect

of extraction temperature with a 30 minute extactime on the recovery of As

species from (c) BGS Bulk fingernail reference skmgnd (d) Human hair CRM
ZC81002b. * = extracted As / total As x 100.

Table 7.3: Recovery of As species from blank extraction sohd spiked with 10

ug I'* of each species at each step in the optimisafiesteaction procedure. Errors

are 1* SD (n = 3).

Extraction
method As" DMAY MAY
15min/86C | 9.7+ 0.4| 89+0.3| 10.1+0.3
30min/86C | 10.0+0.1| 9.0+0.1 | 10.5+0.3
45min/80C | 10.1+0.3| 87+0.4| 105+ 0.1
60min/80C | 10.1+0.1| 9.0+0.3| 104 +0.1
30min / 96C 94+0.1]10.0+£0.2] 99+0.1
30min/106C | 95+0.2 | 10.1+0.1| 10.0+0.1
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7.4.4 As speciation in toenails

Determination of As species in toenail extracts HNRLC-ICP-MS was performed
where sufficient sample material was provided by plarticipant. This equated to
two participants in the exposed group and five ipigdnts in the control group.
Table 7.2 displays data relating to the extract@omn speciation of As in these
toenail samples, the human hair reference matesiadsthe BGS Bulk fingernalil
sample. The extraction procedure employed resuitedmean recovery of As from
toenails of 53 = 12 % (n = 7). The highest As ey was obtained for the BGS
Bulk fingernail sample at 70 %. The two human heference materials ZC 81002b
and CRM13 gave differing As recoveries of 60 and¥d4respectively. The mean
column recovery for toenail samples was 94 = 7 % (/). An HPLC-ICP-MS
chromatogram demonstrating the peak retention asdlution for investigated As
species is shown in Figure 7.1. The proportional speciation observed in the
reference materials and toenail samples under tigati®n are displayed in Figure
7.3. The dominant species extracted from toemailpes was inorganic Asat an
average proportion of 83 + 9 % (n = 7). Inorgan&’ Avas present in all the toenail
extracts but a lower mean proportion was extraatel3 + 8 % (n = 7). DMA was
detected in 6 of the 7 toenail extracts at an ayemoportion of 4 + 3 % (n = 6),
with MAY only detectable in the 2 samples from the expgsedp at less than 1 %

of the extracted As.
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Figure 7.3: Individual As species as a percentage of the etedaAs for each
sample investigated. Toenail samples (Control L\Wands) are plotted in order of

increasing total As.

7.5 Discussion

Total As concentrations in toenails from the explogeup are elevated compared
to the control group with geometric means of 5406 422 pg kg respectively.
The Wilcoxon Signed Rank Test (SPSS version 14alked the difference between
the exposed and control groups was significant Qu08). The increased number of
hours spent outdoors by the exposed population beagignificant in providing
increased exposure to environmental As (Table Diher potentially influential
factors such as age, gender and diet were companableen the two groups. The
toenail As concentration range of the exposed gioupis study (858 to 25,981 ug
kg') falls within the overall range reported in theefature (Figure 7.4) of 3 to

37,200 pg kg for exposed populations. The geometric mean tbeAai
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concentration (122 pg Ky for the control group is comparable with valuegarted

in the literature for non-exposed individuals atkg" (Freemaret al. 2004) and
140 pg kg (Karagaset al. 1996). Toenail As concentrations in excess of the
maximum reported in this study (25,981 pg'kdnave only been reported in the
study by Hinwoockt al. (2003), who found an upper range concentratio®7¢6200
ng kg' in the toenails of individuals living in areas fihigh environmental As
concentrations. Failure to quantify the degreexaigenous contamination was cited
as a limitation of the study. In the present stuglyantification of exogenous As
contamination revealed significantly (p = <0.05Her levels of exogenous As on
the toenails of the exposed group compared todh&t@ group using the Wilcoxon
Signed Rank Test. Exogenous As contamination wss@isitively correlated with
total toenail As (Figure 7.5). Quantification ofagenous As in this way provides a
useful measure of environmental As levels for theo tstudy populations,
highlighting the high levels of environmental As fihe exposed population by
comparison to the control group (Table 7.1). The/Vew levels of As in the final
rinse solutions for both groups suggested thattdkeail washing procedure was
effective in removing exogenous contamination, havanore As was present in
the final rinse solutions of the exposed group. Aseobserved in the final rinse
solutions from the toenail washing procedure maylbe to very low levels being
leached out during the final rinse step. Mandahl. (2003) found that As was
released from pre-washed fingernail samples afiakiag at room temperature in
deionised water although the amount of As leachasl reported to be negligible at
0.4 to 1.4 % of the total As in the fingernails.the present study the As content
observed in the final rinse solutions was also igégé ranging from 0.2 to 1.6 %

of the total As in the toenail samples.
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Figure 7.4: Comparison of the toenail As content of exposepufations reported

in recent studies to that in the exposed grouperpresent study.
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Figure 7.5: Correlation between toenail exogenous As contatioima
(environmental As) and toenail total As contents&h on exposed and control

datasets combined.

Several previous studies have investigated As expan the southwest of England.
In a limited study Johnson and Farmer (1989) ndaiiaghtly elevated levels of
urinary As in Cornwall residents. Kavanaghal. (1998) found significantly higher
(p = 0.01) levels of total As in the urine of remnls at DGC and the nearby town of
Gunnislake compared to residents of an uncontaednatrea. These papers
conclude that the studied populations at DGC andniilake were chronically
exposed to As and that exposure resulted fromnigpestion of As contaminated soil
and dust. The use of urine as a biomarker of Agosxre is more suited to
assessing acute exposure since arsenic is exdretdw® urine within hours of
ingestion (Slotnick and Nriagu 2006), whereas tdsnprovide an integrated

measure of exposure over a longer period, 12 - dtins prior to sample collection
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(Slotnick et al. 2007). For this reason toenails may represent & mnsaitable

biomarker of exposure in populations chronicallp@sed to As.

During optimisation of the extraction proceduree tiecovery of A% from both the
BGS Bulk fingernail sample and the human hair CRM &1002b peaked after
extracting for 30 minutes at 80 °C (Figure 7.2albxan also be observed from
Figure 7.2a that after 30 minutes the recovery 8f Acreases slightly whilst As
recovery decreases. Similar trends were reportdddndalet al. (2003) who found
that AS was reduced to As when fingernail samples were soaked at room
temperature for 72 hours, suggesting the reduapgaty of fingernails in aqueous
solution. Raab and Feldman (2005) suggested thidihdp releases or activates
strong reducing agents in human hair and repottedransformation of DMA to

its sulphur analogue DMAS. The results presentgd [Figure 7.2a-d) suggest that
at temperatures below 100°C, extraction time isemiaftuential on the reduction of
pentavalent arsenic species, as the recovery &fif\snore constant across the
temperature range of 80 to 100 °C (30 minute ettradime) than across the

extraction time range of 15 to 60 minutes (80 °@agtion temperature).

The microwave assisted extraction method develapéus study achieved a mean
recovery of As from toenail samples of 53 % (Tabl2). There are few reported
studies to which this extraction efficiency can dmmpared. Raab and Feldman
(2005) reported an extraction efficiency of 57 £%6an hair samples using boiling
water for 6 hours, but with species instabiliti8hraimet al. (2001) reported a 39 %
extraction efficiency for CRM 13 when shaken for @nutes with water. For

comparison the extraction method presented heres\azh a slightly improved
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recovery of As from CRM 13 of 44 % (Table 7.2). drstudy on As speciation in
human fingernails and hair from an As-affected akandalet al. (2003) report a

mean recovery of As in fingernails of 63 % (ran@etd 75 %) using a 30 minute
water extraction at 90 °C, slightly higher than 513e% recovery of As from toenails
reported in this study. However the extraction rodtldeveloped in the present
study achieved an As recovery of 70 % (Table 7 2¢mwapplied to the BGS Bulk
fingernail sample. This suggests that As is morenglly bound in toenails than

fingernails.

Arsenic speciation data for human hair CRM 13 wexgorted in two previous
studies. Mandatt al. (2003) reported A% to be the dominant species present at 56
% with lesser amounts of Asand DMA’ at 35 % and 9 % respectively. Shramn

al. (2001) reported very different proportions ofleds species with Aspresent at

66 % of extracted As, whilst the remaining As wasiid to be divided into similar
amounts between As DMAY and MA” at 16 %, 7 % and 11 % respectively. In the
present study AS and As were found to be present in similar proportiong4
and 47 % of the extracted As (Figure 7.3) with DMpresent at 9 %. Species
stability under the extraction procedure employeas weported in both the two
previous studies and in the present study. Howeordy, the proportion of DMA
reported is comparable across the three studidas. mly be due to the differing
extraction procedures employed and the subsequeracton efficiencies. Both
Mandal et al. (2003) and Shrainat al. (2001) used water as the sole extractant.
Mandalet al. (2003) heated their samples to 90 °C for 30 nemudchieving a 98 %
As recovery. Shraimet al. (2001) employed mechanical shaking at ambient

temperature achieving a lower extraction efficienmy 39 %. The extraction
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procedure employed in the present study is morepeoable to the method used by
Mandal et al. (2003) and likewise resulted in more comparalgsults for As
speciation in human hair CRM 13. This disparitytween the reported As
speciation in CRM 13 highlights the need for repmble extraction methodologies
if As speciation is to be incorporated into studesking at biomarkers of exposure
to As in human populations. In a study of As ie tiair and nails of individuals
exposed to As-rich groundwaters in Kandal provir€anbodia, Gaukt al. (2008)
used X-ray absorption near edge structure (XANEf®Lg0scopy to probe the As
speciation of fingernail samples directly, prechglithe necessity of an extraction
step. Using XANES spectroscopy Gaett al. (2008) reported AS to be the
principal As species in fingernail samples but fuconsiderable variability
between samples and problems with the fitting cfctja were reported. In the
present study inorganic Aswas the dominant As species in toenail samples
consistently (Figure 7.3) with lesser amounts of Asd DMA. Arsenic speciation
was similar in the toenails of both the control axgbosed samples analysed. The
only notable difference was the detection of snaaiiounts of MA in the two
toenail samples from the exposed group and is ildle to the higher As
concentration in the toenails of the exposed giiuimg rise to detectable levels of

MA".

7.6 Conclusion

The As concentrations observed in the toenail sasnpbllected from residents of
the former mine site (DGC) are elevated suggesthignic exposure to high
environmental As. The quantification of exogenous éontamination on the

toenails of both the exposed and control groupshis study provides a useful
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measure of environmental As levels as evidencehef éxtent of potential As
exposure. A positive correlation between exogsroenail As (removed during
the wash procedure) and total toenail As demorstratlink between the source of
exposure (environmental As) and toenail As conteairganic A&' is the dominant
extractable As species in toenail samples from Hwthexposed and control group
with lower amounts of inorganic Asand DMA'. The data presented highlights the
sensitivity of toenails as a biomarker of expodor@igh environmental As in areas
such as the southwest, UK where historic miningvitgthas led to widespread As

contamination.
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Chapter 8 - General Discussion

The potential for human exposure to As contaminated soilsis a significant issue in the
southwest UK. An area of around 700 km? is reported to be contaminated due to the
historic mining of As in the region (Abrahams and Thornton 1987). The average
population density of the southwest is 142 people per km? (ONS 2002). In theory this
equates to as many as 100,000 people being at risk of exposure to environmental As
contamination. This figure may be exaggerative as the population density of
contaminated areas is likely to be lower than average, however the likelihood is that
large numbers of people are at real risk of exposure. The current SGV for As in
residential soils of 20 mg kg™ (Defra 2002) is unrealistic in Devon and Cornwall and
requires further consideration. In order to better understand the health risks associated
with As contaminated soils an improved comprehension of the actual extent of

exposure is needed.

The consideration of many inter-related components is required to gain an holistic
understanding of exposure and subsequent health risks. By considering only the total
amount of As in the soil the current SGV for As is perhaps unnecessarily
conservative. Estimating the arsenic fraction bioaccessible to humans using a PBET
can provide a more redistic estimate of potential exposure, yet uncertainties
surrounding the reproducibility of PBETs have hindered their incorporation into the
contaminated land risk assessment process. In response to this we have investigated
the use of earthworms as a complimentary line of evidence in understanding the
potential for human exposure at As contaminated sites. In chapter 4 we provided

evidence of a relationship between in vitro human bioaccessibility and the
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bioaccumulation of As by earthworms. This finding indicates the potential for the
incorporation of multiple lines of evidence when assessing potential exposure at
contaminated sites as a more holistic aternative to relying on asingle guideline value.
This research is also important in highlighting the potential for As resistant earthworm
species as an indicator of As mobility at sites with highly elevated levels of arsenic.

Further work is required to validate the potential of earthworms as an indicator
species for this purpose. It would be revealing to calculate the accumulation of As
from a known quantity of ingested soil to give a better indication of the bioavail ability

of Asrather than the total accumulation over an indefinite period of time.

Bioaccumulated As levels of up to 877 mg kg™ reported in chapter 4 clearly show that
earthworms at DGC do not avoid arsenic uptake from the soil. Despite these elevated
As body burdens there have been no reports of adverse health effects in earthworms at
DGC. In chapter 5 we provide the first DNA based evidence of the resistance of DGC
earthworms to arsenic toxicity via use of the Comet Assay. In this chapter it was aso
demonstrated that a typicd DGC soil is toxic to non-native earthworms, clearly
demonstrating a developed resistance to Asin DGC earthworm popul ations. The Comet
Assay may therefore be useful both in screening out resistant species to avoid their use
as ecotoxicological indicators of risk at As contaminated sites and in mesocosm
experiments that employ non resistant species to assess the toxicity of a contaminated
soils. The use of a single harvesting method for the collection of earthworm
coelomocytes throughout the Comet Assay experiments presented here would have
improved comparison between mesocosm exposures and field collected earthworms.
Also the incorporation of standard cell lines in each batch of experiments would have

been useful as a measure of reproducibility. In future all experiments would employ the

141



same cell extrusion method and ideally a cultured cell line of earthworm coelomocytes
for the purpose of standardisation. Further investigation of the additive or synergistic
toxicity of multiple elements in the soil would also alow the relative toxicity of As

aone to be better understood.

If resistant earthworm species are to be employed as a tool in understanding health
risks at contaminated sites it is important to try and understand the mechanisms
underlying the resistance. The results of the speciation analysis carried out in this study
via HPLC-ICP-MS (chapter 6) show that the formation of AB and other organo-
arsenic species previously undetected in DGC earthworms is not related to the level of
As accumulated by the earthworm. The detected organo-arsenic species AB and
arsenosugars were only present at very low levels by comparison to inorganic arsenate
and arsenite. This new evidence precludes the transformation of arsenate from ingested
soil to arsenobetaine in the worm as a detoxifying mechanism as has been suggested
previously (Langdon et al. 2002). This finding is an important step towards
understanding the true mechanism by which earthworms at DGC mitigate As toxicity.
One limitation of this research was the inability to detect As-sulphur complexes and the
more unstable trivalent methylated As species. Such information will become
increasingly available with the development of techniques such as XAS and XANES

(Smith 2007) that can provide in-situ speciation data.

The most important component in understanding the health risks of contaminated soils
is quantifying the degree to which people are actually exposed. This can only be
achieved via biomonitoring studies of exposed populations. Elevated levels of urinary

Asin DGC residents compared to a control group had been reported over a decade ago
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(Kavanagh et al. 1998) yet no follow up to this study was undertaken. A single measure
of urinary As is not an idea biomarker of exposure to contaminated soils as the
residence time for As in urine following ingestion is only around 24 hours (Slotnick et
al. 2007). Any ingestion of contaminated soil is likely to be sporadic making longer-
term integrated measures of exposure more suitable. Urinary As is also easly
confounded by dietary sources of As, particularly organic AB from seafood. Chapter 7
demonstrated how toenails are potentially more suitable as a biomarker of exposure to
As contaminated soils by investigating a longer-term measure of exposure. Analysis by
ICP-MS of toenail samples from DGC residents revealed As levels to be highly
elevated compared to a control group. By analysing the external As contamination on
toenail samples we were aso able to provide some evidence of alink between ambient
environmental As levels and toenail As content. This final chapter is significant in
showing clearly that residents at DGC are exposed to elevated levels of environmental
As. The study is limited by the number of participants yet the difference in toenail As
content between the control and exposed group is striking. Whilst toenails can be used

as biomarker of exposure to As the associated health risks remain unclear.

The emphasis of future research should be shifted from predicting potential exposure to
guantifying actual exposure and subsequent health risks. Further work should therefore:
e Recruit alarge number of volunteers from different areas in the southwest UK.
This would help to revea the extent of any excessive exposure, facilitate
correlations with background levels of environmental As and allow the
incorporation of epidemiological evidence of As related health effects such as
increases in the incidence of skin cancers.

e Compare and contrast biomarkers for quantifying both long-term (toenails,
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fingernails and hair) and short-term (urine, blood) exposure to As. It would
also be possible to analyse a time series of As deposition in a toenail using
a technique such as laser ablation-ICP-MS. In doing so we could begin to
understand how toenail As levels might be influenced by factors such as
growth rates and seasonality.

e Consider sources of exposure other than soil, particularly the
ingestion/inhalation of windblown particulates and house dusts to gain a better
understanding of the contribution of different sources of Asto overall exposure.
Investigating multiple elements and or isotope ratio fingerprints in the soils and
dusts and comparing these to elements observed in the biomarkers could aso
help identify the most significant sources of exposure.

o Assess biomarkers of effect in exposed human populations. The Comet Assay
could be employed to assess DNA damage in lymphocytes and correl ations with

exposure biomarkers.

Further research of this kind would provide much needed health risk data on the
actual extent of human exposure to As in the southwest UK. Once the significance
of any exposure has been established we can then begin to understand the risks
associated with elevated As levels in this region of the UK and whether or not

mitigation steps are required.
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Summary

A method for the extraction and speciation of aisen contaminated soils was
developed through modification of procedures regabih the literature. Microwave
assisted extraction (MAE) and orbital shaking pdamication were compared as
extraction procedures together with different migtiof phosphoric and ascorbic
acid as the extractant. The extraction efficieneg species stability were monitored
for each of the extraction procedures investigat@aantification of arsenic species
(As", As', MAY, DMAY and AB) was performed by HPLC (anionic column)
coupled to ICP-MS using a modified ammonium nitrgtadient elution. Mean
extraction efficiencies ranged from 77 to 92% dd thtal arsenic concentration with
a MAE procedure giving the best recovery for tatahcentrations of arsenic. All
arsenic species were stable under the extractiatedures investigated. The
combined arsenic species quantified in each sdraei closely matched its total
arsenic content. Arsenate (Asvas the only major arsenic species detected wtno
some AY', MA and DMA were present in one soil. A novel @dsvessel MAE of
arsenic from soils is presented, providing both njtetive and reproducible
recoveries and species stability, whilst maintagnienough simplicity for high

sample throughput.
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1 Introduction

The current Soil Guideline Value (SGV) in the UKr feesidential gardens and
allotments is specified at 20 mg kglry weight (Defra 2002), but ignores the
bioaccessibility and speciation of the contamindrte toxicity and solubility of
arsenic varies considerably depending on its chanfoem (Huttonet al. 2005) with
trivalent arsenicals thought to be the most toxfm understanding of the
bioaccessibility and speciation of arsenic in conteated soil is therefore essential in
understanding its potential risk to human healtrsefate (A% and arsenite (A%
are the primary arsenic species found in soils. giiealence of either species is a
function of redox potential, pH and microbial adi{Moore 1988). Under oxidising
conditions arsenic is present in soils in the peademnt oxidation state, whilst in
reducing conditions arsenite (As predominates. The sorption of arsenic onto
specific minerals in the soil is controlled by tpeoportion of amorphous iron,

aluminium hydroxides, clay minerals and its pH (Btasleyret al. 1991).

The main difficulty encountered in the determinatiof arsenic speciation is the
development of a method that provides both qudivitand reproducible recoveries
whilst maintaining the species integrity of a sampExtraction recoveries are
dependant on the sample matrix, species preseritacésn solvent and
aggressiveness of the extraction procedure (Pizred. 2003). Table 1 outlines
several approaches reported in the scientificditee. Various solvents and solvent
mixtures have been employed in conjunction withadgin steps such as mechanical
shaking, sonication and microwave assisted extia¢MAE) in open reflux vessels.

Inorganic elemental arsenic is most susceptible species interconversion,
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particularly the oxidation of ASto As’. In response to this, more recent approaches
have employed a reducing agent in the extractiep & prevent oxidation of Als
occurring. Phosphoric acid §AO;) has been used at various concentrations as the
primary extractant in combination with ascorbicda@lsHeOs) as the reducing agent
(Garcia-Manyest al. 2002, Ruiz-Chanchet al. 2005). Table 1 summarises these
methodologies in greater detail. Recoveries inrdregge 50 to 100% are reported
using these extractants with mechanical shakingjcaton or MAE. However,

species instability is still noted as a major peobl(Francesconi and Kuehnelt 2004).

2. Aims of Investigation

The aim of this investigation was to develop anrappate extraction procedure
with subsequent arsenic speciation by HPLC-ICP-Mi& method developed sets

out to achieve:
a) Quantitative recovery of arsenic from highly contaated soils.
b) Species stability during the extraction procedura analysis.

c) A suitable sample matrix for analysis via HPLC-IGFS, with the minimum

of modification before analysis.
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Table 1. Extraction methods, species stability and recegeof arsenic from contaminated soils from receblipations.

Sample type and

arsenic content

Extraction methods

As species/ recovery/ stability

Ref.

Contaminated soil
mg kg")

(63

P(1) 1 g of soil placed in Teflon reactor with 10 i
extractant, (water or methanol /water mixtures)téedor
10 h @ 55°C. Then 5 min in an ultrasonic bath.
extracts were dried down then diluted with wated
filtered.

(2) 0.3 g of sail with 10 ml 1 M phosphoric aciagated to
150°C for 3 hours. Sample evaporated to drynessren
dissolved in 25 ml 10 mM phosphate solution pH 6.

three extractions (68-89%). Initial extracti
Thecoveries (46-50%). (2) 99% recovery (s
aspecies) after 3 extractions, 82% after just
extraction. Majority A with <5 % Ad' and
<10 % MA and DMA.

dAII species reported to be stable under th
conditions

(1) Good recoveries (total extracted) afté¢Pizarro et al.

HR2003)
m
one

ese

Contaminated soils (15 0.1 g soil and 15 ml 1 M phosphoric acid and 0.1 Recoveries of 56-101%. Majority Aswith | (Garcia-
780 mg kgl), CRM GBW | ascorbic acid (argon purged) placed in open reflessel.| <10% AS' and <1% MA and DMA. Alll Manyes et al.
07405/07311 and BCRMaintained at 60 W for 10 min, several mis watedext] species reported to be stable under thex@02)
320 then filtered. Final dilution with water to 50 ml. conditions. Samples deteriorated over timeg on
storage at 4°C.
Contaminated soils (25 0.2 g of soil and 10 ml of extractant (0.3 m phasph| Spiked recoveries of 83-103% and 63-88%lutton et al.
3000 mg k) and CRM| acid) heated in microwave for 100 min at 40% power | for soils. Majority AS' with <15% AS', MA | 2005)
LGC 6138 coal. and DMA below detection limits. All specigs
reported to be stable under these conditions.

Interconversion occurred when heating
more than 100 min.

for

Contaminated soils (350
2350 mg kg)

-0.1 g of soil and 15 ml extractant (1 M phosphaiicl 0.5
M ascorbic) placed in open reflux vessel. Mainteiaé 60
W for 10 min. several concentrations of ascorbid aere
tested. Extracts were purged with argon.

Good recoveries (~90%). Majority Aswith
<10% As' and <5% MA and DMA in som
samples. Ascorbic acid said to increg
extraction efficiency and stability of As

Rapid analysis after extraction recommend

(Ruiz-Chancho
b et al. 2005)
Ase

ed,

Contaminated (spiked
soils and CRMs NIST
2711 and 27009.

)0.2 g of soil with 5ml extractant. Either water,ogphoric
[ (1 M), citrate buffer (10 mM), sodium hydroxide 10v),
ammonium dihydrogen phosphate (10 mM), cola

vinegar. Shaking and sonication were compared.

Sodium hydroxide and citrate gave the b
recoveries of 23-98% for the individu
agpiked species when sonicated for 20 n
Low recoveries with phosphoric acid.

edfahakachchi
akt al. 2004)
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3 Methods

3.1 Soil Samples
Two soils collected at Devon Great Consols (DGCBouthwest England, a low

level garden soil from Tollerton, UK and contamethsoil CRM (NIST 2710) were
selected for a range of arsenic levels from belsv3GV (20 mg kg) to > 5000 mg

kg! (Table 2).

Table 2. Selected characteristic data for soils choseddoelopment work.

Sample | Total As (mg kg?) | pH | Carbon (%)
Tollerton 16 6.75 6.49
2710 626 - -
DGC 24 1306 3.94 9.99
DGC 26 5760 3.58 9.92

3.2 Reagents and standards
All reagents used were analytical grade or bettadity. All aqueous solutions were

prepared using deionised water (18.2 Miillipore, UK). Concentrated HN§) HF,
30% v/v HO, and HCIQ (BDH Aristar, UK) were used for the dissolution sl
samples. BP0, (85%) and GHgOs (BDH Aristar, UK) were used for the extraction
of arsenic from soil samples. Inorganic arsenite"(Aisher UK), arsenate (Ks
Fisher, UK), methylarsonate (MA Sigma-Aldrich, UK), and dimethylarsinate
(DMAY, Greyhound, UK) were used for the preparation tahdards for arsenic
speciation analysis. Ammonium nitrate (> 99%) agdeous ammonia (Fisher, UK)

were used in preparation of the mobile phase fmmaexchange chromatography.
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3.3 Extraction of Arsenic from Soil
Based on the current literature, 1 M and 0.3 M phosic acid (HPQO,) were

employed as these extractants were the ones negsteintly used (Garcia-Manyes et
al. 2002, Hutton et al. 2005, Kahakachchi et alD4&0Pizarro et al. 2003, Ruiz-
Chancho et al. 2005). Phosphoric acid providesrgkamatrix suitable for analysis
by ICP-MS, unlike commonly employed solvents sushnzethanol and acetone,
which need to be evaporated and re-dissolved uitalde solvent, potentially adding
to the overall measurement error. Ascorbic acidsHgOg) was added at
concentrations of 0.5 M (Ruiz-Chanc#oal. 2005) and 0.1 M (Garcia-Manyesal.
2002) to 1 M and 0.3 M phosphoric acid respectivelgct as a stabilising agent for
inorganic arsenic and also, according to Ruiz-Charet al. (2005), as a way of
enhancing arsenic recoveries. In summary, the tweedn extraction solutions

investigated were:

1.1 M HzPO, with 0.5 M GHeOg

2.0.3 M KPO, with 0.1 M GHgOs.
The first extraction solution was selected becalsas reported to give the highest
recovery and stability of species (Ruiz-Chanehal. 2005). The second extraction
solution was investigated on the basis of the figdiof both (Huttoret al. 2005)
who reported 0.3 M PO, as the optimum extractant and (Garcia-Mangesl.

2002) who suggested the addition of 0.1 MHEDs.

3. 4 Microwave Assisted Extraction
Microwave assisted extraction (MAE) was performsthg a CEM MARS 5 (CEM

Corporation, UK) closed vessel microwave systemprApimately 0.2 g of dry

sieved soil (<0.25 mm) was accurately weighed th® microwave vessels and 10
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ml of the extraction solution was added. The vesgaelre then secured and heated at
50% power (300 W) to ramp the vessel temperatui@®€. The temperature then
held at 80°C for 15 minutes. This initial heatinggramme was chosen based on
published methods (Garcia-Manyetsal. 2002, Huttonet al. 2005) and following
advice from CEM, UK fgers. comm.). The vessels were then cooled to room
temperature before the contents were transferre8Otonl round bottom Nalgene
extraction vessels and rinsed three times with 5deibnised water to ensure
complete transfer. The final volume of 25 ml wasrtltentrifuged for 15 minutes at
2000 rpm and the supernatant carefully removed.pemwere stored in the dark at
<4°C. All speciation analyses were performed wittdhhours, the maximum time

period in which species are reported to remainetd@uiz-Chanchet al. 2005).

3. 5 Orbital Shaking with Sonication
A 0.2 g sub-sample of prepared soil was accurateighed into 30 ml round bottom

HDPE Nalgene vessels. 10 ml of extract solutios added and with lids securely
fastened, placed on an orbital shaker for 4 hour@208 rpm. Extractions were
conducted in the dark to avoid species transfoonatiue to UV radiation. After
shaking, the extraction vessels were sonicate8 foinutes, based on the method of
Pizarroet al. (2003). The same centrifugation and storage pireeused in the
MAE method was employed before analysis. Only oxieaetion step was used,
since additional arsenic contained in the secomsaibsequent extractions has been
shown to be derived from residual dissolved arsemigied over from previous
extractions (Francesconi 2003). Table 3 summaribes extraction procedures

investigated.
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Table 3: Summary of extraction procedures investigated.

Extraction Extraction procedure
Solution Method 1 Method 2

Closed vessel MAE Orbital shaking with sonication
Solution 1

Solution 2 | 1-2) 0.3 M HPO; with 0.1 M| 2-2) 0.3 M HPOy with 0.1 M
CeHeOs C6H608

3. 6 Stability of Arsenic Species
Prior to undertaking extractions from soil samplig stability of A8, As’, MA,

DMA and AB under the proposed extraction conditieves investigated. 10 ml of
each extraction solution was spiked with 100 fig@ach of four standard solutions,
As", MA, DMA and AB or AS, MA, DMA and AB, to give a final As
concentration of 400 pgl All tests were carried out in duplicate. This huet of
spiking was employed to allow clear identificatiohany changes between the"As
and A species as only one inorganic species should ésept in each solution
following extraction. The extraction procedures &v#ren carried out in full and the
final solutions analysed for As species (HPLC-ICB)Mind total arsenic (ICP-MS)

following adequate dilution.

3. 7 Arsenic Speciation in Soils
A quaternary GP50-2 HPLC Pump and an AS-50 autoanpionex, USA) were

directly coupled to an ICP-MS (PQ ExCell, Thermosdmtal, UK) for the
measurement of arsenic species, by direct conmeofithe analytical column to the

ICP nebuliser with PEEK tubing. The two instrunsemere coupled in such a way
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that the injection of each sample solution andsibsequent measurement was
synchronised automatically using the ICP-MS Plaaimakoftware, enabling
reproducible sample injections. An anion exchangkeiron (PRP-X100, 250 x 4
mm, 10 um) with a guard cartridge of the same natexere used to separate the
extracted arsenic species present in the soilsclif@matographic separation (Figure
2) was based on a modified gradient elution systeweloped by (Martinez-Brawei

al. 2001). This method (outlined in Table 4) achiegedd separation for all arsenic

species investigated.

Table 4. Chromatographic parameters

Gradient Time

4 mM NH;NO; 0 - 2 minutes

60 mM NH/,NO; 3 - 6.5 minutes

4 mM NHsNOs | 7.5 - 10.75 minute

[*2)

60 mM NH/,NO5 11 - 13 minutes

4 mM NHsNOs | 13.25 - 15 minutes

Flow rate 1 ml mift

pH 8.65

4 Results and Discussion

4. 1 Extraction of Arsenic from Soils
The results obtained for the extraction procedimesstigated are shown in Figure 1.

The most efficient method for the extraction ofeais proved to be MAE with an

extraction solution of 1M PO, / 0.5 M GHgOs. Under these conditions a mean
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recovery of 92 + 3% (n = 2) of the total arsenianitemt of the soil was achieved
compared to 78 = 7% (n = 4) when using 0.3 MP&, / 0.1 M GHgOg. The same
extraction solutions gave recoveries of 87 =+ 3 % @) and 77 + 2 % (n = 4) when
combined with orbital shaking and sonication. Thigligon of 1 M HPO, gave
better arsenic recoveries than 0.3 M for both MAtE shaking with sonication.
However, this may be due to the higher concentmaticascorbic acid present as this
reagent is reported to increase the extractiomieffcy of arsenic (Ruiz-Chanclab
al. 2005). All four methods tested gave good recogesiben compared to the recent

published literature (see Table 1).

Extraction procedure
ml-lwl2m21 22

100 +

il

[e]
o
I

3 W H

o]
o
I

Extraction Efficiency (%)
D
o

N
o
I

2710 DGC-26 Tollerton DGC-24 Method Mean

Sample ID (n=4)

Figure 1. Recovery of arsenic (extraction efficiency) framst samples for the
extraction procedures investigated. Errors areesgad as mean % RSD
(n=4).
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Figure 2. Anion gradient elution profile for a mixed standaalution (10 ug?1) and
soil extract DGC 24 extracted using MEA with extraic solution 1.

4. 2 Stability of Arsenic Species
The recovery of arsenic species as a percentathe dbtal spiked arsenic (400 Lig |

) and for the individual species (4 x 100 ij hre presented in Table 5. Good
recoveries were achieved for all extraction procesluwith % RSD values on the
mean value not exceeding the expected 5% RSD raretoon of the technique,
suggesting good reproducibility. No data are ad for method 2 with 1 M
phosphoric acid because of problems encounteradgithie separation by HPLC.
This was caused by the concentration of phosphawid in the matrix being too
high, even after a four-fold dilution. Any furthdilution would not have allowed the
detection of the arsenic compounds present. Igeréd. (2004) reported a similar
problem with matrices containing greater than 0.plMsphoric acid. Following this

discovery, all samples were run at a dilution ofleast x 25. The stability of species
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under MAE with 1 M phosphoric suggests the samikady to be true for shaking

and sonication, although further work would be 13seey for confirmation.

Table 5. Recoveries obtained for total concentration andspscies from spiked

extraction solutions via HPLC-ICP-MS. Errors ar@essed as % RSD.

Method-1 0.3 M H3PO, / 1 M H3PQ, /
Closed vessel MAE 0.1 M CgHgOs 0.5 M CgHgOs
Recovery of total (%) 1078 (n=4) 1007 (n=4)
Recovery of individual species (%) 100 + 13 (n = 6) 97+6n=4
Method-2 0.3 M H3PO,/ 1 M H3PO,/
Orbital shaking with sonication | 0.1 M CgHgOg 0.5 M CgHgOs
Recovery of total (%) 1054 (n=4)

Recovery of individual species (%) 95+ 13 (n = 8) no data

4. 3 Arsenic Speciation in Test Soils

Arsenate (A%) was the only species observed in test samples P26 and NIST
2710, whereas A5 MA and DMA were detected in the Tollerton soilthbuere
below the limits of quantification. In all case®tbombined As species measured via

HPLC-ICP-MS closely matched the total arsenic ia #Hoil extract measured via

ICP-MS (see Table 6).
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Table 6. As’ as a percentage of the total As in soil extracasculated from the

mean for all samples for each extraction procedure.

Extraction As’ (% of total %

procedure Asin extract) RSD n
1-1 105 10 6
1-2 95 3
2-1 89 8
2-2 97 8

5 Conclusion

The total amount of arsenic extracted by all methioglestigated was comparable to
those reported in the scientific literature. Intmadar 1 M HPO, / 0.5 M GHgOg
used in conjunction with MAE or shaking and sonmmatgave recoveries that were
adequate for quantitative determination of As sgecirhe MAE extraction method
provided the optimum conditions for arsenic eximactwith good reproducibility.
Chromatographic distortion caused by concentratodnshosphoric acid greater than
0.1 M was easily overcome by adequate sample aiutind would only be a
problem for the analysis of uncontaminated soilhis is the first time a closed
vessel microwave assisted extraction of arsenio febils has been presented,
providing both quantitative and reproducible rec@& of arsenic species, whilst
ensuring species stability using a simple and rapethod. Further work will be
carried out on a large batch of soils to refine tiethodology as part of the PhD
dissertation for Mark Button. It is anticipated tttihis methodology will be written
up for external peer review as part of the requéets for the submission of the PhD

in late 2008.
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Abstract

The relationship between the total arsenic conasotr and the chemical speciation
of arsenic in two species of earthworrurbricus rubellus and Dendrodrllus
rubidus) in relation to the host soil, was investigated I8 sites of varying arsenic
content, including a background level garden sail @ former mine site at the
Devon Great Consols, UK. Earthworms were collest#its the host soil (As soll
concentration range 16 - 12,466 mg'kdry weight) and measured for their total
arsenic (concentration range 7 - 595 md kigy weight) using inductively coupled
plasma mass spectrometry (ICP-MS). A methanol+#watgture was used to extract
arsenic species from the earthworms prior to detextion of the individual arsenic

species by a combination of anion and cation exphdngh performance liquid
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chromatography coupled to inductively coupled plasmass spectrometry (HPLC-
ICP-MS). A gradient elution anion exchange metl®gresented whereby nine
arsenic species could be measured in one samg@etior). Arsenic species were
identified by comparison of retention times and gEmspiking with known

standards and a fully characterised seaweed extfaisenic was generally present in
the earthworm as arsenate {MAsor arsenite (A8) and arsenobetaine (AB).
Methylarsonate (MA), dimethylarsinate (DMA) and dbr arsenosugars (glycerol,
phosphate, sulphate) were present as minor cosistiu These results are discussed

in relation to the mechanisms for coping with expego soil bound arsenic.

I ntroduction

Sentinel organisms such as earthworms are ofterloget as an alternative risk
assessment method for the biomonitoring of anthlgepm and geogenic toxins,
particularly arsenic in the terrestrial environme(Bpurgeon et al. 2003).

Earthworms are of particular use in monitoring gotential exposure of single or
multiple soil contaminants as they maintain constamtact with both the solid and
liquid phase of soil. In this way, earthworms da@ used in partitioning and
chemical speciation models to assess bioavailaljligeret al. 2003, Spurgeoset

al. 2006, Steenbergest al. 2005, Van Geste#t al. 1991) and the basis for toxic

effects (Bundyet al. 2002, Langdomt al. 2005).

A major problem of identifying and quantifying anse species in solid samples is an

appropriate extraction method that will avoid tfansations and maintain the
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integrity of the arsenic species. The extractiecovery may be influenced by the
matrix or be species dependent. The lack of cedtifeference materials for arsenic
species is a major hindrance for the developmemt \alidation of extraction
methods. Methanol-water extractions have beenlwidged for the extraction of
arsenic species from biota samples, including eemtims (Geiszingeget al. 1998,
Langdonet al. 2003b, Pongratz 1998, Tukaial. 2002). Arsenite and arsenate were
demonstrated as the main extractable inorgania@eds inL. rubellus (Langdonet

al. 2002, Langdoret al. 2003b). In most cases arsenobetaine (AB) is ptesethe
primary organic arsenic species with methylarsorf®@) present at trace levels
(Geiszingeret al. 1998, Langdoret al. 2002). However, Geiszinget al. (2002a)
found that a major arsenic containing compoundha éarthworm extract (9:1 v/v
methanol:water) was the phosphate arsenosugam@totg for approximately 55 %
of the total arsenic in the extract of the earthmowith the glycerol arsenosugar,
dimethylarsinate (DMA), methylarsonate (MA), arsenéAs’) and arsenite (AY
present as minor constituents. The two other asegars were also detected in the

cast extract, with some Asand AY.

The measurement of arsenic species in environmanthbiological samples at trace
levels generally requires an on-line approach w dbparation of arsenic species.
HPLC is generally used for analyte separation, comiynusing anion or cation
exchange for organic compounds to identify arseg@sif. ICP-MS is commonly
coupled to HPLC (Francesconi and Kuehnelt 2004, étyrand Caruso 2004,

Langdonet al. 2003b, Pizarret al. 2003) for analyte detection. ICP-MS is suitable
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for aqueous samples and aqueous extracts of enveraial and biological samples
(Xie et al. 2002). ICP-MS as the elemental detector offees plossibility of
multielemental, multispecies determinations witkine same sample measurement
(Gomez-Arizaet al. 1998, Iserteet al. 2004, Martinez-Braveet al. 2001, Roig-

Navarroet al. 2001).

The aim of this study was to characterise the spiea of arsenic in earthworm
populations from highly contaminated and uncontat@d soils, by determining the
arsenic metabolites and potential differences betwelifferent species of
earthworms. The speciation analysis of the sampbes carried out using a high
throughput HPLC system, incorporating anion excleagiadient elution and cation

exchange isocratic elution.

Experimental

Sampling Sites

Devon Great Consols (DGC) is one of many formerimgrsites in the South West
of England and is situated on the east bank ofRiver Tamar in the Tavistock
district of Devon (sheet number GR: 426 735). Arse@oncentrations in soils found
in and around the mine vary significantly dependamgtheir proximity to the main
tailings ranging from 249 to 34,000 mg kgKlinck et al. 2002, Langdoret al.
2001). Bioaccessibility of arsenic in soils at thme is reportedly low due to arsenic
binding to an iron and sulphide rich source suchrasnopyrite (Klinclet al. 2002)

yet still represents a significant risk to healtiredo the elevated arsenic levels. In
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addition, a Nottingham garden with soil arsnic Isveelow the UK Department for
Food and Rural Affairs (DEFRA) Soil Guideline Valg®GV) of 20 mg kg was

also selected to provide samples of a lower conagon range.

Earthworm and Soil Sample Coallection

The soil surface (0 - 20 cm) in a  grid was overturned with a spade and placed
onto plastic sheeting allowing individual earthwerto be handpicked from their
host soil. Specimens were promptly sorted accortingpecies, thoroughly rinsed
with deionised water and placed in ventilated tulvél moist filter paper to begin
the depuration of gut contents. Earthworms wereugdpd for a minimum of 48
hours, as shorter time periods were unlikely to aeenall soil particles in larger
species such as L. rubellus (Langdral. 2003a). Filter paper was changed daily
and cast material collected. Depuration was halteen no more cast material was
deposited on the filter paper. A small selectibrarthworms were dissected and the
gut contents examined under a microscope to ensoirgoil particles remained.
Approximately 10 to 25 earthworms were collected eaich sampling point.
Depurated earthworms were thoroughly rinsed witiordsed water, euthanised
humanely and dried in a low temperature oven (50B&ore homogenisation as a
composite sample in a ceramic mortar and pestleeémh collection point. All
experiments were performed in compliance with #levant laws and institutional
guidelines. The use of earthworms did not requitteical approval from any
institutional committees. The host soil from the? grid in which the earthworms

were collected from was turned over using a spadeix and approximately 0.5 to 1
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kg of a composite soil sample was placed into papeple collection bags and dried
at room temperature. Soils were sieved to < 2®B0fraction and stored in air and
light sealed containers prior to analysis. Eartmwvaast material was collected
following depuration, dried (50 °C) and ground irgopowder with a mortar and

pestle.

Standards and Reagents

All reagents used were analytical grade or bettdity. All aqueous solutions were
prepared using deionised water (18.22XMMillipore, UK). Arsenite (As(OH)),
arsenate (AsO(OH) Fisher, UK), monomethylarsonic acid (¢$O(OH),, Sigma-
Aldrich, UK), dimethylarsinic acid (CgLAsO(OH), Greyhound, UK) and
arsenobetaine ((GHAs'CH,COO, LGC, UK) were used for the preparation of
standards for arsenic speciation analysis. An agafact containing four different
arsenosugars and characterised previously by Masisan (2000) (kindly donated
by Professor K. Francesconi, University of Graz)swased to validate the
preparation of four isolated arsenosugar standaatses of arsenosugars taken from
Francesconeét al., (2004) glycerol, phosphate, sulphonate, sulpHeden a seaweed
extract. Figure 1 illustrates the structure of fiher arsenosugar compounds. These
arsenosugar standards were prepared accordingttmasepublished by Madse

al. (2000). Methanol (Fisher Scientific, UK) was eoy®dd as a solvent in the
extraction procedure. Ammonium nitrate (N5, Sigma-Aldrich, UK) was used as
the mobile phase for gradient anion exchange separaf arsenic species and

pyridine (Rathburn, UK) was used for isocratic catiexchange separation.
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Concentrated nitric acid, hydrofluoric acid and %0v/v hydrogen peroxide (BDH
Aristar, UK) were used for the dissolution of eartihms and soil samples. Calcium

chloride (Fisher Scientific, UK) was used for theasurement of soil pH.

0

H3C—A” o o/ﬁ/\ R
W OH
CH,

OH OH
Arsenosugar 1 (glycerol) R =OH
Arsenosugar 2 (phosphate) R = OP(O)(OH)QCH(OH)CH,OH
Arsenosugar 3 (sulphonate) R =460
Arsenosugar 4 (sulphate) R = 0D

Figure 1: Structures of the four arsenosugars

Total Digestion of Earthworm

Microwave assisted (CEM MARS5, CEM Corporation, UHissolution of the
earthworms was performed on 0.1 g of earthworm lyenate (dry weight). 10 ml
of concentrated nitric acid and 1Dof hydrofluoric acid was added and allowed to
stand for 30 minutes. Following an initial heatipm@pgramme (ramp to 100 °C over
5 minutes then hold for 5 minutes, ramp to 200 €r& minutes and hold for 20
minutes) the vessels were allowed to cool (<50&@) then 1 ml of 30 % 4D, was
added. The vessels were sealed and microwaveddecond cycle (same program).
After cooling, the sample solutions were transigrte PTFA Savellex containers
and evaporated to dryness on a hotplate (100 °@doce the presence of organic
compounds that could form possible polyatomic ferences by ICP-MS

measurement. Samples were reconstituted by addifi@ ml 50 % v/v nitric acid,
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heated at 50 °C for 30 minutes and then made @p tal with deionised water. This

final stage reduced the dilution of the acid contequired for ICP-MS measurement
(<2.5 % viv). The method described is a validatedtine procedure for the

dissolution of biological samples. The method aacuy was monitored using a
certified reference material, CRM 627 tuna fislsus (BCR, Brussels). Mean total
arsenic recoveries of 96 £ 7 % (n = 6) were obthitempared to the certified value.
The method precision expressed as the mean pegeetiféerence (+ 1 SD) between

duplicate samples was 1.7 £ 0.9 % (n = 4 dupligates

Soil Chemistry

Soil pH was determined by 0.01 M agaeous G&CR5 ml) to 0.25 g soil (<250 um
particle size), mixed for 5 minutes and left tonstdor 15 minutes prior to analysis
using a pH meter (Orion SA720, UK). Readings wédrecked at the start and end of
the run using a pH 7 buffer solution and in-hous&sgandard (pH 7.3). Total carbon
in the soil was determined using a carbon / sul@malyser (LECO CS230), 0.2 g
(dry weight) of each homogenised soil sample waighes into a ceramic crucible
for each determination. All carbon analyses werdopmed in triplicate. Loss on
ignition (LOI) was also determined for each soingde to provide an indication of
the organic matter content. 1 g (dry weight) ofleaoil was weighed into a glass
crucible before heating to 450°C for 4 hours. Thecentage weight reduction after

heating was recorded.
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Soil Dissolution

Collected soils (0.25 g) and earthworm cast mdt€did g) were prepared for total
elemental measurements by ICP-MS based on a moédigestion approach (HF /
HNOs; / HCIO,) (Greenet al. 2006) Samples were weighed into PFA vials, acids
added and heated on a temperature programmablbitgrdqt-block (80 °C for 8
hrs, 100 °C for 2 hrs, 120 °C for 1 hr, 140 °C 3ohrs, 160 °C for 4 hrs). This
mixture was used, rather than the more widely wspdh regia, as the hydrofluoric
acid breaks down the silicate structure, exceptaféew accessory minerals to give
an almost total digest and hence total concentrattcan be determined. Perchloric
acid was used to breakdown more resistant mineasld ensure complete
evaporation of the hydrofluoric acid. Once digdsted evaporated, the sample was
taken up in 2.5 ml of concentrated nitric acid, tedaat 50 °C for 30 minutes and
then treated with 30 % (v/v) hydrogen peroxideoia precipitation of meta-stable
hydroxyl-fluorides, before being made up to volu(@® ml) with deionised water to
give a final solution of 5 % nitric acid for analydy ICP-MS. Certified reference
materials were included with each batch of soiledigppns as a measure of quality
control. These were NIST CRM 2710 Montana Soilnd aNIST CRM 2711
Montana Soil Il, and gave good recoveries of 98% 4n = 6) and 91 + 3 % (n = 3),
respectively, during the course of the study. Thethmd precision expressed as the
mean percentage difference (z 1 SD) between duplgamples was 3.2 + 3.6 % (n

= 4 duplicates).
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Sample Extraction

The extraction of arsenic species from the earthvgowas facilitated using a
methanol-water mixture. The most effective rationeethanol to water, which

extracted the greatest amount of arsenic from rthezé dried earthworm powders,
was determined experimentally to be a 1:1 ratioi{@un 2005), which is the usual
approach for the extraction of arsenic species froarine organisms and algae

(Francesconi and Kuehnelt 2004).

Homogenised earthworm powder (0.25 g) was weighgdctty into 50 mi
polyethylene centrifuge tubes. 10 ml of methandiengl:1 v/v) was then added and
the tubes shaken on an orbital shaker at 175 rpnd foours. The extracts were
centrifuged at 3000 rpm for 10 minutes and the mgiant transferred to
polypropylene bottles. A multi-step extraction wast employed as any additional
arsenic contained in the second and subsequergcaatrs has been shown to be
accountable to the residual dissolved arsenic emhrrover from previous
extractions.(Francesconi 2003) The sample solsitiwware evaporated to a syrup
using a rotary evaporator before freeze drying. Tteeze-dried residue was
reconstituted in 10 ml of deionised water and asedyimmediately. Prior to
extraction of earthworm samples, the stability ofeaic species (A5 As’, MA,
DMA and AB) were established under the proposedaekbn conditions by
separately spiking earthworm powder material witdtthe of the arsenic species.
Recoveries of spiked arsenic species were 93 = 18wih no evidence of

interconversion between species (particularly betwAs' and AS). Extraction
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efficiency was monitored using the CRM 627 tuné fissue (BCR, Brussels), A
mean recovery of 77 £ 0.3 % (n = 3) of the totakaic value was obtained under the
extraction conditions described. The method presisexpressed as the mean
percentage difference (x 1 SD) between duplicateptes was 2.8 + 1.8 % (n =4

duplicates).

Instrumentation

Total Elemental Analysis

The methanol - water extracts reconstituted in Rter, earthworm and soil digests
were all analysed for trace metal contents usiipermoelemental PQ ExCell ICP-
MS. The standard operating conditions were asvigl RF power 1350 W; gas flow
rates, coolant 13 | mih auxiliary 0.9 | mift, nebuliser 0.93 | mify spraychamber
temperature 3 °C; Meinhardt nebuliser. The inseminwas tuned using a 1 pg |
Claritas PPT multielement tune solution 1 (Glen$peReference Materials, UK).
Data was acquired in peak jump mode with an adgumsof 3 x 30 seconds. Indium
at a concentration of 10 pg Was used as an internal standard and was addkd to

sample stream via a t-piece.

Arsenic Speciation

A guaternary pump (GP50-2 HPLC Pump and an AS-S@sampler (Dionex, USA)
was directly coupled to an ICP-MS (PQ ExCell, Theetemental, UK) for
measurement of arsenic species, by connecting nihb/tecal column to the ICP

nebuliser with PEEK tubing. The two instrumentgaveoupled in such a way that
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the injection of each sample solution, via the [@0nNAS-50 autosampler and
subsequent measurement was synchronised autoryaticsing the ICP-MS

Plasmalab software, enabling reproducible sampdetions.

Two different eluent systems were used to sepdhaeextracted arsenic species
present in the earthworms, using an anion exchangenn (PRP-X100, 250 x 4
mm, 10 um) with a guard cartridge of the same nadter a cation exchange column
(PRP-X200, 250 x 4 mm, 140m) with a guard cartridge of the same materiall{bot
Hamilton, USA). The first chromatographic sepamat{Figure 2a) was based on a
modified gradient elution system developed by MeziBravoet al. (2001), which
used a gradient between A: 4 mM MNHD; and B: 60 mM NHNOs, both adjusted to
pH 8.7 with ammonia. The flow rate was 1ml fhimith the gradient as follows:
100 % A 0 - 2 minutes; 100 % B 3 - 6.5 minutes; W@ 7.5 - 10.75 minutes; 100
% B 11 - 13 minutes; 100 % A 13.25 - 15 minuteshisTmethod achieved good
separation for A8, As’, MA, DMA, and the phosphate, sulphonate and suépha
arsenosugars. Poor separation was achieved foamBthe glycerol arsenosugar.
Therefore a second chromatographic separation r@igh) was employed, which
was a modified version of the isocratic cation mdtdeveloped by Geiszingetral.
(2002a) for the measurement of AB and the glycemslenosugar. The cation
exchange system used 10 mM pyridine at pH 2.2@iséeljl with formic acid and an
isocratic flow rate of 1.5 ml mih. An injection volume of 100 ul was used for both
systems. The ICP-MS when coupled to the HPLC waerated in single ion

monitoring mode for m/z 75, with a dwell time ofQLths. Peak areas were initially
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calculated from resultant chromatograms using PeakB.0 chromatography
software (Seasolve Software, USA). Quantified azda produced by inclusion of a
blank (deionised water) and calibrant standarde&ah As species from 2 to g I
1in each analytical run. Isolated arsenosugandstrds were utilised for the
identification of arsenosugars by retention timetahismg. The calibration curve of
MA was used for the quantification of the phosphaelphonate and sulphate
arsenosugars(Madsehal. 2000). MA was used as an appropriate calibrantifese
three arsenosugars, since it eluted within the salwent concentration of 4 mM
NH3NOs. The glycerol arsenosugar was calculated from dagon exchange
method. The first method using gradient elution wakdated as a routine method
for measuring A%, As’, MA, DMA and AB in water samples(Watg al. 2007)

with limits of detection based ors3or blank values (AB: 1.3, A 0.8, As: 1.5,

MA: 0.7, DMA: 0.3 ug ™.

For the measurement of these arsenic species thweam solutions, analytical
measurements were monitored using human urine CRBMceltified reference
material (NIES, Japan) giving a recovery of 97 £%0and 100 + 11 %, against
certified values for AB and DMA, respectively. Tagtract for CRM tuna fish tissue
(BCR, Brussels) was analysed throughout each acalytin. Mean recoveries of 95

+7 % (n=3)and 80 £ 0.3 % (n = 2) were obtaifexdAB and DMA respectively.
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Results and Discussion

Total Arsenic Concentrations

Arsenic concentrations in soils found in and arotimel mine varied significantly
depending on their proximity to the main tailingBhe total arsenic concentrations in
the soils from Devon Great Consols (DGC) were m tiinge of 255 to 12,466 mg
kg™, extremely high in comparison to the control §N®tts 1) containing levels of

arsenic at 16 mg kg

The total arsenic concentrations in the earthwatri3GC and the control site (Notts
1) are shown in Table 1. Far rubelus the values were 11 to 595 mgkgt the
DGC site and 7 mg kbgat the control site. The values for D. rubiduD&C were
17 to 317 mg kg and 7 mg kg at the control site. L. rubellus earthworms were
predominantly collected from soils of higher arseconcentration and had a higher
body burden compared to D. rubidus. However, thith@arm tissue concentrations
were lower than measured in the host soil providing indication of
bioconcentration of arsenic by the earthworrasrubellus had a median worm / soil
bioaccumulation factor (BAF) of 0.09 and 0.08 for mbidus, marginally higher
than found by Langdomt al. (2003a) with a BAF of 0.07 in L. rubellus. At
similarly high arsenic soil concentrations as thedgcribed in Langdoa al. (2003a)
(8,930 mg kg, BAF 0.07) the BAF value in the current work waigtgly lower
(12,466 mg kg, BAF 0.03). Earthworms from the control site wihlower soil
arsenic content had relatively higher BAF compa®dome of the contaminated

DGC collection points (Table 1). The higher BAF uwed where soil arsenic is
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relatively low have been reported elsewhere inliteeature(Geiszingeet al. 1998),
suggesting that elimination rates of arsenic maynbeeased at higher concentrations

of arsenic and bioaccumulation of arsenic is naedr (Langdomt al. 2002).

Table 1: Arsenic concentrations in the host soil, earthwosast material / tissue and

bioaccumulation factor (BAF = worm total As / stmtal As).

Sampling Soil Soil Organic | Total Asin | Total As in| Total As in | BAF
L ocation pH Matter (%) | soil worm cast worm

L. rubdlus (mgkg™) | (mgkg™) (mgkg ™

Notts 1* 6.8 21 16 11 7 0.41
DGC1 6.1 14 2980 2488 595 0.20
DGC 2 4.4 14 1573 1330 257 0.16
DGC 6 4.0 12 12466 923 359 0.03
DGC 10 4.3 13 439 284 40 0.09
DGC 11* 4.6 6 289 na 11 0.04
DGC 12 3.9 30 5141 1173 203 0.04
DGC 13 5.7 36 2871 1853 571 0.20
D. rubidus

Notts 1* 6.8 21 16 11 7 0.44
DGC 3 4.6 15 1005 994 317 0.32
DGC 4 4.2 9 255 274 19 0.07
DGC 7 4.1 37 331 229 17 0.05
DGC 9 4.1 11 284 290 18 0.06
DGC 11* 4.6 6 289 291 38 0.13
DGC 15 5.2 10 913 720 74 0.08

* Both species of earthworm collected from the saites na sample not available.

D. rubidus were generally collected from separatéection points toL. rubellus,
with two exceptions. Earthworms of both speciegshat same collection point at
DGC 11 with elevated arsenic levels in the soil tdfiring BAF values (0.04 fo.
rubellus and 0.13 for D. rubidus), which might suggesteatiéhces in uptake, storage
or elimination of arsenic between the two earthwapacies or more likely confirm

that the bioaccumulation rate is non-linear at aed soil arsenic concentrations.
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This becomes apparent through the comparison atdbematerial egested from the
earthworm and the host soiL. rubellus which was mainly found close to the soil
surface and often within a layer of vegetation eafllitter did not bioaccumulate
arsenic to any significant degree at sites witthtsgil arsenic concentrations. For
example, soil at DGC 6 contained arsenic at 12p66kg", whereas cast material
was significantly lower at 923 mg Rg The earthworm tissue did not contain
equivalent arsenic concentrations, at 359 mg kBoth of these factors suggest that
L. rubellus collected at DGC 6 and other sites withilar patternsgg. DGC 12 and
13) did not have a low BAF due to egestion of hagkenic concentrations in the cast
material, L. rubellus was simply not exposed directly to the high saoteaic
concentrations. However, D. rubidus provided casatemal with arsenic
concentrations similar to the host soil at mosttloé sites, with cast material
concentrations representing 93 = 15 % of the hot Shis would suggest thdd.
rubidus was directly exposed to the host soil, particylaskhen compared td.
rubellus (cast material contained 55 + 29 % of total arsémiind in host soil). These
differences between the two earthworm species wetr®bserved at the control site
(16 mg kg?) where BAFs were similar for both L. rubellus abdrubidus at 0.41

and 0.44 respectively but significantly higher titaFs at the contaminated sites.

Soil pH for the contaminated soils were slightlydex and ranged from 3.9 to 5.7.
Host soils from the control site had an almost ra#ytH of 6.8. No significant
correlation was observed between earthworm BAFssaiigoH. The organic matter

content of the soil (% LOI) varied at DGC from 86% with 21% at the control site.
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Again, no significant correlation was observed lesw soil organic matter and

earthworm BAFs.

Earthworm Arsenic Speciation

The methanol-water extraction of arsenic from eaotim tissue resulted in total
recoveries of 27 to 81 % (mean 49 %) lforubellus and 31 to 82 % (mean 58 %)
for D. rubidus. The extraction efficiency compared favourablyhte 25% extraction

efficiency reported by Geiszingetral. (2002a).

The measurement of arsenic species was achievegl th& gradient anion exchange
system for DMA, MA, As", As>*, three arsenosugars (phosphate, sulphonate and
sulphate) (Figure 2a) and the cation exchange mystas used for AB and one
arsenosugar (glycerol) (Figure 2b) due to theidwamn using the gradient system.
The data in Table 2 shows the sum of arsenic spengasured in the earthworm
methanol extracts. These values generally agree té total arsenic measured in
the extract foD. rubidus (96 + 20 %) and L. rubellus (74 £ 24 %). The aéiiity in

the sum of speciated arsenic in the extract isifesgntly closer to the total arsenic

content of the extract than recoveries reportetdngdonet al. (2002) (54 + 20 %).
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DMA, 4 = Sugar-2, 5 = MA, 6 = AsV, 7 = Sugar-4

60000

——DGC 9

------- sugars 1-4

AB

45000 -

30000 -

instrument response (CPS)

15000 -

retention time (min.)

Figure 2 (b): Cation isocratic elution profile for an earthwoextract (DGC 9D.
rubidus), an algal extract containing sugars 1-4 and ansédard at (13 pgh.
Peaks 1-5: 1 = solvent front containing"As As’ + MA, 2 = DMA + Sugars-2/3, 3
= Sugar-4,4 = AB, 5 = Sugar 1.
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Figure 2 (c): Anion gradient elution profile for a mixed standaolution (10 pg1)

and a representative earthworm extract. Peak®: I = AB, 2 = Sugar-1, 3 = As

4 = DMA, 5 = Sugar-2, 6 = MA, 7 = Sugar-3, 8 = A8 = Sugar-4.

Arsenic residing in both species of earthworm wesegally in the form of ASand
As"', with the main quantifiable organic species beiB, agreeing with the
findings of Langdoret al. (2003b). D. rubidus populations demonstrated a higher
proportion of AB (mean 26 %) compared lto rubellus (mean 5.5 %), although
where both species of earthworm were collected filmensame collection point the
proportion of AB in either earthworm was within 4 8beach other. However, the
occurrence of AB in the earthworms is more likatybie a factor of total arsenic
concentrations in the soil and earthworm tissubderathan being dependent on
earthworm species. Earthworms of both speciesbéxdnhigher proportion of AB at
the lower range of total arsenic concentrationgh@ earthworm tissue. This is
particularly evident for D. rubidus from DGC 4, ida9, where AB accounts for 50,

35 and 39 % of the arsenic speciated, respectivEhe difference between
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earthworm species is generally due_taubellus residing in soils of higher arsenic
concentration compared B rubidus and as a result exhibiting relatively less AB as

a proportion of arsenic in the tissue.

MA and DMA occurred at low levels in the earthworatsall sites, generally 1 % or
less of the combined sum of arsenic species. Tlamsenosugars (glycerol,
phosphate and sulphate) were detected as minotitcemss in both_. rubellus and

D. rubidus, although not necessarily all three arsenosugars\ery site (Table 2).

The sulphonate arsenosugar was not detected iofdahg earthworm extracts.

For the control earthworm (Notts 1 site) combineglnic species values accounted
for 45 % of arsenic species measuredl.inubellus and 54 % irD. rubidus, and of
this arsenosugars accounted for 28 and 34 %, resglgc Three individual
arsenosugars were present in L. rubellus as 7 eglyand 21 %, phosphate and for
D. rubidus, 16 % glycerol and 18 % phosphate. s&Hmdings differ from the study
of Geiszingeret al. (2002a), who used control earthworms of similsenic tissue
concentration (6 mg Kb, but of a different species.(terrestris), a deep burrowing
surface feeder, compared to a surface living amthcel feeding species in the case
of bothL. rubellus andD. rubidus. Arsenic species were apportioned.irterrestris

as mainly two arsenosugars (55 % phosphate and@lgéérol), with 5 % DMA, 2 %

MA and 18 % inorganic arsenic.
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Table 2: Speciated As in the earthworm extracts afubellus andD. rubidus from DGC and a low concentration site (Notts 1).

Sampling Sum of Recovery | Extraction | As’ | AS" | AB [ DMA | MA | Sugar-1 | Sugar-2 | Sugar-4
L ocation speciated | of species | efficiency (OH) (PO,) (SOy)
As from
extract
L.rubdlus | (mgkg? (%) (%) As species per centage (%) of total speciated
Notts 1~ 2.9 72 44 19 | 36 | 17 | 0.6 | nd 6.5 21 nd
DGC 1 134 52 36 46 50 2 0.2 | 05 0.5 nd 0.9
DGC 2 132 62 63 45 49 5 0.2 | 05 0.3 nd 0.6
DGC 6 111 56 42 47 47 2.2 nd 1.5 0.2 nd 1.2
DGC 10 17 109 27 62 24 13 | 0.2 | 0.7 1.1 nd nd
DGC 11’ 5.6 115 32 57 | 16 | 12 | nd | nd 6.2 8.4 nd
DGC 12 127 61 81 51 44 27| 0.2 | 0.9 0.3 nd 0.7
DGC 13 281 63 64 28 69 18] 0.1 | 0.3 0.4 nd 0.5
Mean*** 74 49 48 43 55 0.1 0.6 1.3 1.2 0.6
SD 24 19 11 18 49| 0.1 | 05 2.2 3.2 0.4
D. rubidus
Notts 1~ 3.1 79 40 13 | 33 [ 19 | 09 | nd 16 18 nd
DGC 3 184 55 82 29 65 54| 0.1 | 0.1 0.1 nd 0.4
DGC 4 7.07 101 31 32 6 50 [ 0.6 | 1.1 3.7 6.5 nd
DGC 7 12.6 105 54 16 44 35 | 08 | 0.7 3 0.7 nd
DGC 9 16.3 105 77 7.9 46 39 | 04 | 0.7 5.5 0.8 0.3
DGC 11’ 30 107 52 24 | 55 | 16 | 0.1 | nd 3.8 0.9 0.3
DGC 15 82.9 102 73 26 60 11 | 05 | 05 0.5 1.4 0.3
Mean*** 96 58 22 46 26 | 04 | 05 2.8 1.7 0.2
SD 20 19 8.0 20 15 | 04 | 0.7 1.7 2.2 0.3

*Recovery of species as a percentage of the tadahAhe extract, extraction efficiency based daltds in the extract as a percentage of total
As in the worm **both species of earthworm collecteom the same site, *** mean value does not ideliNotts 1 except recovery of species
and extraction efficiency which do. nd — below limf quantification or not detected
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Across all sites (contaminated sites at DGC), agapecies accounted for 9 %
(mean) of arsenic species far rubellus and 32 % (mean) for D. rubidus, with
arsenosugars present as minor constituents andraoup for a mean of 3 % and 5
% of arsenic species, respectively. High levelshef phosphate arsenosugar were
only found present irL. rubellus at sites DGC 11 and Notts 1 (Table 2). The
sulphate arsenosugar accounted for less than 1 %rsaic species for each

earthworm species across all DGC sites.

Arsenic speciation data presented in Table 2 waspded from the use of both
anion and cation exchange chromatography, in lindkh wommon approaches
reported in the scientific literature (Geiszingerl. 2002a, Geiszingest al. 2002b,
Madsenet al. 2000). Co-elution of the glycerol and AB spedigsgradient anion
exchange was confirmed by the cation exchange rdetitie gradient program for
the anion exchange method was modified to resohee ttvo peaks, through
adjustment of the gradient switchover times frooeat A to B. The time taken for
the switchover (starting at 2 minutes) from A tavBs phased over 2 minutes rather
than 1 minute at the beginning of the elution paogr The resulting chromatogram
for a representative earthworm extract is showRigure 2c for the 4 arsenosugars,
As’, As", AB, MA and DMA measured in one solution, usingeamromatographic

set-up.
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Conclusions

Findings suggest that earthworms accumulate arsénic on the whole do not
bioconcentrate arsenic. Whilst the arsenic bodyldmu mainly resides as arsenate
and arsenite, the earthworms may be able to eltmioareduce the toxicity effects
when accumulating arsenic in their tissues. Famgle, the presence of AB and
other organic arsenic species or arsenic metabpbtech as arsenosugars may point
to the mechanisms for coping with exposure tolsoind arsenic. Some differences
in this process and occurrence of organo-arsenedigeen species of earthworms is
probably due to variations of exposure and uptakeh as feeding patterns and
dermal uptake. The range of chromatographic measemts incorporating anion
and cation exchange eluent systems and the id=stitfh of three arsenosugars
(glycerol, phosphate, sulphate) in earthworms regedl to define the metabolites,
the means of arsenic elimination / sequestratioexposure patterns, and the
differences between earthworm species. The mgjaft arsenic residing in
earthworm tissue was inorganic arsenic, althoughufcontaminated soil (Notts 1)
up to 45 % of arsenic was present as organo-aedsnicL. rubellus and 54 % in D.
rubidus. This was of particular interest, becadusaibellus generally resided in soils
at the higher range of arsenic contamination coetpdo D. rubidus and overall
bioaccumulation of arsenic was not significantlyffetent between the two
earthworm species. A chromatographic separaticndeanonstrated using modified
anion exchange gradient elution for the separatfomne arsenic species, including
four arsenosugars in one measurement / sampleianeas opposed to the usual

approach of using more than one chromatographigset
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Appendix C

Thompson Howarth Precision Control Charts

I ntroduction

Repeatability precision can be assessed simply by conducting duplicate analyses on
some or al of the test materials within an analytical run. The precision characteristics
of the run are better represented by random analyses of severa different, but typical,
samples in duplicate then by a greater number of replicate analyses on one or two

control materials (RSC 2002).

Thompson Howarth precision control charts are a simple graphical method for
assessing and controlling repeatability precison from a moderate number of
duplicated analytical results (RSC 2002). There are two methods for plotting the
data. 1. for samples with analyte concentrations well above the detection limits
(DLs) of the method the duplicate data can be plotted without taking into account
DLs. 2: The second method allows the detection limits to be taken into account for
samples with low analyte concentrations. In the Thompson Howarth chart the mean
result is plotted against the absolute difference of the duplicate analyses then
percentile lines are added. The charts outcome is dependant on the independent
fitness for purpose (FFP) criterion specified by the analyst (the asymptotic RSD of
the duplicate analyse) and the detection limits of the method, plotted using the

following equation.
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Method 1: P50* = 0.954(Bc)
Method 2: P50 = 0.954(C, /3+Bc)
Where C,_is the repeatability detection limit, B the asymptotic RSD (FFP criteria), ¢
the concentration of analyte on x axis and P50 the 50th percentile of the absolute
difference between duplicate samples as afunction of mean concentrations.

* P50 used as example. See (RSC 2002) for a detailed explanation of the method.

Duplicate samples from the Hotblock total digestion method, outlined in Chapter 4,
followed by ICP-MS analysis of arsenic for DGC samples are plotted in figure 1. The
FFP criterion has been set a 5% RSD for these samples. Method 1 has been
employed as all samples are well above the detection limits of the method. Therefore

percentile lines are plotted thus: 0.954 x (0.05 x 1000).

10000

1000 +
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10 ~

Absolute difference (mg kg-1)

0.1 ]

0.01 T T

1 10 100 1000 10000
Mean result As (mg kg™)

Figure 1: repeatability precision control chart (5%) for the determination of Asin
geological materials by hot block digestion.
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In figure 1 the lines P50 and P95 are the respective 50" and 95™ percentiles of the
absolute difference between duplicate samples as a function of mean concentrations,
assuming a normal distribution. If the duplicate data fall in line with the specified
FFP criteria, in this case 5% RSD, on average 95% of the points should fall below
the 95™ percentile with 50% below the 50" percentileline. If the analytical precision
IS better a higher proportion of the points will fall below the line. In this case more
than 50% of the data points (14 of 21) fall below the 50" percentile line suggesting
the repeatability precision is conforming to, or is better than the specified FFP of 5%

RSD on the duplicate analyses.
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