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Abstract
Antimony (Sb) has been used throughout human history, but recently anthropogenic
emissions and recognition of harmful effects on humans and the environment has led
to concern over the lack of knowledge about the environmental fate and behaviour of
this metalloid. The coastal floodplain of the Macleay Catchment in northeastern
NSW, Australia, has been shown to be subject to mining related enrichment of Sb and
to a lesser extent, As. The aims of this thesis were to elucidate aspects of Sb
behaviour in this system, and to compare the findings with the behaviour of As. The
extent of the enrichment of both metalloids in the soils of the floodplain, and the
concentrations in selected pastures and surface waters were determined. Possible
influences on mobility and availability of both metalloids in selected soils and under
specific management regimes were also examined. In addition, the sorption behaviour
of Sb (V) was investigated for 2 floodplain soils and 2 dominant soil phases. A review
of the available literature indicated that the aims of this thesis had not been addressed

previously.

Analytical methods for the determination of total metalloid concentrations in soils and
metalloid concentrations in soil extracts at the University of New England were
developed as necessary precursors to further investigations. Subsequent floodplain
sampling showed that approximately 90 % of the floodplain is enriched in As and Sb,
and 6 - 8 % of the floodplain contains As and Sb concentrations greater than current
Australian soil ecological investigation guideline values. Variation in surface and
depth distributions indicated flood-related deposition of both metalloids. The soil
enrichment was reflected in the pasture and surface water metalloid concentrations.
The results suggested higher relative metalloid availability than is typical at grossly (>
100 mg kg'1 Sb and/or As) contaminated sites.

The availability of both metalloids to pasture species were related to flooding in
selected acid sulfate affected soils under controlled and field conditions, although
only the availability of Sb appeared to also be related to the proportion of Fe present
in the soil in the non-crystalline oxyhydroxide form. In addition, it was determined
that flooding these soils over the short periods (weeks) practical in the field would not

induce significant soil reduction as an acid sulfate management technique. Flooding,
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however, may increase the availability of both metalloids, depending on the amount

and form of Fe in the soil.

Adsorption batch trials were undertaken to elucidate the binding of Sb to the soils
investigated in the glasshouse trial, and two dominant phases of these soils. During
the adsorption trials, the soils investigated sorbed 80 - 100 % of the added Sb (V) at
pH values less than approximately 6.5. Amorphous Fe hydroxide retained > 95 % of
the added Sb in all adsorption experiments, while humic acid sorbed up to 60 % of the
added Sb at acidic pH values.

In addition, a limited exposure assessment and risk characterisation for generic
floodplain populations with the highest metalloid exposure was undertaken. They
showed that up to 23 % of the tolerable daily intake of Sb was provided by the few
pathways of exposure included in the assessment, and that the acceptable daily intake

of As may be exceeded under certain conditions.

v



Declaration

I certify that the substance of this thesis has not already been submitted for any degree

and is not currently being submitted for any other degree or qualification.

I certify that any help received in preparing this thesis, and all sources used, have

been acknowledged in this thesis.

Raw data have been supplied as appendices on a compact disc at the end of this thesis.



Table of Contents

ACKNOWICAZEMENLS............ovorrerssrnssnsssssesssssessssnssssssssssssssssssssssssssssmssssssssssssssssssssssss 1
ADSEFACE . ........oocuuusiesenecessssssssssasssssssssssssssssssssssssssissesssssssssssassssssssssssassssssssssssessasess iy
DeECIaration, ... ..........ooooooeevmresssssssssssssrsssssssssssssssssssss s ssssssssssssssssssssssssssses v
Table 0f CONLENts .. ...........oooooeovveerrerssssssssmsrrsssssssssssssssssssssessssssssssssssssssssssessens vi
List of Figures ... xiii
List of Tables ...........oomreevesmmrrsssssssssssms s ssssssssssssssssssssssssssssssss XV
Chapter 1 - Introduction .........c..cc.e.. cesnvecsnnas ceesesssansessssstnessnsessesansssssnes 1

L1 ADBINONY . c..eiitiiiiiteerte ettt ettt ettt e e s e e set e et e e e saeaeesbeesstaeessreaeeans \

1.2. Metalloids in the StUdY SIt.........cceeevieereiieeiiieeeiieeecieeetee et eee e e e eaaee e 1

1.3. The aims and structure of this thesis...........cccceeeieeeiiieeeiiieecceceee e, 2

Chapter 2 - The environmental chemistry and behaviour of antimony

with comparisons t0 arsenic .........ccceccveccsccsnsvancens cesssserssectssssssnsrensans ceeseed
2.1 INETOAUCHION ...ttt ettt e e s e e s aa e et et e e e e e neas 5
2.2. Uses and production.............. et 5
2.3. ChemicCal PrOPETLIES ......cc.cevieririeieniieiieeeie st esteeseaesee e taeeeraeeseesseaeesaeessaeeens 6
2.4. Speciation and tOXICIEY ......co.eeeerterienierteinietere et ettt et re e 7
2.4.1. pH and redox as master variables ............ccccoeveeiriieeeiieiece e, 8
2.4.2. pH, redox, and species 0f As and Sb.........c.ccccveeiiiieiiiinciiecceeee e 9
Inorganic forms of Asand Sb..........cooiiiiiiiriiie e 9
Organic forms 0f ASand Sb.......c.cccoeveiiriiieiiiieieeceeee et 14
Kinetic aspects of SPECIation ..........ccccveeecvieerieereeiieeeee et 16

2.5. Arsenic and antimony 10 SO1L......ceoiiiiieiiiiiiiiite e 16
2.5.1. Background Ievels............cccoiiiiiiiiiiiiiiiect e 16
2.5.2. Anthropogenic enrichment of As and Sb in SOilS ........cccevvevvvreecnriireennnns 19
2.5.3. Retention MeChanISMS.........cceviiiiiiiiiiiieeiiieeeteeteecetae e eeaeeee e aae e 19
AdSOTPLION ..ottt te ettt e e s e e e e e tre e e e s e saa e e e esnsaaeeeanannennas 21
Precipitation, co-precipitation and dissolution...........cccceeeeveevreeeeeecreecrrennnee. 29
Phase aSSOCIALIONS . ....c.c.eviiiiuierrierieeteeiteeree st e et esressaeeseraesaaesanesaneessesnaeeas 30

2.6. Arsenic and antimONY I WALET.......cccueerverriirreeeriueeeieneeesreensreeetasseaessraessneenns 38
2.6.1. Occurrence and SPECIAtION..........cevueeeeriiererieeeeieereeeeeeeeeereeecveeeenaeaeeanas 38
2.7. Arsenic and antimony I Plants .........cceeecueeerrriiieieereiiieeserreeeeereeeeaee e e e 42

vi



2.7.1. Plant concentrations and soil concentrations............c.ccceceveeiueniiiniiieiiiiens 42
2.7.2. Extracts as predictors of availability........cccooccciiiiiiniin 44
2.7.3. The effects of environmental conditions on plant uptake ...........c.ccccceceee 45

2.8. Summary — The lack of knowledge regarding antimony in environmental

3.0, INEOAUCHION ..ottt 50
3.2, Study Site deSCTIPLION ... .eveeeiiiiriieeeiieite ettt e s e e e s 50
3021, LOCAHION . c.ceiiieiiieeeieeeie ettt et e et et e sttt te e st ae e s e s eaee 50
3.2.2. UIDAN GreaS......cecereeieeiieiieeiieeieeieeeeeeteeeteesteettesautesteeseeteenaneeeaeeeenee 50
3.2.3. Climate and flooding..........cccceruerriirieiinienteetecteee ettt 52
3.2.4. Floodplain depositional environments and surroundings...........c..cc.......... 53
Surrounding gE0lOZY.......corveriieriieieeeeeeee e 53
3.2.5. LanAUSES ..oouvrieeieeeiieeiceee ettt ettt e et e et e e ae e s nt e e teeeaae e s e naaaenns 57
Aboriginal 1anduses ...........ceeveeiiiiiiiiieeee e 57
Contemporary 1anduses.........cooeeeerieeeeieeieeteeee et 57
3.2.6. VEELAtION...ccciiiiiiiiiiiiiieeeiteeeeeiieeeiette e e e e aere e e e tseaeesseteeesssssasasannssseesas 57
3.3. Previous geochemical WOTK .........cccociiviiiiiriiiniiniiccee e 59
3.3.1. The contaminant source in the upper catchment ..............ccceceeriierroninenne 59
3.3.2. Indications of As and Sb enrichment in the floodplain..........c..c.ccceenneeee 61
3.3.3. Acid sulfate soils in the floodplain ...........cccvveiiiiiiecieiiiieereeeece e 62
ReEAUCLION PIOCESSES......uviieiieeiieiiie ettt errre e e s sereeaee e e se e e s eeanns 63
OXIdAtION PIOCESSES ....vveeuveereerreerieenieeteerreeetereseeeseeesreessseesstesnesseessseessnees 64
3.3.4. The interaction of ASS and metalloid binding...........cccccvcvrvererniieennnen. 66
3.4. Conclusions and recommendations ...........ccooveeeriuiereieeenieeneseeneseereseeeeneeeens 67

Chapter 4 - Development of ICP-OES multielement analysis,

optimised for arsenic and antimony..........cceeeccceereccccscasreccssnssecacccnsess 69

4.1, INETOQUCHION ..ottt ettt et eeee e e e ee e e s st e e s e e e e s eamees 69
4.2, MELNOAS. ... .eieenieeniieeieee ettt ettt ettt et as 71
4.2.1. Apparatus and rEAZENLS ......c.covveerieeeriirerrieetenieeeeessreesee st esaeeeseneesenenns 71
4.2.2. Sample digestion MEthods..........c.coevieriinieiinineieeeceee e 72
4.2.3. Sample collection, preparation and analysis..........coceeveeeveecernieenvennnnennne 74
4.2.4. Statistical analysiS........ccceeireiiiiiiiiiiiiiee e 75

vii



4.3, RESUIS ...ttt ettt e e st e e s e e e st e e b e s e an s e r e e e e nnes 75
4.3.1. Method precision COMPATISON.......ccoiuiiiiiiiiuieieiieeieeeestreeeeeirreeeesssnaaeeaanans 75
4.3.2. Comparisons of relative extraction strength of methods.........c..ccccocenie. 77

4.3.3. Method verification using floodplain soil samples and a certified standard

......................................................................................................................... 78
4.4, DISCUSSION .....oevvieererieeeeeeaetreeesitessireessteeeraeesesaeesns e antsessrnessasessrsaeeasaneesnsses 79
4.4.1. Method precision COMPAriSON.........cocccovuriivuiiiiiinieiiueeeienne e 79
4.4.2. Relative extraction strengths ...........ccccooeiiiiiiiiiiiiii 80
4.4.3. Method VerifiCation..........cueeeiieeriienieeeeteceieeeiee e ccere e e sne e 81
4.5. CONCIUSIONS ....oeeuerireeriitieeeeiiereeeiteeeeeireeeenereeeesne e e e sesanaeesssnaeessesnteassensnnnns 82
Chapter 5 - Development of a sequential extraction scheme to
fractionation soil arsenic and antimony...........cceeeeeeeissscneenreccsccnseneene 84
5.1, IDEFOAUCHION ...ttt ettt ettt ae s ee oo ae e s snees 84
5.2 MEthOS. ...ttt e 85
5.2.1. General analysiS ........ccocuerruierienieinireie et 85
5.2.2. Method development..........cc.cevcuieeriiiiiiiieniiciieecceeenee e 86
Optimisation of [CP-OES parameters...........ccocccvviiiiiiniiiniininiiiiecineccnen 87
Independent laboratory verification..........cccceeevvciniiiniiiniiniiiineeen 87
Method detection HMILS .......cc.eeeeueeierrieeiieieereriice e 87
Analysis of spiked samples .......c.cooceeviiiiiiiiiininiini 88
Summation analysis of extracted soil fractions..........ccccceeviniiiiinniinnnnnn. 89
5.2.3. Comparison Of eXtractions..........ccceevvereeiiiiiniiiiiiieceniesic e 89
Characteristics of the soils used for the extraction comparisons..................... 89
The modified sequential extraction SCheme ............cccccciieeiiiieiirinniennieeennnne. 90
Oxalic acid/ammonium oxalate extractable Fe and Al...............cccccocne 91
Relative extraction strengths for P, Asand Sb.........cccccciiiiiiiiiniiinnninnnne 91
Statistical analysis and further quality control ...........cccccoeveiiiiiniiniiinnnnnnnn. 92
5.3 RESUIES ..ottt ettt ettt et e s e ae s s en 92
5.3.1. Method development...........oooveriiiierniiianienceenreecerte e 92
Parameter OptimiSation ...........ccoceeeeeriernieeriieniiiicec et 92
DeteCtion HIMILS. ... ..ceeeuiieeiieeeeeeeeieeeeie et e et e e s beeeatesneesaasseaaaceeas 93
Independent laboratory verification...........cccoccoviveiiiininiiiiies 94
Spiked sample analysis and sumMmMations ...........cccoeevvevveevienienieiinnieie e 96

Viii



5.3.2. Comparisons Of eXtractions .........cccccereeererieirrreecnreenireceineeeenee e 97

The fractionation of P, Asand Sb..........ccocouieiiiiiiiicceecc e 97
Oxalic acid/ammonium oxalate extractable Fe and Al ..............cccceeeiennen. 98

The relative strengths of the eXtracts ..........coeeceerviriieniiinniiiieneceeee 99

5.4, DISCUSSIOT ..cuueenevreeenrrieteesieeeanetesasueaesteessseseesssseeeaseeeassteeasaesssseesssaessnseesnns 101
5.4.1. Method development..........ccceeeeiieiiiieciireeeeieerteeeiteeesreeseteeeaeeesseenens 101
Parameter optimisation and detection limits ..........cccoeeveeeneeiicinriieenneenneen. 101
SPIKES aNd TECOVETIES.....eecuverrieenieeiiiiitenieeeeee et stee sttt eeneesaaeene e e es 101
Independent validation............ccccevcuiiirniiciiniiiiii s 102
SUMMATY ..ottt et e e e e s ens e seb e seabe s e 102
5.4.2. Comparisons of extracts and SEqUENCES ..........c.eevuerreerrrerrreerieereeennveens 103
NAHCO .ottt et e et s e s st e nnt e s ne e st e e nenens 103
Oxalic acid/ ammonium 0Xalate ..........cccueeeeveeeeeiiieniiieeieece e 104
NAOH ...ttt ettt e e st et aa e te e bt e st e senaenes 105
AQUATEZIA «.eieiieieiieiieceree ettt et e e see e e e e e e e et e e e s asseneaeassssnessesnneeaannnnes 106

5.5. CONCIUSIONS «..couuiiiiiiiiiiiieeteeeete ettt ettt s et e et e s eeae e e sanee s 107

Chapter 6 - Soil, water and pasture enrichment of arsenic and

antimony within a coastal floodplain system............cccececveveecccccnnces .109
6.1, INETOAUCHION ..ottt ettt ettt ee e 109
6.2. Materials and methodS .........ccceveiiiiiiiirirceeeeeee e 111

6.2.1. Site deSCTIPLION ...eevieeiiiieieeiiiieeeeireeeeettreee e e e eeeeeeneneeenesrneesesssanassannns 111
6.2.2. Sampling ProCeduIes..........ccccereerieereerriieeeeeteeiie et e e e e see e e eeaeeeeaneas 111
6.2.3. Laboratory and statistical analysis............ccccecurriiirniieeiieeseenienceneeeene 112
6.3 RESUIES ..ottt ettt e st e e e e s e e s as e ab e be e sn e e saeesanas 115
6.3.1. Arsenic and Sb surface distribution and concentrations of other elements
....................................................................................................................... 115
6.3.2. Arsenic and Sb depth distribution and the sedimentation rate ................ 120
6.3.3. Arsenic and Sb pasture conCentrations..........ccceeeeeureeeerncreeeresieneaesannnnens 124
6.3.4. Water QUALILY ...cooeiiieeiieeieee ettt et et 124
6.4, DISCUSSION ..cuviiuriiereiiiireeeeieteeeiteeesteeesteeesateeeesestesenesesseesasseesenseesansessnresas 126
6.4.1. Metalloid concentrations in surface soil and soil profiles....................... 126
6.4.2. Metalloid concentrations in PastUres.........ccoecuververeerereraeeerseeesesueesseenss 128
6.4.3. Water QUALILY ........cooeriiiiiiiiiereecetce ettt e 128



0.5, CONCIISION. ettt ettt e et eeeeeeaesenaeesessesnnnseaanssnesssnnnsesernes 129

Chapter 7 - The effect of shallow resubmergence and an acid sulfate

subsoil on metalloid mobility and pasture uptake .131
7.1 INEOAUCTION ...ttt ettt 131
7.2. Materials and methods .........ccoccoevviiniiiineieceee e 133

7.2.1. Glasshouse trial.........cccociirriiieieieeieetee e 133
SO1l ChAraCtETISTICS «.couveeureuteeniertieietee ettt et eaneseeannas 133
Experimental deSi@n........ccocueveiiiniiniiriieeieneiee et 133
Monitoring, sampling and analysis...........ccceeeeiuiieiieiiiieecceie e 135

7.2.2. Field Sampling .....c..cocceviiiniiinierieeieecteeeiee ettt 136

7.2.3. Data and statistical analysis...........ccceeevureecrieeneinieneeeeeeeeeeree e 137
Speciation and chemical modelling .........c..ccoceeviriiinienieniieniinienr e, 139

7.3 RESUIES ..ttt ettt ettt et eans 141
7.3.1. SO PrOPEILIES ...ttt eeiee e e eite et e e et eeae e e e e e eeaee e eeaeeeenneeas 141

7.3.2. The effects of flooding, soil type and sulfidic subsoil on soil solution

variables, pasture uptake and soil fractionation at trial completion (20 weeks) 142

SOOI L.ttt et ettt 142
SO Mottt ettt et 144
7.3.3. Single variable relationships with phytoavailability..............ccoccoeenee.. 146
7.3.4. The relationship between flooding, oxalate extractable Fe and
Phytoavailability .........cccooviiiiiiiiiie e 147
7.3.5. Responses of soil solution variables to flooding over time..................... 149
SOOI L.ttt ettt e eae e ae s 150
SOOI M ettt ettt ettt e e s ae e e ne et ean e reennes 150
Electrical conductiVIty ........cccceeeiiiriieriienienrieeeee e e ne s 152
7.3.6. Comparisons with field data...........ccceeeveeieiiiieiciineeeeecece e, 153
T4, DISCUSSION ..cveeriieauieriuteiteiteeeteeetresteesteeerte e et e s bt esaeesaeenasaeeeaessseansasnssesssens 155
T.A.1. SOU PIOPEITIES ..ccereueeiuiiieiieeetieriie et e e eeee e et eee e caeae e e e e eereeeeenneesans 155
7.4.2. A note on EC, ionic strength and competitive species...........c..ccuveeneenen. 157
7.4.3. Total dissolved soil solution As and Sb.........cccocceeveeeiieeiieeieceeciene. 158
7.4.4. Soil solution pe, pH and metalloid speciation at trial completion........... 159
SOIL L.ttt et e e et et e e e s e e aeesaeeasenneeanens 159
SOIL Mottt et ettt st e st e e nse e baesaesbenneens 161



Metalloid SPECIAtION.......c.veieeeiiieeeeeireeeeitreteeeeererteeeeeereeeeeneeeeseeeeeaeseeannes 162

7.4.5. pe, pH and soil solution metalloid concentration changes with time....... 164
PEANA PH .ottt ettt 164
Metalloid CONCENLIALIONS ....c...veerueieriieririeereereeere e et e ste e reeeseeeeennaeeeenns 164

7.4.6. Soil extract concentrations at trial completion ..........c.ceeeveveeerveciiereennenns 165
NAHC O3 ..ttt ettt e et sae s s ne e e e e nas 165
Ammonium oxalate/oxalic acid...........ccoeeeiiiiriiiiiiiceee, 166
NAOH .ottt ettt e et e e te et e e bt e st e s saeesbn e neeenseaeenens 167
AQUA TEZIA ..conveiiieiiieeieeienteeete et siteeite e e e sestesaee e e e e sneesbeeneseaeeene e s neeeas 167

7.4.7. Pasture metalloid levels and uptake mechanisms............ccccceevveeeennnneee. 168
Uptake MEChanISIMS ...........cceevviieeiieeeiiieereeeeeeeeeeete e e eeeeeeeeeeraeeessaeeeneneneens 169

7.4.8. Relationships of variables to phytoavailability.............ccccccoervvreieennnn. 170
Uptake mechanisms and measures of availability.............c..cccoeiieeninniin. 171

7.4.9. Field verification.........ccoccoiiiiiiiiiieeiiiieee e s 171
Field evidence of uptake mechaniSms .........ccccccceveiriirriienienieneieeie s 172

7.5. CONCIUSIONS ......eeiiiiiiiiiiiietce ettt ettt e e et e et e et e s s bt e et e e sneeeeennaeas 172

Chapter 8 - Adsorption of antimony (V) by floodplain soils,

amorphous iron (IIT) hydroxide and humic acid. 175
8.1 INtTOAUCHION ...ttt ettt ae e e s 175
B.2. MELhOAS. ...ttt ettt stee s s e s aaeeaens 176

8.2.1. Preparation of humic acid..........ccoovirniiiiiiiiiiiiieeeseeeee et 176
8.2.2. Preparation of amorphous iron hydroxide.........cccceeeeiieeiieeiiineciieeenee, 177
8.2.3. Preparation of floodplain sO1lS.........ccccuuiieiiiiiiiiiiiiciiiieeeececreee e, 177
8.2.4. Adsorption trial set up and analysis ...........ccccceeevuiieeeiveiniieccieeeeee e, 177
8.2.5. ISOLRETTNS ....coiiiniiiiiiiiee ettt ettt e et e e e e e 179
8.3 RESUIS ..ttt et 179
8.3.1. SH(V) 1SOthermS .....ccccueeeiieiiiee et 179
8.3.2. Effects of pH on Sb(V) SOrPtion.......c.eevieeeeiicciirieiriieieeerieeeeieeeeee e 181
HUMIC ACIA ...eiieiiieeieeet ettt et ee et e et e s be e e sare e e s e eaee 181
AmOrphous FE(OH)3.....couiiiiiiiiiiiiieieeet ettt s 182

SOOI L.ttt ettt ettt et 183

SOOI Mottt ettt e eeenee 183

8.4, DISCUSSION ..eeeeeieieeeirreeiteeiteee sttt e et e e etese e eeee st e s steeessreaesntesaasteeaeeemsanenns 186

xi



8.4.1. Sorption of Sb(V) by humic acid and adsorption mechanisms ............... 186

8.4.2. Sorption of Sb(V) by Fe(OH); and adsorption mechanisms.................... 190
8.4.3. Adsorption of Sb(V) by soils L and M........c.cceccevvirreiiieninnenrieceneeneene 192
Possible competition effects..........coooveriiieiiimnrie 192
Sorption by soils L and M ... 193

8.5, CONCIUSIONS ....eerniieieiiiieiiieeeeee et ettt e st e et e s staeeere e e e e saeesanessasaeeesnseaenns 195

Chapter 9 - Conclusions, exposure assessment and risk

characterisation......... cessessssnsssnsssssssasarsssssensessessasaanaces 197
9.1. Summary of fInAINES......cccoveviiiriiiiiiteceee e 197
9.1.1. Method development............ceeeueeiecieeeieeeciieecie e e 197
9.1.2. DeSCIIPLIVE WOTK ...ccueiiiiiiiiiiiiiciieciieetcetcerteete ettt e 198
9.1.3. Applied investigations into mobility and availability ..............c..ccc.ee..... 198
9.1.4. SO1l ChEMISLIY ...ttt ettt et s s nanaens 199
9.1.5. RecommENdations............ceeruiiirieirieeniieieeeiiesete e sreeeeeeeeeaeeeaeaesaaeens 199

9.2. The framework of risk assesSment ..........cccccceerrriieeiiierriiieinienee e 200
9.3. EXPOSUIE ASSESSIMNENL.....ccvveereereeureeereraireeesreeraasesasaseeesssasassssesseessssessesesanns 200
9.3.1. Sources of environmental EXPOSUIE ..........ccccveeeriereerireeeeeereeeeeeeeneens 202
9.3.2. The population to be assesSed..........cecceerreirriiiriienieeecieeeieseeeieeeaeseaens 202
9.3.3. The basis of the exposure assesSment .............cccueeeevreeerieeriieeeiieeeesneenns 204
9.3.4. The key exposure deSCrIPLOrS ......cuuveeeccueieerieciireeecieiteeeeeveeeevrre e e e 204
9.3.5. A limited risk characterisation.........c...cocceeecirerieriieneieenceie e e 208
References .......cceeeveesennsecee cessesssssecssssssssssasssssssssssssesanaassess 212
Publications arising from this thesis ......c.ccccceeeeerccvneneence. 230
Refereed journal artiCles .........ooouuueiiiiiiiiiiiiiiiiieneccete et 230
Refereed conference presentations...........ccceeeeeeeeeriiierecerieeeeeseeereeeeeee e 230
Refereed conference poSters ..........ceoiieiiiiiiiiiiieteeee et 230
Non-refereed cONference POSLELS.......ccevvveieereriiieireeiiiieeeriieereeeeeeiresrrreeeesanneeeas 231
Electronic Appendices files............ . . ceese 232

Xii



List of Figures
Figure 2.1. Thermodynamically predominant species of protonated As(V) (arsenic
acids) across a range of pH values.............coeiiiiiiiiiiiiiiiice e 10
Figure 2.2. pe-pH diagram for the As-O-H system (a), and Sb-O-H system (b),
assuming £ As and Sb=0.1 MM ......cccceiiiiiiiiiriiieeceeeee e 12
Figure 3.1. Location of the study site. A = NSW, B = Macleay Catchment, C =
Macleay floodplain ........coooiieeeeiieeeee e 51
Figure 3.2. Average monthly rainfall and average daily temperature at Kempsey......52
Figure 3.3. Floodplain depositional environments and surrounds..............ccceceveeennnen. 58
Figure 3.4. An example of mine waste disposal within Bakers Creek at Hillgrove,
CIFCA 1900 ...t e e e ettt e e e e e s e e ve e rna e e aeeennneas 61
Figure 3.5. pe-pH diagram for the Fe-K-S-O-H system. Assuming £ K*, SO, and
FE" = 0.01 M. oottt 65
Figure 5.1a, b. The relationship between independent ICP-MS and ‘in-house’ ICP-
OES analysis of As and Sb in 0.1 M NaOH (a) and 1 M HCI (b) extracts.......... 95
Figure 5.2a-c. Proportions of P (a), As (b) and Sb (c) extracted from soil 1 by the
modified and original extraction schemes. ............cccooieeriiiiiniiiiiiieeeeeae 97
Figure 5.3a, b. Aluminium (a) and Fe (b) (mg kg'l) extracted with 0.2 M C,H;0; -
(NH4),C,04 as a single extract and following the 0.5 M NaHCO; extract in soils

Figure 5.4a-c. Proportions of P (a), As (b) and Sb (c) extracted from soil 2 using the

modified eXtraction SChEmE. .........ccccveiiiriiriieriieeieeee ettt 100
Figure 6.1. Floodplain soil sample 10cations ............ccccoeoueeiinieeienieniennensee e 114
Figure 6.2a, b. As (a) and Sb (b) surface distributions across the floodplain............. 117

Figure 6.3a-d. Arsenic and Sb depth distributions in the major floodplain depositional
ENVITONIMENES. ...eeeiiuerteeitereiteeeteeeieeeerreeeseeeseteseseteeenteessreeaesemeessseseesseeesseesas 121
Figure 6.4a, b. Excess 21%pb and predicted chronology to 20 cm depth in the
baCKSWAMP SOOIl COTE...ccnnriiiiiiiiiieieteeeeetee e e e ae e ere e e e s aae e e rneeeeennees 122

Figure 6.5a, b. Total Sb (a) and As (b) concentrations in the swamp soil profile

sectioned at 2 ¢m INEETVALS .......cc.eeiviiiiiiniiiienieeeee et 123
Figure 7.1a, b. The glasshouse trial at 0 (a) and 20 (b) weeks........cccceevieverenenncnns 134
Figure 7.2. Rectangular quadrat sample point layout...........coccceveveeireeniicrinneencene 136
Figure 7.3a, b. Soil L field locality, March (a) and August (b) 2003........................ 137

Xiii



Figure 7.4. Changes in phytoavailability of As (%) as related to flooding and oxalate

EXLraCtable FE (0] e uuunmiiiiiieee ettt 148
Figure 7.5. Changes in phytoavailability of Sb (%) as related to flooding and oxalate
EXITACLADIE FE (20).uriiiieiiiiieeieeeee ettt et 149

Figure 7.6a-d. The effects of flooding in the presence and absence of the sulfidic
subsoil across 20 weeks on soil solution pH (a), pe (b), As (mg L) (c) and Sb
(M LY (@) TOT SOILLL oo eeneeeeens 151
Figure 7.7a-d. The effects of flooding in the presence and absence of the sulfidic
subsoil across 20 weeks on soil solution pH (a), pe (b), As (mg L) (c) and Sb
(M L) (A) 01 SOI M ..o 152
Figure 7.8a-b. The effect of flooding in the presence and absence of the subsoil across

the 20 weeks of the trial on soil solution EC (uS cm™) for soil L (a) and soil M

Figure 7.9a, b. Field As (a) and Sb (b) pasture content (%) overlaying flooded
treatment relationships taken from Figures 7.4 and 7.5 respectively ................ 155
Figure 8.1. The sorption isotherm (log values) for Sb(V) by soil L at differing final
SOIUtION PH VAIUES ..ot 180
Figure 8.2 a-e. The effect of pH on the proportion of Sb(V) sorbed by humic acid at
added Sb concentrations of 0.02825 mg L’ (a), 0.113 mg L (b), 0.565 mg L™
(), 2.825mg L (d), and 11.3 MG L™ (€).veeeveeeeeeeeeeeeee e e 182
Figure 8.3a-d. The effect of pH on the proportion of Sb(V) sorbed by Fe(OH); at
added Sb concentrations of 0.02825 mg L" (a), 0.113 mgL'1 (b), 0.565 mg Lt
(€), A0d 2.825 I L (A) v ees e 184
Figure 8.4a-e. The effect of pH on the proportion of Sb(V) sorbed by soil L at added
Sb concentrations of 0.02825 mg L (a), 0.113 mg L™ (b), 0.565 mg L (c),
2.825mg L™ (d),and 11.3 mg L7 (€)rvrvvrueeeeeeeeeeeeceeeeeeeee e, 185
Figure 8.5a-c. The effect of pH on the proportion of Sb(V) sorbed by soil M at added
Sb concentrations of 0.02825 mg L (a), 0.565 mg L (b), and 11.3 mg L™ (¢)

....................................................................................................................... 186
Figure 9.1. The risk assessment model, as adapted from EPA (1989) by ANZECC and
NHMRC (1992) and NEPC (19994). ......cooioririieteieieeeeie et 201
Figure 9.2. A limited model of exposure to soil As or Sb in the floodplain.............. 203

Xiv



List of Tables

Table 2.1. Some chemical property differences between metals and non-metals. ....... 6
Table 2.2. Some pertinent redox reactions in natural Systems.............ccceevveeeerueeeeennenn. 9
Table 2.3. Equations and pK, values for inorganic As and Sb species........................ 10
Table 2.4. Common methylated forms of Asand Sb.........cccccooiviiiiiniiiiiiiiies 14
Table 2.5. Typical average concentrations (mg kg') of As and Sb in various

1ithological MEdia ......eeeeiieiieiiieee et 17
Table 2.6. Background ranges and values for As and Sb in surface soils. .................. 18

Table 2.7. Examples of total soil concentrations of As and Sb found in soils
contaminated by anthropogenic activities. ........cccecveirriiuiereeeeririireeeceieee e 20
Table 2.8. Typical single extracts used to determine As and Sb soil associations, and
the proportions of metalloids extracted...........ocoeeeieeriiniiiininiieeriieeeceeeene 32

Table 2.9. Examples of two sequential extraction procedures for As and Sb

fractionation and the proportions of metalloids extracted. ............cccoveeeevrennnnn. 33
Table 2.10. Typical concentrations of As and Sb (ug L) in natural waters................ 41
Table 3.1.Typical soil types of the depositional environments of the floodplain........ 56
Table 3.2. Reactions and reaction products associated with pyrite oxidation............. 66
Table 4.1 Conditions and method detection limits (MDL) for ICP-OES analysis. .....73
Table 4.2. Method details for the digestion of field soil samples. ...........ccoceeevreiennen. 74

Table 4.3. Average analytical precisions (%) for eighteen elements in seven field soil

SAIMPIES ...eeeiieieieiiiee ettt ettt eetr e e et a e e e e tar e e et ra et aeeaesaaaeeansnaaaeseannns 76
Table 4.4 Relative extraction strength of each method (mg kg") for each analyte .....77
Table 4.5. Absolute recoveries for NIST SRM 2711 and RSDs for SRM 2711 and two

replicated field samples for the microwave aqua regia method.......................... 79
Table 5.1. Conditions for ICP-OES parameter optimisation for 0.2 M C;H;04 -
(NH4)2C204 and 0.1 M NaOH extract analysis. ........ccccceeeevueiereccreeeiiieeeeneeenen. 88
Table 5.2. Properties of soils selected for the extraction comparisons ....................... 90

Table 5.3. The extraction sequence, modified from that of Hedley et al. (1982a)......91
Table 5.4. Sequential optimisation of viewing height (mm), power (kW) and nebulizer
flow (L min'l) settings for ICP-OES analysis of the 0.2 M C,H,04 - (NH4)2C,04

SEANAATA SOIULION ... ceeeeeeeeee ettt ettt e e eereereereeeeseeaaeseernanaaessrennessneranan 93

XV



Table 5.5. Sequential optimisation of viewing height (mm), power (kW) and nebulizer
flow (L min") settings for ICP-OES analysis of the 0.1 M NaOH standard
SOTULION. ...ttt et e et e et e et e et e e et eesstaeeenneeenanaee 94

Table 5.6. Elemental method detection limits (pg ml™) in the C;H,04 - (NHy),C204
and NaOH soil extracts and the aqua regia digestion. ..........cccceeeevveeecreencreennnee. 94

Table 5.7. Percent recovery for spiked extracts of 0.2 M C,H,04 - (NH4)>C,04 and

summation of extract concentrations relative to aqua regia total elemental values

Table 6.1. Occurrence of As and Sb across the floodplain environments in categorical
percent coverage and area (ha). ..........ccooveveiiiieiieinie e 116
Table 6.2. Arithmetic means and ranges of As, Sb and Fe concentrations, pH i
soil:waters EC 1:5 soil:water (uScm’I), LOI (%), and particle size distributions in soils of
the floodplain and adjacent hillsides............ccoocvevieeriiiiiiiciiiicecee e 118
Table 6.3. Arithmetic means and ranges of major and trace elements (not given in
Table 6.2) in soils of the floodplain and adjacent hillsides.............cccceeeeunennn. 119
Table 6.4. Multiple linear regressions (form of Y = a + bx + cz) for total As and Sb
using variables presented in Table 6.2.........ccccooiiiiiiniiiiiiniieeeecceee e 120
Table 6.5. Arithmetic means and ranges for pasture species uptake of As and Sb and
total soil metalloid CONCENtIAtIONS. ........ecouerieriierieeriiereeceee e 124
Table 6.6. Average total dissolved As, Sb, Fe and S (mg L™), pH, and EC (S cm™) of
major floodplain surface water strata .............cceeeoerevieeeeiieensireereeeeeee 125
Table 7.1. Experimental inputs and model specifications for thermodynamic
speciation of total dissolved soil solution As and Sb concentrations. ............... 140
Table 7.2. Initial properties of experimental SOils........cc..cooverriiiriiiniiiiniiieeeee 141
Table 7.3. Soil solution pe, pH, EC (uS cm™), oxalate extractable AL, Mn and Fe (%),

and pasture biomass (g pot™ dry weight) of soil L treatments at trial completion

Table 7.4. Pasture content (mg kg™), dissolved levels (mg L"), modelled inorganic
speciation (mg L), and extracted fractions (%) of As and Sb under flooded and
non-flooded conditions in the presence and absence of the sulfidic subsoil at trial
completion in SOl L....cooiiiiiiiiiiiiiiciiiicieicece e 143

Table 7.5. Soil solution pe, pH, EC (uS cm™) and oxalate extractable Al, Mn and Fe
(%) of soil M treatments at trial completion ..........cccccceveeriiiireenvienieennenennenne 145

XVi



Table 7.6. Pasture content (mg kg™), dissolved levels (mg L™), modelled inorganic
speciation (mg L™), and extracted fractions (%) of As and Sb under flooded and
non-flooded conditions in the presence and absence of the sulfidic subsoil at trial
completion i SOI M .......coiiiiiiiiiiiiteee e 145

Table 7.7. Spearman rank correlations of plant uptake (in mg kg' and % values) with
measured variables after 20 weeks .........cocceiiiiiiiiieie e, 147

Table 7.8. Pasture content (mg kg™ and %) and total soil concentrations (mg kg™ of
metalloids in field locations of soils L and M averaged across the 3 sampling
PETIOMAS ...ttt ettt et e e et a et e e s e b e e et seeaaeeaanraenes 153

Table 7.9. Spearman rank correlations of plant uptake (mg kg’ and %) with metalloid
extract values (mg kg’ and %) in field locations of soils L and M averaged
across the 3 sampling Periods...........ceiviriieeeiieieieeeee et 154

Table 8.1. Phases and additions for adsorption eXperiments.............ccccccvvveeeeuvnennne.. 179

Table 8.2. Freundlich parameters of k and n from equation 1, as derived for soil L,

soil M and humic acid at different pH values. ...........c..ccoovreevieeeeriieieieene. 181
Table 9.1. Estimates of exposure to As In SCenario l...........ccceeeeveeevevveeenveccvereennens 205
Table 9.2. Estimates of exposure to AS I SCENATIO 2.........cccueeeurerienireeeeeeeeeeereennes 206
Table 9.3. Estimates of exposure to Sb in scenario I..........cccecevveeeeceiirieccieeeeennnn. 207
Table 9.4. Estimates of exposure to Sb in scenario 2........c.ccceeveeceeevieeecieeeeceneeeennen. 208

Table 9.5. Estimated total exposures (mg kg™ day™) for scenarios 1 and 2, based on an
average body weight of 70 kg (scenario 1) and 13.2 kg (scenario 2) and
comparisons with the ADI/TDI values for As and Sb (mg kg™ day™).............. 209

Xvit



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18



