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ABBREVIATIONS 

AAS atomic absorption spectroscopy 

Ac acetate 

AES atomic emission spectroscopy 

Al total aluminum 

AMD acid mine drainage 

ANC acid neutralizing capacity 

As arsenic 

As (III) arsenite or trivalent arsenic 

As (V) arsenate or pentavalent 

AsH3  arsine 

AusAID Australian Aid for International Development Programme 

BDL below detection limit 

cm centimeter 

Ca total calcium 

Co total cobalt 

Cu total copper 

DCB dithionite citrate bicarbonate method 

diacid digestion 2HNO3: 4HC104  

DMAA (III) dimethylarsinous acid 

DMAA (V) dimethylarsinic acid 

DO dissolved oxygen 

-V.- 



d/s downstream 

EC electrical conductivity 

f filtrate 

Fe total iron 

Fe (II) ferrous iron 

Fe (III) ferric iron 

g gram weight 

GDS_ Goodall mine sediment sample number 

GDW_ Goodall mine water sample number 

g/t Au gram per ton gold 

HCI concentrated hydrochloric acid (AR grade) 

HC104  concentrated perchloric acid (AR grade) 

HG-AAS hydride generation - atomic absorption spectrometry 

HNO3  concentrated nitric acid (AR grade) 

hr hour 

HP water high purity water 

H2SO4 concentrated sulfuric acid (AR grade) 

ICP-AES Inductively coupled plasma - atomic emission spectrometry 

ICP-MS Inductively coupled plasma - mass spectrometry 

JUPAC International Union of Pure and Applied Chemistry 

degrees Kelvin 

kg kilogram 

KI potassium iodide 

Km kilometer 
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LD 0  median lethal dose 

M concentration expressed as Molarity 

ML megalitre 

mL millilitre 

MLN Mine Lease Number 

MMAA (III) monornethylarsonous acid 

MMAA (V) monornethylarsonic acid 

Mn total manganese 

MSc Master of Science 

N concentration expressed as Normality 

NaBH4  sodium borohydride 

NaOH sodium hydroxide 

ng nanograms (or 1 0 9g) 

Ni total nickel 

NIST National Institute of Standards and Tecimology (USA) 

NIST BR 2704 NIST Buffalo River Reference Sediment 

NIST MS 2711 NIST Montana Reference Soil 

no. number 

ns no sample 

NT Northern Territory 

NT DME Northern Territory Department of Mines and Energy 

NTU Northern Territory University 

PAWA Northern Territory Power and Water Authority 

Pb total lead 
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PCG Pine Creek Goldfields 

PCS_ Pine Creek sediment sample number 

PCW_ Pine Creek water sample number 

pH unit of measure of acidity and alkalinity 

ppb parts per billion (ng/g or ig/L) 

ppm parts per million ( jiglg or mg/kg or mg/L) 

PSC Program Sample Changer 

PVC Polyvinyl Chloride 

QC quality control 

RACI Royal Australian Chemical Institute 

rpm revolutions per minute 

S sulfur 

SASCL South Australian State Chemistry Laboratory 

s.d. standard deviation 

s.c. standard error 

SP NT DME equivalent sample number 

SS sediment sample number (from Rum Jungle) 

SW_ NT DME equivalent sample number 

t total 

TD NT DME equivalent sample number 

TGS_ Tom's Gully mine sediment sample number 

TGW Tom's Gully mine water sample number 

TOC total organic carbon 

triacid digestion 2HNO3 : 1H2SO4  : 4HC104  
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TSP total suspended particulate matter 

TSS total suspended solids 

Turb. Turbidity 

microgram analyte per gram of solid material (or ppm) 

tm micrometer (1 0 6m) 

URS Union Reefs mine sediment sample number 

URW_ Union Reefs mine water sample number 

u/s upstream 

iS/cm micro siemens per centimeter, unit of measure for conductivity 

VGA 76 Vapour Generation Accessory model No. 76 

WS water sample number (from Rum Jungle) 

XRD X ray diffraction 

XRF X ray fluorescence 

Zn total zinc 

OC  degrees centigrade 

< less than 

> greater than 

less than and equal to 

greater than and equal to 

approximate amount 

% percentage 

wt percent weight 
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Plate 11: Goodall Gold Mine. Exposed surface in Collection Dam showing 
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Plate 12: Goodall Gold Mine. Seepage pathway at base of Tailings Dam. 
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ABSTRACT 

This study of arsenic speciation in water and sediments from five mine sites within 

the Pine Creek Geosyncline (PCG), Northern Territory, examined transportation and 

fixation of arsenic forms due to one of the following discrete processes: 

• alkaline (cyanide) seepage from tailings dam; 

• acid drainage to retention pond prior to overflow; 

• acid drainage run-off across bushland; 

• erosion of mineral particulates from small scale mining; and 

• transport of organic-rich alluvial gold tailings. 

The study of arsenic species was based on operationally-defined forms in soils, 

sediment and evaporates and enabled interpretation of the key processes associated 

with arsenic retention. Modified sediment sequential extraction (Chunguo and Zihui, 

1988) and HCl/Chloroform extraction (Chappel et al., 1995) procedures were used to 

measure the arsenic species as follows : soluble and loosely bound As, Al-As, Fe-As, 

Ca-As, Fe(OH)3  occluded As, organic bound As and residual As in sediment phases 

using the sequential As extraction procedure; and As (III), As (V), inorganic As, 

organic As and As(t) soluble in strong acid using the HC1/chloroform extraction. The 

arsenic speciation data for 13 species extracted from 117 spatial and 20 depth profile 

sediment samples and 26 water samples, was used to determine the mechanism of 

arsenic dispersion occurring at the various mine sites. 

The study found that the following retention processes were involved in immobilising 

arsenic dispersion: 
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In wetland systems, as at Tom's Gully gold mine anabranch, through 

precipitation with iron oxyhydroxides, calcium from alkaline groundwater 

and organic matter from detrital material; 

Utilisation of retention ponds to act as sediment trap to retain arsenic and 

metal contaminants from alkaline and acidic source seepages as 

demonstrated at Goodall gold mine. Arsenic levels up to 1 ,7OOig/g were 

held in the form of ferric arsenate, calcium arsenate and residual arsenic; 

Seepage should be directed into retention ponds or borrow pits; 

High levels of iron and organic matter helped in retention of residual 

arsenic and other mineral particulates during erosion or controlled process 

water discharges at Millars Battery Union Reefs mine, McKinlay River 

Union Reefs mine and MLN 95 Copperfield Creek at Pine Creek; and 

Natural geomobilisation of arsenic was observed in upstream sediments at 

Copperfield Creek (5-8pg/g), Mt. Bundey Creek (10-12.Ig/g), upstream 

Ryan's Creek (10-12igIg) and downstream East branch Ryan's Creek 

(7jig/g). Erosion of mineralisation containing arsenic was observed in the 

McKinlay River upstream and downstream (23-26jig/g) and upstream 

Ryan's Creek boundary of MLN 1049 (24-40tg/g) 

These features, as identified, can be utilised for future mine water management 

design. 
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Chapter One INTRODUCTION 

1.1 Introduction 

1.1.1 Natural occurrence 

Arsenic is a commonly occurring toxic metalloid in natural ecosystems. The average 

levels recorded, in all soils and environmental matrices varies; for example natural 

soil/sediments are 1-50jig1g, sulfidic sediments 100-300ig/g, and in mineralised 

zones amounts up to 4% (Ringwood, 1994; Whitcare and Pearse, 1974). Most 

uncontaminated soils contain between 4-10jig/g (Adriano, 1986). 

Arsenic ranks 20th in crustal abundance and it is a major constituent of more than 245 

minerals; of which sulfide minerals are the major deposits, for example, arsenopyrite 

(FeAsS) (Adriano, 1986; Cullen and Reimer, 1989). Arsenic is a crystalline metalloid 

belonging to Group V-A and closely resembles phosphorus chemically. Its 

compounds compete with phosphorus analogs for chemical binding sites in soils 

(Nriagu, 1994). 

1.1.2 Production and uses 

Arsenic is recovered as a by-product during the smelting of sulfide ores, mainly in the 

form of arsenic trioxide. Its uses include agriculture, ceramic and glasses, electronic 

industry and chemicals. Arsenic trioxide is a raw material for production of pesticides, 

herbicides, fungicides, sheep dips and wood preservatives (Adriano, 1986). 

Worldwide uses in early 1980's were estimated to be 16,000t As/year as herbicide, 



12,000t As/year as cotton defoliant and 16,000t As/year as wood preservative (IPCS, 

2001). 

1.1.3 Arsenic and its chemical forms 

Arsenic being a metalloid can exhibit both metallic and non-metallic properties. 

Arsenic exhibits a complex chemistry in natural waters, soils and sediments, where it 

occurs in four principal oxidation states, -III, 0, III and V, as arsine gas (AsH3), 

sulfides and oxides, arsenite (As033 ) and arsenate (As043 ) respectively. In the 

environment it occurs mainly as inorganic arsenic oxides, arsenite and arsenate, and 

simple organic arsenic forms (Ferguson and Davies, 1972, Philips, 1990). Each 

species of arsenic displays a unique environmental chemistry with different degrees of 

mobility, bioavailability and toxicity (Boyle and Jonasson, 1973). The speciation and 

chemical interaction of each species is controlled by environmental parameters such 

as Eh, pH, iron oxide, clays, soil texture and organic matter (Ringwood, 1994). 

Arsenic is accumulated by aquatic and marine organisms to a greater extent than 

terrestrial organisms. Extensive work has been undertaken to extract these organic 

arsenical species (Francesconi and Edmonds, 1994). The commonly occurring organic 

and inorganic arsenic species in aquatic organisms and other biological and 

environmental matrices are shown in Figure 1.1 (Francesconi and Edmonds, 1994; 

Hughes, 2002; and IPCS, 2001). 
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arsenic(II1), AsO33  

arsenic(V), AsO43  

dirnethylarsinous acid DMAA (HI) Me2AsOH 

dimethylarsinic acid, DMAA (V) Me2AsO2H 

monomethylarsonous acid MMAA (Ill) Me2As02H2 

monomethylarsonic acid MMAA (%7) MeAsO3H2  

trinietliylarsine. Me3As 

triincthylarsine oxide, TMAO Me3As±0 

tetrarnethyiarsoniuni ion, Me4As* 

arsenobetaine (trimethylarsonioacetate), M e3AsCH2COO 

11. arsenocholine (2-trirnethylarsonioethanol), Me3AsCH2CH2OH 

12. dimethytarsinoylethanol, Me2As(0)CH2CH20H 

13. dirnethylarsiaoylribosides, 

R R' 
Me2ASt__1çy .f .R1  

-OH -OH 
-OH -503 OH OH 

C. -OH -0S03  
-NH2  -SO, 
-OH 0 

II 
-0- P-O'y'OH 

6- OH 

14. trimethvfarsonioriboside "sulphate ester" 

OH OH 

15. dimethylarsinoylribosyl "phospholipid" 
0 O 0 \\/ 

OR 
OH OR 

OH OH 

R = palmitoyl 

Figure 1.1 Commonly occurring organic and inorganic arsenical species in 
biological and environmental matrices (Francesconi and Edmonds, 1994; 
Hughes, 2002; and IPCS, 2001) 
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1.1.4 Health effects due to arsenic exposure 

Although the medicinal use of arsenic dates back to 5th Century B.C, its toxicological 

properties have also been well known (Gorby, 1994). The dependence of acute arsenic 

toxicity on speciation is well established where arsenic (III) is more toxic than arsenic 

(V) and the inorganic species is more toxic than the organic form of arsenic (Herring, 

1995). The relative toxicity of each arsenic species is in the order of: AsH3  >As 

(III)>>As(V)>Organic arsenicals (Nriagu, 1994). However, more recent studies have 

found that, during the methylation of As, MMAA (III) is produced during the 

detoxification process and has an LD50  value lower than that of As (III). DMAA (III) 

which is also a by product of methylation is at least as cytotoxic as As (III) in human 

cells (Hughes, 2002). Thus the relative toxicity of As species in terms of their LD50  is 

now considered to be: AsH3  >MMAA(III)>DMAA (III) >As (III) >As203  >As (V)>> 

DMAA (V)> MMAA (V) (Hughes, 2002; IPCS, 2001). 

It is now well established that As species pose acute and chronic poisoning dangers 

during exposure. The As (III) and the toxic organic forms (MMAA (III) and DMAA 

(III)) are now known to involve in some biological reactions such as phosphate 

replacement, induce cancer and inhibit protein activities (Ng, 2002). Therefore a 

better understanding of the mechanisms of action of As will be necessary to determine 

the risks associated with As exposure. 

Common symptoms of acute arsenic poisoning in human may include persistent 

nausea and vomiting, bloody urine, skin discoloration, diarrhea, anemia, progressive 

ME 



neurological dysfunction, coma and even death (Frost el at., 1993; Ng, 2002). Chronic 

exposure can lead to peripheral vascular disease (Chen et al., 1 994a) and cancer of the 

skin, lungs, bladder and kidney (IPCS, 2001). The toxic effect of arsenic in humans 

will depend on the As species, route of ingestion, dose, and age (Hart, 1981). The 

recommended threshold for adverse health effects due to As exposure from drinking 

water is now 10tg/L (WHO), and 7tg/L in Australia (NHMRC, 1996; Ng, 2002). 

1.1.5 Regulations and monitoring of arsenic 

The various arsenic species, both inorganic and organic, have significantly different 

chemical and physical properties and biological effects. Coexistence of several 

arsenic species in natural waters, soils, or biota is predominantly controlled by the 

kinetics of arsenic redox and methylation reactions, which are often biologically 

mediated. The speciation of arsenic has important implications for its bio-availability 

and toxicology, for its biochemical cycling in natural waters and for its removal from 

drinking water. 

Table 1 .1, gives the recommended arsenic concentrations for drinking water, soil 

landfills and aquatic environment (ANZECC, 1992; NEPM, 1999; and NHMRC, 

1996). 
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Table 1.1 Arsenic environmental criteria for soil and water investigation 

Arsenic environmental criteria for Soil Investigation 

l'otal Metal ANZECC Guidelines (1992) Health Investigation Levels (HILs) (NEPM 1999) 

Suitable for offshore Soil quality Background 

disposal Investigation Level A' Level D Level E Level F Ranges 

level (Berkman 1989) Alert Maximum 

Arsenic (total) 20ppm 70ppm 20ppm 100ppm 400ppm 200ppm 500ppm I - 50ppm 

Arsenic criteria for aquatic environment protection 

NHMRC (1996) ANZECC (1992) 

Drinking water Aquatic Ecosystem Stock water 

Arsenic (total) 7 pg/L 50 pg/L 500 ig/L 

Human exposure settings based on land use have been established for ilLs (Taylor and Langley 1998) 
A Standard residential home and day care centers with garden and accessible soil 
B Residential with substantial vegetable garden and/or poultry 
C Residential with substantial vegetable garden; poultry excluded 
D Apartment and 1-ugh Rise Flats with minimal soil access 
F Parks and Recreational Open Land including playing fields 
F Commercial and Industrial Land 

The incidence of various skin diseases, eg black foot disease in Taiwan and recent 

findings of skin, lung and bladder cancer from chronic exposure in Chile, West 

Bengal (India), China and Bangladesh has led to lowering arsenic levels from the 

current 501,g/L to 10ig/L in drinking water in the USA in 2002 and 7tg/L in 

Australia (Pontius et al., 1994; Ng, 2002). 

1.2 Natural arsenic distribution 

1.2.1 Distribution in rocks, soils and sediments 

Arsenic occurs naturally in magmatic sulfides and iron ores such as arsenic pyrites, 

mispikel, or orpiment, and sulfides of nickel and cobalt Nriagu, 1994). The major 

reservoirs of arsenic (in kilotons) according to the global arsenic cycle (Austin and 

Millward, 1984), are magma (50 billion), sediments (25 billion), oceanic deep waters 

-6- 



(1.56 million) and land (1.4 million). Arsenic is significantly mobilised from the land 

to the troposphere by natural and anthropogenic processes, of which industrial 

emissions only account for 30% of the present day burden (Austin and Millward, 

1984). Arsenic is mobile and non accumulative in the air, plant and water phases in 

the ecosystem; although arsenicals sometimes accumulate in soils, but natural 

redistribution mechanisms usually prevent hazardous accumulations. 

Arsenic is present in rocks, soils, and living organisms at concentrations of parts per 

billion to parts per million. Soil arsenic levels are normally elevated near 

arsenoferrous deposits and in mineralized zones containing gold, silver, and sulfides 

of lead and zinc (Dundas, 1984). Pyrite is the known carrier of arsenic and may 

contain up to 5600jtg/g (Dundas, 1984), thus weathering of pyrites and subsequent 

formation of secondary iron oxides can act as scavengers of arsenic in the 

environment. Soils derived from shales, granite and quartzite origin can have elevated 

arsenic concentration up to 250 jig/g (Colbourn Ct al., 1975; Fergus, 1955). Other soil 

types that may contain high concentrations of arsenic are areas surrounding 

geothermal activity and seleniferrous soils (Nriagu, 1994). 

1.2.2 Mineralogical distribution in sediments 

Arsenic is widely distributed in nature in the combined state. Minerals of arsenic 

include sulfides (realgar, As4S4; orpiment, As2S3), oxides (claudetite or arsenolite, 

As203), arsenites (mispikel, FeAsS; nickel glance, NiAsS; chloanthite, NiAs2, 

lollingite, FeAs2; nicolite, NiAs), and arsenates (phamacolite, CaHAs04.2H20; 

erythite, CO3(As04)2.8H20) (Nriagu, 1994). The distribution of arsenic in the different 
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size fractions of the soil is related to the stability of the primary minerals in which it is 

found and the extent to which weathering takes place. Arsenic forms insoluble 

arsenate compounds with Al, Ca, Fe, Mn and Pb, however there are no arsenic solids 

other than As2S3  (Gupta and Chen, 1978). Soil components that contribute to sorption 

and retention of arsenic are oxides of Al, Fe, and Mn, soil mineralogy, and organic 

matter. 

Both As and P belong to the same chemical group and have comparable dissociation 

constants for acids and solubility products of salts, thus to study the As forms and 

sorption in soils, the method for fractionating soil P can be adopted as originally 

developed by Chang and Jackson (1957). The fractionation scheme can approximate 

water soluble or adsorbed arsenic (NH4C1-soluble), Fe-arsenate (NaOH-soluble), and 

Ca-arsenate (1-12504-soluble). 

1.3 Speciation of trace elements in aquatic systems 

1.3.1 Processes governing speciation 

In surface waters, trace metals are present in a wide range of chemical forms, in both 

the particulate and dissolved phases (Table 1.2) (Florence, 1982). The dissolved 

phases comprise the hydrated ions, inorganic and organic complexes, together with 

species associated with heterogeneous colloidal dispersions and organo-metallic 

compounds. In some instances these metals are present in more than one valency 

state. The particulate phase also contains elements in a range of chemical associations, 

ranging from weak adsorption to binding in the detrital mineral matrix. The species 
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are able to coexist, though not necessarily in thermodynamic equilibrium from one 

another (Forstner, 1985). 

Table 1.2 Possible forms of trace elements in natural waters 

Simple ionic species 

Differing valency species 

Weak complexes 

Adsorbed or colloidal particles 

Lipid-soluble complexes 

Organometallic species 

Particulates 

Zn(H2O)62  

As(III) and As(V); Cr(1TI) and Cr(VI) 

Cu-fulvic acid 

Cu-Fe(OH)3-humic acids 

CH3HgCl 

CH3AsO(OH)2, Bu3SnCl 

Metals adsorbed onto or contained 

within clay particles 

The aim of speciation studies is to both identify and quantify species that together 

comprise the total element concentration, through physicochemical measurement 

procedures (Florence, 1982). The identification of discrete chemical compounds is 

generally not possible and fractionating into classes of compounds exhibiting similar 

physical, chemical, or biological behavior has been carried out in practice. Speciation 

measurements must provide meaningful results on: (i) transport and biological cycling 

processes; and (ii) prediction of biological impact of the species of the element of 

interest. Figure 1.2 (Batley, 1989) shows the complex geochemical and biochemical 

interactions affecting the trace element speciation between dissolved, particulate, 

sedimentary, and biological components. 
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The interaction between particulates and ionic forms play an important role in the 

regulation of dissociated trace element concentrations. Adsorption is the first step in 

the ultimate removal of trace elements from the hydrological cycle, the ultimate sink 

being sediments. 

Dissolved and colloidal flux Coniplexation & Transport 

Particulate Flux 

Resuspension 

Figure 1.2 Geochemical and biological interactions affecting trace element 
speciation (Batley, 1989) 

The forms of sorption or co-precipitation most commonly encountered in connection 

with solute transport in soils and sediment are adsorption, chemi-sorption and ion 

exchange (Jenne, 1977; Keyser et ai1., 1978). 

The solid phases interacting with dissolved constituents in natural water consist of a 

variety of components including clay minerals, carbonates, quartz, feldspar and 

organic solids. These components are usually coated with hydrous manganese oxides 



and iron oxides, and organic substances (Hart, 1981). Iron and manganese oxy-

hydrates are present in all phases under changing redox conditions, which determines 

the relative accumulation of trace elements in Fe/Mn oxy-hydroxides in fresh waters. 

1.3.2 Arsenic in water 

Arsenic in aquatic systems has an unusually complex and interesting biogeochemical 

cycle, because chemical processes such as oxidation - reduction, ligand exchange, 

precipitation and absorption, methylation and demethylation reactions are known to 

be taking place at once both within the water and sediment (Nriagu, 1994). 

Each species of arsenic displays a unique environmental chemistry with different 

degrees of mobility, bioavailability and toxicity (Boyle and Jonasson, 1973; Hart, 

1981). Arsenic speciation is in turn controlled by environmental parameters such as 

Eh, pH and the presence of iron oxides, clays, soil texture and organic matter (Korte 

and Fernando, 1991; Branon and Patrick, 1987). 

Arsenic concentrations in natural waters usually average 1.7ig/L as anions 

(Fergusson and Gavis, 1972) while the background levels usually range from 1-

50ig/L (Berkman, 1989). Arsenate (As043 ) is the stable species in oxygenated 

environments and arsenite (As033 ) is the dominant form in anaerobic environments 

such as ground water and flooded soils (Masscheleyn et al., 1991a). The reducing 

conditions enhance the mobility of arsenite, for As (III) is more soluble in soils than 

As (V) species (Adriano, 1986). The rate of oxidation of As (III) to As (V) depends 

on factors such as Eh, pH, metal sulfides, salinity, microbiological methylation 

reactions and the composition of the biota (Woolson, 1983; IPCS, 2001). 
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1.3.2.1 Arsenic in ground water 

Arsenic in soils if leachable can result in possible groundwater contamination, but 

retention and accumulation by biota or adsorption by Fe and Al oxides will help 

reduce contamination, especially acid pyritic soils and acid sulfate soils which are 

high in Fe2O3. 

Groundwater from wells and boreholes tested for arsenic have recorded levels of 

671ug/L in SW Taiwan (Chen et al., 1994a), 33mg/L in Snohornish County USA 

(Frost et al., 1993) and 8-624jig/L in Northern Mexico (DeiRazo et al., 1990) and 

9tg/L Pine Creek Motel and 18ig/L Tom's Gully mine Northern Territory (last 2 

current study). Arsenic exposure from drinking water exceeding 50g/L (the Former 

WHO safe level) has resulted in acute and chronic As poisoning symptoms in Taiwan, 

West Bengal and Bangladesh. 

Arsenic contamination in groundwater is mostly due to high arsenic mineralisation 

and underground milling (Frost ci al., 1993). Overuse of groundwater through 

inserting more bore holes can also result in introduction of As into the water body 

when wells fill up during wet season (IPCS, 2001). Most groundwaters are mild to 

strongly reducing and thus arsenic (III) would be the prevalent species under the Eh 

and pH conditions. 

Groundwater (or well water) is usually of good quality in Bangladesh excepting when 

As is present (Ng, 2001). In rural areas groundwater is the preferred water resource 

because no treatment including disinfection is required and bores can be placed near 
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the consumers. Water treatment using ferric chloride has been used with success to 

remove arsenic from bore water (1-Jerring et al., 1996). 

1.3.3 Arsenic in sediment and soils 

1.3.3.1 Speciation and trace elements in sediments 

The mobility, transport, and partitioning of trace metallic and metalloid elements in a 

natural aquatic and terrestrial system is a function of the chemical form of the element 

and, in turn, is controlled by the physicochemical and biological characteristics of that 

system. 

The term "species" generally refers to the molecular forms of an element or a cluster 

of atoms of different elements in a solid matrix. Since the methods applied to date 

rarely yield information on the molecular levels in the solid phases, the more general 

"form" is used rather than "species", when referring to metals and metalloids in soils 

and sediments (Kersten and Forstner, 1995) 

The term 'speciation' was defined as: (i) the actual distribution of the molecular level 

entities in a given matrix; (ii) the process responsible for the observed distribution; 

and (iii) the analytical method for determining the species (Berhard el al., 1986). This 

definition has been reviewed by Ure and Davidson (2002). Speciation is now defined 

as the process of identifying and quantifying the different forms or phases present in a 

material, and the description of the amounts, and the kinds of these species, forms or 

phases present. This speciation definition is functional, operational and specific to the 

chemical compounds or oxidation state. 
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1.3.3.2 Sediments and transport of arsenic 

Sediments are important carriers for arsenic in the hydrological cycle. Its analysis has 

been used for identification, surveillance, monitoring and control of sources and 

distribution of pollutants, and the evaluation of the environmental impact of polluted 

sediments. 

Sediments reflect the current quality of the water system as well as the historical 

development of certain hydrological and chemical parameters. Sediment analysis is 

used for selecting critical sites for routine water sampling for contaminants, that upon 

being discharged to surface waters do not remain soluble, since they are rapidly 

adsorbed by particulate matter and thus escape detection by water analysis. 

Sediments are recognized as pollutant carriers and as well as possible sources of 

contaminants in aquatic systems. Arsenic for example is not fixed permanently by the 

sediment, but may be recycled via biological or chemical agents both within the 

sediment compartments and the water columns (Branon and Patrick, 1987). 

The specific form the trace element is in, its activity and its compounds, rather than 

the accumulation rate determines environmental concerns about ecotoxicology of 

trace elements. This effect refers to surface - associated arsenic which becomes 

partially mobilised in the aquatic systems by the change of the pH and the redox 

conditions, by increasing salinities or concentrations of organic chelates (Forstner, 

1984). 
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1.3.3.3 Composition of sediments 

Sediments are divided into two distinct groups; the fine sediments with particles 

<63tm subdivided into silts and clays, and coarse sediments mainly consisting of clay 

minerals, organic matter, fine grained quartz, carbonate and feldspar particles 

(Forstner, 1985). 

When assessing both the source and environmental effects of trace elements in 

particulate matter, consideration must be given to the most mobile fraction of the 

element, which is introduced by mants activities and bound to sediments in sorbed, 

precipitated or co-precipitated (carbonate and hydrous Fe-Mn oxides) and organically 

complexed forms. 

The mobility of trace elements in sediments is affected by pH, redox potential, and 

complexing ligands (both organic and inorganic). The predominance of simple 

mineral solution equilibria is reasonable for the major elements in the surface 

environment, while the behaviour of many trace elements is more complex, and is 

also determined by co-precipitation and surface effects and interactions with organic 

phases (Florence, 1982). 

Changes from reducing to oxidizing conditions will strongly increase the mobility of 

trace elements. Geochemical mobility in response to environmental acidification will 

significantly increase trace elements that are present in the non crystalline fraction of 

the sediment; on the other hand, trace elements exhibiting anionic species such as As 
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and Se are appreciably solubilised at neutral to alkaline pH conditions (Forstner, 

1985). Species differentiation can be used for the estimation of the remobilisation of 

metals under changing environmental conditions. 

With respect to these environmental parameters, a weak acid- reducing extractant 

offers a relatively good indication of the mobile and potentially bioavailable fraction 

of trace elements (Leschber et al., 1985). 

1.3.4 Arsenic speciation in wetlands 

Wetlands are important ecosystems worldwide and are habitat to aquatic plants and 

wildlife. Wetlands are areas where the water level remains close enough to the ground 

surface to maintain saturated and anaerobic soil conditions to supporting aquatic 

plants (Noller et al., 1994). Wetlands represent a transition between terrestrial and 

aquatic environments, which are dynamic systems that support certain plant, 

microbes, and invertebrate populations that adapt well to the alternate flooding and 

receding of water. Although their contamination is of great concern, their potential to 

accumulate contaminants such as heavy metals and arsenic is well known (Salomons 

and Forstner, 1984; Ernst, 1987). The wetlands occurring in wet-dry tropics of 

northern Australia ranges from those with only 1-2 months seasonal inundation to 

permanent bodies of water (Noller et al., 1994). Emergent plants in the wetlands tend 

to be shallow macrophytes notably Eleocharis spp, Typha spp and certain floating 

plants such as water lilies. Melaleuca is the dominant wetland species with Pandanus 

spiralis and Grevilleapteridifolia (Noller et al., 1994). 
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The long dry season (up to eight months with little or no rain) of the monsoonal 

climate of the northern part of the Northern Territory, Australia is a considerable 

constraint to wetland growth except in the most favored areas, for example where 

permanent water exists. The availability of a year round water supply at many mine 

sites therefore often provides a niche for the natural or deliberate establishment of 

small wetlands No1ler et al., 1994). The physical and chemical processes operating in 

wetlands may lead to water quality improvement, particularly with regard to 

suspended sediment and often more importantly trace elements including toxic metals 

and metalloids that are often present in mine waters due to the mobilization of rock 

and ore components on exposure to the surface, or the pumping of deep ground 

waters. 

Northern Australia lies within the wet-dry tropical zone and experiences an annual 

wet season (Butterworth, 1991). Following the initial rains, runoff waters saturate the 

soil layer and begin to accumulate on mine sites. Contact of mine processing materials 

and waste rock with rain water leads to the incorporation of contaminants into the 

runoff. If overflows of wastewater occur, downstream aquatic ecosystems may be 

affected. 

Aquatic plants are known concentrators of trace elements and at levels far exceeding 

that of terrestrial plants (Outridge and Noller, 1991). Aquatic plants in wetlands help 

trap suspended sediments and upon decay, incorporate into the sediments. But the 

main sink of trace elements is in the sediments of the wetland rather than in plants 

tissues. The vegetation as well as increasing the water retention time, provides organic 
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matter for microorganisms. The microorganisms also help to microbiologically 

catalyze the transformation of elemental forms in the wetland soils, thus removing the 

trace elements from the water body (Baker et at., 1983). The following chemical 

fixation processes also help with removal of trace elements: adsorption on hydrous 

Fe and Mn oxides, clay minerals and humic acids, and chelation with organic matter. 

Therefore, wetlands can significantly decrease the higher concentrations of elements 

in mine discharges (Marinus and Ernst, 1994). 

Arsenic entering the wetlands from mine waste run-off, will mainly be inorganic 

arsenicals. Dewatering from bores mostly contains high levels of arsenite, which will 

oxidise readily when in contact with oxic water in wetlands. The inorganic arsenic 

may precipitate out with the Fe oxy-hydroxides and organic matter. Microbiological 

activities may transform some of the inorganic arsenic to organic arsenical, otherwise 

arsenic is retained in the wetland (Anderson and Bruland, 1991). 

1.4 Natural arsenic retention mechanisms 

Organic matter and hydrous oxides of Fe and Mn coatings have important scavenging 

properties (Chao and Theobald, 1976) and help play a significant role in control of 

trace elements and As, in soils and aquatic systems (Jenne, 1968). These scavenging 

properties may have a negative trait for geochemical exploration, in that the 

concentration of trace elements may not relate to the natural mineralisation (Chao and 

Theobald, 1976). However, tracing of arsenic as an indicator element in mineral 

exploration provides a positive application (Boyle and Jonasson, 1973). According to 

Tessier et at., (1982), single reducing extractants (or acidified leaching with H202) 



can also be used to detect anomalies in routine geochemical survey and pinpoints 

sources of mineralisation. 

Aquatic sediments consist of different geochemical phases that act as reservoirs of 

trace elements in the environment (Kheboian and Bauer, 1987). To assess the 

environmental impact of contaminated sediments, information on total concentrations 

alone is not sufficient because arsenic and other metals are distributed over various 

chemical and mineralogical phases in sediments. The water-soluble and 

exchangeable ions are bioavailable to macrophytes and other aquatic organisms, and 

take part in short-term geochemical processes (Rapin and Forstner, 1983; Salomons 

and Forstner, 1980; Anderson and Depledge, 1994; and Noller and Jan, 1999). 

Arsenic and metals accumulate on sediments via five mechanisms and these are: (i) 

absorption bonding on fine grained sediments; (ii) precipitation of discrete metal 

compounds; (iii) co-precipitation with hydrous Fe and Mn oxides and carbonates; (iv) 

association with organic compounds; and (v) incorporation into crystalline materials 

(Salornons and Forstner, 1980). The details of the association of trace elements in soil 

and sediments, are shown in Table 1.3 (Ure and Davidson, 2002). 
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Table 1.3 Trace element associations in soil and sediment samples 

Sediment component Metal content source Release 
mechanisms 

Precipitated compounds Physically sorbed Change in pCO2  
Carbonates Co-precipitated Dissolution in weak 
(+ shell fragments) Pseudo-morphosis acids 

Sulfides Co-precipitated Sulfides Oxidation of sulfur 

Hydroxides and oxides of Physical sorption Reduction of Fe/Mn 
Fe/Mn Co-precipitated to lower valency 

Chemi-sorbed 

Organic acid compounds Sparingly soluble metal Lowering pH 
salts Destruction of 
Metal complexes organic matter 

Residual organics Physical sorption Destruction of organic 
Lipids, humic Chemi-sorption matter; displacement 
Substances Metal complexes by ligands (EDTA) 

Rock Fragments Crystal lattices, Destruction of basic 
Bonding in inert Lattice 
positions 
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1.4.1 Formation of iron and manganese oxy-hydroxides 

1.4.1.1 Chemistry of hydrous metal oxides 

Metal oxides are known to exhibit ion exchange properties and the ion exchange 

capacity of the simple oxides arise from the existence of a pH dependent surface 

charge. These properties play important roles in the concentration of trace elements in 

natural water systems (Parks, 1967). 

Oxidation of Mn (II) by dissolved oxygen (DO) yields Mn02  only under alkaline 

conditions. Oxidation under other conditions leads to considerable adsorption of Mn 

(II) from solution. In general, under reducing conditions, both Mn (II) and Mn (IV) 

are present. Although thermodynamically unstable, Mn (II) can exist in the presence 

of DO because of the slow rates of reaction between the two species under acid-

neutral or slightly alkaline pH conditions (Forstner, 1985). 

In contrast to Mn, under oxidizing conditions, such as in the presence of DO, ferric 

iron is the only species found in slightly acid to alkaline pH range. Ferrous iron is 

stable in the presence of DO under strongly acid conditions such as occurs in extreme 

cases of acid mine drainage. In addition to precipitating as a hydroxide, ferrous iron 

can precipitate as a carbonate under conditions of moderate to high carbonate 

alkalinity. Ferric iron precipitates as a hydroxide, generally in an amorphous form. 

Ferric iron also tends to form complexes with natural water organics, thus this 

interaction has significance in iron transport. Ferric ion also forms insoluble ferric 

arsenate with arsenate in solution. 
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Aluminum is another metal, which forms hydroxides, Al(OH)3, in aqueous 

environments. The A1(OH)3  interacts with silicates to form alumino silicate mineral 

while ferric iron interacts with silica to form soluble complexes. Thus the interaction 

with silicates helps particle formation on the colloidal silicate surfaces helping in the 

adsorption of other trace elements in aquatic environments (Lee, 1975). 

Hydrous metal oxides can arise from a variety of sources including the weathering of 

various mineral species. They enter natural water systems from both surface and 

groundwater. Generally in a groundwater system they can occur in the reduced 

oxidation states as Mn (II) and Fe (II). Upon contact with natural oxygen rich waters, 

they oxidize to the hydrous metal oxide. Studies of the relative rates of oxidation of 

Fe and Mn show that Fe is more readily oxidized by dissolved oxygen to ferric form 

in the alkaline-neutral to slightly acidic pH range than Mn, which requires a much 

higher pH range for equivalent rates of oxidation (Jenne, 1968). A considerable part 

of the Mn oxidation may take place at the surface of particles such as calcite where 

there is a micro-zone of higher pH. The Mn oxidation may be mediated to a 

considerable extent by microorganisms (Lee, 1975). 

In lakes with anoxic sediments under reducing conditions, both Fe (II) and Mn (II) 

would tend to migrate in the sediments through the interstitial waters until they came 

into contact with oxygen, where a precipitate of hydrous metal oxide would occur. 

Generally, the precipitation of Fe occurs first. 
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1.4.1.2 Factors affecting the sorption capacities of Fe and Mn oxides 

The formation of Fe and Mn oxy-hydroxides and their capacity to scavenge trace 

elements in aquatic systems will depend on the aging of the precipitate and interaction 

with organic substances. 

(i) Age of Precipitate 

The age of hydrous metal oxide precipitate could play a significant role in the ability 

of these precipitates to interact with trace elements and other chemical contaminants. 

This sorption capacity has marked pH dependence in the neutral to slightly alkaline 

pH range with increasing sorption with increasing pH. But this high sorption capacity 

and marked pH capacity dependence may only be applicable to freshly precipitated 

hydrous metal oxides. The aging of the precipitate would likely reduce sorption 

capacity as a result of molecular re-arrangement, which improves the crystallinity of 

the precipitate. In addition, the sorption capacity of hydrous metal oxides may be 

changed significantly with age due to the sorption of other materials in solution 

(Forstner, 1985). 

Freshly precipitated hydrous metal oxides tend to have higher sorption capacities, and 

therefore the regions where hydrous metal oxide formation is occurring could be areas 

where they would have their greatest influence on the trace elements transport in 

aquatic environments (Lee, 1975). These mainly occur in areas between the boundary 

of anoxic sediments and the oxidized sediments, soil, or overlying water; and the 

point where anoxic groundwaters enter surface waters or are discharged to the surface 

through springs. The other boundary condition which could be important in 
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influencing the role of hydrous metal oxides on heavy metal contaminants is the 

situation where there is neutralization of strongly acidic waters, such as the 

neutralization of acid mine drainage. At the point of neutralization, two reactions 

occur: (i) precipitation of the oxidized form of iron and aluminum as the p1-I of the 

solution is raised; and (ii) enhanced rate of oxidation of reduced forms of Fe and Mn, 

which take place at higher pH values (Leschber ci al., 1985). 

(i) Role of Organics 

Organics can play a dominant role in the transport of trace elements in aquatic 

environments. Organics play a dominant role in peptization of Fe species. This in turn 

could be of significance in interaction between the hydrous Fe oxide and other 

organic and arsenic species in solution (Saar and Weber, 1982). As Fe (III) is added to 

the system, the organics and the Fe become associated to form larger colloidal 

particles, and this is dependent on the amount of Fe in the system. 

Natural organics could influence how various trace elements and As interact with 

organics and hydrous metal oxides; this in turn may influence how various types of 

organisms are exposed to potentially hazardous chemicals. The interactions between 

Fe, complexing agents and trace elements could be very important in determining the 

transport and toxicity of these elements to aquatic organisms. Natural organics 

influence the transport of trace elements through the process of complexation (Leckie 

and Davies, 1978). 

Once the co-precipitation occurs, trace elements cannot be easily desorbed under 

oxidizing conditions in natural water. Therefore the interaction between trace 
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elements and hydrous metal oxides under aerobic conditions could represent a more 

or less permanent sink for potential hazardous trace elements including arsenic. 

However, Fe and Mn hydrous oxides dissolve under anoxic conditions, which could 

potentially lead to a significant amount of trace elements being released to the water; 

but this is minimized by production of hydrogen sulfide, which forms insoluble 

sulfides with many of the trace elements under anoxic conditions (Tipping, 1981). 

1.4.2 Complexation with humic substances 

1.4.2.1 Composition of humic substances 

The most important organic complexing agents are humic substances, which arise 

from the decomposition of vegetation. They occur mainly as colloidal matter, which is 

negatively charged. Humic substances constitute about 65-75% organic fractions in 

soils (Schnitzer, 1982), and they mostly consist of humic acid (HA), fulvic acid (FA) 

and humins. Fulvic acid especially has the ability to form water soluble complexes 

with trace elements notably alkaline earth, transition metals and metal oxyhydroxides, 

and therefore can concentrate these constituents in soil solutions and natural waters. 

Fulvic acid molecules have large molecular masses with a wide range of aromatic and 

aliphatic structures having many oxygen bearing functional groups. These groups can 

be protonated or deprotonated in the pH range common in natural waters (pH 3-9) and 

thus enables fulvic acid to behave as a polyelectrolyte (Saar and Weber, 1982). The 

hydrogen ion concentration determines which forms of the fulvic acid and trace 

elements are prevalent. Since both the humic and fulvic acids are soluble in both 

alkali and acids, a weak alkali extract such as O.lM NaOH can be used to extract 
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arsenic and other trace metals absorbed on the humic substances (Guy and 

Chakrabarti, 1976). 

1.4.2.2 Role of organics in trace element retention 

Humic substances have a significant role as a major reservoir of organic carbon in 

soils and oceans for the carbon cycle. Estimates of total organic carbon (TOC) are 

used to assess the amount of organic matter in soils. Levels are highest in surface 

soils, but range from < 0.1% in desert soils to close to 100% in organic soils 

(Schnitzer, 1982). 

Organic matter plays an important role in the transport of trace elements through 

binding free ions and is involved in diagenetic process deposition. It has also been 

shown that suspended particles in natural waters are covered with organic films which 

determine to a large extent their hydrodynamic behavior as well as adsorption 

characteristics (Salomons and Forstner, 1984). 

Hart (1981) suggested that the three ways in which metal sorption on organic surfaces 

occur are: 

From organisms such as bacteria and algae; 

By the breakdown of plant and animal materials and by condensation of lower 

molecular weight organics (i.e. higher molecular weight materials possess 

properties of polyelectrolytes and colloidal materials); and 

By lower molecular weight organic matter being sorbed onto clay or metal 

oxide substrates. 

- 26 - 



1.4.2.3 Mechanism of arsenate complexation on humics 

The major mode of coordination of metals with HA, involve salicylic (or peptide) 

groups. Some may even have carboxylic and phenolic functional groups available for 

binding trace elements (Hunter, 1983; Tipping, 1981). The bulk of soluble organic 

matter has characteristics similar to those of fulvic and humic acids (Saar and Weber, 

1982). Trace element complexation capacity of organic matter is generally between 

that for metal oxides and clay (Guy and Chakrabarti, 1976). 

Fulvic and other organic acids are water-soluble and possess various functional 

groups, which can complex arsenic and other dissolved metals. Arsenic species are 

known to have a strong affinity for sorption sites on humic and fulvic acids. Based on 

information from Forstner (1985) and Jonasson (1977) a probable order of binding 

strength for various trace metals and arsenic onto organic acids can be proposed as: 

As> Hg2 > Cu2 > Pb2 > Zn2 > Ni2 > CO2  

1.5 Arsenic speciation 

1.5.1 Speciation procedures in handling water, sediments and soil samples 

The speciation of arsenic in water samples is easily achieved through chemical 

conversion to As(II1) species prior to its measurement and that of total (Nriagu 1994). 

The difference gives As(V) species. 

The strategy for sediment sampling depends on whether samples are from oxidized or 

reduced environments. Reduced diagenetic sediments require handling in an inert 

atmosphere to avoid oxidation of the anoxic materials, whereas such precautions are 

not required for the oxidized samples. After air-drying of samples, debris for both 
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sediments and soils must be physically separated before sieving to < 63tm size 

fractions in polyethylene or nylon sieves to avoid contamination. These sieved 

sediments can be stored at room temperature for further analysis (Batley, 1989). 

1.5.2 Sediment speciation 

The organic matter and oxy-hydroxide coatings of Fe and Mn are the most important 

surface active phases, which are known as 'scavengers' in environments ranging from 

soils to seawater. Various schemes have been developed to differentiate between 

trace elements held by the highly scavenging amorphous Fe oxides and organic 

matter, and those held in other phases such as carbonates, crystalline Fe oxides, 

sulfides and silicates (Hall et al., 1993). Identifying the main binding sites of trace 

metals helps to understand the geochemical process involved; discriminate between 

sources (e.g. atmospheric deposition vs hydromorphic transport vs elastic dispersion), 

to estimate the potential for remobilization; and determine the bioavailability of the 

trace elements (Bernhard etal., 1986). 

A particular extraction method employed must ensure that the species or the oxidation 

state of the trace element analyte is not changed during the extraction procedure. 

Strong acid decomposition of sediment matrixes is only useful in extraction of total or 

residual concentrations of the analyte which is usually in a different oxidation state 

depending on the type of acid and its concentration. Solvent or sequential multi-step 

extraction procedures can be successfully employed to extract species of a particular 

analyte to understand the geochemical processes involved in the source distribution 

and transport, potential for remobilization and its bio-availability (Forstner, 1985). 
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Most studies dealing with particulate trace elements in natural water systems (i.e. 

trace elements associated with suspended matter or bottom sediments) concern total 

concentrations. The use of total concentrations as a criterion to assess the potential 

effects of sediment contamination implies that all forms of a given trace element have 

an equal impact on the environment; such an impression is clearly incorrect. 

Conceptually, solid materials can be partitioned among various forms, which can be 

extracted selectively by using appropriate reagents. Considering the similarities 

between sediment and soils, extraction procedures can be adopted from the methods 

of soil chemical analysis (Tessier el at., 1979). 

1.5.2.1 Sediment sequential extraction procedure 

A sequential extraction scheme consists of successive chemical reactions of a sample 

with each being more drastic in action or of a different nature than the previous one. 

A large number of test procedures have been designed particularly for soil studies 

partly using organic chelates for single extractions and in sequential procedures (Hall 

ci' at., 1993). These methods allow for the determination of the major accumulation 

phases for trace elements in particulates and the assessment of diagenetic changes. 

The order in which the extractants are used is critical and may well depend upon 

sample type and overall composition. Results obtained are operationally defined, 

because they are not 100% selective but depend on factors such as the chemicals 

employed, the time and nature of contact, and sample to extractant volume ratio 

(Batley, 1989). 

Sequential chemical extraction of polluted sediments is a useful tool to predict long-

term adverse effects on aquatic organisms through long-term release of trace elements 
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from the solid materials into the aquatic systems. The leaching experiments simulate 

the remobilization of trace elements under changing environmental conditions and 

estimate the potential uptake by the biota, although the bio-availability of trace 

elements is inversely related to the strength of the particulate binding in sediments. 

The bonding strength of trace elements in different solid phases can be determined 

with sequential extraction through the relationship of chemicals with operationally - 

defined forms (Hall el al., 1993; Kersten and Forstner, 1995). 

Selective chemical extraction although more time consuming, evaluates the solid 

phase form or species of trace elements, thus speciation determination provides 

quantitative information which allows for the prediction of the origin, mode of 

occurrence, biological and physicochemical availability, mobilisation and transport of 

trace elements (Hall ci al., 1993). 

Various extraction sequences have been proposed in the recent years; the extraction 

scheme developed by Kersten and Forstner (1986) is widely used for metal 

contaminated materials. The method has some inherent deficiencies, which have to be 

considered when analytical results are evaluated. These are as follows: 

The different extractants are not as selective as theory predicts; both the 

duration of the experiment and the ratio of solid material to extractant volume 

have an influence on the obtained results; 

Chemical reactions between the leached sediments and the extractant solution 
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may take place which lead to a change in pH, re-adsorption and precipitation 

processes which have to be considered; and 

The most important is the transformation of labile phase during sample 

preparation and the leaching procedure. The oxidation of sediments from 

reducing environment strongly changes the trace element speciation. 

1.5.2.2 Proposed sequential extraction procedure for arsenic 

Mining waste materials and evaporites contain arsenic forms in the solid phase. A 

literature search revealed that sequential extraction procedures analogous to those of 

phosphorus forms were most appropriate for examining arsenic speciation in solid 

forms (Section 1.2.2). The procedure of Chunguo and Zihui (1988) was considered to 

be the most appropriate to use and was developed for practical application to arsenic 

speciation of mining waste solid samples. The following is the chemistry of the 

extraction procedure of Chunguo and Zihui (1988) with modifications: 

Water soluble arsenic: Weakly adsorbed arsenic compounds are dissolved in 

oxygenated water where As (V) is dominant, existing in anionic forms of 

H2As04 , HAs042 , or As043 . The water soluble As (1g:20mL 

sediment:deionized water suspension) represents a mobile As fraction, and can 

be separated by centrifugation after shaking for 5 hours. 

Exchangeable fraction: This fraction is usually extracted with neutral salts 

such as CaCl2, BaC12, MgCl2  and NI44Cl. These salts are ion-displacing 
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extracts which promote displacement of arsenic and other species physically 

bound by electrostatic attraction to charge sites on the particulate surfaces. The 

high concentration of chlorides (usually 1 M at pH 7) provides a competing 

ligand for heavy metals and metalloids such as arsenic. NH4Cl (1M) was 

selected as the extractant reagent to minimise addition of other cations that 

may affect the subsequent arsenic extraction processes. The Cl-  displaces 

anionic arsenic species, that are weakly bound electrostatically on organic or 

inorganic particulate surfaces. The lg:20m1 suspension is centrifuged to 

extract this fraction and is also considered a mobile phase. The ammonium 

salt extraction, can lower the pH and encourage hydrolysis of clays (Ure and 

Davidson, 2002) but it is a preferred method for As extraction (Jacobs el al., 

1970). 

The soluble and the exchangeable arsenic fractions characterize the mobile fraction of 

arsenic in the sediment. This fraction also allows for the estimation of the bioavailable 

arsenic. The other fractions are more or less considered immobile. 

(iii) Aluminum arsenate: NH4F is a mild reducing agent, which attacks aluminum 

oxide or hydroxide compounds, forming A1F3.nH20 which solidifies and 

settles in the residue, releasing any arsenic bound in this mineralogical phase. 

The Al-As suspension consist of lg:20m1 0.5M NH4F extractant agitated for 5 

hours. 

NH4F + H3AsO- ------ > (NH4)3As03  + 3HF 
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The HF formed reduces the pH further by attacking aluminium oxides and As 

bound to clay surfaces. Fluoride solutions are to be handled with care 

(Nriagu, 1994; Jacobs et al., 1970; Ure and Davidson, 2002). 

Iron arsenate: The strongly alkaline solution (0.1M NaOH) dissolves arsenate 

bound to easily reducible phases (Mn oxides, amorphous Fe oxyhydrates) and 

poorly crystallized Fe oxyhydrates, that are coordinated to organic matter 

coating. NaOH is also known to cause dissolution of clay minerals and 

dissolved metals tend to hydrolyze and re-adsorb onto reactive surface sites 

formed by removal of their organic coating (Batley, 1989). The lg:20m1 0.1M 

NaOH suspension is agitated for 17 hours and the purplish brown liquor is 

separated by centrifugation. 

FeAs04(aq) +3 NaOH (aq) ------>Fe(OH)3  (aq)-----> FeO(OH) (aq) + H2As04 (aq) 

(deep purplish brown color) 

(Mok and Wai, 1994; Bhumbla and Keefer, 1994) 

Calcium arsenate: The carbonate in sediments exist as cement and coatings 

which co-precipitate with heavy metals. A lowering of pH such as occurs with 

acidified rain would dissolve carbonates and release the associated metals. The 

H2SO4 attacks the carbonate fraction mainly comprised of Ca3(As04)2  and 

other carbonate minerals. This releases the arsenic and other metals bound on 

the carbonate phase. 

3 H2SO4  (aq) + Ca3(AsO4)- ------  > 3 CaSO4  (aq) + (I-I3As04)2  (aq). 
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In well oxidized and alkaline soils, Ca-arsenate is the most stable arsenic 

mineral (1-Tuang, 1994). 

(vi) Iron-occluded arsenic: Hydrous Fe and Mn oxides are thought to exist as 

coatings on particulate surfaces. These coatings have a high capacity for metal 

adsorption. A dithionite (0.5g), citrate (1OmL) and bicarbonate (15mL) 

extraction was carried out by digesting at 85°C for one hour (Cusbert et 

al.,1990; Salomons and Forstner, 1980). Dithionite is a stronger reducing 

reagent, which should reduce this fraction (Fe (III) to Fe (II), Mn (IV) to Mn 

(II)). As the extract has excess S2042  (aq), this will interfere with KI (aq) pre-

reduction of arsenic in the As analysis, the excess dithionite is oxidized to 

dithionate by reacting with 30% H202, at higher temperatures dithionate is 

further oxidized to sulfate as shown below; 

85 C 

2H20- ----------  > 2H0 (1) + 02 (g) 

S2042  (aq) + 02 (g) --> S2062  (aq) + 2H20 (1) --> 2S042  (aq) + 4H (aq). 

Excess 30% II202 when diluted before reacting with dithionite could become more 

acidic and thus will react with KI to form iodate (intense brown solution). 

H202  + H20 (1) --------> H30 (aq) + H02  (aq) 

H30 (aq) + H02  (aq) + F(aq) -------> I0 (aq) + 4H (aq) 

(intense brown colour) 

- 34 - 



(vii) Organic bound arsenic: Much of the organic fraction will be particulate 

coating of plant derived organic materials. Humic and Fulvic acid associated 

arsenic species can be removed using 1M NaOH or 1-1202 /HCl mixture. 

After reviewing similar procedures by Forstner (1985) and Kramer and Allan 

(1991), adjustments in the method were made which helped improve the 

arsenic recovery. The one gram sample was digested in 10 mL 30% H202  

/1M HC1 mixture at 85°C for 5 hours; and 10 mL 1.2M NH40Ac / 20% HC1 

solutions. These extraction process releases arsenic bound to organic 

material as well as prevent re-adsorption of extracted arsenic onto oxidized 

sediments (Gupta and Chen, 1975). 

(viii) Residue arsenic: The air-dried residue (1 g) was digested in 21-1NO3  

4HC104  diacid mixture, which does not dissolve silicates matrix or more 

resistant minerals; it gives an estimate of the maximum amount of arsenic 

that is potentially mobilisable with changing environmental conditions. It is 

a useful tool in the assessment of the long term potential risk of arsenic and 

other toxic metals entering the biosphere (Ure and Davidson, 2002). 

1.5.2.3 Solvent extraction procedure for arsenic 

Arsenic species in aqueous solutions would usually exist in hydrolyzed inorganic 

forms such as H3AsO4  and H3AsO3  or the organic forms such as (CH3)H3AsO3, 

(CH3)2HAs03, and (CH3)3HAsO3 . With increasing chloride ion concentration when 

using concentrated HCl acid extractant, the arsenic (As-Ill) becomes increasingly 

chlorinated and forms the covalent compound AsC13, at 9 M HCl concentration, while 
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arsenate forms an unstable ionic complex [AsC14] [AsC161. The AsC13  is soluble in 

organic solvents such as chloroform because of its non-polar covalent nature. It exists 

in a pyramidal form in the solution (Figure 1.3). Shaking the aqueous arsenic solution 

in separate portions of chloroform enables partitioning of AsC13  from the aqueous 

layer to the chloroform layer. AsC13  has a low solubility in aqueous phase, but has a 

high solubility in the organic phase. The organic phase should also have low solubility 

(or immiscible) in water (Greenwood and Earnshaw, 1984). 

EJD 

As 

ci 1\ 
CI CI 

Figure 1.3 Structure of arsenic trichioride in acidic solution 

(Greenwood and Earnshaw, 1984; Chappel, 1993) 

Chappell (1993) devised a procedure for the speciation of arsenic in contaminated soil 

based on solvent extraction (Chappell et al., 1995). 
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In-order to determine the total arsenate in the extract, the arsenate must be converted 

to arsenite and this is done by reacting an aliquot of the extract, with 5% KT/HC1 

solution at 60°C for 30 minute. The total arsenite is extracted in chloroform, and 

acidified water and analysed by HG-AAS. 

This procedure provided a means of measuring soluble arsenic As(III) and As(V) 

species as opposed to insoluble or precipitated forms as described in Section 1.5.2.2. 

1.6 The Pine Creek Geosyncline 

The Pine Creek Geosyncline occupies an area about 66,000 km2  and is situated 

between Darwin and Katherine in the Top End of the Northern Territory. The central 

Geosyncline is defined as the deformed Palaeoproterozoic metasedirnentary/ igneous 

rocks of the Litchfield Complex and Alligator River Provinces (Ormsby et at., 1994). 

The northern and southern margins of the Geosyncline, are covered by relatively flat 

lying strata of Mesoproterozoic to Mesozoic age. 

The geosyncline sequence, which is about 14-20 km thick (Bajwah, 1994), rests 

uncomformably on the Archean granite-gneiss complex. The metasedirnents within 

the Geosyncline have been deformed and metamorphosed, and in trussed by large 

granite bodies which have been crystallised under low-grade metamorphism process 

(Ormsby ci at., 1994). A close genetic link exists between gold, base metal 

mineralisation and the granite intrusion. During the metamorphism processes, 

hydrothermal fluids with high oxidation states leached gold and base metals from 

underlying rocks upwards as bisulfides and chloride complexes (Bajwah, 1994; Peter 
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and Needham, 1984). Quartz is the pre dominant mineralogical feature of the granites 

often occupying about 40% rock constituents, followed by k-feldspar, plagioglase, 

biotite and hornblende (Shields, 1994). 

The hydrothermal arsenic and the base metals in the Pine Creek Geosyncline region 

are connected genetically with the plutonic rocks such as granites (Peter and 

Needham, 1984). The mineralisations are rich in deposits of gold, copper, iron and 

arsenic as arsenopyrite. Minor deposits include lead, silver and tin. Uranium is one of 

the main mineralisations, which is sometimes associated with copper sulfides, for 

example Rum Jungle mine and the Alligator River mineralisations (Noller, 1989). 
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Figure 1.4 The location and regional setting of the Pine Creek Geosyncline 
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1.6.1 Arsenic mineralisation and geochemical distribution within the Pine 

Creek Geosyncline 

Four main types of base metal and gold mineralisation are recognized in the central 

Geosyncline region. These are stratiform, polymetallic veins, Stockwork/ concordant 

gold - quartz veins and unconformity related uranium gold platinoid mineralisation 

(Ormsby el at., 1994; Peter and Needham, 1984). 

Arsenic and gold deposits are mainly found in stratiform, polymetallic vein and 

Stockwork - concordant gold quartz mineralisations. The stratiform mineralisation 

occurs within carbonaceous mudstones and ironstones with the Francis Creek Group, 

which includes Tom's Gully mine within the Mt Bundey area (Ormsby et at., 1994). 

Gold and arsenopyrite are associated with the disseminated pyrrhotite with the 

stratiform beds. Polymetallic vein mineralisation occurs mainly within discordant 

transpressional faults within Francis Creek and Finniss River Groups (Ewers and 

Scott, 1977). The carbonaceous mudstones and sulfide rich beds host iron and arsenic, 

followed by zinc, lead, and copper deposits. Stockwork concordant gold - quartz 

mineralisation is mainly hosted by the Burrell Creek Formation, Mt Bonnie 

Formation, and the vicinity of the Pine Creek structure. The quartz and sulfide 

mineralisation host gold and arsenic together with pyrite and arsenopyrite, feldspar, 

chlorite and carbonates (Ormsby et at., 1994). 
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1.6.2 Study sites within the Pine Creek Geosyncline and scope of study 

1.6.2.1 Rum Jungle mine 

Rum Jungle is an abandoned uranium-copper mine located about 85km south of 

Darwin (Figure 1.4). Mining was carried out between 1954 and 1964 and operations 

ceased in 1971. During its operation the mine produced approximately 3,500 tonnes 

of uranium and 20,000 tonnes of copper (Kraatz and Applegate, 1992; Verhoeven, 

1986). 

Towards the end of the mine life, it became apparent that the effluent from the 

treatment plant and leachate from mine wastes had had a severe impact on the flora at 

the mine site and the aquatic fauna of East Branch of Finniss River which flows 

through the site. The major pollutants were heavy metals and sulfate from the heap 

leach pile and waste rock dumps due to the pyritic nature of the overburden (Allen, 

1985). The pollution generated was a result of bacterially catalyzed oxidation of 

sulfidic materials and the consequent production of sulfuric acid and soluble metal 

sulfates, a mechanism known as acid mine drainage (Zhou, 1993). In the 

uncompacted Whites and Intermediate heaps the infiltrating rainwater provided a 

medium for the process and a transporting mechanism for carrying the products of the 

oxidation process to the environment (Applegate and Kraatz, 1991). 

The Intermediate overburden heap seepage drains into the Finniss River East Branch 

diversion (Plate 1) and was studied to determine whether the iron oxy-hydroxide 

formed during the precipitation of the seepages had any role in immobilising arsenic 

and heavy metals. This is a natural mechanism which was expected to retain 

pollutants from the strongly acidic sources from Whites and Intermediate overburden 
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heaps. Water samples were analyzed to determine quality of the source water from the 

strongly reducing environments. 

(a) Scope of study 

Water and sediments collected at Intermediate and Whites overburden heap (Plate 1) 

were used to develop the arsenic speciation procedure. Observations were also made 

on the role of iron oxy-hydroxide in removing arsenic and metals from the seepage, 

before entering the Finniss River East diversion. 

1.6.2.2 Tom's Gully gold mine 

The Tom's Gully deposit is located 100 km south east of Darwin in the Northern 

Territory (Figure 1.4). The ore body is gold bearing shoot within an extensive quartz 

sulfide vein hosted by Early Proterozoic Carbonaceous sediments of the Wildrnan 

Siltstone in the Pine Creek Geosyncline (Simpson, 1990). The Tom's Gully deposit 

was discovered in 1986 and yielded 3070 kg of gold between 1987 and 1990 when the 

mine operation was terminated (Tsuda et al., 1994). The mineralisation consists of 

numerous quartz-sulfide veins and sulfide layers, which have higher amounts of pyrite 

and arsenopyrite in the gold ore zone (Quick, 1994) (see also Plate 2). 

Since commencement of the open pit operation, bore dewatering was initiated around 

the mine pit. The dewatering was pumped into the anabranch, which was expected to 

overflow into the nearby Mt Bundey Creek. The dewatering at the rate of 3 ML/day 

enhanced aquatic vegetation growth within the anabranch especially Typha sp, 

creating a wetland (Plate 3). The increased growth of aquatic vegetation extended 
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water retention time and increased sedimentation process, helping to remove trace 

elements from the water. Water from the wetland was removed by seepage or 

overflows into Mt Bundey Creek. Periodic water quality monitoring of Mt Bundey 

Creek downstream and upstream from the wetland area showed that little arsenic or 

other metals entered the creek from the dewatering (Noller et al., 1994). 

After the closure of the initial mining operation, dewatering ceased and the wetland 

dried out leaving behind an iron rich layer over an existing clay deposit within the 

anabranch (see Plates 4 and 5). 

(a) Scope of study 

After the cessation of the mining operation, the arsenic dispersion episode was 

completed and all the arsenic was absorbed within the iron rich material in the 

anabranch. Spatial and depth profile sampling were undertaken to establish the 

arsenic speciation and extent of immobilisation; 

The natural geochemical mobilisation of arsenic was established; 

The extent of seepage from oxidized dump was also determined; and 

Analysis of source bore water as well as fresh dewatering from spray irrigation 

was analyzed to determine the effect of aging of the Fe oxy-hydroxide (ie. 

fresh compared with aged precipitate). 

1.6.2.3 Union Reefs gold mine 

The Union Reefs gold mine lies within the highly mineralized Cullen mineral fields 

in the Central Southern portion of the Pine Creek geosyncline (Hellsten et al., 1994) 

(Figure 1.4). It is located in the Top End of Northern Territory, approximately 12 km 
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north-northwest of Pine Creek and 175 km south east of Darwin. The mine site lies 7 

km north east of the Stuart 1-lighway, and the mineralisation occurs beneath the Union 

Reef Ridges. The ridges hosting the gold mineralisation run generally North to South 

and contain numerous diggings, bullock heaps, old audits and the remains of mining 

settlements, and show evidence of recent exploration activity. Between McKinlay 

River and the Union Reef Ridges, the area has been disturbed by the recent (during 

1980s-90s) alluvial operations, including deep channels and extensive scrapes and 

alluvial tailings dam (Plates 17-19). The mine site experiences a tropical (monsoonal) 

climate with distinct wet and dry seasons. The McKinlay River or its tributaries drain 

the site and the low ridges and the valley landform generally supports low open 

woodland regrowth, having been substantially cleared by successive past episodes of 

mining (Turner, 1990). 

Gold was first discovered at the Union Reefs in 1873. Some 2300 small pits, shafts, 

audits and open cuts were developed to exploit the high grade lobe style 

mineralisation and this was worked mainly by the Chinese miners. Incomplete records 

for the period 1884 and 1910 give a production of some 48,600 oz of gold from 

approximately 62,000 t of ore and significant quantities of gold were mined prior to 

this period (NSR, 1993). 

Some of the major producing areas in the Union Reefs field were Cross Course, 

Prospecting Claim and Millar's. The riches of these sites produced in excess of 8,400 

oz of gold. Mining at Union Reefs ceased in 1914, though unsuccessful attempts were 

made in 1922 and 1934 to reopen the mine (NSR, 1993). 
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The most recent phase of mining at the Union Reefs began in 1987 when Togar Pty 

Ltd commenced mining the alluvial ore to the west of the mineralized ridge under a 

license agreement with Enterprise Gold Mines and Mineral Horizons. Togar's 

operations ended in October 1992. The current hard rock mining operations are 

conducted within the MLN 1109. The mining is centred on two northwest sub parallel 

lobe lines, which are zones of quartz mineralisation. The gold is mostly associated 

with quartz-sulfide veining. After quartz, the dominant vein minerals associated with 

mineralisation in order of abundance are; carbonate (dolomite), chiorites, pyrites, 

arsenopyrite, sphalerite and galena (Helisten ci' al., 1994). 

(a) Scope of study 

From the history of mining in the area, downstream arsenic rich alluvial sediments are 

sitting in the billabong. This study was focused on the speciation and mobilisation of 

arsenic and heavy metals in these aquatic systems which occurred prior to the current 

hard rock mining operation: 

Upstream McKinlay River samples showing natural transport or geochemical 

mobilisation of arsenic (Plate 17); 

Downstream at Millar's Battery (Old tailings) (Plate 20), showing residual 

arsenic in Creek at neutral pH; 

Residual alluvial mining tailings at Union Reefs mine (Plate 18); and 

McKinlay River i.e. downstream alluvial tailings discharge and downstream 
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McKinlay River revealing residual arsenic in river sediments from many years 

of discharge (Plate 19). 

1.6.2.4 Pine Creek gold mine 

The Pine Creek gold mine is located besides the historic 19th  century gold mining 

town of Pine Creek, 230 km south of Darwin (Figure 1.4). Pine Creek Goldfields 

Limited (PCG) was established in February 1985 to develop and operate the mine and 

was owned by Renison Goldfields Consolidated Limited (ROC). 

Gold was discovered during construction of the overland Telegraphic Line in the 

1870's. Pine Creek then became the centre of one of the first gold rushes in the 

Northern Territory. Production up to 1915 was approximately 75,000 ounces of gold 

at 20g gold per ton of ore (PCG Information Brochure, 1993), from small workings by 

immigrant Chinese under tribute to European Title Holders. Production declined since 

early 1900's for the next 80 years. 

In the Pine Creek area, the rocks are over 1,800 million years old (Dann and Delaney, 

1984). The sandstones and siltstones have been folded into anticline structures. The 

mineralisation, which occurs along the anticline, consists of numerous quartz and 

sulfide veins. These veins vary in thickness from a few millimeters to several meters. 

Gold is found both within the veins and in the surrounding sediments as very fine 

(<0.05mm) particles (PCG Information Brochure, 1993). 
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RGC began exploration in the area in 1980. During the commissioning of the 

operation in the Enterprise Deposit, the ore grade consisted of 2.25g Au!t oxidized 

ore, and 3.9g Ault of Primary Ore (PCG Information Brochure, 1993). 

(a) Scope of study 

The study looked at a number of features that contribute to dispersion of arsenic and 

metals from the area. During the sampling trip to Copperfield Creek sediment samples 

were collected at the locations where process water from Pine Creek mine overflowed 

and sediments from a small Copper mine (MLN 95) which flowed into the creek 

(Plates 14-16); studying the dispersion of As associated with bio-accumulation in 

fresh water mussels (Noller and Jan, 1999) and natural geochemical mobilisation. 

Studying the upstream Copperfield Creek sediments and water samples for the 

natural geochemical processes. 

Sampling at Copper mine (MLN 95), below and downstream Creek, to 

determine extent of erosion of particulate matter. 

Determining the contribution of waste rock from a dam wall across 

Copperfield Creek at Kybrook Farm, on the erosion of particulate matter. 

Determining the extent of arsenic dispersion from the discharge of process 

water, at acidic pH conditions into the Copperfield Creek. 



1.6.2.5 Goodall gold mine 

The Goodall gold mine is located 30km east of Adelaide River, within the Pine Creek 

Geosyncline in Northern Territory, and was operated as joint venture between W.R 

Grace (Australia) Pty Ltd (WRG) and Western Mining Corporation Pty Ltd (WRG) 

(Figure 1.4). From May 1988 to September 1992, 228,400 ounces of gold were 

recovered from 4,095 million tonnes of ore at head grade of 1.99 g Au!t (Quick, 

1994). 

The host rocks are quartzo-feldspathic wacke and interbedded phyllitic siltstone, of 

the Proterozoic Burrell Creek formation. The main zone of gold mineralisation 

occured in 50m wide to 800m quartz and sulfide veins. The bulk of the gold 

mineralisation was associated with quartz-pyrite-arsenopyrite and chloride-quartz-

pyrite veins. The gold occurs as particulates, from 1-20 microns, as inclusions and 

along fractures in pyrite and arsenopyrite and to a limited extent to a chlorite. The 

mineralisation is epigenetic and structurally controlled by fractures developed during 

folding events. The gold is assumed to have derived from the underlying sediments of 

the Koolpin Formation by hydrothermal fluids from the deeply seated northern 

margins of Cullen Batholith, and its precipitation was controlled by variations in 

temperature and pressure (Quick, 1994). 

(a) Scope of study 

The study investigated whether active dispersion of arsenic had taken place at the 

tailings dam, southern waste dump seepage, oxidized waste dump seepage, and from 

the outflow of the Collection Darn below the waste dumps (Plates 6-13). 
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Determining active dispersion of arsenic, from alkaline seepages at the base of 

tailings dam (Plate 12). 

Determining active dispersion from acid mine drainage from waste rock 

down the drainage path to the collection dam prior to overflow discharge 

from the dam to Ryan's Creek (Plates 9-1 1) and; 

Determining active dispersion of As from acid mine drainage (AMD), from 

waste dump via direct release through the woodland to the Ryan's Creek. 

1.7 Objectives of the project 

Sediment arsenic sequential extraction procedures were employed to examine the 

progressive transport and fixation of arsenic forms from various categories of mine 

sites in tropical Northern Territory. 

These modes of progressive transport and fixation of As include: 

. Alkaline (Cyanide) seepage from tailings dam; 

. Acid drainage to a pond prior to overflow; 

• Acid drainage run-off across bush land; 

• Erosion of mineral particulates from small scale mining; and 

• Transport of organo-rich alluvial gold tailings. 
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The study was aimed at establishing the nature of arsenic species in drainage and run-

offs from mining activities, using information about various operationally defined 

forms of arsenic in soils, sediments and evaporites. The information obtained from 

studying the key processes occurring within the five mine sites, were used to interpret 

speciation changes leading to arsenic retention. The summary of the discrete 

processes will be incorporated in water management of mines. 
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Chapter Two METHODOLOGY 

2.1 Sample collection 

2.1.1 Sample site locations 

The sample site location maps for Rum Jungle mine, Tom's Gully gold mine, Union 

Reefs gold mine, Pine Creek gold mine, and Goodall gold mine are shown in Figures 

2.1 - 2.10. Sampling of water, soil and sediments was undertaken during the period-

between March 1994 - September 1995 at the following sites within the Pine Creek 

Geosyncline: (i) Rum Jungle mine (Figure 2.1); (ii) Tom's Gully gold mine (Figures 

2.2-2.3); (iii) Union Reefs gold mine (Figures 2.4-2.5); (iv) Pine Creek gold mine 

(Figure 2.6); and (v) Goodall gold mine (Figures 2.7-2.10). In the Top End o fthe 

Northern Territory there are extreme annual wet and dry seasons (Butterworth, 1991). 

Batches of samples were therefore collected at appropriate times at each site 

representing particular features of arsenic dispersion mechanisms occurring at various 

times during the wet and dry season. Goodall and Tom's Gully mines were the main 

study sites, while the other sites were examined to give comparative arsenic 

dispersion processes. A total of 117 spatial, and 20 depth profile soil / sediment 

samples and 26 water samples were analysed to determine the arsenic speciation and 

dispersion mechanism at the five mine sites. The details of the sediment / soil samples 

are given in Appendix 1 and water samples in Table 2.1. 
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2.1.2 Techniques for handling water samples 

Natural waters are mixtures containing biological and chemical species in dynamic 

equilibrium which can be disturbed by the act of sampling. This is brought about by 

exposure to oxygen or the walls of the sampling container, or as a result of changes in 

pressure or temperature. Most water samples collected were surface grab samples 

(except groundwater from Tom's Gully gold mine) from creeks, waterholes, tailings 

water or seepage from mine waste dumps. Grab sampling of surface waters was done 

by immersion of polyethylene bottles well below the surface, after rinsing of the 

bottles (Australian Standards, 1977 and 1986). Seepage water was collected at source 

sites. The groundwater at Tom's Gully gold mine was collected during the dewatering 

around the mine pit in November 1995. 

2.1.2.1 Water sample pre-treatment 

Surface water samples were collected in acid washed polyethylene bottles stored in 

cold esky for 2 hours and filtered immediately upon returning to the laboratory using 

acid washed 0.45 pm membrane filters (Millipore HAWP), acidified to pH 2 with high 

purity HCl (1% v/v Merck Suprapur Germany) and refrigerated at 40C until analysed 

(De Beuencourt, 1988). The pH and conductivity were measured in situ using 

portable Hanna HI 9033 and Hanna HI 9025 meters, each calibrated according to 

manufacturers specifications prior to use. 

In-house control water samples from NT Department of Mines and Energy, were 

analysed with each batch analysis as quality control samples. These in-house quality 

control samples (PCG-PWD and ICP2 Reference) were independently analysed by 

South Australian State Chemistry Laboratory (SASCL) by ICP-MS for trace metals 
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and As (Sections 2.7.1 and 2.7.5). Details of water sample sites are shown in Figures 

2.1 —2.10 and Table 2.1. 

2.1.3 Techniques for handling soil and sediment samples 

The strategy for soil or sediment sampling depends on whether samples are from 

oxidized or reduced environments. Reduced diagenetic sediments require handling in 

inert atmospheres to avoid oxidation of the anoxic materials, whereas such 

precautions are not required for oxidized samples. After air-drying of samples, debris 

must be physically separated before sieving to <63.xm size fractions in nylon sieves. 

These sieved sediment samples are then stored at room temperature until analysed. 

2.1.3.1 Sediment sampling and pre-treatment 

Surface (5cm) and depth profile sediment samples were collected using a plastic hand 

spade and stored in clean zip-lock plastic bags. Depth profile sediment samples were 

collected at the anabranch of Mt Bundey Creek adjacent to Tom's Gully gold mine, 

used to discharge mine dewatering, at depths 0-5, 5-10, 10-25, 25-50 and 50-75cm, at 

sites TGS4, TGS6, TGS8, TGS15 and TGS16 (Figure 2.3). Background samples were 

also collected either upstream of the anabranch, or >100m away from the source of 

waste discharge. The spade was immersed in nearby soil or sediment several times 

prior to taking the sample. All sediment samples were air dried for 2-3 days, manually 

ground and dry sieved to <2.0mm and <63im size fractions and stored in acid washed 

plastic specimen jars, prior to analysis. Initial As analysis was conducted on the two 

size fractions from Rum Jungle and Tom's Gully sediment samples to detennine the 

sample with greater homogeneity and reproducibility. Repeat sampling was carried 

out on Goodall mine sites GDS 19-22 (Figure 2.10), to determine the effect of the wet 

- 62 - 



season and the blocking of the discharge channel from the oxide waste dump on the 

evaporites from seepage flowing from the oxidized dump (Figure 2.10). All sediment 

sampling was carried out during the dry season of 1994, and immediately after the 

wet season of 1995. 

2.1.4 Evaporite samples 

Evaponte samples were collected from surface soil at the Southern Waste dump at 

Goodall mine for As analysis (Figure 2.8). A small portion was also sent to SASCL 

for analysis using XRD, to determine the mineralogical composition (Raven and 

Zhou, 1994). 
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Table 2.1 Source and site description of water samples for arsenic determination 

Location Sample Date Sample description 

Rum Jungle (Fig 2.1) 

Rum Jungle SS3 28/09/94 Within East arm diversion - Finniss River 

Rum Jungle WS1 28/09/94 Intermediate waste rock seepage at SW1 site 

Rum Jungle WS2 26/04/95 Intermediate seepage SW1 

Rum Jungle WS3 26/04/95 Copper Creek diversion 

Rum Jungle WS4 26/04/95 White's Over Burden Manhole No.1 

Rum Jungle WS5 26/04/95 White's Over Burden Manhole No.2 

Rum Jungle WS6 26/04/95 White's Over Burden Manhole No.3 

Tom's Gully (Fig 2.2 - 2.3) 

Tom's Gully TGW1 05/05/94 Immediately dls from anabranch wetland 

Tom's Gully TGW2 05/05/94 Upstream from Anabranch Wetland 

Tom's Gully TGW3 05/05/94 NT DME Site ck2 at bridge at Stuart H/way 

Tom's Gully TGW4 26/11/95 Groundwater dewatering near the mine pit 

Tom's Gully TGW5 26/11/95 Pond below Oxide Waste Dump 

Union Reefs (Fig 2.4-2.5) 

Union Reefs URW1 01/11/95 Water from Site URS9 

Union Reefs URW2 01/11/95 Water from TD4 Retention Pond 

Pine Creek (Fig 2.6) 

Pine Creek PCW1 02/11/95 Kybrook Rd below PWD 

Pine Creek PCW2 02/11/95 Pine Creek Motel Tap water 
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Goodall Mine (Fig 2.7 - 2.10) 

Goodall GDWI 25/07/94 Seepage from Southern waste dump 

Goodall GDW2 25/07/94 Mine Pit water 

Goodall GDW3 25/07/94 Collection Pond 

Goodall GDW4 28/09/94 Water hole No.1 dls Ryan's Creek 

Goodall GDW5 28/09/94 Water hole No.2 dls Ryan's Creek 

Goodall GDW6 28/09/95 Water hole No.3 dls Ryan's Creek 

Goodall GDW7 29/06/95 Southern end Main Waste Dump Seepage 

Goodall GDW8 29/06/95 Southern end Main Waste Dump Seepage 

Goodall GDW9 29/06/95 Southern end Main Waste Dump Seepage 

2.2 Preparation of reagents and standards 

2.2.1 Chemicals, reagents and standards 

All reagents were of AR grade quality. Ultra high purity grade HCl (Suprapur Merck, 

Germany) was used as preservative for water samples and working solutions. Arsenic 

standards were prepared from a 1,000 mg!L stock solution (BDH, England). All water 

used for analytical purposes, was of high purity grade (Permutit). Working standards 

of 5, 10, 20, and 50ig!L arsenic were prepared from bulk standard solution 

(1000mg/L) by serial dilution. 

All glassware, sampling spade, sample bottles, test tubes and Falcon centrifuge tubes 

(Fisher Scientific USA) were soaked in 10% HNO3  for 24 hour, rinsed with high 

purity water, oven dried and stored in clean cupboards ready for usage. 
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2.2.2 Sodium borohydride solution 

The sodium borohydride concentration used was 0.6 % (wlv) for arsenic 

determination by HG AAS (Hobbins, 1982). For samples with complex matrices 

containing high concentrations of metals, NaBH4  concentration was reduced to 0.3 % 

(wlv) and stabilized by adding 0.5 % (w/v) NaOH. Since NaBH4  will decompose 

significantly in one or two days, only 500mL was prepared at a time. The stability of 

the solution was improved by either passing the solution through a membrane filter or 

storing in the dark at 4°C. 

2.3 Development of analytical procedures 

2.3.1 Sediment size fractions 

Air-dried sediment samples from Rum Jungle and Tom's Gully mines were manually 

ground and dry sieved through <2.0mm and <63tm sieves. The samples were stored 

in dry clean polyethylene plastic bottles, ready for acid digestion to determine As (t) 

and As (Ill) in each size fraction. 

2.3.2 Trial acid digestion procedures 

A number of sediment digestion procedures have been proposed. Digestions using the 

diacid (2HNO3:4HC104) (Florirno etal., 1976) and triacid (211NO3:1H2SO4: 3HC104) 

of sediment sample from Rum Jungle and Tom's Gully mines were trialled. 

Approximately 0.5g of <2.0mm and <63im sediment fractions from Rum Jungle and 

Tom's Gully mines samples were weighed accurately (4 place precision using Mettler 

Precision Balance), into 200mm x 22mm Pyrex test tubes and digested in an 

aluminium block digester with incremental increase in temperature up to 200°C, using 
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the diacid and triacid digestion procedures. All digest volumes were reduced to 

2mL, allowed to cool before filtering (Whatman 541), and diluted to 50mL with high 

purity water and stored in polyethylene plastic bottles ready for As (t) and As (ifi) 

determination by HG-AAS. 

Further tests were done on the diacid method, due to higher recoveries obtained from 

this procedure. The amount of HNO3  was increased from 1mL to 2mL, to reduce 

"sputtering" of the digest from excess HC104. 

2.4 Sediment extraction procedures 

2.4.1 Diacid digestion 

Approximately 1 gram sediment samples (<6311m fraction) were a ccurately weighed 

(4 p  lace precision) i nto dried 2 00mm x 2 2mm P yrex test tubes. The samples were 

digested in an aluminum block digester with incremental increase in temperature up to 

200°C, following the addition of 6mL of diacid mixture (211NO3: 4HClO4). All digest 

volumes were reduced to 2mL, allowed to cool before filtering through Whatman 

541 filter paper, diluted to 50mL with high purity water and stored in polyethylene 

bottles for analysis. Quality Control included reagent blank digestion (1 p  er b atch) 

and reference materials (1NIST MS 2711 and 1BR 2704) and 2 replicate samples per 

batch of 30. 

2.4.2 Solvent extraction procedure for As speciation 

The HCllchloroforrn sediment extraction method for arsenic extraction was used to 

determine the distribution of arsenate, arsenite, total inorganic and organic arsenic in 

soils and sediment samples with some modification (Chappell, 1993; Chappell et 
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al.,1995) (Figure 2.11). The modifications to the original procedure were: (i) prior to 

the inorganic As extraction, the filtrate from 1OM HC1 extraction, was heated for 10 

minutes at 30°C; (ii) all organic phases were back extracted with warm acidified (1M 

HCl) water, then the extract was heated to 60°C for 30 minute then diluted to 100mL 

with high purity water; and (iii) 1 0mL 5% KI/HC1 was added to the 10mL As extract, 

and reacted at 60°C in a water bath for 10 minute before the organic phase extraction. 

The modified procedure is shown schematically in Figure 2.12. 

2.4.2.1 Extraction of arsenic from sediment 

Arsenic was extracted from the sediment samples by treatment with 1OM HC1. A 5g 

soil aliquot (or 2-3g for >500ppm Total As) was weighed accurately (4 place 

precision) into a Falcon centrifuge tube (Fisher Scientific, USA), 20mL of 10 M HC1 

added and extracted by continuous shaking for 30 minutes on an orbital shaker. The 

resulting slurry was centrifuged at 1862g for 5 minute using a Beckman TJ6 

Centrifuge, the supernatant was gravity filtered (Whatman 541) and washings added 

to a 1 00mL volumetric flask. This procedure was repeated a further two times on the 

5g aliquot of sediment. When the extraction was completed, the soil was washed into 

the filter paper, the washings collected in the volumetric flask and diluted to 100mL 

with high purity water. The residue was air-dried and digested (ig) using the diacid 

procedure (Sections 2.3.2 and 2.4.1) to determine the total residual arsenic. 

2.4.2.2 Extraction of trivalent arsenic 

A 10mL aliquot of the arsenic extract (Section 2.4.2.1) was transferred to a 100mL 

separating funnel containing 80mL of 1OM HC1 to adjust acid concentration to greater 

than 9M. This was followed by extractions of arsenic (III) into chloroform with 4 x 
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1 0mL aliquots of chloroform. The strongly acidic aqueous phase was discarded, while 

the chloroform organic phase was back extracted into 2 x 20mL aliquots of acidified 

high purity water (1M HC1) heated to 60°C for 30 minute and diluted to 100mL with 

high purity water. 

2.4.2.3 Extraction of pentavalent inorganic arsenic 

A separate 10mL aliquot of arsenic extract (from Section 2.4.2.1) was transferred to a 

large test tube containing 10mL of 5% (wlv) K1fHCl, covered with PVC plastic film, 

thoroughly mixed and reacted in 60°C water bath for 10 minute (Rothery, 1984). The 

solution was cooled, diluted to 50mL, and 10mL of extract was transferred to a 

100mL separating funnel. After adjusting the acid concentration to greater than 9M, 

with the addition of 80mL of 1OM HC1, extraction of inorganic arsenic was performed 

following the same procedure as in the trivalent arsenic extraction (Section 2.4.2.2). 

The arsenite and the inorganic arsenic extracts were stored in 250mL acid washed 

plastic bottles prior to analysis. The concentration of hydrochloric acid had to be 

carefully controlled, as poor recovery of arsenic (III) will result as shown by Chappell 

et al., (1995); HCl concentration of IM, 4-6M and 6-9M had yielded, 0%, 65% and 

97% As (ifi) recoveries, respectively. 

2.4.2.4 Extraction efficiency 

To ascertain the efficiency of the extraction procedure, arsenite (1 0mg/L) and arsenate 

(loomglL) standards were extracted and percentage recoveries determined. The 

arsenite was prepared from 1 ,000mg/L arsenic trioxide solution, and arsenate from 

sodium arsenate hydrate (Laboratory Grade Reagent). 
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Figure 2.11 Original HCl/chloroform sediment extraction scheme for arsenic 

(Chappell et al., 1995) 
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Figure 2.12 Modified HCl/chloroform sediment extraction scheme for 
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2.4.3 Sediment sequential extraction procedure 

The method of Chunguo and Zihui (1988) was adopted for the sequential extraction of 

As from sediments and soils (Figure 2.13). The modifications to the original 

procedure are described below. One gram sediment samples were weighed (4 place 

precision) into 50mL Falcon polyethylene centrifuge tubes (Fisher Scientific, USA). 

Following the extraction scheme in Figure 2.13, successive reagents (20mL) were 

added and the extraction process was undertaken with continuos agitation on an 

orbital shaker for designated time as given in the sequential scheme. The tubes were 

centrifuged at 1 862g for 5 minute, and filtered through Whatman 541 filter paper. 

Water and NaOH extracts u sually required further c entrifugation at 2 0,686g for 10 

minute because of the presence of fine silt. The residues from each extraction were 

washed twice w ith s aturated N aCl s olution, c entnfuged at 1 862g and the washings 

plus the extracts were stored in 50mL labeled polypropylene bottles ready for arsenic 

speciation analysis (Beckman, 1990). 

During the method development stage, standard addition analysis was performed on 

all 8 s ediment p hase extracts to determine the effects of extraction reagents on the 

HG-AAS arsenic analysis. Repeat extractions were done on three samples in a batch 

(of 16 samples) of low, medium and high arsenic concentrations, to determine the 

reproducibility of the extraction procedure. 

The Sequential sediment extraction procedure was as follows: 

(i) Total soluble arsenic: 

ig sample agitated for 5 hours, and centrifuged at 20,686g. 
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extract made up to 50mL with high purity water and solid retained for 

next phase extraction. 

Loosely bound arsenic: 

ig residue plus 20mL NH4C1, was agitated for 5 hours, centrifuged at 

I 862g the salt washings and extract were diluted to 50mL with high 

purity water, and the residue retained for next phase extraction. 

Arsenate aluminum: 

20 mL 0.5M NH4F was added to the ig residue and agitated for 5 

hours, centrifuged at 1862g, salt washings and extract were diluted to 

50mL with high purity water, the residue was retained for next phase 

extraction. 

Arsenate iron: 

The ig residue was agitated in 20mL 0.1M NaOH solution for 17 

hours, salt washings and extracts were diluted to 50mL with high 

purity water, and the residue retained for next phase extraction (Batley, 

1989). 

Arsenate calcium: 

The residue was reacted with 20mL 0.5M H2SO4  with agitation for 

5 hours, the salts washings and extract diluted to 50mL with high 

purity water, the residue retained for next phase extraction. 

Iron Occluded arsenic: 

10mL 0.3M sodium citrate, 0.5g sodium dithionite and 15mL 

bicarbonate was added to the Ig residue, which was digested at 85°C 

for 1 hour, dithionite being a stronger reducing agent reduced Fe(llI) to 

Fe(II) and Mn(IV) to Mn(H) in the extract, the excess dithionite was 

- 73 - 



oxidized to dithionate by reacting with 30% H202  at 90°C where the 

dithionate was further oxidized to sulfate, thus will not interfere with 

KI pre-reduction of As. The salt washings and extracts were diluted to 

50mL with high purity water, the residue was retained for next phase 

extraction (Cusbert el al., 1990; Salomons and Forstner, 1980). 

Organic bound arsenic: 

The digestion of the ig residue was carried out with 5mL 30% H202  

adjusted to pH 2 with 5mL 1M HC1 at 85°C for 5 hours, with further 

addition of 5mL 30% H202  and occasional agitation. After cooling, 

10mL of 1 .2M NH40Ac in 20% HC1 was added and placed on Orbital 

Shaker at room temperature for 30 minute. The 1 .2M NH40Ac I 20% 

HCl prevents adsorption of extracted arsenic onto oxidized sediments. 

The washings and extract diluted to 50mL and stored, while the residue 

was retained for final digestion (Forstner,1985; Kramer and Allan, 

1991; and Gupta and Chen, 1975). 

Residue: 

0.5 g of the air-dried residue was digested in 21*403  : 4HC104  acid 

mixtures, which should dissolve more resistant mineral, leaving 

behind mostly refractory minerals. 
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Figure 2.13 Modified sequential extraction procedure for arsenic 

extraction (Chunguo and Zihui, 1988) 
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2.5 Arsenic determination 

2.5.1 Water samples 

For total As(t) determination, 4mL of 5% KTI5M HC1 was added to 16mL of sample; 

while 4mL of 5M BC! was added to 1 6mL of sample for As(III) determination. This 

gave a final matrix of 1% KI/1M HCl and 1M HCl, for As(t) and As(llI) 

determination respectively. Samples were thoroughly mixed with a vortex mixer and 

allowed to react for 30 minutes at room temperature before determination of As by 

using a Varian Spectra AA 20 Plus with VGA 76. Inorganic arsenic (V) was 

determined as the difference between As(t) and As(III). 

2.5.2 Sediment sample extracts 

After appropriate d ilutions of t he a cid digests, samples were pre-reduced using 5% 

KJI5M HCl and treated the same way as the water samples. Samples were analysed 

for arsenite and As(t). 

2.5.3 Standard addition analysis 

Due to the varying (or unknown) matrix of each sample analysed, standard addition 

technique was used to prepare calibration curves. A series of samples were spiked 

with different, known amounts of arsenic standards. The response of the 'un-spiked' 

(including the blank) and the 'spiked' samples (0, 5 and 10jig/L As) were measured, 

and the concentration of arsenic in the unknown sample was calculated from the slope 

of the standard curve. The samples were analysed by HG-AAS for As(t) by direct 

analysis and the standard addition method to determine the level of interferences in 

the HG-AAS As determination. 
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2.5.4 Instrumental parameters for HG-AAS 

The instrumental and analytical conditions for determination of As by the hydride 

generation method (Brodie et al., 1983) are shown in Table 2.2. The flow rates of the 

Argon carrier gas were set at 7mL per minute for the sample, 1 .0mL per minute for 

both the reducing agent 0.6% (w/v) NaBH4  in 0.5% (w/v) NaOH and the acid (5M 

HC1) (Rothery, 1984). Two mL 5% (w/v) KI was used to reduce all As(V) to As(IH). 

Table 2.2 Instrumental parameters for arsenic determination using HG-AAS 

Parameters 

Lamp current 

Light source 

Wavelength 

Slit width 

Flame type 

Carrier gas 

Analytical working range (tg/L) 

Reducing agent 

Standard and sample matrix 

Acid concentration 

Background correction  

Condition 

lOmA 

Hollow cathode lamp 

193.7nm 

0.5nm 

Air - acetylene 

Argon 

0.0 to 40ig/L 

0.6 % (w/v) NaBH4  in 0.5 % (w/v) NaOH in H20 

1% KI/1M HCl 

5 MHCL 

ON 

2.5.5 Treatment of interferences during HG-AAS As determination 

Various conditions for As determination using the HG-ASS technique were examined 

to secure a methodology giving better recovery of As and minimising interferences 

from other contaminants (Brodie et al., 1983; Brodie 1979; Aggett and Hayashi 

1987). 
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The sediment samples are composed of varying matrices as well as varying base 

metal and As concentration. For example, arsenic ranged from <1.0 to >3,000tgIg. 

The HG-AAS As reducing reagents conditions, as well as standard addition and 

spiking of 5tg/L standard were applied on diacid sediment digests from Goodall 

mine, Rum Jungle mine (SS2) and NIST MS 2711 Reference, as shown in Table 2.3. 

Table 2.3 Determining best conditions of arsenic recovery from interfering 

elements using HG-AAS technique 

Condition A 0.6% (w/v) NaBH4  in 0.5% NaOH and 5M HCl 

Condition B 0.3% (w/v) NaBH4  in 0.5% NaOH and 5M HC1 

Condition C 0.6% (w/v) NaBH4  in 0.5% NaOH and 7M HC1 

Condition D 0.3% (w/v) NaBH4  in 0.5% NaOH and 7M HC1 

Condition E Standard addition analysis 

Condition F 5jig/L As Standard spike on Method A 

2.6 Analysis of sediments for metals 

The diacid digests of sediment samples were analysed for Al, Ca, Co, Cu, Fe, Mn, Ni, 

Pb and Zn, using the Perkin Elmer Plasma 400 ICP-AES (Boss and Fredeen, 1989; 

Boumans 1994; and Nakahara, 1981). The wavelengths used for each element are 

shown in Table 2.4 and the instrumental operating conditions are shown in Table 2.5 
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Table 2.4 Elements, line and wavelength used for ICP-AES analysis 

Element Line Wavelength (nm) Standard Concentration (mglL) 

Al Al-3 257.510 15,150 

Fe Fe-2 238.204 15, 150 

Mn Mn-2 257.610 1,10 

Ca Ca-2 317.933 15, 150 

Cu Cu-i 324.754 0.5, 5 

Zn Zn-i 213.856 1,10 

Co Co-1 228.616 0.1, 1 

Ni Ni-2 231.604 0.1, 1 

Pb Pb-i 220.353 0.5, 5 

Table 2.5 Standard operating conditions for Perkin Elmer P400 ICP-AES 

Operating Parameters Aqueous Solution 

RFPower(kW) 1.0 

Plasma Ar Flow (Llmin) 12.0 

Auxiliary Ar Flow (Llmin) 1.0 

Nebulizer Ar Flow (L/min) 1.0 

Nebulizer Uptake Rate (mL/min) 1.0 

Viewing Height (mm above load coil) 15.0 

Integration time (second) 30 

- 79 - 



2.7 Quality control procedures 

High quality environmental data are essential in the protection of ecosystem and 

human health due to exposure to toxic chemicals in the environment. The following 

factors are important determinants for obtaining these data; end use of data, 

methodologies, speciation changes, sampling techniques and quality control 

(Ramamoorthy and Badaloo, 1991). Any methodology adopted for routine analysis 

must consider the following characters before it can be adopted; sensitivities, 

selectivity, accuracy and precision, ease of operation, cost-effective, multi-analyte 

capability, limit of detection, interferences and skills needed to operate. 

Quality control (QC) procedures provide the analyst with a standardized set of 

guidelines for minimizing or eliminating analytical errors in order to produce highest 

quality data possible in terms of quality and accuracy. This was achieved by adhering 

to good quality control practices, detecting and eliminating errors arising from 

methodology, instrumental and human biases, random errors, and avoiding variation 

in analytical sensitivity. 

For each batch of the sample analysis, the following steps were followed: 

the analytical standard was double checked with another standard for 

purity and analytical reliability; 

water or pure solvent blanks were run to check background noise; 

reagent blank was run to check for possible contamination; 

every lOu' sample was spiked with standards of concentration close to 

that found in the neutral sample, to determine matrix interferences and 

recovery efficiencies; and 
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(v) when matrix interference was confirmed, the method of "standard addition" 

was used to calculate the "true" concentration of the analyte. 

2.7.1 Water samples 

Control water samples previously analysed by ICP-MS at the South Australian State 

Chemistry laboratory (SASCL), were used for developing the method for arsenic 

speciation analysis in water samples. The samples (PCG-PWD and ICP water), were 

supplied by NT Department of Mines and Energy (NT DME). All water samples were 

analysed in duplicate. 

2.7.2 Sediment samples 

2.7.2.1 Acid extraction 

NIST MS 2711 and NIST BR 2704 reference sediments and acid blanks were 

digested w ith e ach b atch o fs amples to d etermine the percentage recovery for each 

extraction. Two samples per batch were repeated for quality control check. 

2.7.2.2 Sequential extraction procedure 

Due to the large number of samples (117) and the length of time involved in 

extraction of the eight arsenic phases per sample (2.5 days), for every 16 sample batch 

three samples of low (<100jtg!g), medium (100-500p.glg) and high (>1,000jtgIg) 

arsenic concentration range were extracted in duplicate to determine the 

reproducibility of the extraction procedure. The extracted phases were analysed using 

the standard addition method to determine the reagent interferences to HG-AAS 

analysis. 
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2.7.2.3 Solvent extraction procedure 

The HC1/chloroform extraction procedure depends on the control of HCl acid 

concentration, the extraction efficiency of each extraction pathway and the correct 

sample extractant ratio. To determine the correct sample extractant ratio, two sets of 

weights (2-3g and 5g) for the samples SS2, GDS1, GDS2, GDSIO, GDSI2 and 

GDS29, were acid extracted. The residue was digested and analysed for residual 

arsenic concentration, to determine the acid extraction efficiency. Sample SS2 

(<2.0mm and <63tm fractions), which was used as a check sample, was extracted 

with 2 x 20mL and 3 x 20mL concentrated HC1 (1OM) to determine the acid 

concentration, which would yield the highest arsenic extraction. 

2.7.3 HG-AAS arsenic analysis 

All reagents were freshly prepared for each batch of analyses. A re-slope was carried 

out on the mid-standard after every 12 samples analysed. The reagent blank of 1% Ku 

1M HC1 matrix was always run for 10 minute to condition the instrument prior to 

analysis. All results recorded on the instrument were average replicate analyses of 

each sample. All samples and reference sediments were analysed in duplicate except 

the sequential and solvent extracts. 

2.7.4 ICP-AES analysis 

All samples, blanks and NIST references were digested in 8% HC104  acid matrix 

from acid digestion. Single element standards for Fe, Mn and Zn and multi element 

standards for Al, Ca, Co, Cu, Fe, Mn, Ni, Pb and Zn analysis were prepared in 8% 

HC104. During the method development, percentage recoveries of the single element 

standards for Fe, Mn and Zn, as well as NIST references and ICP2 internal sediment 
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digest reference were measured to determine the instrument performance on the multi 

element analysis (Boumans, 1994). 

ICP-AES analysis were also done for Al, Co, Cu, Fe, Mn, Ni, Pb, Zn and HG-AAS 

As on NEST MS 2711, NIST BR 2704, ICP2 internal reference, Rum Jungle SS2 

<2.0mm and <63gm, to determine recoveries using the diacid digestion method. 

2.7.5 Inter Laboratory analysis 

ICP-MS semi-quantitative scan of water and sediment samples for arsenic and trace 

elements were carried out on a VG Plasma Quad ICP-MS in SASCL, for comparative 

purposes during method development. 

2.8 Determination of total organic carbon in sediments 

Total organic carbon (TOC) was determined using the wet oxidation method of 

Heanes (Page et al., 1982 ; Rayment and Higginson, 1992). An aliquot of soil or 

sediment sample (0.2-0.5g) was accurately weighed (4 place precision) into a 50mL 

beaker. The reagents, 10mL 0.167M K2CrO7  and 10mL concentrated H2SO4 (AR 

grade) were added, mixed and allowed to react for 10 minutes before the temperature 

was increased to 135°C for a further 30 minute. The digest volume was made up to 

50mL, mixed and centrifuged at 1862g. The supernatant was analysed on Hitachi U-

1100 UV-VIS single beam spectrophotometer at 600nm. 

Standards were prepared from Laboratory grade 1000mglL sucrose standard. The 

standards and blank were digested the same way as the samples. From the standard 

curve, the sample TOC values were calculated. 
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Chapter Three RESULTS 

3.1 Quality control results for speciation methodology 

3.1.1 HG-AAS analysis 

3.1.1.1 Control water samples 

The SASCL control water analysis showed generally higher As (t) recoveries because 

of the more complete digestion of samples using acid digestion procedure (HNO3: 

HC104: H2SO4)  prior to HG-AAS analysis. In this study arsenic was analyzed as 

filtered (<0.45 tm), soluble As. Good recoveries ranging 70 - 100% were obtained 

for the control water samples (Table 3.1). The high percentage recoveries and low 

standard deviation (<10%) showed the method for As analysis could be considered 

reliable and reproducible. 

Table 3.1 Quality control water samples for determination of arsenic 

speciation methodology 

Sample Type Sample No. 

Arsenic Concentration (tig/L) 

Current Study 

(mean±s.d;n=3) 

SASCL 

RumJungle WS1 4.2± 1.6 10 

WS2 0.7 ± 0.3 1.2 

Control Water PWD 25/5/93 (t) 16.3 ± 2.9 23 

PWD 25/5/93 (f) 9.2 22 

ICP-MS (t) 35 ± 3.5 39 

ICP-MS (f) 30 ± 3 27 

PCG-PWD(t) 53±4 60 

PCG-PWD(f) 27±2.5 30 
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3.1.1.2 Sequential extraction methodology 

Two batches of sequential extractions were performed on sediment samples from 

Rum Jungle and Union Reefs mines. Batch No.1 extractions used the original 

sequential extraction procedure (Chunguo and Zihui, 1988). Results in Tables 3.2 and 

3.3 show that: 

the reproducibility of repeat extractions were good; 

water extractions resulted in more soluble As than the NH4Cl extraction of 

iron exchangeable As; and 

the residues contained between 50 to 70% As. In order to determine if any 

interferences due to the different matrices of each extract was occurring, the 

standard additions technique was used. Table 3.4 showed that fluoride in the 

Al-As phase might be exerting interference effects on the HG-AAS As 

analysis. 

Two problems were identified with the sequential procedure: 

Fe-occluded As results were lower with S2062  extraction; and 

the H202  digestion procedure needed modifying to improve Organic As 

recovery. 

The high residual As content (50 to 70%) in the sediment suggested that; 

most As was tightly bound in the crystalline Fe oxy-hydroxides, non 

organics, humic, sulfide and silicate structures; 

the solid to liquid volume ratio of 5:20, is not assisting with the efficiency of 

As extraction in each sediment phase; 

the rapid re-adsorption of As is occurring on the freshly oxidized sediment 

surfaces; and 
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(d) some reagents were not selectively extracting As in the required sediment 

phase. 

Batch No.2 extractions on the Rum Jungle and Union Reef Samples, included the 

Dithionite (S2042 ), Citrate and Bicarbonate or DCB method, in the Fe occluded As 

extraction procedure. Comparison of results in Tables 3.2 and 3.6 show: 

water extracts had higher soluble As than NI-I4Cl extracts; 

As in most of the sediment phases for the two mine site samples were similar 

except for Fe occluded As and Organic As phases which showed higher 

recoveries from the DCB method; 

residual As accounted for 42 to 78% As; 

most As was contained in the Fe-As and Ca-As phases in samples from Rum 

Jungle and Union Reefs Mines; 

the Fe occluded As in Rum Jungle accounted for 3% As, as compared to 12% 

in Fe-As phase in SS1 <2.0mm sample. The modified DCB method increased 

As recoveries by attacking the As bound to Fe oxy-hydroxides; and 

the As in the fractional totals were generally higher in the modified DCB 

extraction procedure. The reason for calculating % composition (Tables 3.5 

and 3.7) was to undertake comparison of the % recovery of phases, 

specifically Fe-Occl As and Org As extractions, in order to show recoveries 

which were affected by the readsorption of As in solution on to residual 

material. 

Comparison of results in Tables 3.5 with 3.7 enabled easier observation of the 

improvement in DCB and Org-As extraction procedure and showed better recoveries 

of As in the Fe-Occl.As and Org. As. 
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Table 3.2 Trial Batch No.! A: Arsenic distribution in sediment mineralogical phases, Union Reefs mine samples 
using original sequential extraction procedure (Chunguo and Zihui, 1988) 

Sediment phase arsenic species Concentration (ng/g) 
Sample Soluble Arsenic Loosely 

Bound As Al-As Fe-As Ca-As 
Fe-Occl. 

As Org. As Res. As 
Fractional 
Total - As 

Digested As(t) (ng/g) 
s (t) As (III) As (t) As (III) 

URS1 - <63/tm' 2 0.5 <0.1 90 3,200 - - - - 0 26,000 3,000 
URS2 - <63pm 12 8 2 460 15,900 9,800 650 900 65,000 92,732 95,000 12,000 
JRS3 - <631um 9 6 <0.1 83 4,000 2,500 31 280 13,000 19,909 23,000 3,000 
JRS4 - <63pm 12 4 <0.1 204 9,700 5,300 180 360 22,500 38,260 59,000 8,000 
JRSS - <63pm 17 8 3 260 4,230 25,700 2,040 570 106,000 138,828 178,000 24,000 
JRS6 - <63,um 2 0.6 <0.1 39 2,240 1,800 43 83 17,000 21.208 24,000 4,000 

JRS1 -<2.0mm 2 0.5 <0.1 113 2,300 2,800 76 310 11,600 17,202 17.000 4,000 
URS2 - <2.0mm 20 3 2 292 8,900 7,100 300 2,200 50,500 69,317 77,000 12,000 
URS3 - <2.0mm 3 1 <0.1 61 2,600 1,300 52 253 6,500 10,770 13,000 3000 
URS4 - <2.0mm 14 3 <0.1 152 5,100 2,500 54 370 16,900 25,093 29,000 7,000 
JRSS - <2.0mm 16 61 31 2601 9,300 10,600 360 1,500 230,200 252,245 264,000 39,000 
JRS6 - <2.0mm 3 11 <0.11 441 1,400 1,600 48 233 18,800 22,129 24,000 6,000 

Some loss occurred during the Ca-As phase extraction with URS1 <63/tm 
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Table 3.3 Trial Batch No.1 B: Arsenic distribution in sediment mineralogical phases, Union Reefs mine samples 
using original sequential extraction procedure (Repeat) 

Sediment phase arsenic species Concentration (ng/g) 
Sample Soluble Arsenic Loosely 

Bound As Al-As Fe-As Ca-As 

Fe-Occl. 

As Org. As Res. As 

Fractional 

Total - As 

Digested As(t) 
(ng/g)  

As (t) As (III) As (t) As (III) 
JRS1 - <63pm 1  2 0.5 5 164 4,200 - - - - 0 26.000 3,000 
URS2 - <63pm 14 8 19 662 10,700 16,000 780 1,830 47,100 77,000 95,000 12,000 
)RS3 - <63pm 11 8 9 139 4,900 2,800 140 420 12,100 20,000 23,000 3,000 
JRS4 - <63,im 12 4 2 284 8,700 5,800 240 540 26,300 42,000 59,000 8,000 
JRS5 -<631um 19 9 22 373 19,3001 19,900 930 910 125,500 167,060 178,000 24,000 
LJRS6 - <63pm 3 0.8 <0.1 71 2,600 2,200 70 140 16,100 21,000 24,000 4,000 

IJRS1 - <2.0mm 3 0.5 7 148 3,100 2,400 120 430 8.200 14,000 17,000 4,000 
URS2 - <2.0mm 19 5 14 410 7,100 6,800 330 2,600 34,700 52,000 77,000 12,000 
URS3 -<2.0mm 3 1 2 111 2,100 1,600 80 400 4,000 8,000 13,000 3,000 
LJRS4 - <2.0mm 14 3 3 201 5,200 2,600 140 530 14,400 23,000 29,000 7,000 
LIRS5-<2.0mm 20 7 18 352 21,000 18,100 600 1,570 133,400 175,000 264,000 39,000 
URS6 - <2.0mm 3 0.6 <0.1 151 2,7001 2,100 70 390 16,300 22,000 24,000 6,000 

Some loss occurred during the Ca-As phase extraction with URS1 <63pm 
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Table 3.4 Trial Batch No.1C: Arsenic distribution in sediment mineralogical phases, Union Reefs mine samples 
extracted using original sequential extraction procedure and analyzed with HG-AAS standard 
addition technique 

I Sediment phase arsenic species concentration (ng/g) 
Sample Soluble Arsenic Loosely ' 

Bound As Al-As Fe-As Ca-As2  

Fe-Occi. 

As Org. As Res. As 

Fractional 

Total - As 

Digested As(t) 
(ng/g)  

As (t) As (III) As (t) As (III) 
URS1 - <631um' - - - 122 4,300 - - - - <1 26,000 3,000 
URS2 - <63pm - - - 310 10,600 16,400 630 1,800 47,100 76,840 95,000 12,000 
URS3 -<631um - - - 77 5,300 3,100 92 370 12,100 21,039 23,000 3,000 
URS4 - <63um - - - 250 9,500 7,700 190 570 26,300 44,510 59,000 8,000 
URSS - <63pm - - - 2601 19,200 20,000 1,000 1,100 125,500 167,060 178,000 24.000 
URS6 - <631um - - - 35 2,600 2,100 60 120 16,100 21,015 24,000 4,000 

JRS1 - <2.0mm - - - 110 2,700 2,600 80 380 8,200 14.070 17,000 4,000 
URS2 - <2.0mm - - - 310 8,100 7,000 220 2,500 34,500 52,630 77,000 12,000 
URS3 - <2.0mm - - - 60 2,100 1,500 70 370 4,000 8,100 13,000 3,000 
URS4 - <2.0mm - - - 140 7,200 3,800 130 470 14,400 26,140 29,000 7,000 
URSS - <2.0mm - - - 260 20,800 19,900 630 1,300 133,400 176,290 264,000 39,000 
URS6 - <2.0mm - - - 42 2,700 1,900 60 290 16,300 21,292 24,000 6,000 

No standard addition analysis for Soluble As and loosely bound As species, due to low As results Tables 3.2 and 3.3 
2  Some loss occurred during the Ca-As phase extraction with URS 1 <63 p.m 
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Table 3.5 Trial Batch No.1D: Arsenic distribution in sediment mineralogical phases, Union Reefs mine samples 
as percentage composition in sediment phases 

Sediment phase arsenic species Concentration (%)Z 

Sample Soluble Arsenic Loosely 
Bound As Al-As Fe-As Ca-As 

Fe-Occi. 
As Org. As Res. As As (t) As (III) 

URS1 -<63m - - - - - - - - - 

JRS2 - <63im <0.1 <0.1 <0.1 1 14 21 1.0 2 61 
URS3 -<63pm <0.1 <0.1 <0.1 1 24 13 1 2 59 
URS4 -<63jtm <0.1 <0.1 <0.1 1 21 14 1 1 62 
URSS -<631um <0.1 <0.1 <0.1 0.3 18 19 1.0 1 61 
JRS6 - <63pm <0.1 <0.1 <0.1 0.3 12 10 0.5 1 76 

URS1 -<2.0mm <0.1 <0.1 <0.1 1 22 17 1 3 57 
URS2-<2.Omm <0.1 <0.1 <0.1 1 14 13 1 5 66 
URS3-<2.0mm <0.1 <0.1 <0.1 1 25 19 1 5 49 
URS4-<2.0mm <0.1 <0.1 <0.1 1 23 11 1 2 62 
URSS - <2.0mm <0.1 <0.1 <0.1 0.2 12 10 0.3 1 76 
URS6-<2.0mm <0.1 <0.1 <0.1 1 13 9 0.3 21 75 

No sample due to losses during Ca-As extraction 
2  Percentage composition of sediment phases of results calculated from results in Table 3.3 



Table 3.6 Trial Batch No.2A: Arsenic distribution in sediment mineralogical phases for Union Reefs mine and Rum Jungle 
samples using the improved DCB method for iron occluded and organic arsenic extraction 

Sediment phase arsenic species Concentration (ng/g) Concentration (ng/g) 
Sample Soluble Arsenic Loosely 

Bound As Al-As Fe-As Ca-As 
Fe-Occl. 

As Org. As Res. As 
Fractional 
Total - As 

Digested As (t) 
s (t) As (III) As (t) As (III) 

URS1 - <63pm 3 <0.1 <0.1 120 2,080 4,530 670 930 13,400 21,000 26,000 3,000 
URS2 -<631um 67 37 8 530 11,710 28,910 2940 3,920 44,400 93,000 951000 12,000 
URS3 - <63um 12 6 <0.1 90 4,630 3,800 540 680 13,600 23,000 23,000 3,000 
JRS4 -<63,um 104 39 <0.1 230 11,900 8,200 860 1,400 35,100 58,000 59.000 8,000 
JRSS - <631um 158 63 2 330 20,500 62,900 4,710 5,600 69,100 163,000 178,000 24,000 
JRS6 - <631um 7 <0.1 <0.1 64 2,900 3,200 450 560 21,200 29,000 24,000 4,000 

URS1 - <2.0mm 26 9 <0.1 112 2,500 2,740 403 820 11,600 18,000 17,000 4,000 
JRS2 - <2.0mm 71 19 3 260 8,100 8,920 1080 2,940 36,400 58,000 77,000 12,000 
URS3 - <2.0mm 28 10 <0.1 77 2,100 1.700 290 450 5.940 11.000 13,000 3,000 
URS4 - <2.0mm 74 21 <0.1 170 5,100 3,100 540 1,090 16,600 27,000 29,000 7.000 
URS5 - <2.0mm 250 90 <0.1 250 19,200 23,800 2,300 4,700 102,600 153,000 264,000 39,000 
JRS6 - <2.0mm 17 0.4 <0.1 52 2,520 2,500 320 620 20,000 26,000 24,000 6,000 

SS1 <2.0mm' 20 <0.1 4 4 11,300 44,500 3,700 6,900 50,900 117.000 118,000 11,000 
SS1 <2.0mm' 25 <0.1 4 6 13.800 33,900 2.900 8,000 49,400 108,000 118,000 11,000 
SS1 <2.0mm' 47 <0.1 <0.1 14 3,100 18,200 3,100 8,800 67,600 101,000 118,000 11,000 
SS1 <63pm' <0.1 <0.1 <0.1 7 1,040 22,200 960 930 84,100 109,000 109.000 13,000 
SS1 <63im' <0.1 <0.1 <0.1 18 6701 18,6001 1,540 1,700 82,3001 105,0001 109,000 13,000 
'Sample SS1 from Rum Jungle is mostly iron oxyhydroxide sediment 
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Table 3.7 Trial Batch No.2B: Arsenic distribution in sediment mineralogical phases for Union Reefs and Rum Jungle mines 
sediment samples showing percentage composition results from Table 3.6 

Sediment phase arsenic species Concentration (%) Concentration (ng/g) 
Sample Soluble Arsenic Loosely 

Bound As Al-As Fe-As Ca-As 
Fe-Occi. 

As Org. As Res. As 
Fractional 
Total - As 

Digested As(t) 
As (t) As (III) As (t) As (III) 

URS1 - <63/tm <0.1 <0.1 <0.1 0.5 10 21 3 4 61 21,000 26,000 3,000 
URS2 - <63/tm <0.1 <0.1 <0.1 0.6 13 31 2 4 48 93,000 95,000 12,000 
JRS3 - <63pm <0.1 <0.1 <0.1 0.4 20 16 2 3 58 23,000 23,000 3,000 
URS4 - <63/tm <0.1 <0.1 <0.1 0.4 20 14 3 2 61 58,000 59,000 8,000 
URS5 - <63pm <0.1 <0.1 <0.1 0.2 13 38 3 3 421 163,000 178,000 24,000 
JRS6 -<63/tm <0.1 <0.1 <0.1 0.2 10 11 2 2 75 29,000 24,000 4,000 

URS1 - <2.0mm 0.1 <0.1 <0.1 0.6 14 15 2 5 63 18,000 17,000 4,000 
JRS2 - <2.0mm 0.1 <0.1 <0.1 0.5 14 15 2 5 63 58,000 77,000 12,000 
URS3 -<2.0mm 0.2 0.1 <0.1 0.7 20 16 3 4 56 11,000 13,000 3,000 
URS4 - <2.0mm 0.3 0.1 <0.1 0.6 19 12 2 4 62 27,000 29.000 7,000 
URS5 - <2.0mm 0.2 <0.1 <0.1 0.2 13 16 2 3 66 153,000 264,0001 39,000 
JRS6 - <2.0mm 0.1 <0.1 <0.1 0.2 10 10 1 2 76 26,000 24,000 6,000 

SSl <2.0mm1  <0.1 <0.1 <0.1 <0.1 10 38 3 6 42 117,000 118,000 11,000 
SS1 <2.0mm1  <0.1 <0.1 <0.1 <0.1 13 31 3 7 46 108,000 118,000 11,000 

SS1 <2.0mm' <0.1 <0.1 <0.1 <0.1 3 18 3 9 67 101,000 118,000 11,000 
SS1 <63/tm1  <0.1 <0.1 <0.1 <0.1 1 20 0.9 0.9 77 109,000 109,000 13,000 

SS1 <63/tm1  <0.1 <0.1 <0.1 <0.1 0.7 18 2 2 781 105,000 109,000 13,000 
Sample SS1 from Rum Jungle is mostly iron oxyhydroxide sediment 
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3.1.1.3 Sediment reference samples 

The NIST reference standards MS 2711 and BR 2704 gave recoveries within the range 

96-105% and 107-120% respectively (Table 3.8). The results in Table 3.8 showed the 

acid extraction procedure and arsenic analysis methods are reliable and yielded good 

recoveries. NIST MS 2711 was used for the rest of the analytical operation because of 

the similar matrix to the contaminated samples handled. The reference samples were 

analysed simultaneously with samples on the date stated. 

Table 3.8 Recoveries of NIST MS 2711 and BR 2704 reference standards 
from diacid digestion (HNO3:HCI04 ) and HG-AAS analysis 

Sample Date Arsenic Concentration (p.g/g) % Recovery 
Measured Certified 

MS 2711 10/08/94 110 105±8 105 

MS 2711 11/09/94 109 105 ±8 104 

MS 2711 12/11/94 107 105±8 102 
MS 2711 2/02/95 103 105 ±8 98 

MS 2711 4/04/95 106 105±8 101 

MS 2711 17/08/95 101 105 ±8 96 

MS 2711 13/03/96 107 105 ±8 102 

BR 2704 10/08/94 28 23.4±0.8 120 

BR 2704 12/12/94 25 23.4 ±0.8 107 

3.1.1.4 Sediment solvent extraction methodology 

The check samples acid extracted with 2 x 40 mL 1 OM HCl and 3 x 20mL 1 OM HCI 

Table 3.9 shows that a 7.2M HCI extract yielded 97and 98 % extraction efficiency 

(Table 3.9) which was more efficient than 4.8M HCI (80%). The higher acid 

concentration was necessary to ensure maximum extraction of As from within the 

sediment matrix. 
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Table 3.9 Control of HCl concentration during acid extraction using 
HC1/chloroform sediment extraction procedure 

Sample 

HCl 

Conc 

Extracted Concentration (ig/g) 
%Extracted 

Extracted 
________  

Actual As Residual As 
SS2 <2.0mm 4.8 M 77 ± 3 96 26 80 
SS2<2.0mm 7.2M 94±2 96 14 98 
SS2<63trn 7.2M 106±7 109 5 97 

Better acid extraction of sediments was obtained by maintaining a high acid 

concentration (7.2M HCI) and correct sample to acid ratio. For sediments with 

<500tg/g As, 5g mass can be used for extraction. For As> 500pg1g, 2-3 g gives a more 

efficient extraction as shown in the Table 3.10. The residual As was arsenic which 

remained following the extraction with 3 x 20rnL HCl. 

Table 3.10 Determination of appropriate mass of sediment for arsenic 
extraction using the HCl/chloroform sediment extraction procedure 
in 7.2M HCI 

Sample 
(<63tm) 

Arsenic 
Cone (ptg/g) 

Residual Arsenic Concentration (pig/g) 
5g mass 2-3g mass 

SS2 109 5 - 

GDS1 1,010 250 116 

GDS2 1,580 350 69 

GDS3 3,470 500 92 

GDS10 420 71 34 

GDS12 1,900 38 24 

GDS29 3,380 1,500 920 

The efficiency of the HCl/chloroform extraction is another important factor in 

determining the quality of As speciation results. Results of standard arsenite and 

arsenate yielded 93 and 95% recovery (Table 3.11). 
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Table 3.11 Extraction efficiencies of arsenite and arsenate standards compared 
with direct measurement using the 1-ICl/chioroform extraction 
procedure 

Arsenic Standard Measured As Extracted Arsenic Extraction 
Conc. (pg/L) Conc. (tgIL) Efficiency (%) 

mean ± s.d; n=6 mean ± s.d; n=6 

Arsenite (lOmg/L) 12.8 ± 2 11.9 ± 1.5 93 
Arsenate (lOOmg/L) 93.1 ± 3 88.3 ± 5 95 

3.1.2 ICP-AES Analysis 

3.1.2.1 Recovery of single elemental standards 

Three mixed standards were prepared in the diacid matrix (HNO3+HC104; 2:4) 

comprising: 

final concentrations each of 50mg/L Fe, and 50mg/L Zn; 

final concentrations of lOOmg/L Fe, 100mg/L Mn and 100mg/L Zn; and 

final concentrations of 200mg/L Fe and 200mg/L Mn. 

The single element (Fe, Mn and Zn) recoveries ranged from 92-102% and showed that 

the ICP-AES technique was reliable and very efficient (Table 3.12). 

Multi-elemental ICP-AES analysis were done on these standards, which were run with 

a sample batch. Other metals, Al, Ca, Co, Cu, Ni and Zn showed levels below 

detection limit except for the sample standards with the prepared standard. 
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Table 3.12 Recoveries of Fe, Mn and Zn from multi-elemental standards' 
analysed by ICP-AES 

Element Prepared 
Conc'n 
(mg/L) 

Measured 
Conc'n 
(mg/L) 

% Recovery 

Fe 50 50 100 
Fe 100 99 99 
Fe 200 199 100 
Mn 100 102 102 
Mn 200 183 92 
Zn 50 51 101 
Zn 100 102 102 

Multi-elemental standards used were 50 mg/L (Fe, Zn), 100 mg/L (Fe, Mn, Zn) and 
200 mg/L (Fe, Mn) 

3.1.2.2 Recoveries of metals from reference sediments 

Further recovery tests were performed on NIST MS 2711 and BR 2704, ICP2 

reference digest sample and Rum Jungle SS2 sample, an actual sample. The results 

shown in Tables 3.13 and 3.14 give a comparison between a certified reference material 

and an actual sample. The diacid (W'J03:I-IC104) digestion procedure yielded good 

recoveries for metals in NIST MS 2711, BR 2704 and ICP2 Sediment digest. The 

digestion procedure is not suitable for Al and Ca analysis due to low recovery, 

otherwise it is a good procedure for acid extractable metals in sediments which yielded 

recoveries around 100% for most metals analysed. Recoveries from the diacid digestion 

with Rum Jungle SS2 sample showed that the <63tm size fraction gave higher 

recoveries of As and heavy metals compared with the <2.0 mm fraction. 
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Table 3.13 NIST MS 2711 Reference and Rum Jungle sediment digested using diacid method and analysed by ICP-AES 
and HG-AAS for arsenic and heavy metals 

Elements 
Measured in this study 
NIST MS 2711 (n=2) 
mean± sd (xg/g) 

Certified values 
NIST MS 2711 (n=2) 
mean±sd (tg/g) 

SS2 Rum Jungle 
(3/1994) <2.0mm (n=4) 
mean± sd (.tg/g) 

SS2 Rum Jungle 
(3/1994) <63.im (n=4) 
mean± sd (pg/g) 

Al' 3.05 ± 0.03 6.53 ± 0.09 9.90 ± 0.67 10.12 ± 0.21 

Co 12.5 ±0.4 10±0.1 50±1 53±2 

Cu 113 ±4 114 ±2 287±7 301±6 
Fe' 2.67±0.03 2.89±0.06 10.69±0.43 11.69±0.38 
Pb 1043±16 1162±32 306±8 317±14 

Mn 564±8 638±28 523±15 557±12 

Ni2  46±9 21±1 130±4 138±2 
Zn 325 ±10 350.8 ±4.8 128±5 129±3 

As 107.2 ±2.1 105±8 84.1 ±10.1 90 ±4.4 

1  Concentration expressed as weight percentage 
2  Ni-i Line = 221.647nm receives substantial interferences from Si and Al. Therefore the Ni-2 = 231.604nm line was used. 

Determined by HG-AAS 
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Table 3.14 Percentage recovery of metals from reference sediments using the diacid digestion HG-AAS and ICP-AES analysis 

NIST MS 2711 NIST BR 2704 ICP2 Reference Sediment 
Element Measured 

Conc(ug/g) 

Certified 

Cone (pg/g) 

% 

Recovery 

Measured 

Cone (p gIg) 

Certified 

Cone (ugIg) 

% 

Recovery 

Measured 

Cone ug/g) 

Certified 

Cone ugIg) Recovery 
Al' 3.05 6.53 47 4.28' 6.11' 70 10.6 10 106 

Ca' 1.89 2.88 66 - - - 10.2 10 102 
Co 12.5 (10) 125 15 14 107 10.4 10 104 
Cu 113 114 99 93 98.6 94 10.3 10 103 
Fe' 2.67 2.89 92 3.841  4.11 1  93 10.2 10 102 
Pb 1043 1162 90 163 161 101 10.2 10 102 
Mn 564 638 88 530 555 95 10.5 10 105 
Ni2  25.5 20.6 124 42 44.1 95 9.4 10 94 
Zn 325 350.4 93 402 438 92 10.5 10 105 
As 107.2 105 102 28.2 23.4 121 - - - 

I  Concentration expressed as weight percentage 2  Interferences occurred on Ni-i Line, therefore Ni-2 line was used 
Determined by HG-AAS Non certified value 
No Ca values for BR 2704 Reference 
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3.1.2.3 Results of sediment metal analyses 

Sediment samples were analysed for metals Al, Ca, Co, Cu, Fe, Mn, Ni, Pb and Zn, 

using the ICP-AES technique to determine their interference effects on HG-AAS 

arsenic analysis, extent of mobilization with As from the input source and their 

association with natural processes with regard to their retention in environmental 

matrices (Appendix 2). The results for heavy metals give information of dispersion 

from source sites as well as potential interferences to As analysis by HG-AAS and 

whether repeat analyses by standard addition technique are necessary. 

3.1.3 Inter laboratory arsenic analyses 

During the initial stages of method development, sediment samples (<63irn size) 

from Rum Jungle and the anabranch within Tom's Gully mine were analysed by 

SASCL for total As content. Both the diacid and the triacid digestion procedures were 

trialled on these samples as shown in Table 3.15. The triacid digested samples show 

high standard deviation ranging from 40-220 for sample >300tg/g As, while the 

standard deviation for diacid digested samples range form 10-95. Higher recoveries 

are also obtained using the diacid procedure. The SASCL triacid digest results were 

already completed before the methods applied in this work were available. Thus it 

was necessary to verify the diacid method for the two size fractions so that the results 

for the 2.00 mm fraction could be compared with the <63 p.m fraction. Similarly diacid 

and triacid digestions could be compared. The SASCL triacid procedure was the same 

as used here. 
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Table 3.15 Trial using triacid and diacid sediment digestion procedures and 
arsenic determination by HG-AAS for method development and comparison 
with external results from SASCL 

Sample Site Sample No. Total Arsenic Concentration (jig/g) 
(Triacid) 

<2.0mm 
(n=2) 
mean±s.d 

(Diacid) 
<2.0mm 
(n=2) 
mean±s.d 

(Diacid) 
<63um (n1) 

SASCL 
(Triacid) 
(<2mm) 

RumJungle SS1.3/94 181±2 83± 10 112 82 

SS2.3/94 101±8 112±2 111 68 

SS3.3/94 67±1 69±8 131 94 

Tom's Gully TGSI.5/94 28±1 24±1 36 23 

TGS2.5/94 360±45 490±37 270 180 

TGS3.5/94 260±2 302± 10 290 210 

TGS4.5/94 1,270 ± 90 1,420 ± 80 990 760 
TGS5.5/94 1,770±220 2,060±64 1,910 1,500 

TGS6.5/94 2,090 ± 44 2,360 ± 92 2,270 1,500 

TGS7.5/94 1,560± 160 1,560±95 1,820 1,300 
TGS8.5/94 890±80 980±64 750 570 
TGS9.5/94 110±3 117±7 101 66 

TGS1O.5/94 14±1 8 ± 2 14 7 

Reference NIST 2711 110± 4 109 ±2 105± 8 

Reference BR 2704 28± 0.6 23.4± 0.8 
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Figure 3.1 Sucrose Standard Curve for total organic carbon analysis in sediment 

samples, analysed using Hitachi 1100 UV-Vis Spectrophotometer 
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3.2 Results for determination of soluble arsenic in water 
The results in Table 3.16 show water analysis performed for soluble (0.45tm) As 
species. The water samples ranged from very acidic (pH 2.8) to mildly acidic pH of 
6.8. The highly acidic water samples showed higher electrical conductivity values. 
The As concentrations (jig/L) in water from impacted sites were low compared to 
some source sites such as Goodall acid seepage in GDW1, GDW8 and GDW9 which 
were greater than 100 tg/L. 

Water samples analyzed were from different sources ranging from creek water, 
ground water, process water overflows and acidic seepage from acid waste rock 
source. Each sample arsenic result was evaluated with the relevant dispersion 
mechanism in the discussion section. 

3.3 Arsenic, metal and TOC concentrations in sediments 

3.3.1 XRD analysis of evaporites 

Two evaporite samples from Goodall mine were analyzed by SASCL using XRD. 

The mineralogical content of the evaporite material are shown in Table 3.17. The 

XRF elemental scan on previous dry samples from this site indicate mainly Mg and S, 

with lesser amounts of Al, Na, Si, Ca, Cl, K, Fe and Mn (Raven and Zhou, 1994). 
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Table 3.16 Arsenic speciation, conductivity and pH results for water samples 

analysed from study sites 

Location Sample 

No. 

Date 

Sampled 

Physical Parameters Soluble As (ig/L) 

pH Cond.ps/cm) As (t) As (III) 
Rum Jungle WSI 25/03/94 3.64 18,500 4.2 1.8 

WS2 25/03/94 5.53 722 0.7 B.DL 

WS3 28/09/94 2.81 18,600 3.3 1.4 

WS1a 28/09/94 2.84 18,450 1.6 0.6 
WS1b 26/04/95 3.65 13,020 1.2 0.4 

WS4 26/04/95 3.75 10,130 4.8 0.5 

WS5 26/04/95 3.52 11,830 3.6 1.3 

WS6 26/04/95 3.61 13,050 3.3 0.6 
Tom's Gully TGWI 5/05/94 6.65 40.5 1.8 0.4 

TGW2 5/05/94 6.32 37 2.2 0.6 

TGW3 5/05/94 6.43 59.1 1.3 0.2 

TGW4 26/11/95 5.24 5,660 18.3 12.1 
TGWS 26/11/95 3.22 18,600 4.5 2.3 

UnionReefs URWI 1/11/94 5.64 46.6 2.1 1.4 

URW2 1/11/94 6.71 146.3 63.6 16.1 
Pine Creek PCWI 2/11/94 5.98 99.6 13.3 10.8 

PCW2 2/11/94 6.29 110.3 8.7 3.5 
Goodall GDWI 25/07/94 3.32 3,330 136.3 14.1 

GDW2 25/07/94 3.03 2,170 45.4 5.3 
GDW3 25/07/94 3.52 3,540 4.5 1.8 
GDW4 28/09/94 6.16 124 8.8 2.1 
GDWS 28/09/94 6.83 115 4.1 1.5 
GDW6 28/09/94 5.32 230 6.9 1.7 
GDW7 29/06/95 2.95 10,500 22.2 1.7 
GDW8 29/06/95 3.16 7,210 133.4 12.6 
GDW9 29/06/95 3.2 7,480 282.6 19.6 
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Table 3.17 Mineralogical composition of evaporite material from Goodall 

gold mine (Milne etal., 1994; Raven and Zhou, 1994) 

Sample No. Mineralogical Compositions 
1994/ 0377 dry Dominant epsomite, sub-dominant hexahydrate, trace quartz 

and possible halite. 

1994/ 0379 wet Co-dominant epsomite and pickeringite, possible halite 
1994/ 0379 dry Codominant epsomite and pickeringite, sub-dominant 

hexahydrate trace, possible halite 

Epsomite - (MgSO4.7H20) 
Hexahydrite - (MgSO4.6H20) 
Pickeringite - [Mg.Al2  (SO4)4.22H201 

3.3.2 Total organic carbon 

Figure 3.1 shows a sucrose standard curve. The sucrose standards were prepared from 
11.8745g of dried sucrose (42.07% C), made to 1L with HP water where 1mL of this 
solution contains 5mg of carbon. Absorbances were recorded on the UV —Visible 
spectrophotometer and read off the plot to determine the TOC concentration in each 
sediment sample. For the complete set of results of As speciation, heavy metal and 
TOC concentrations for each study site refer to Appendix 2. The TOC concentrations 
for As dispersion processes at each site are shown in Section 3.4. 
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3.4 Arsenic speciation processes at the specific study sites 

3.4.1 Retention of arsenic in wetland system from dewatering 

3.4.1.1 Tom's Gully mine dewatering into anabranch 

Sequential Extraction of arsenic 

Arsenic speciation results in Figure 3.2 and Table 3.18 and 3.19 showed that arsenic 

is largely retained in the Ca-As (63%) >> Fe-As (19%) > Res-As (11%) sediment 

phases. The mobile phases, which included water solubles and the loosely bound As 

only make up 0.3% of the sediment As phase (n=ll). The magnitude of the results for 

soluble As (III and T) and loosely bound As were to low to be shown in Figure 3.2. 

Samples 1Q52 to TGS 16.1 were sediments remaining from dewatering during the 

period 1987-1991. Samples TGS17 - 21 were background levels. The upstream and 

downstream sections of the anabranch (TGS15.1, TGS2, TGS3 & TGS9, TGS16.1) 

had Ca-As levels ranging from 23-48%. The centre of the anabranch was where the 

Ca-As was concentrated (6 1-77%). Thus the average Ca-As composition for 11 

samples was 63%. Trace metal levels of the sediment showed Al> Fe>> Ca levels. 

The results also showed that arsenic speciation within sediments phases was 

concentrated at the point of dewatering (TGS22) and decreased upstream (TGS 16.1) 

and downstrcam of the anabranch (TGS15.1). This feature was the same for the 

distribution of other heavy metals analysed (Table 3.19) and Figures 3.3, 3.4 and 3.5. 

A two tailed statistical 't' test showed a positive correlation of the association of As(t) 

to Fe, Ca, Pb and Zn at P= 0.01 confidence limit (n = 11). Figure 3.4 showed a 

similar pattern of accumulation of As(t), Ca, Mn, Pb and Zn, to Fe distribution in 

Figure 3.3. 
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Table 3.18 showed that there was a build-up of org-As levels > 50jig/g from TGS5 

(106tg/g) to TGS6 (140ig/g) to TGS8 (58ig/g). The corresponding organic carbon 

(TOC) values within the anabranch ranged from 8-15,000jig/g (Table 3.19). A 

similar patterns of build-up were also noted for Fe-As, Ca-As, Fe-OOH-As and Res-

As species. 
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Table 3.18 Arsenic speciation and retention from dewatering of groundwater (Tom's Gully and Goodall gold mines) 

Sequentially extracted arsenic species concentration (u g/g)  

Sample Soluble arsenic Loosely Fe-OOH Fractional 
As (t) As (III) 1 bound As Al-As 

I 
Fe-As Ca-As 

I 
 Occl. As 

I 
 Org.-As Res.-As Total As 

(a) Arsenic retention in the anabranch from dewatering groundwater at Tom's Gully gold mine 
 

 Diacid Digestion 
arsenic (ug/g) 
As (t) As (III) 

TGS15.1 0.9 <0.1 <0.1 1.5 60 50 2 <0.1 6 120 120 8 
TGS2 8 1 0.2 7.2 90 270 8 2.21  12 390 391 34 
TGS3 0.3 0.1 <0.1 2.7 130 340 15 9.4 20 520 420 40 
TGS4 0.8 0.3 0.3 1.3 240 830 21 17 54 1,170 1,160 130 
TGS5 0.8 0.5 1 1.4 330 1,430 73 106 320 2,260 2,110 240 
TGS22 18.3 3 0.3 7.5 670 2,440 130 30 531 3,150 3,130 120 
TGS6 0.7 0.3 1 2.0 460 1,810 86 140 240 2,740 2,420 280 
TGS7 0.6 0.5 0.4 2.1 380 760 75 68 700 1,990 1,970 220 
TGS8 0.3 0.3 <0.1 0.9 190 540 27 58 76 880 820 100 
TGS9 0.6 0.1 <0.1 2.2 90 28 1 1.6 3 123 118 15 
TGS16.1 0.1 0.1 <0.1 0.6 50 38 12 4 13 113 114 7 
TGSI7 <0.1 <0.1 <0.1 0.1 3 3 0.2 0.4 5 12 10 1 
TGSI8 <0.1 <0.1 <0.1 0.2 3 3 0.3 0.2 5 12 11 2 
TGSI9 <0.1 <0.1 <0.1 0.2 4 3 0.3 0.2 5 13 11 2 
TGS20 <0.1 <0.1 <0.1 0.1 3 3 0.3 0.3 5 11 12 2 
TGS2I <0.1 <0.1 <0.1 0.4 3 5 0.4 0.5 4 13 10 2 
TGS25 2.01 0.4 0.3 1.7 19 2,330 160 76 190 2,800 1,150 250 

(b) Arsenic Retention in the drainage channel at Goodall gold mine 
 

GDS44 <0.1 <0.iJ <0.1 30 2,170 1,330 47 90 518 4,202 4,600 840 
GDS45 <0.1 <0.11 <0.1 4 1,400 700 . 36 120 1,252 3,495 3,630 544 
GDS46 <0.1 <0.1  <0.1 14 110 51 2 14 347 568 586 94 
GDS47 <0.1 <0.j <0.1 30 200 140 8 20 454 8531 802 117 
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Table 3.19 Retention of arsenic, metals and total organic carbon (TOC) in the anabranch from dewatering of ground water at Toms Gully gold mine and the drainage channel at Goodall gold mine 
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Figure 3.2 Arsenic speciation and dispersion from dewatering into the anabranch,Toms Gully gold mine 
using the sequential sediment extraction procedure (Note: concentrations of soluble As and loosely bound 
As too low to be shown on graph) 
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Figure 3.3 Arsenic, metals and total organic carbon (TOC) retention in the anabranch at 
Tom's Gully gold mine from the dewatering of groundwater 
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Figure 3.4 Arsenic, metals and total organic carbon (TOC) retention in the anabranch at Toms Gully 
gold mine from the dewatering of ground water. (Iron and aluminum results are greater than 

15,000u gig therefore not shown on the plot below) 
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Figure 3.5 Distribution of arsenic and heavy metals (excluding Al, Fe and 
TOC) within the anabranch from dewatering at Tom's Gully Mine 
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Comparison of the average total As concentrations in sediment samples, near the 

discharge of water at the edges of the anabranch, and the background showed: 

It was concentrated near pump site which had 2000 +300 1g/g As; 

Upstream and downstream edges of wetland had 200 + 45 ig/g As; and 

The background was 11 ± 0.4 tg/g As. 

Solvent extraction of arsenic 

The arsenic speciation results from solvent extraction in Figures 3.6 to 3.7 and Table 

3.20 showed that arsenic retained within the anabranch was mainly in the form of 

inorganic arsenic, with an average of 94% of total As(n=l 1). The individual arsenic 

fractions included 6% organic As, 76% arsenate , and 18% arsenite. Arsenite was 

retained within Fe-oxydroxide material in the anabranch from 50.tg/g at TGS3 to 

600 jig/g at TGS7 (i.e. concentration of 200 - 600tg/g from TGS4 to TGS8). 

Sediment depth profile of arsenic and metals within the anabranch 

The depth profile results of As species and metals in Figures 3.8 - 3.22 and Tables 

3.21 and 3.22 showed that arsenic and metals were contained within the top 5-6 cm of 

the profile. Although Fe and Al were the major sediment element components, Fe 

concentrations were high at the surface and decreased with depth whereas Al levels 

was distributed evenly through the depth profile. The spatial distribution of heavy 

metals in Figure 3.3 showed even distribution of all the metal analysed from TGS15.1 

(downstream of anabranch near Mt Bundey Creek) and at TGS 16.1 (upstream of 

anabranch) at levels < 50,000Jg/g, except for Fe where there was increase in levels 

from TGS3 to TGS9 within the anabranch, peaking to 23% at TGS22 (point of 
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dewatering) and decreasing to 3% at either ends of the anabranch (TGS 15.1 and 

TGS 16.1). 

At sites TGS 4, TGS6 and TGS8 As and metals were concentrated at the top 5cm of 

the profile (Figures 3.11, 3.14 and 3.17, respectively) whereas TGS1S.1 and TGS16.1 

showed more even distribution of Al, Ca, Co, Cu, Fe, Ni, Pb and TOC, but showed 

differences in the profile distribution of Ca, Mn, and Zn (Table 3.21). 

The spatial distribution of soluble As was highest at TGS22 (18igIg) and decreased 

away from the discharge point. Below 5cm of the soil profile the soluble As and 

loosely bound As levels decreased to <0.01tg/g (Table 3.22). There was also positive 

correlation between the association of Fe, Ca, Pb, and Zn, with As(t) using two tailed 

't' test at P = 0.01 confidence limit. 

Calcium - As which was the dominant phase was distributed 33 to 43% within the 

profiles in the anabranch (Table 3.22 and Figures 3.9, 3.12, 3.15 and 3.18). 
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Table 3.20 Arsenic speciation results from dewatering of groundwater into 
the anabranch at Tom's Gully gold mine using the HCl/ chloroform sediment 
extraction procedure 

Arsenic Species Concentration (ig/g) 

Sample As (t) arsenite arsenate Inorg. As Org. As Res. As 
1GS15 108 11 38 49 59 5 
TGS2 435 20 410 430 5 10 
TGS3 370 50 300 350 10 7 
TGS4 960 210 740 950 10 10 

TGSS 2,440 440 2,190 2,430 1 16 

TGS22 3,278 450 2,910 3,270 8 84 

TGS6 2,643 440 2,300 2,640 3 17 
TGS7 2,005 600 1,400 2,000 5 12 
TGS8 790 220 530 750 40 7 
TGS9 96 26 45 71 25 10 
TGS16 110 15 72 87 23 4 
TGS17 10 2 3 5 5 3 
TGSIS 15 4 5 9 6 2 
TGSI9 9 3 3 6 3 2 
TGS20 8 2 3 5 3 3 
TGS21 8 3 3 6 2 3 
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Figure 3.6 Arsenic immobolization within the anabranch at Tom's Gully gold mine 
due to the dewatering of ground water 
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Figure 3.7 Arsenic speciation and dispersion from dewatering of groundwater within 

the anabranch at Tom's Gully gold mine using the HCllchloroform solvent extraction 

procedure 
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Table 3.21 Depth profile samples analysed for arsenic, total organic carbon and heavy metals from the anabranch at 
Toms Gully gold mine 

amp e 
Concentrations (pglg) of total heavy metals, total oranic carbon and arsenic in sediment samples 

Al Ca Co Cu Fe Mn Ni I Pb Zn As(T) (n=2) TOC 

Depth profile sediment samples from within the anabranch at Toms Gully gold mine  

TGS4 (Surface) 31,800 1,900 220 17 112,000 2,500 360 161 4,400 1,200 10,350 
TGS4.1 (0-5cm) 33,200 1,500 420 33 100,200 5,100 440 167 4,100 940 8,600 
TGS4.2 (5-10cm) 46,300 430 15 36 18,600 116 42 49 186 27 6,080 
TGS4.3 (10-25cm) 52,900 680 13 24 18,800 118 43 56 180 11 4,700 
TGS4.4 (25-50cm) 53,200 900 13 23 18,900 148 38 52 184 10 4,000 
TGS4.5 (>75cm) 52,500 880 16 24 20,600 200 27 54 95 13 2,200 
TGS6 (Surface) 23,900 1,500 89 22 200,000 670 270 300 5,000 2,410 13,100 
TGS6.1 (0-5cm) 32,000 2,300 46 44 110,700 490 150 390 2,500 2,420 5,900 
TGS6.2 (5-10cm) 48,800 680 11 23 20,400 95 271 53 1001 23 3,400 
TGS6.3 (10-20cm) 46,300 860 12 22 19,300 97 22 54 53 17 3,600 
TGS6.4 (20-40cm) 43,400 580 12 20 17,900 89 20 46 37 30 2,900 
TGS6.5 (40-50cm) 37,300 350 10 17 13,400 82 14 37 16 18 1,300 
TGS6.6 (>75cm) 49,300 76 8 19 12,800 85 17 41 17 4 1,000 
TGS8 (Surface) 33,620 2,060 43 21 97,040 220 1301 180 1,4101 1,200 13,200 
TGS8.1 (0-5cm) 41,000 1,600 37 26 70,400 300 1001 130 1,030 820 12,300 
TGS8.2 (5-10cm) 47,100 620 12 23 20,300 106 341 55 200 65 6,300 
TGS8.3 (10-20cm) 51,7001 790 11 24 18,000 130 291 49 140 14 5,700 
TGS8.4 (20-50cm) 51,900 690 14 25 22,600 166 241 53 80 25 2,400 
TGS15.1 (0-5cm) 41,300 1,800 4722 28,400 2,900 1301 58 1,0001 118 8,400 
TGS15.2 (5-10cm) 41,900 1,300 12 23 20,500 460 341 49 150 13 4,800 
TGS15.3 (10-20cm) 50,500 1,600 14 25 22,000 660 281 51 71 10 5,900 
TGS15.4 (30-50cm) 55,800 1,500 17 26 26,700 1,200 241 55 30 11 5,600 
TGS15.5 (>75cm) 65,500 1,100 181 30 30,300 1,400 29 59 40 12 3,000 
TGS16.1 (0-5cm) 49,600 2,700 14 24 24,400 136 34 78 190 114 8,700 
TGS16.2 (5-10cm) 44,300 540 9 22 13,100 62 22 50 67 13 5,000 
TGS16.3 (10-25cm) 48,9001 910 14 23 19,500 173 29 49 120 16 6,200 
TGS16.5 (>75cm) 45,3001 530 16 20 18,600 174 21 51 140 13 1,700 
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Table 3.22 Depth profile distribution of arsenic species in sediment phases in the anabranch at Tom's Gully gold mine 

Sequentially_Extracted arsenic species concentration (ii g/g)     Diacid 
Sample Soluble 

As (t) 
arsenic 
As (III) 

Loosely 
bound As Al-As Fe-As Ca-As 

Fe-OOH 
Occl. As Org.-As Res.-As 

Fract. 
Total As 

arsenic (ug/g) 
As (t) As (III) 

TGS4.1 2.7 0.7 0.1 1.6 290 380 70 62 60 850 940 150 
TGS4.2 <0.1 <0.1 <0.1 0.3 18 10 1 <0.1 4 33 27 4 
TGS4.3 <0.1 <0.1 <0.1 0.2 71 5 <0.1 <0.1 1 13 11 2 
TGS4.4 <0.1 <0.1 <0.1 0.2 6 4 <0.1 <0.1 2 13 10 1 
TGS4.5 <0.1 <0.1 <0.1 0.2 8 4 <0.1 <0.1 2 15 13 2 
TGS6.1 0.8 0.4 0.5 3.4 860 570 90 15 80 1,620 1,9001 260 
TGS6.2 <0.1 <0.1 <0.1 0.4 14 8 <0.1 <0.1 <0.1 22 23 3 
TGS6.3 <0.1 <0.1 <0.1 0.4 10 5 <0.1 <0.1 3 20 17 4 
TGS6.4 0.1 <0.1 <0.1 0.4 18 6 1 <0.1 5 31 30 3 
TGS6.5 0.1 <0.1 <0.1 0.5 12 4 1 <0.1 3 22 18 4 
TGS6.6 <0.1 <0.1 <0.1 0.3 3 1 <0.1 <0.1 2 7 6 1 
TGS8.1 0.4 0.2 0.3 0.7 340 300 50 31 64 790 760 75 
TGS8.2 <0.1 <0.1 <0.1 0.4 61 34 2 1 6 100 100 9 
TGS8.3 <0.1 <0.1 <0.1 0.5 7 4 <0.1 <0.1 4 16 14 2 
TGS8.4 0.1 <0.1 <0.1 0.3 15 6 1 <0.1 4 27 25 4 
TGS15.1 0.9 <0.1 <0.1 1.5 64 45 21 <0.1 6 120 120 8 
TGS15.2 <0.1 <0.1 <0.1 0.4 6 4 <0.1 1 6 19 13 2 
TGS1S.3 <0.1 <0.1 <0.1 0.4 4 4 <0.1 <0.1 2 11 10 1 
TGSIS.4 <0.1 <0.1 <0.1 0.4 4 4 1 1 4 13 11 2 
TGS1S.5 <0.1 <0.1 <0.1 0.4 4 3 1 <0.1 4 12  12 2 
TGS16.1 0.1 0.1 <0.1 0.6 46 38 12 4 13 110 110 7 
TGS16.2 <0.1 <0.1 <0.1 0.4 7 4 1 <0.1 3 15 13 2 
TGS16.3 <0.1 <0.1 <0.1 0.3 91 6 1 <0.1 3 20 16 3 
TGS16.4 <0.1 <0.1 <0.1 0.2 61 4 1 <0.1 3 13 13 2 
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Figure 3.9 Arsenic speciation and retention at Sample location TGSI5 within the 
anabranch at Tom's Gully gold mine using the sequential arsenic extraction 

procedure.  
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Figure 3.10 Depth Profile distribution of arsenic, total organic carbon and heavy metals at 

TGS15 within the anabranch at Tom's Gully gold mine. 
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Figure 3.11 Depth Profile distribution of total arsenic at sampling point TGS4 within the 
anabranch at Tom's Gully gold mine 
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Figure 3.12 Arsenic speciation and retention at sample location TGS4 within the 
anabranch at Tom's Gully gold mine using the sequential arsenic extraction procedure. 
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Figure 3.13 Depth Profile distribution of arsenic, total organic carbon and heavy 

metals at TGS4 within the anabranch at Tom's Gully gold mine 
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Figure 3.14 Depth Profile distribution of total arsenic at sampling point TGS6 
within the anabranch at Tom's Gully gold mine 
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Figure 3.15 Arsenic speciation and retention at sample location TGS6 within the 
anabranch at Tom's Gully gold mine using the sequential arsenic extraction 

procedure 
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Figure 3.16 Depth Profile distribution of arsenic, total organic carbon (TOC) and heavy metals 
at sampling point TGS6 within the anabranch at Tom's Gully gold mine 
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Figure 3.17 Depth Profile distribution of total arsenic at sampling point TGS8 
within the anabranch at Tom's Gully mine 
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Figure 3.18 Arsenic speciation and retention at sample location TGS8 within the 
anabranch Tom's Gully gold mine using the sequential arsenic extraction 

procedure. 
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Figure 3.20 Depth Profile distribution of total arsenic at sampling point TGSI6 
within the anabranch at Tom's Gully Gold mine 
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Figure 3.21 Arsenic speciation and retention in sample location TGSI6 within the 
anabranch at Tom's Gully gold mine using the sequential arsenic extraction procedure. 
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Figure 3.22 Depth Profile distribution of arsenic, total organic carbon and heavy metals 
at TGSI6 in the anabranch at Tom's Gully gold mine 
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Table 3.23 Retention of arsenic and metals from dewatering of groundwater into drainage channel at Goodall gold mine 

Concentrations (pglg)_in_sediment_samples  

Sample Al Ca Co Cu Fe Mn Ni Pb Zn As (t) TOC 
GDS44 44,000 29014 24 54,800 9024 34 34 4,600 4,600 
GDS45 45,100 88 18 25 91,400 98 25 47 69 3,630 5,800 
GDS46 64,700 1,31045 67 27,640 26056 461 461 590 4,200 
GDS47 62,350 4201720 36,800 761_341 481 271 8001 5,150 

Table 3.24 Arsenic speciation results from dewatering of groundwater along the eastern edge of the mine pit, 
Goodall gold mine using the sequential extraction procedure 

Sample 
Sequentially extracted arsenic species concentration (u g/g) Diacid Digestion 

arsenic (ug/g) Soluble 
As (t) 

arsenic 
As (III) 

Loosely 
bound As Al-As Fe-As Ca-As 

Fe-OOH 
Occl. As Org.-As Res.-As 

Fract. 
Total As As (t) As (III) 

GDS44 70.1 <0.1 <0.1 30 2,170 1,330 47 90 520 4,200 4,600 840 

GDS45 <0.1 <0.1 <0.1 4 1700 700 36 120 1,250 3,500 3,630 540 
GDS46 <0.1 <0.1 <0.1 14 110 51 2 14 350 570 590 94 
GDS47 <0.1 I <0.1 <0.1 30 2001 1401 81 201 4501 850 8001 120 
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3.4.1.2 Goodall mine dewatering channel 

Sequential extraction of arsenic 

Arsenic speciation results in Figure 3.23 and Table 3.24, showed that arsenic was 

mainly retained on the eastern edges of the pit dewatering channel 20m from 

discharge point (Sites GDS44 and GDS45) at 4,600 and 3,600 Jg/g As(t) respectively. 

There was considerable dispersion in the channel towards the oxidised waste dump. 

High levels at TGS46 and TGS47 may also be due to seepage from the oxidised waste 

dump. The arsenic was retained within the Fe-As> Ca-As> Res-As phases. Average 

As concentrations at GDS44 and GDS45 (4112 ± 480tg/g As, n=2) GDS46 and 

GD547 (690±108tg/g As, n=2) showed that As was retained along the eastern edges 

of the pit. Arsenic was retained as arsenates of Ca, Fe and Residual As at Sites 

GDS44 (52% Fe-As, 32% Ca-As and 12% Res.-As), and GDS45 (40% Fe-As, 20% 

Ca-As and 36% Res.-As). 

Soluble As(t) and As(III) and loosely bound As fractions were negligible (Table 

3.24). Arsenic in these sediment fractions was mainly retained in the Fe materials (5-

10%) in the sediment. The measured total concentrations of iron at GDS44, GDS45, 

GDS46 and GDS47 (Table 3.23) were high indicating an origin associates with the 

dewatering. Other metals in these samples reflected an origin from the dewatering 

(Table 3.23). Evidence of plant growth and organic matter had also contributed to the 

As retention. The mobile arsenic species including Al-As concentrations were too 

low, to be shown on Figure 3.23. 

- 136- 



Solvent extraction of arsenic 

The arsenic retention within the dewatering channel as shown in Figure 3.24 and 

Table 3.25 was mainly in the form of inorganic arsenate, 4,480ig/g in GDS44 and 

3,100ig/g in GDS45. About 140 - 170ig/g of arsenite was also retained here. At 

GDS47, 1 30tg/g of Organic As was retained mainly by humic materials from plants 

growing in the channel. 

Table 3.25 Arsenic speciation results from dewatering of groundwater along 
the eastern edge of the mine pit at Goodall gold mine using the 
HCl/chloroform sediment extraction procedure 

Concentration (igIg) 
Sample As (t) arsenite Arsenate Inorg. As Org. As Res. As 
GDS44 4,490 170 4,310 4,480 10 29 
GDS45 3,150 140 2,960 3,100 5 40 
GDS46 680 10 660 670 10 42 
GDS47 770 70 570 640 130 38 

- 137- 



Figure 3.23 Arsenic dispersion along dewatering channel, Goodall gold mine 
using the sequential sediment extraction procedure (Note: concentrations of 
soluble As and loosely bound As too low to be shown on graph) 
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Figure 3.24 Arsenic speciation and dispersion from dewatering of groundwater along the 

drainage channel at Goodall gold mine using the HCllchloroform solvent extraction 

procedure 
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3.4.2 Dispersion from an alkaline source 

3.4.2.1 Goodall mine tailings dam 

Sequential extraction of arsenic 

The arsenic speciation results in Figures 3.25 and 3.26, and Table 3.26 showed that 

arsenic dispersion within the tributary Creek was attenuated within 600m from the 

base of the tailings dam at GDS3. The As levels dropped to background levels at the 

upstream Ryan's Creek east arm sample sites GDSS and GDS35. The As was retained 

within the Fe-As> Ca-As> Res-As phases. 

Samples GDS4 and GDS6 were upstream and downstream of Ryan's Creek 

respectively, from the point of input from source at the base of tailings dam. Table 

3.27 showed the metal dispersion associated with the As. It showed the highest Ca 

concentrations was associated with the highest As. These sites also had high Cu and 

Zn. 

Solvent Extraction of arsenic 

The speciation results in Figure 3.27 and Table 3.28 showed that arsenic retention was 
mainly as inorganic arsenate in sediment phases. Relatively high percentage of 
organic As at GDS2 and GDS3, which was not shown in the sequential extraction 
results. 
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Table 3.26 Arsenic speciation and dispersion from the base of tailings dam at Goodall gold mine 
using the sequential extraction procedure 

Arsenic species extracted using_Sequential extraction, concentration (pg/g) 
Sample Soluble 

As (t) 
Arsenic 
(Ill) 

Loosely 
bound As 

Al-As Fe-As Ca-As Fe-OOH 
Occl.As 

Org.As Res.As Fract. 
Total As 

Diacid As (pglg) 
As (t) As (II!) 

GDS29 450 81 320 92 1,300 380 71 31 2,450 5,170 3,380 410 
GDS28 116 1.4 0.5 50 160 34 7 20 630 920 610 84 
GDS1 0.9 0.4 0.2 0.6 230 160 9 30 570 1,000 1,010 160 
GDS2 2.9 0.9 0.5 0.8 670 350 25 35 230 1,330 1,580 240 
GDS3 2.7 1.6 0.8 1.2 950 670 50 56 280 21 040 2,470 470 
GDS4 0.7 0.3 0.1 0.3 36 14 1.4 3.7 34 91 80 10 
GDS35 0.3 <0.1 <0.1 0.4 10 4 0.4 1.2 20 36 37 4 
GDS5 0.4 0.2 <0.1 0.3 22 8 0.8 1.5 15 49 46 6 
GDS6 1 0.41 0.2 <0. 11 0.31 341 131 1.21 2.01 221 741 791 9 
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ble 3.27 Arsenic, metals and total organic carbon (TOG) dispersion from the base of tailings dam at Goodall 
gold mine using the sediment extraction procedure 

Sample 

Concentration_(ug/g)_of total heavy metals, total organic carbon and arsenic in sediment 

Al Ca Co Cu Fe Mn Ni Pb Zn As (t)1  TOC 
)S28 29,340 2,830 170 600 101410 1,030 138 25 160 610 2,900 

)S29 2700 6,700 64 690 30,100 36 20 23 18 35380 1,200 

)S1 29,000 21600 23 105 20,000 131 25 32 18 780 11070 

)S2 24,300 1,400 30 126 19,400 139 28 53 21 940 4,150 

)S3 271000 440 8 81 261900 30 10 96 <1 1,390 3,150 

)S4 22,500 200 8 16 3300 36 11 27 <1 80 5,180 

)S35 341040 260 10 16 301240 350 13 26 <1 37 2,930 

)S5 13,630 300 4 8 13,500 14 6 12 13 46 2,820 

)S6 I 11,900 410 101 201 11,800 50 81 121 <11 79 6,440 

lean (n=2) 

WERM 



Table 3.28 Arsenic speciation results from seepage at the base of tailings dam of Goodall gold mine using 
the HCII chloroform sediment extraction procedure 

Arsenic Concentration (jig/g) 

Sample As (t) Arsenite Arsenate Inorg. As Org. As Res. As 

GDS29 4,175 430 3,740 4,170 5 340 

GDS28 530 90 400 490 38 200 

GDS1 1,200 130 710 840 360 120 

GDS2 1,720 180 1,010 1,190 530 70 

GDS3 2,670 520 1,400 1,920 750 90 

GDS4 58 10 42 52 6 2 

GDS35 40 1 38 39 1 3 

GDSS 45 6 29 35 10 3 

GDS6 62 12 30 42 20 3 
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Figure 3.25 Arsenic dispersion from an alkaline source at the base of tailing 
dam, Goodall gold mine using the sequential extraction procedure. Sample GDS29 is 
the source material within the tailings dam. 
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Figure 3.26 Arsenic dispersion from the base of tailings dam not including 
GDS29 the source material, Goodall gold mine using the 

sequential sediment extraction procedure 
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Figure 3.27 Arsenic Speciation and dispersion under alkaline condition from tailings 
dam into Ryan's Creek West Branch at Goodall gold mine using the HCL' chloroform 
extraction procedure 
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3.4.3 Dispersion from an acid source to a retention pond 

3.4.3.1 Goodall mine Southern waste dump seepage 

Sequential extractioli of arsenic 

Arsenic speciation results in Figure 3.28 and Tables 3.29 and 3.30 showed that under 

acidic conditions arsenic species was mobilised to a distance as far as the collection 

pond. The mobility of arsenic species was due to the flushing of the white evaporites. 

Most arsenic that seeped out of the dump was immediately adsorbed onto sediment as 

shown in GDS32 and GDS12. The acidic collection pond retained the arsenic as there 

is no dispersion at GDS 15 from pond overflows. GDS 15 had similar background As 

level to those found in GDS7 and GDS8 (Tables 3.29 and 3.30). 

The arsenic retained was mainly within the Fe-As > Res-As phase in source seepage 

samples (GDS 3 1-34), while the collection pond samples (GDS 12 and 13) contained 

Res-As> Fe-As - Ca-As phases (Table 3.29). 
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Table 3.29 Arsenic speciation and dispersion from an acidic seepage to retention pond at Goodall gold mine 
using the sequential sediment extraction procedure 

Sequentially extracted arsenic species concentration (uglg) Diacid Digestion 
Sample Soluble 

As (t) 

Arsenic 

As (III) 

Loosely 

bound As Al-As Fe-As Ca-As 

Fe-OOH 

Occi. As Org.-As Res.-As 

Fractional 

Total As 

arsenic (ug!g) 

As (t) As (III) 
GDS31 8 0.4 0.2 16 290 7 0.8 3 0.00 65 100 17 
GDS32 1 <0.1 0.7 34 630 180 14 5 480 1,330 680 90 
GDS33 3 0.4 0.2 15 14 3 1.2 3 0.00 39 130 19 
UDS34 16 0.9 0.4 41 120 26 4 12 480 670 420 56 
GDS9 <0.1 <0.1 <0.1 0.5 35 15 1.3 0.9 50 110 85 13 
GDSIO 0.2 0.2 0.1 8 92 81 9 8 180 380 420 64 
GDS11 0.4 0.2 0.2 13 38 61 7 7 120 240 260 38 
GDS12 0.2 <0.1 0.2 1.4 300 270 22 52 750 1,390 1,680 260 
GDS13 <0.1 <0.1 <0.1 0.3 71 38 6 12 120 250 230 16 
GDS14 0.1 0.1 0.1 0.4 27 17 2 4 35 850 84 14 
GDS1S <0.1 <0.1 <0.1 0.0 3 2 <0.1 0.1 3 8 9 1.0 
GDS24 <0.1 <0.1 <0.1 0.4 3 2 0.3 0.3 5 11 12 1.0 
GDS7 <0.1 <0.1 <0.1 0.2 8 2 0.2 0.5 5 17 13 1.0 

GDS8 <0.1 <0.1 0.1 0.1 5 4 0.1 0.1 2 11 8 1.0 
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Table 3.30 Arsenic, heavy metals and total organic carbon (TOC) dispersion from an acidic source to a retention pond at 
Goodall gold mine  

Concentrations (uglg) of total heavy metals, total organic carbon and arsenic in sediment samples 
Sample Al Ca Co Cu Fe Mn Ni Pb Zn As (t)1  TOG 

(a) Arsenic dispersion from Seepages at Southern waste_dump,_Goodall Gold Mine 
GDS31 24,000 1,000 310 1,130 9,510 2,610 235 16 270 100 1,060 
GDS32 33,200 180 12 53 34,500 39 18 42 6 680 1,500 
GDS33 30,600 1,700 400 1,200 2,820 2,750 314 24 4301 130 780 
GDS34 26,700 5,260 180 790 16,910 1,260 150 24 165 420 670 
GDS9 62,600 1,700 37 125 31,800 280 43 54 29 73 1,440 
GDS10 35,300 2,200 55 92 25,250 340 51 30 43 260 1,800 

GDS11 66,200 510 19 117 34,300 105 31 56 10 420 2,730 
GDS12 48,900 1,740 26 630 60,200 170 34 38 29 680 11,790 

GDS13 43,300 1,150 38 110 28,400 270 40 38 30 234 3,270 

GDS14 56,200 520 27 69 36,410 150 55 48 26 117 4,460 

GDS15 58,300 170 12 14 29,900 28 22 48 <1 9 1,370 

GDS24 34,500 230 22 108 22,300 113 18 27 16 12 4,600 

GDS7 8,020 250 2 2 10,000 21 4 5 <0.1 6 7,020 

GDS8 17,700 250 7 36 12,900 39 9 13 <0.1 8 7,920 

1 Mean (n=2) 
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Table 3.31 Arsenic speciation results from acidic seepage from the 
Southern waste dump into a retention pond, Goodall gold 
mine using the HCl/chloroform sediment extraction procedure 

Arsenic Species Conc. (pg/g) 

Sample As (t) arsenite Arsenate lnorg. As Org. As Res.As 
GDS31 82 3 78 81 1 45 
GDS32 1,560 20 1,070 1,090 670 86 
GDS33 550 10 480 490 60 0 
GDS34 160 9 59 68 92 21 
GDS9 108 16 91 107 1 5 
GDS10 450 50 380 430 20 34 
GDS11 360 47 283 340 20 43 
GDS12 1,460 180 1,200 1,380 50 24 
GDS13 220 30 180 210 10 7 
GDS14 54 8 37 45 9 3 

GDS15 12 2 12 11 0 1 

GDS24 10 3 8 11 0 0.6 

GDS7 15 2 12 14 1 0.8 

GDS8 15 1 11 12 3 1.3 
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Figure 3.28 Arsenic dispersion under acidic conditions from the Southern waste dump, Goodall gold 
mine using the sequential sediment extraction procedure 

1400- 
•Res.-As 

(3 Org.-As 

1200- • Fe-OOH Occl. As 

• Ca-As 
1000- 0 Fe-As 

0 Al-As 
800- 

0 Loosely bound As a - 

/ • Arsenic As (III) 

I Soluble As (t) 

Sample site 

- 151 - 



Figure 3.29 Arsenic speciation and dispersion from an acidic seepages at Southern waste dump into 
a retention pond at Goodall gold mine using the HCllchloroform extraction procedure 
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Solvent extraction of arsenic 

The solvent extraction speciation in Figure 3.29 and Table 3.31 showed that the 

dominant arsenic species was arsenate. Sample GDS32 showed some organic arsenic 

species were present. 

The comparison of the mean As concentrations of evaporites from the source seepage 

(GDS31, 33-34 = 235 +134ig/g As) and drain channel sediments (GDS9-11 = 264 + 

89tg/g As) showed some similarity. The arsenic in the channel may be the flushed 

out evaporites that reabsorbed in the sediment. 

3.4.4 Dispersion from an acid source directly into bushland 

3.4.4.1 Seepage from Goodall mine oxide dump 

Sequential extraction of arsenic 

The arsenic speciation results in Figure 3.30 and Table 3.32 showed that under these 

acidic conditions arsenic was dispersed from the oxide dump source through the 

channel into the bushland. The waste rock and low-grade ore were stored at the oxide 

dump during mining. Following cessation of mining, this material began to oxidize. 

Evidence of evaporites from the base of the dump showed that flushing of the 

evaporites assisted with the As dispersion. Arsenic was retained within the Fe-As > 

Res - As> Ca-As phases. 

The arsenic dispersion was halted at GDS23, where the arsenic was retained in the 

Res-As phases. GDS25 and GDS26 showed natural background arsenic levels. Table 

3.33 results showed metal and As distribution in the sediments. 

The mobile As and Al-As are lower concentrations and therefore are not shown on 

Figure 3.30. 
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Table3.32 Arsenic speciation and dispersion from an acidic source into bushland at Goodall gold mine 
using the sequential sediment extraction procedure 
Sequentially_extracted arsenic species concentration (u g/g)     Diacid Digestion 

Sample Soluble 
As (t) 

Arsenic 
As (III) 

Loosely 
bound As Al-As Fe-As Ca-As 

Fe-OOH 
OccI. As Org.-As Res.-As 

Fract. 
Total As 

arsenic (ug/g) 
As (t) As (III) 

(a) Seepages from the oxidised waste dump at Goodall gold mine  

GDS3O 0.6 0.1 0.2 2 2 0.1 0.2 0.5 <0.1 6 6 1.00 

GDS16 0.9 0.2 0.3 21 290 100 11 21 310 750 800 150 

GDS17 0.4 0.3 0.3 2 340 230 17 33 2901 910 1,300 150 
GDS18 0.4 0.1 0.2 4 290 130 9 11 116 560 750 130 
GDS19 0.4 0.2 0.1 3 180 110 12 19 10 330 390 54 

GDS20 0.7 0.3 0.4 3 820 180 21 33 180 1,340 1,640 190 

GDS21 0.3 0.1 0.2 31  200 110 6 131 76 410 496 52 
GDS22 <0.1 <0.1 <0.1 0.21 160 48 3 4 400 620 650 70 

GDS23 0.1 <0.1 110 0.5 290 190 10 22 350 970 930 110 

GDS25 <0.1 <0.1 <0.1 0.7 8 1 0.3 0.3 4 14 16 2 

GDS26 <0.1 <0.1 I <0.1 1.1 101 7 0.7 0.9 12 31 33 4 

(b) Effects of flushing solubles after re-channelling the_drainage  

GDS19 0.4 0.2 0.1 3 180 110 12 191 10 330 390 54 

GDS20 0.7 0.3 0.4 3 820 180 21 33 180 1,340 1,640 190 

GDS21 0.3 0.1 0.2 3 200 110 6 13 76 410 500 52 

GDS22 <0.1 <0.1 <0.1 0.19 160 48 3 4 400 620 650 70 

GDS48 0.6 <0.1 <0.1 9 320 150 101 27 100 610 570 86 

GDS49 0.4 0.1 0.2 15 300 130 6 17 110 570 620 79 

GDSSO 0.4 0.8 0.2 591 270 110 12 121 140 590 620 81 

GDS51 I <0.1 I <0.1 <0.1 1.41 100 54 4 32 83 270 320 38 

(c) Seepages from the oxidized waste dump at Tom's Gully gold mine  

TGS23 1 0.11 <0.1 I <0. 11 0.31 1.4 E 1.6 0.2 <0.1 5 9 6 1 

TGS24 I <0.11 <0.1 I <0.1 I <0. 11 151 6.1 0.9 1.3 11 34 34 4 
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Table 3.33 Arsenic, metals and total organic carbon (TOC) dispersion from seepage from the oxide dump 
into bushland at Goodall gold mine 

Concentration (ug/g) of total heavy metals, total arsenic in sediment _organic_carbon_and 
Sample I Al Ca Co I Cu J Fe Mn Ni Pb Zn As (t)1 TOC 

(a) Seepages from the oxidized waste dump at Goodall gold mine  

GDS30 23,110 440 430 3,430 250 2,500 330 15 410 6±0.3 1,200 

GDS16 19,210 7,500 8 44 18,200 49 13 19 2 300±41 3,120 

GDS17 28,720 1,700 16 76 27,400 106 21 25 7 590±22 2,900 

GDS18 30,210 950 29 150 26,050 184 30 27 15 490±39 5,490 
GDS19 20,910 4,000 112 270 25,830 410 73 16 250 390±47 6,310 

GDS20 34,700 1,140 51 410 37,200 320 51 30 14 870±24 7,010 

GDS21 22,700 3,600 21 80 37,050 290 23 21 <1 210±17 7,000 
GDS22 56,700 1,570 52 220 73,600 590 51 44 16 980±23 3,940 

GDS23 26,050 1,320 36 180 179,200 670 33 38 8 490±35 3,440 
GDS24 34,500 230 22 108 22,300 113 18 27 16 12±2 4,600 
GDS25 35,700 630 37 210 16,300 114 32 29 45 16±3 6,800 
GDS26 46,200 350 35 320 24,310 98 31 37 40 33±4 4,900 

(b) Effects of flushing after rechannelling of the seepage drainage  

GDS19 20,910 4,000 112 270 25,830 410 73 16 250 390±47 6,310 
GDS20 34,700 1,140 51 410 37,200 320 51 30 14 870±24 7,010 
GDS21 22,700 3,600 21 80 37,050 290 23 21 <1 210±17 7,000 

GDS22 56,700 1,570 52 220 73,600 590 51 44 16 980±23 3,940 

GDS48 29,400 113 8 12 27,500 41 14 31 <1 570±35 8,300 

GDS49 26,080 126 10 14 22,600 54 15 26 <1 620±25 3,910 
GDSSO 38,400 132 10 11 25,060 38 18 30 2 620±34 7,520 

GDS51 40,250 390 15 31 35,940 130 21 31 3 320±31 9,410 

(c) Seepages from Oxidised dump at Tom's Gu ly gold mine  

TGS25 11,800 1,100 15 26 229,200 100 33 150 400 1200±45 2,230 
TGS24 29,400 910 31 1001 19,500 4301 65 66 320 34±2 5,700 

TGS23 13,600 23,500 2301 3901 1,2001 1,6001 710 22 2,6001 6±1 1,800 
1. Mean+f- s.d (n=2) 
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Figure 3.30 Arsenic dispersion under acidic conditions from the oxide waste 
dump into the bushland at Goodall gold mine using the sequential sediment extraction 
procedure 
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Solvent Extraction of arsenic 

The arsenic retained in the bushland was mainly in the inorganic arsenate form as 

shown in Figure 3.31 and Table 3.34 

Table 3.34 Arsenic speciation results for acidic seepage from the oxide waste 
dump re-channeled into nearby bushland in Goodall gold mine, 
using the llCllchloroform sediment extraction procedure 

Arsenic Concentration (jig/g) 

Sample As (t) arsenite arsenate Inorg. As Org. As Res. As 

GDS30 6 2 4 6 0 0 

GDS16 840 80 410 490 350 24 

GDS17 732 100 630 730 2 19 

GDS18 551 80 470 550 1 8 

GDS19 351 50 300 350 1 7 

GDS20 1,140 100 700 800 340 15 

GDS21 260 50 180 230 29 8 

GDS22 500 70 400 470 25 29 

GDS23 510 100 390 490 12 25 

GDS25 16 3 13 16 0 1.3 

GDS26 30 3 25 28 2 1.2 

3.4.4.2 Re-channeling of the oxide dump seepage drain 

Sequential extraction of arsenic 

The effect of flushing showed that the peak in GDS20 transect sample had been 

retained at similar levels in soil when results were compared for GDS48 - GDSSO, as 

shown in Figure 3.32 and Tables 3.32 and 3.33. The arsenic was retained in Fe-As> 

Res-As> Ca - As phases. The flushing of waste water into the nearby bushland had 

dispersed the arsenic beyond the bushland. 
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Figure 3.31 Arsenic speciation and dispersion under acidic conditions from the 
oxide waste rock dump into bushland at Goodall gold mine using the HCL'chloroform 

sediment extraction procedure 
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Figure 3.32 Effect of flushing evaporites after redirecting the seepage from the 
oxide waste dump to the collection dam, Goodall gold mine using the sequential 

sediment extraction procedure 
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Figure 3.33 Effect of flushing evaporites after redirecting the seepage 
from the oxide waste dump into the collection dam at Goodall gold 
mine using the HCL'chloroform sediment extraction procedure 
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Solvent extraction of As 

Figure 3.33 and Table 3.35 showed that the flushed arsenic were retained in the 

sediment as inorganic arsenate. 

Table 3.35 Effect of flushing evaporites from bushland by redirecting the 
oxide waste dump runoff into the retention pond. Transect samples 
GDS19-22 (Sept.1994) and GDS48-51 (Sept.1995) using the 
HC1/chloroform sediment extraction procedure 

Arsenic Concentration (Mg/g) 

Sample As (t) arsenite arsenate Inorg. As Org. As Res.As 

GDS19 351 50 300 350 1 7 

GDS20 1,140 100 700 800 340 15 

GDS21 260 50 180 230 29 8 

GDS22 500 70 400 470 25 29 

GDS48 530 20 500 520 6 12 

GDS49 530 10 490 500 30 12 

GDSSO 590 20 570 590 0 17 

GDS51 275 7 263 270 5 8 
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3.4.4.3 Seepage from Tom's Gully Mine oxide waste dump 

Solvent and sequential extraction procedure 

The oxide waste dump seepage at Tom's Gully mine had been left to run in an 

uncontrolled manner into adjacent farmland. The source site (TGS23) had white 

evaporites with an As level of 6,uglg. The sediment sample (TGS24) within the 

farmland waterhole recorded 34p gig As due to the flushing of the evaporites and 

seepage from the oxide waste dump runoff. Arsenic was retained as inorganic 

arsenate within the Fe-As and Res-Asphases at TGS24, and within the Res-As> Ca-

As = Fe-As phases (Figure 3.34 and Table 3.32, and Figure 3.35 and Table 3.36). 

Table 3.36 showed arsenic speciation results from acidic seepages at Tom's Gully 

mine, extracted using solvent extraction method. 

Table 3.36 Arsenic speciation results for an acidic seepage from the oxide 
waste dump, Tom's Gully gold mine using the llCllchloroform 
sediment extraction procedure 

Arsenic Concentration (pglg) 

Sample As (t) arsenite arsenate Inorg. As Org. As Res. As 

TGS23 5 2 5 7 0 2 

TGS24 34 3 30 33 1 12 

Summary of Process 

The acidic seepage from Tom's Gully mine was a similar process as the oxidized 

seepage at Goodall mine, except here the seepage was left to flow in an uncontrollable 

manner. 
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Figure 3.34 Arsenic speciation and dispersion under acidic conditions from 
seepage at the oxide waste dump, Tom's Gully gold mine 

using the sequential sediment extraction procedure 
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Figure 3.35 Arsenic dispersion from an acidic seepage from the oxide waste dump flowing into 
bushland at Tom's Gully gold mine using the HCllchloroform sediment extraction procedure 
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3.4.5 Dispersion from sources along creeks and rivers 

3.4.5.1 Ryan's Creek - Goodall mine 

Sequential extraction of arsenic 

The total arsenic dispersion along Ryan's Creek in Table 3.37, showed that the east 

arm branch upstream mobilises background arsenic, but below GDS25 there was 

some increase in As levels in GDS26. The west branch on the other hand showed high 

levels in the upstream samples GDS35 and GDSS. GDS5 was connected to a tributary 

creek into which tailing seepage flows. The downstream Ryan's Creek west arm 

flowing into the main Ryan's Creek showed slightly elevated levels to GDS27, which 

then decreased to background levels in GDS43. 

The arsenic was mainly distributed as Res-As (40%) > Fe-As (38%) > Ca-As (15%) 

phases which made up over 90% of the phase composition. The total mobile phase 

only made up < 1% while most arsenic > 99% was immobilised in sediment phases 

(Figure 3.47). Samples downstream from GDS26 showed an increase in As level. 

Other metals did not show much variation downstream from GDS26 (Table 3.38). 

Table 3.38 shows As, metal and TOC dispersion, with no particularly elevated levels 

of heavy metals. 
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Table 3.37 Arsenic speciation and dispersion along Ryan's Creek from sources at Goodall gold mine and along Copperfield 
Creek from sources at Pine Creek gold mine 
Sequentiallyextracted arsenic species concentration (u g/g)  Diacid Digestion 

Sample Soluble 
As (t) 

Arsenic 
As (III) 

Loosely 
bound As Al-As Fe-As Ca-As 

Fe-OOH 
Occi. As Org.-As Res.-As 

Fract. 
Total As 

arsenic (ug/g) 
As (t) As (III) 

(a) Arsenic speciation and dispersion along Ryan's Creek at Goodall gold mine  

GDS7 0.1 <0.1 <0.1 0.2 8 2 0.2 0.5 5 17 13 1 
GDS8 <0.1 <0.1 <0.1 0.1 5 4 0.1 0.1 2 11 8 1 
GDS24 <0.1 <0.1 <0.1 0.4 3 2 0.3 0.3 5 11 12 1 
GDS25 <0.1 <0.1 <0.1 0.7 8 1 0.3 0.31 4 14 16 2 
GDS26 <0.1 <0.1 <0.1 1.1 10 7 0.7 0.9 12 31 33 4 
GDS35 0.3 <0.1 <0.1 0.4 10 4 0.4 1.2 20 36 37 4 
GDSS 0.4 0.2 <0.1 0.3 22 8 0.8 1.5 15 49 46 6 
GDS6 0.4 0.2 <0.1 0.31 34 13 1.2 2.0 22 74 79 9 
GDS36 0.30 <0.1 0.1 0.6 23 7 0.8 2.1 28 62 59 8 
GDS37 0.50 <0.1 <0.1 0.5 9 21 0.3 1.2 13 26 30 3 
GDS38 0.30 <0.1 <0.1 0.5 13 4 0.3 1.11 19 38 39 6 
GDS39 <0.1 <0.1 <0.1 0.5 12 4 0.3 1.0 15 32 36 5 
GDS40 <0.1 <0.1 <0.1 0.6 3 2 0.1 0.3 5 11 11 1 
GDS41 <0.1 <0.1 <0.1 0.7 131 11 0.4 0.7 131 38 41 5 
GDS27 <0.1 <0.1 <0.1 0.3 12 5 0.4 1.1 21 40 34 4 
GDS43 <0.1 <0.1 <0.1 0.2 2 1.4 0.11 0.1 3 7 7 1 

(b) Arsenic speciation and dispersion along Creek _Copperfield at Pine Creek gold mine  

PCS9 0.1 <0.1 <0.1 0.3 6 3 0.2 0.4 1 11 8 2 
PCS8 0.1 <0.1 <0.1 0.4 4 0.7 0.1 0.4 1 6 5 1 
PCS7 0.3 0.1 <0.1 0.4 19 14 1.5 2.4 35 72 79 10 
PCSS <0.1 <0.1 <0.1 0.1 7 2.7 0.3 0.5 6 16 19 3 
PCS4 0.2 <0.1 <0.1 0.2 8 3.4 0.6 1.91 14 29 30 4 
PCS1 0.2 0.1 <0.1 0.1 12 5.9 0.7 1.0 12 32 32 4 
PCS2 0.4 0.2 0.1 0.3 36 15.2 2.1 3.0 43 100 100 11 
PCS3 <0.1 <0.1 <0.1 0.2 20 8.4 1.0 2.9 61 94 110 12 
PCS6 0.1 0.1 <0.1 0.3 14 7.1 0.8 1.2 9 32 331 4 
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Table 3.38 Arsenic, heavy metals and total organic carbon (TOC) dispersion along Ryan's Creek from 
sources at Goodall gold mine and along CoPDerfleld Creek from Pine Creek aold mine 

Concentrations (ugig) of total heavy metals, total organic carbon and arsenic in sediment samples  

Sample Al J Ca I Co I Cu Fe Mn Ni Pb Zn As (t)1  TOC 
(a) Arsenic dispersion along Ryan's Creek, Goodall gold mine  

GDS7 8,020 250 2 2 10,000 21 4 5 <1 6 7,020 
GDS8 17,700 250 7 36 12,900 39 9 13 <1 8 7,920 
G0S24 34,500 230 22 108 22,300 113 18 27 16 12 4,600 
GDS25 35,700 630 37 210 16,300 114 321 29 45 16 6,800 
GDS26 46,200 350 35 320 24,310 98 31 37 40 33 4,900 
GDS35 34,040 260 10 16 30,240 350 13 26 <1 37 2,930 
GDS5 13,630 300 41 8 13,500 14 6 12 13 46 2,820 
GDS6 11,900 410 10 20 11,800 50 8 12 <1 79 6,440 
GDS36 42,500 410 20 81 37,160 230 20 34 3 59 5340 
GDS37 24,450 190 10 23 46,440 76 101 23 <1 30 2,330 
GDS38 34,650 250 15 28 26,620 130 14 32 <1 39 1,820 
GDS39 58,100 260 25 120 29,700 170 28 45 14 36 6,700 
GDS40 37,200 400 11 32 35,210 300 17 29 <1 111 15,000 
GDS41 56,000 370 68 340 30,740 150 52 38 68 41 9,930 
GDS27 36,340 160 33 170 20,900 50 29 28 36 34 4,000 
G0543 33,200 250 9 8 40,810 360 121 31 <1 7 2,600 

(b) Arsenic dispersion along Copperfield Creek, Pine Creek gold mine  

PCS9 15,800 240 7 1 40,800 360 5 23 <1 8 950 
PCS8 42,800 400 10 3 30,800 470 7 41 6 5 1,100 
PCS7 75,100 420 14 150 39,700 150 20 98 150 79 11,900 
PCS5 61,400 610 11 18 29,700 170 121 63 28 19 14,500 
PCS4 44,300 230 13 30 26,600 130 16 45 <1 30 2,300 
PCS1 50,800 520 14 32 30,200 350 16 46 15 32 5,700 
PCS2 66,900 180 19 116 37,200 230 24 118 220 101 4,000 
PCS3 50,500 110 9 261 46,400 76 18 109 19 109 1,600 
PCS6 60,000 780 18 621 35,200 300 24 68 88 33 5,600 
1  Mean (n=2) 
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Figure 3.36 Arsenic speciation and dispersion along Ryan's Creek, Goodall gold mine 
using the sequential extraction procedure 
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Table 3.39 Arsenic speciation and dispersion along Ryan's Creek, Goodall 
gold mine, using HCl/chloroform sediment extraction procedure 

Arsenic concentration (pg/g) 
Sample As (t) arsenite Arsenate Inorg. As Org. As Rcs.As 
GDS7 15 2 12 14 1 0.8 
GDS8 15 1 11 12 3 1.3 
GDS24 11 3 8 11 0 0.6 
GDS25 16 3 13 16 0 1.3 
GDS26 30 3 25 28 2 1.2 
GDS35 40 1 38 39 1 3 
GDS5 45 6 29 35 10 3 
GDS6 62 12 30 42 20 5 
GDS36 64 9 54 63 1 6 
GDS37 32 2 14 16 16 4 
GDS38 28 3 19 21 7 5 
GDS39 31 5 11 16 15 3 

GDS41 34 8 14 22 12 3 

GDS27 39 9 24 33 6 1.3 

GDS43 7 2 3 5 2 1.2 

Solvent extraction of arsenic 

The solvent extraction plot in Figure 3.37 and the arsenic results in Table 3.39 showed 

that most arsenic was retained as inorganic arsenate of which arsenate makes up 83% 

of the total composition. GDSS, GDS6 and some downstream samples recorded some 

organic arsenic levels. 

The average As concentration of each branch into Ryan's Creek showed that east arm 

had 15 ± 5 jig/g As (n=5), while west branch had 48 ± 7 tg/g As (n6). The 

downstream Ryan's Creek samples showed 37 ± 2 tg/g As (n=3) excluding sample 

GDS43 which was located furthest downstream Ryan's Creek, near Mt Ringwood 



Station homestead. This site was separated from the other upstream sites and may 

have been influenced from agricultural activities, not undertaken upstream. 
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Figure 3.37 Arsenic speciation and mobilisation along Ryan's Creek at Goodall gold 
mine using the HCl/chloroform sediment extraction procedure 
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3.4.5.2 Copperfield Creek - Pine Creek mines 

Sequential extraction of arsenic 

The arsenic concentrations at upstream Copperfield Creek showed natural levels at 

PCS8 and PCS9 (5 and 8.ig/g respectively). There was elevation of As levels from 

PCS5, PCS4, PCS1 and PCS6. The sites PCS7, PCS2 and PCS3 from the tributary 

creek showed higher levels of arsenic (Tables 3.37 and 3.38). High levels of metals 

(Al, Ca, Cu, Fe, Mn, Pb and Zn) were also recorded in samples PCS 2, PCS 3 and 

PCS 7 (Table 3.38). 

The arsenic from the tributary creeks PCS7, PCS2 and PCS3 was mainly retained in 

the Res-As (57%) >> Fe-As (25%) > Ca-As (12%) phases of the source inputs. The 

mobile phases from these input sources made up 0.5% (Figure 3.38) 

The organic bound As was statistically correlated to the total organic carbon at 95% 

confidence limit (P> 0.05). The As from the input source at PCS3 was mostly bound 

in residual phase (78%) while 43% was residual As in PCS2. Both samples were in 

the upstream of the tributary creek that flowed into Copperfield Creek at PCS6. 

Solvent extraction of arsenic 

From the As speciation plot in Figure 3.39, the organic As from the input sources 

accounted for 56% from PCS3 and 52% from PCS7, while the inorganic As 

accounted for 39% and 38% respectively (Table 3.40). 
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Table 3.40 Arsenic speciation and dispersion along Copperfield Creek, 
Pine Creek gold mine using the HCi/chioroform sediment 
extraction procedure 

Arsenic Concentration (pglg) 

Sample As (t) arsenite arsenate Inorg. As Org. As Res.As 

PCS9 12 2 8 9 3 0 

PCS8 7 1 6 7 0 1 

PCS7 76 3 30 32 44 8 

PCS5 13 2 9 11 2 2 

PCS4 30 3 10 13 17 2 

PCS1 30 3 11 14 16 1 

PCS3 102 10 32 42 60 5 

PCS2 94 10 28 38 56 11 

PCS6 30 2 13 15 15 2 
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Figure 3.38 Arsenic speciation and mobilisation along Copperfield Creek at Pine 
Creek gold mine using the sequential arsenic extraction procedure 
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Figure 3.39 Speciation and dispersion along Copperfield Creek at Pine Creek 
gold mine using the HCl/ chloroform sediment extraction procedure 
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From the As speciation plots in Figure 3.39 and Table 3.40, the organic As from the 

input sources made up 59% composition, while the inorganic As made up 41% of 

which 33% was arsenate and 8% is arsenite. The inorganic arsenate was immobilised 

in the Res-As and Fe-As phases, the input into PCS6 may mostly be organic arsenic 

forms. 

The upstream Copperfield Creek at PCS8 and PCS9 had a mean As concentration of 

7 ig/g. The downstream Copperfield Creek at PCS1, PCS4, PCS5, and PCS6 had an 

elevated average concentration of 29 + 3jtg/g As (n=4). The tributary creek from 

PWD at PCS2 and PCS3 overflows had a mean of 105 jig/g As. 

3.4.5.3 McKinlay River - Union Reefs mine 

Sequential extraction of arsenic 

The arsenic speciation results were shown in Figure 3.40 and Table 3.41. Two input 

sources into the aquatic system were obviously URS2 (88jig/g) and URSS (173tg/g) 

(Table 3.42). Arsenic speciation distribution within the sediment phases were as 

follows: URS2, Ca-As (31%)> Fe-As (27%)> Org-As (27%)>Res-As (18%) phases 

and URSS had, Ca-As (42%)> Fe-As (30%) >> Res-As (12%) and Organic bound-As 

(10%). URS4 had similar As species distribution to URSS. The mobile As phases 

within samples URS2 and URSS only made up 0.5% and 0.8% respectively. Table 

3.42 showed As and metal distribution from natural upstream geochemical 

transportation and inputs from historical sources such as at old Millars Battery 

(URS2) and alluvial tailings discharged into the McKinlay River and transported 

downstream (URSS). 
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Table 3.41 Arsenic speciation and dispersion along McKinlay River from sources along river and creeks 

Sample 
Sequentiallyextracted arsenic species concentration (u g/g)     Diacid Digestion 

arsenic (ug/g) Soluble 
As (t) 

Arsenic 
As (III) 

Loosely 
bound As Al-As Fe-As Ca-As 

Fe-OOH 
Occi. As Org.-As Res.-As 

Fract. 
Total As As (t) As (III) 

(c) Arsenic speciation and _dispersion  along Mckinlay River at Union Reefs gold mine 
URS1 <0.1 <0.1 <0.1 0.1 9 5 0.6 5 8 27 22 3 
URS2 0.161 <0.1 <0.1 0.4 31 33 3.8 24 20 110 88 12 
URS3 <0.1 <0.1 <0.1 0.1 10 4 0.5 7 7 29 23 3 
URS4 0.138 <0.1 <0.1 0.3 21 10 1.3 20 14 67 66 8 
URSS 0.165 <0.1 <0.1 0.3 60 69 0.6 31 22 180 173 24 
URS6 <0.1 <0.1 <0.1 <0.1 6 3 1.3 9 9 28 27 4 

(d) Arsenic dispersion along East Finnis River Diversion at Rum Jungle mine 
SS1 <0.1 <0.1 <0.1 0.2 41 39 0.7 5 29 120 120 14 
SS2 <0.1 <0.1 <0.1 0.1 46 25 0.3 4 32 110 110 13 
SS3 <0.1 <0.1 <0.1 0.1 30 22 0.6 1 110 160 150 20 
SS4 <0.1 <0.1 <0.1 <0.1 0.3 0.2 0.1 <0.1 4 4 6 0.5 

(e) Arsenic speciation and dispersion along Mt Bundey Creek at Tom's Gully gold mine  

TUSh <0.1 <0.1 <0.1 <0.1 4 2 0.1 0.1 5 11 10 2 
TGS10 <0.1 <0.1 <0.1 <0.1 5 3 0.7 0.0 5 13 18 2 
TGS12 <0.1 <0.1 <0.1 <0.1 12 11 0.8 0.1 18 42 40 5 
TGS1 <0.1 <0.1 <0.1 <0.1 10 7 0.2 0.1 13 31 46 3 
TGS13 <0.1 <0.1 <0.1 <0.1 7 5 0.4 0.1 6 19 17 3 
TGS14 <0.1 <0.1 <0.1 <0.1 1  7 4 0.3 0.0 9 20 22 3 
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Table 3.42 Arsenic, metals and total organic carbon (TOC) dispersion from sources along Mckinlay River, 
East Finn iss River and Mt Bundey Creek 

Sample 
Concentrations (ug/g) of total heavy metals, total organic carbon and arsenic in sediment samples  

Al Ca Co Cu Fe Mn Ni Pb Zn As (t)1  TOC 

(d) Arsenic and heavy metal dispersion along McKinlay River, Union Reefs Gold Mine  

URS1 50,000 390 11 13 24,700 290 17 58 36 22 6,700 

URS2 47,400 560 12 12 27,000 270 14 78 32 88 5,100 

URS3 50,000 650 13 11 26,200 390 16 63 25 23 30,000 

URS4 41,800 71 12 12 29,200 300 16 88 42 66 440 
URS5 66,400 340 191 171 40,700 660 24 124 88 173 5,800 
URS6 58,000 4301 151 231 38,60-01 29 62 12 27 2,800 

(e) Arsenic and heavy metal dispersion along East Finniss River diversion, Rum Jungle Mine 
SS1 36,400 1,500 89 370 72,000 250 135 41 190 120 1,120 

SS2 96,000 3,200 51 280 104,000 470 133 310 135 1081 3,900 

SS3 46,400 4,000 71 1,200 128,800 310 133 470 180 147 3,200 
SS4 6,500 15,500 250 1,400 248,200 420 260 69 750 6 5,200 

(f) Arsenic dispersion along Mt Bundey Creek, Tom's GuTly mine  

TGS11 45,300 630 14 24 28,200 400 20 55 15 10 6,820 

TGS10 44,910 330 11 18 22,000 114 22 44 40 18 5,700 

TGS12 43,450 940 18 28 41,540 1,040 28 55 40 40 5,820 

TGS1 63,400 6101 32 26 49,630 1,080 110 58 73 39 6,800 

TGS13 1 36,600 2,4001 141 23 28,000 410 21 43 361 181 5,030 

TGS14 1 47,500 8401 331 42 34,700 270 34 56 981 221 5,940 
1  Mean (n=2) 
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Figure 3.40 Arsenic speciation and dispersion along the McKinlay river Union Reefs gold 
mine using the sequential arsenic extraction procedure 
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Table 3.43 Arsenic speciation and dispersion along the McKinlay River, 
Union Reefs gold mine using the HCl/chloroform sediment 
extraction procedure 

Arsenic Concentration (pglg) 

Sample As (t) arsenite arsenate Inorg. As Org. As Res. As 

URS1 20 6 10 16 4 4 

URS2 86 22 54 76 10 10 

URS3 20 8 4 12 8 2 

URS4 62 9 29 38 24 5 

URSS 160 40 77 117 43 13 

URS6 24 2 14 16 8 1 

Solvent extractions of arsenic 

The solvent extraction As speciation results in Figure 3.41 and Table 3.43 showed 

that the inorganic As made up 74%, of which 51% was arsenate and 23% was 

arsenite. The organic As accounted for 26% As composition. The samples URS2 and 

URSS had higher organic As and arsenite levels then McKinlay River samples. The 

organic As fraction was significantly correlated to total organic carbon levels at 95% 

confidence limit (P <0.05 n=6). 

The background upstream sample (URS1) recorded 22 igIg As compared to URS3 

(23 tg/g) and URS6 (27 ig/g) further downstream of McKinlay River, within the 

river system (Table 3.41). 
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Figure 3.41 Arsenic speciation and dispersion along McKinlay River at Union Reefs 
gold mine using the HCl/ chloroform sediment extraction procedure 
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3.4.5.4 Finniss River East diversion - Rum Jungle mine 

Sequential extraction of arsenic 

The arsenic speciation results are shown in Figure 3.43 and Table 3.41. Arsenic 

concentrations in sediments SS 1 -SS3 were high, whereas in SS4 the As concentration 

was 6Jg/g. Arsenic retention in SS3 was Res-As>> Fe-As> Ca-As, whereas SS1 and 

SS2 were distributed mostly in Fe-As >Res-As> Ca-As phase. 

Table 3.42 showed As and metal dispersion from seepage at the base of the over 

burden heap, which enters the Finniss River East diversion. Samples SS1, SS2 and 

SS3 were collected within 10m from the source of the seepage. SS4 sample was from 

Copper Creek which branches into Finniss River, about 600m downstream from site 

SS 1. 

Solvent extraction of arsenic 

The solvent extraction results in Figure 3.42 and Table 3.44 showed that As from the 

seepage was retained as inorganic As (54%) and organic As (46%). The arsenate 

made up 36% and arsenite 18% for SS1-SS3 samples (n=3). The organic bound As 

was positively correlated with the total organic carbon content. 

The average concentration at the seepage source for n=3 samples was 125 ± 12Jg/g 

As whereas the creek sample (SS4) recorded 6ig/g As (Table 3.41). 

MIMM 



Table 3.44 Arsenic speciation in sediments from an acidic seepage at 
Intermediate overburden heap and Finniss River east diversion, 
Rum Jungle mine using the HCllchloroform extraction procedure 

Arsenic Concentration ( 4ug/g) 

Sample As (t) arsenite arsenate lnorg. As Org.As Res.As 

SS1 103 4 39 43 60 3 

SS2 94 14 63 77 14 9 

SS3 86 4 26 30 56 13 

SS4 7 1 5 6 1 4 
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Figure 3.42 Arsenic speciation and mobilisation along Finniss River East diversion at Rum 
Jungle mine, using the HCl/ chloroform sediment extraction procedure 
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Figure 3.43 Arsenic speciation and dispersion from an acidic seepage flowing 
from the Intermediate over burden heap Finniss River East 

diversion Rum Jungle mine using the sequential extraction procedure 

- 160 
U Residual As 

DOrg.bound Org. As 
140 

U FeOOH Occi. As 

- 

un- 
'' U Ca-As 

7,- 

'' 100 - U Fe-As 

80- " j d _________________ 0 Al-As 

60- "LJ 1 0 Loosely bound As 

USolubleAs(III) 
40- 

U Soluble As(T) 
2O- 

Sample site 

- 185 - 



3.4.5.5 Mt Bundey Creek - Tom's Gully gold mine 

Sequential extraction of arsenic 

The arsenic speciation results in Figure 3.44 and Table 3.41 showed that the arsenic 

phase distribution mostly in the Res-As> Fe-As > Ca-As for the creek samples. The 

mobile phase constituted <0.2% of the total phase distribution while the Al-As, Fe 

occluded and organic bound As levels were low. The average of upstream and 

downstream samples had 14 ± 4.ig/g As (n=2) and 27 + 5tg/g As (n=4), respectively. 

Samples TGS 10 and TGS 11 were upstream samples showing natural geochemical 

mobilization of As and metals. Sample TGS 12 was an overflow drain at the edge of 

downstream of the anabranch, and TGS 1 was the sample in the creek directly beneath 

TGS12. The input waste water overflowed from the anabranch through TGSI5.1 

(1181g/g) downstream end of anabranch, TGS12 (40ig/g) into Mt Bundey Creek, 

and TGS 1 (46ig/g). The As(t) levels decreased to background levels from TGS 13 

and TGS14 downstream Mt Bundey Creek; showing no active dispersion from 

sources within the anabranch. 
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Solvent extraction of arsenic 

The As speciation results from the solvent extraction procedure are shown in Figure 

3.45 and Table 3.45. Impacted sediment samples downstream from the input source 

had the following As composition, inorganic As (66%) in which arsenate and arsenite 

constitute 49 % and 17% respectively, and the organic As 34%. 

A positive correlation (P<0.05) existed between Organic bound As phase and total 

organic carbon content of sediments in Tom's Gully mine samples. Arsenic within 

the Creek from TGS12, TGS1, TGS13 and TGS14 were associated with organic 

matter. 

Table 3.45 Arsenic speciation and mobilisation along Mt Bundey Creek at 
Tom's Gully gold mine using the HCl/chloroform sediment 
extraction procedure 

Arsenic Concentration (ug/g)  

Sample As (t) arsenite arsenate Inorg. As Org. As Res.As 
TGS11 12 2 8 10 2 2 
TGS10 7 3 3 6 1 2 
TGS12 35 3 20 23 12 4 
TGS1 20 3 9 12 8 6 
TGS13 20 3 9 12 8 3 
TGS14 20 5 9 12 8 3 
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Figure 3.44 Arsenic speciation and mobilisation along Mt Bundey Creek, Tom's Gully gold 
mine using the sequential arsenic extraction procedure 
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Figure 3.45 Arsenic Speciation and mobilisation along Mt Bundey Creek, Tom's Gully gold 
mine, using the HCl/chloroform sediment extraction procedure 
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Chapter Four DISCUSSION 

4.1 Speciation changes leading to arsenic retention 

Arsenic is a metalloid element which forms non-metal covalent compounds, and is 

often found as anionic species. Over the range of environmental redox conditions, As 

forms oxy salts with each of the species, arsenite and arsenate. Arsenic in surface 

river water is present primarily as an inorganic ion, arsenate, reduced arsenic 

(arsenite) and methyl arsenicals [monomethylarsenic acid (MMAA) and 

dimethylarsinic acid (DMAA)] (Nriagu, 1994). Contaminated rivers can have 

sediment arsenic levels up to 100-300tg/g or higher, that are potentially mobile 

during water-sediment interactions. The mobility of As in these sediments is affected 

by the physical and chemical forms of the arsenic species as well as by the 

environmental conditions. 

Both the redox potential and pH control the speciation and solubility of As in 

contaminated river sediments and are important parameters in assessing the fate of 

arsenic species in river waters. Arsenic species change according to thermodynamic 

predictions, as shown on the pE-pH diagrams for arsenic-water systems described by 

Cherry et al., (1979). 

According to Mok (1994), the desorption and remobilisation of As from sediments is 

controlled by pH, Eh and arsenic concentration in the interstitial water of sediments, 



as well as by changes in the total Fe, extractable Fe, extractable Mn, mineral oxides 

and hydroxides and the calcium carbonate equivalent in sediments. 

The absorption and co-precipitation of As on hydrous oxides of Fe, Mn, Al oxides and 

Fe sulfides offer an important sink for As immobilisation. Arsenic mobilisation can 

be enhanced by changes in redox potential, acidity and complexing agents such as 

humic substances. 

This study, as outlined in Sections 1.6 and 1.7, investigated the sources of As 

dispersion from mining activities at five locations within the Pine Creek Geosyncline, 

in the Northern Territory (Figure 1.4), a region having high As mineralisation usually 

in the form of arsenopyrite (Needham and Ross, 1990). The location and its wet-dry 

monsoonal weather from October to April (Butterworth, 1991) provided excellent 

environmental experimental conditions for the study of the dispersion of As, 

undertaken over the two year period (1994-1995). The significance of the results 

given in Chapter 3 is now discussed together with other data from the NT DME 

environmental monitoring data base (NT DME unpublished data) given in Appendix 

3. The access to this data base enables a broader discussion of the speciation results 

considering the historical data and activities that are taking place at the study sites. 

4.1.1 Retention of arsenic in wetland systems from mine dewatering 

The potential for wetland systems to accumulate contaminants such as metals and As 

and their application to treatment of mine waste has been described (Section 1.3.4). 

The reduction of contaminant levels in water to achieve levels acceptable for 
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discharge to the environment was studied and applied within the NT (Noller et at., 

1994). Constructed and natural wetlands may receive dewatering directly from 

aquifers or surface runoff from mine wastes. 

4.1.1.1 Arsenic speciation and distribution at Tom's Gully gold mine 

The Tom's Gully gold mine operated an open pit mine and some underground mining 

via an adit at the base of the pit with simultaneous dewatering of groundwater from an 

aquifer beneath the mine pit surface. The dewatering, during mining, was at the rate 

of 3 ML/day released into an anabranch of Mt Bundey Creek (Figure 2.3). The adit 

and pit dewatering water had pH and ECs of 6.7 and 6.9 and 690 and 570 iS/cm, 

respectively (Appendix 3). The concentrations of As and other metals (.tg/L) for adit 

and dewatering were as follows (Appendix 3): As 96 and 39; Co 21 and 6; Cu 23 and 

2; Fe 2000 and 4100; Mn 1,100 and 1,500; Ni 81 and 23; Pb 15 and 2; and Zn 1,800 

and 240. Calcium for the same waters was 172 and 89 mg/L. Under the mildly acidic 

conditions and low conductivity, Fe and Mn concentrations were very high (>1,000 

jig/L), followed by Zn, As, Ni, Co, Cu and Pb. 

The Eh and pH data from Bore G2 (Figure 2.2; NT DME monitoring site), in the same 

aquifer as the dewatering bores for the pit, showed pH 6.47, EC 19606/crn, Eh 

99mV, Ca 244mg/L, As 3.1tg/L, Fe 810ig/L. (Appendix 3). The Eh/pH data showed 

that the conditions of the dewatering bores were mildly reducing. By referring to 

Eh/pH diagrams for As and Fe (Ringwood, 1994; Cullen and Reimer, 1989; Ferguson 

and Gavis, 1972), it was possible to determine that the ground water was composed of 
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the following Fe and As species: Fe (II); and As (V) species as HAs042  and H2AsO4 . 

This agrees with the As speciation findings discussed below. 

The results in Figure 3.2 corresponding to dispersion of dewatering in the anabranch 

show that arsenic was mostly retained in sediment within 50m of the pumping site 

(Figure 2.3) both upstream at TGS8 (1,190tg/g) and downstream TGS3 (420tg/g). 

The highest levels were recorded at TGS22 (3,350tg/g) and TGS6 (2,410ig/g) which 

were within about 5m of the source outlet (Figure 2.3). The depth profile distribution 

of As in the anabranch (Figures 3.8, 3.11, 3.14, 3.17 and 3.20) showed that As and 

associated trace metals were retained within the top 5cm of the sediment. There was 

no downward leaching of As and trace metals, because of the presence of clay 

material beneath the surface within the anabranch also containing an absorbing layer 

of Fe O(OH). 

Sediment sampled in Mt Bundey Creek at TGS12 had 40tg/g As showing little 

dispersion of As by seepage or overflows downstream of the anabranch. Thus As and 

the other trace metals were all effectively retained within the anabranch. It was 

observed that As concentration was highest where orange Fe rich material was visible 

in or on the surface sediment (Plate 5). 

The results of the As solvent extraction procedure (Figure 3.6 and Table 3.20) showed 

that As was retained mainly in the inorganic arsenate form. Within the sediment 

phases As was distributed mostly in Ca-As (mean 63%) and Fe-As (mean 20%) 

phases at 11 sample sites, within the anabranch. The spatial distribution of As 
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concentrations from the solvent extraction procedure showed that As was retained at 

the anabranch according to the following order of species: arsenate (66-83%) > 

arsenite (17-30%) > organic arsenic (1-5%) (Table 3.20). The iron oxyhydroxide 

material, which retained the As and trace metals between TGS3 (downstream of 

anabranch) to TGS8 (upstream of the anabranch), had very little organic-As (1-5%) 

and residual As (1%). Beyond TGS3 (downstream) and TGS8 (upstream) the 

Residual As (11-31%) and Organic As fractions (10-14%) increase as proportions of 

total As. 

The positive correlation between As and Fe concentrations in the sediment (r = 0.95 at 

P<0.01, n = 48) indicated the role of the iron rich material in arsenic retention. 

Background levels 40m away from the edge of the anabranch (n = 5) were 11 ± 0.5 

ig/g As, and showed no further dispersion into the environment beyond the 

anabranch, except the slight elevated As levels from TGS1 (46ig/g As), TGS12 

(40tg/g As), TGS13 (20ig/g As) and TGS14 (19tg/g As) downstream Mt Bundey 

Creek contributed by the overflows from the anabranch (Noller et at., 1994 and 

Figure 3.44). 

The following is the proposed mechanism of As retention occurring within the 

anabranch: 

Iron oxyhydroxide forms when water containing Fe (II) in dewatering 

comes into contact with oxygen in air at the discharge point; 

The presence of CaCO3  and Ca associated with HCO3  in the near 
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neutral groundwater provides competitive sites for arsenate absorption 

as calcium arsenate; 

Humic substances in the wetland complex arsenic and metals and help 

to retain them within the sediment together with the iron 

oxyhydroxide; and 

Sedimentation processes in the wetland also enhance As and metal 

retention. 

The change in redox condition of groundwater to oxidising when in contact with air 

results in the reactions that cause speciation changes in metals such as Fe, Mn and As 

(Hem, 1978; Jenne, 1968; Laxen and Sholkowitz, 1981; and Lee, 1973). The 

oxidation of Mn(II) by oxygen to yield Mn02  occurs only under alkaline conditions 

(Lee, 1973). Ferrous iron is the only Fe species found in the slightly acidic to alkaline 

pH range, under reducing conditions and will precipitate during oxidation to form 

amorphous hydrated ferrous oxide. Ferric iron can also form ferric hydroxide. Ferric 

carbonate can form in waters containing moderate levels of alkalinity which existed 

for the dewatering at Tom's Gully mine with a total alkalinity of 110-176mg/L as 

CaCO3  (Appendix 3). The principle of iron precipitation is effectively applied in water 

treatment where alum and Fe are used for drinking water treatment for As removal 

(Nriagu, 1994). 

The second process of As retention in Tom's Gully anabranch system is the 

competition for Ca3(As04)2  formation. In high CaCO3  alkaline conditions the 
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following mechanism may operate: the initial precipitation of FeO(OH) arises due to 

changing redox conditions, but because of the high alkalinity, Fe3  forms Fe2(CO3)3  

which is more stable under these conditions. Thus any arsenic released from the initial 

deposition is reabsorbcd by Ca to form Ca3  (As04)2  which is stable in well-oxidized 

alkaline soils (Huang, 1994). 

The third retention mechanism involves complexation of metals and As with humic 

substances. This is also an efficient retention process for trace metals (Guy and 

Chakrabarti, 1976) and occurs via peptidation or chelating with carboxylic and 

phenolic functional groups. The organic-bound As only makes up 3% of the total As 

concentration (Figure 3.6) but this fraction was significantly correlated to TOC levels 

(P<O.Ol). 

Finally, the role of the wetland system in the anabranch was to increase the water 

retention time and assist the sedimentation of arsenic and trace elements. Wetland 

systems also support micro-organisms which may be involved in detoxifying 

inorganic arsenate, through conversion to organic forms (Cullen and Reimer, 1989). 

Arsenic is effectively removed from source water at pT-I 4, by absorbing onto ferric 

oxyhydroxide as As(V) rather than As(III). The Fe:As molar ratio must be at least 4 in 

order to minimise As concentration in leachate between pH 3-7 (Ringwood, 1994). 

At all the sites within the anabranch of Tom's Gully mine, the molar ratio of Fe:As 

was >>4, and showed that the reaction which may have taken place was: 

Fc3  + As043 > FeAs04  
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The As formed was ferric arsenate compound, due to its reaction with ferric 

oxyhydroxide, as evident by the presence of the yellow orange solid within the 

anabranch. 

With the excess Fe:As molar ratio giving the basis of formation of FeAs04  the 

process provides an efficient removal and treatment of As. The As must be in the 

form As(V) (As043 ) to effectively absorb on the Fe oxyhydroxide material. Any 

As(III) (As203) present may be oxidized to As043  by exposure to sunlight via 

photolytic oxidation (Rajah and David, 1991). Arsenic binds on to FeO(OH) by 

chemisorption and eventually results in crystallization of the amorphous structure 

over a number of years leading to the formation of goethite, imitating the natural 

cycle by slowly releasing As into the environment. (Waychunas et al., 1993). 

The insoluble Ca3(As04)2  is only stable under alkaline conditions (Huang, 1994; 

Bhumbla and Keefer, 1994). If there is a decrease of pH this immediately leads to 

dissolution of As in the Ca-As phase with readsorption of As by the excess FeO(OH) 

(Mok and Wai, 1990). 

4.1.1.2 Arsenic speciation and distribution at Goodall mine dewatering channel 

The dewatering sequence at Goodall and retention of As and metals in sediment 

responded to the changing in the ground water conditions due to the mine pit 

construction. The historical data (Appendix 3) are summarised into three periods: 

(i) Sept 1988 - Nov. 1990 corresponding to pit construction. pH 6.4-8.0, 
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EC 240-490tS/cm, total alkalinity 123-250mg/L as CaCO3, Ca 17-28 

mg/L, S042  3-8mg/L, As 220 pgIL, and Fe 12-17ig/L; 

Jan 1991 - April 1991 corresponding to oxidizing of exposed 

mineralisation. pl-I 3.4 - 5.6, EC 1190 - I214j6/crn, total alkalinity 

19-42 mg/L as CaCO3, S042  120-1300mg/L, As 5tg/L, Ca 100-

150mg/L, Fe 5,600 - 12,400 jig/L ; and 

Sept 1991 - April 1992 corresponding to accessing groundwater having 

reducing conditions when the system returned to normal conditions. 

pH 6.9 - 7.2, EC 480 - 530tS/cm, total alkalinity 60 - 170mg/L as 

CaCO3, Ca 35 - 73mg/L, S042  48-250mg/L, As 57 - 300jig/L and 

Fe 58- 102Jg/L. 

The changing groundwater condition between September 1988 and April 1992 at 

Goodall mine (Figure 2.8) showed a different distribution trend compared to that of 

Tom's Gully mine dewatering (Figures 2.2-2.3). The changes range from alkaline 

conditions during pit construction, followed by acidic conditions due to oxidation of 

exposed mineralisation. Both conditions promote arsenic solubilisation and 

dispersion. 

The pit dewatering was drained into the channel along the eastern edge of the pit. 

Arsenic was retained in the soil (Figures 3.23 and 3.24 and Tables 3.18 and 3.19) 
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within the dewatering channel as Fe-As (43%)> Res-As (28%>Ca-As (24%) arsenate 

fractions. 

The As was retained in soil in the former channel as arsenate in Fe-As (43%)> Res 

As (28%) > Ca-As (24%) fractions (Figure 3.23 and Tables 3.23-3.25). The mobile 

phases comprised 0.1% of the total As concentration. Most of the inorganic As was 

retained in the channel within 30 in along the eastern edges of the channel on the pit 

edges as shown by the average As levels at GDS44 and GDS45 (4110 ± 48O.tg/g  As) 

compared to GDS46 and GDS47 (690 ± 108ig/g As). The organic As fraction 

recorded at GDS47 would be sourced from the seepage from the oxidized waste 

dump. Seepage from the oxidation of sulfides is usually acidic due to the presence of 

water and the combined bacterial degradation action. This condition will promote 

methylation of arsenate to organo-arsenicals (Maher, 1988). 

Table 3.24 showed organic bound As was mainly retained at GDS44 (Org-As 94ig/g) 

and GDS45 (Org-As 1 l8tg/g); the values for GDS46 and GDS47 are 14 and 20tg/g 

respectively. Although high TOC values ranging from 4,600 - 5,800ig/g were 

measured, these figures do not explain the increased trend of solvent extracted As 

from GD545 to GDS47 concurrent with the observed reverse trend for sequentially 

extracted Org-As. 

The two possible explanations were that GDS47 was receiving acidic seepages from 

the oxide dump which contained other organic arsenic forms, because organo-As 

retention at GDS44 and GDS45 is mainly by the humic materials derived from the 
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Typha sp and other macrophytes which grew profusely in the area during dewatering 

(B.Noller Pers. Comm; Plate 7), or alternatively, the organo-As in GDS44 and GDS45 

were mobilized along the dewatering channel due to change in conditions during 

dewatering. 

The high Fe levels in the sediment within the dewatering channel showed positive 

correlation with As (r=0.91, n=4, P<O.Ol). The Fe content plays a significant role in 

the As retention as also observed for Tom's Gully mine dewatering. Under strongly 

reducing conditions and acidic pH, As(III) may be the dominant As species, while 

iron will be present as Fe2  and Fe3t The oxidation of As(III) to As(V) involves 

electron transfer to give Fe3 . This reaction is normally slow but can be accelerated by 

photolytic oxidation or microbiological activity (Hunt and Howard, 1994). 

Not all the arsenite was completely converted to arsenate at GDS46 and GDS47 as 

shown in Tables 3.24 and Figures 3.23 and 3.24. The remaining arsenite was in the 

sediment associated with ferric amorphous oxide, within the FeO(OH) - As phase and 

thus is unavailable. 

The following As retention mechanisms are proposed to operate at this site: 

(i) The oxidation of Fe2  to Fc3  leads to the formation of hydrated ferric 

hydroxide precipitate which immediately absorbs most of the As and trace 

metals from solution; 
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The Typha sp and other aquatic macrophytes which flourished in the channel 

(B Noller pers comm. 1995) provided hurnic material for As and metal 

retention via detrital material; 

Any competitive release of As from Ca3(AsO4)2  formation, by more acidic 

groundwater discharge eg during the period January 1991 to April 1991, was 

thus reabsorbed as Fe-As and Res-As fractions. 

The magnitude of As retained along the eastern edges (30m) of the channel at Goodall 

shows the effectiveness of iron oxyhydroxides to interact with humics to retain most 

of the As. It thus provided an interesting example of arsenic retention in sediment/soil 

over a relatively long time frame, and certainly beyond the time frame of mining. 

4.1.1.3 Observed mechanism for As retention from dewatering at Tom's 

Gully and Goodall mines 

The arsenic dispersion episodes for Tom's Gully and Goodall mines associated with 

dewatering were examined following the cessation of mining and pit dewatering 

operations. The common feature about both sites is that As is retained in Fe rich 

sediment which is now exposed to air and is technically soil. The distance of 

attenuation of As is about 20m from the dewatering point of discharge in both cases. 

The groundwater contributing to the dewatering in each case was reducing within the 

aquifer. The accompanying high Fe(II) concentration upon contact with air resulted in 

the oxidation of Fe2  to Fe3  and precipitation as hydrated ferric oxyhydroxides. The 

precipitation step allows for the incorporation of absorbed As and trace metals which 
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are retained in the sediment along the outlet pathway. The As and Fe concentrations 

are highest within 20m of the discharge points in both cases and decrease further 

along the anabranch or the dewatering chaimel. 

This feature is clearly useful for dealing with mine dewatering in new projects when 

high Fe(II) concentration is present in the groundwater which will result in the 

formation of iron oxyhydroxide when exposed to air. 

4.1.2 Dispersion from an alternating alkaline and acid source (Goodall 

gold mine tailings dam) 

4.1.2.1 Spatial distribution and speciation pattern 

The mobility of As species can be enhanced by a change to acidic or alkaline 

conditions. This case considers the processes of arsenic dispersion associated with 

alkaline conditions which arise from the gold extraction processes. Following mining, 

gold is extracted from ore via the cyanidation process under alkaline conditions. The 

tailings dam is used as a storage repository for cyanide and lime waste from the gold 

extraction process. Tailings material may include solids such as sand or clay size 

particles. The tailings has potential for acidic leaching from oxidation of sulfidic 

materials if present or directly from alkaline seepages from the cyanide extraction 

solutions (Miller et al., 1987). Tailings effluent contains "free cyanide", cyanide 

metal complexes such as Cu, Fe, Ni and Zn, thiosulfate, thiocyanate and the soluble 

species in alkaline solutions of elements including As, Sb and Si (Smith and Mudder, 

1991). 
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The historical record for the deposition of the tailings at the base of the then newly 

constructed dam at Goodall gold mine was that alkaline seepage flowed out at the 

south west base of the tailings dam along the tributary creek flowing into Ryan's 

Creek (West) upstream (Figure 2.8), especially in the wet season. White and brownish 

coloured evaporites in the creek sediment formed as a result of this historical seepage. 

The pH of the historical seepage and As(f) concentrations (Appendix 3) showed the 

following sequence: 

During March 1990 pH was 7.3, As not measured in these samples; 

From 17 January 1991 to 19 March 1991 acidic water of p1-I 2.9-3.1 

was recorded, As(f) was 360-1080 j.ig/L; and 

In August 1991 pH increased to 5.9, As(f) was 33,400tg/L. 

The data for the sequence of seepage pH support the need to consider two different 

dispersion mechanisms. The initial alkalinity of the seepage (pH 7.3) was due to the 

first deposition of tailings following the commencement of gold extraction. This 

corresponded to the commencement of filling the dam with tailings, before sufficient 

deposition was present to seal off the base of the dam and prevent seepage from 

flowing out. The following period (January and March 1991) shows a reduction in pH 

corresponding to the presence of acid. This could have been from rock material 

containing sulfides from the construction material for the tailings dam wall which 

became oxidised following contact with rainwater during the wet season before being 

covered with tailings. On 1 August 1991 the As(f) concentration in tailings seepage 
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increased dramatically to 33,400tg/L. Following August 1991 through to March 1994 

the p1-I of the tailings dam liquor remained high (p1-1>8.0) (Appendix 3). The tailings 

at surface, sampled at GDS29, contained 60001g/g As and corresponded to the last 

ore material processed at Goodall mine. 

The results for sediments (Tables 3.26-3.27) in the creek below the tailings dam 

showed that As was dispersed historically under a sequence of acid and alkaline 

conditions (Figures 3.25 and 3.26) and that seepage had traveled about 600m along 

the tributary creek from the source but attenuated at GDS3 (2500 j.ig/g). The As levels 

decreased from 80.tgIg at GDS4 (upstream Ryan's Creek west) to near background 

levels at GDS5 and GDS35 (46 and 371g/g respectively). The arsenic is retained 

mainly in the form of inorganic arsenates and some organic As at the seepage point 

(Tables 3.27). The inorganic arsenate was found to be present in the order : Fe-As 

(40%) > Ca-As (24%) z Residual-As (30%) phases (Figure 3.26). The presence of 

higher Fe levels in sediments (20,000 - 30,000ig/g) along the creek to GDS4 

confirms the strong association of arsenic with the hydrated ferric oxides and its 

retention in the Fe-As sediment phase. It also shows that the likely source of elevated 

iron in creek sediment was probably release from sulfidic material following 

oxidation. GDS29 is the surface tailings dam sediment but does not represent the 

source of seepage from sediment being at the top of the tailings dam. 

4.1.2.2 Observed mechanism 

Alkaline and acidic conditions from within the base of the tailings dam aid the 

dispersion of alkaline soluble As, As04 and As042  species (Cullen and Reirner 1989). 
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The extent of dispersion depends on the composition of the seepage, the pH and 

conditions of the receiving waters, particularly Fe concentration and humic matter 

content. The Fe concentration in the alkaline source was crucial in the As retention 

process. The high Fe content of the sediment within 600m of the tributary creek was 

effective in the retention of soluble arsenate. Arsenic and metals contained in the 

evaporites were eventually washed downstream and adsorbed within the sediments as 

observed (Figure 3.26). 

Under the most recent alkaline conditions of the seepage as shown earlier (Section 

4.1.2.1), non mobile As phases (99.5%) were far greater than the mobile (0.5%) 

phases in the sediments (Table 3.26), and therefore should not pose problems with 

respect to bioavailability to mussels and other aquatic organisms within the Ryan's 

Creek west arm. 

The alkaline pH conditions promote reduction of As(V) to As(III), following which 

substantial amount of As(III) species can be leached into the environment from 

tailings through seepage. Under such conditions, As(III) becomes the major dissolved 

species with total soluble As being less than in the more acidic conditions 

(Masscheleyn et al., 1991b). It is therefore appropriate to consider what mechanisms 

apply with As when conditions change from acid to alkaline. For example at Goodall 

mine tailings dam the concentrations in seepage on 9 April 1992 were As(f) 105ig/L 

and As(t) 98ig/L (Appendix 3). Under the alkaline conditions, Fe oxyhydroxide is 

solubilised slowly and Fe3  reduced to Fe2  resulting in high levels of soluble Fe in 

the seepage (40,300ig/L) compared with tailings surface (300tg/L). High levels of 
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soluble Mn, Ni and Zn were also recorded in tailings seepage. The As(f) was 

106,000tg/L in seepage. During the acidic seepage flow period As(f) dropped to 

105 

From the solvent extraction results (Table 3.27), it was observed that As from the base 

of the tailings dam was retained as inorganic arsenate. There was also a progressive 

increase in organic As from GDS1 (360tg/g) to GDS2 (530jig/g) to GDS3 (750tg/g). 

The TOC values increased in the same order. The highly soluble As and loosely 

bound As values recorded for the above samples showed that soluble arsenic would 

be available for dispersion in the subsequent wet seasons. 

Beyond GDS3 the levels of As decreased dramatically, which suggested that most As 

was retained in the sediment up to GDS3, in the inorganic arsenate form. The 

increase in TOC values means that more humic substances were available to complex 

with As. The change from acidic to alkaline conditions of the seepage at the base of 

the tailings dam could also promote bio-transformation of inorganic arsenate to 

organo methylated As (Cullen and Reimer, 1989; Nriagu, 1994). 

The change in the dispersion of As from GDS1 to GDS3, may have been due to the 

change from acidic to alkaline conditions in tailings seepage. At GDS 1 there was 

mostly evaporites. Flushing of the evaporites with rain water would have washed out 

this material as evidenced by As at GDS2 and GDS3 being adsorbed in the clay and 

Fe materials (Table 3.26 and Appendix 2). 
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Figure 3.25 shows that As retention at GDS28 and GDS1 was mainly in the residual 

phase. The build up at GDS3 was due to the effect of alkaline solubilisation of iron 

oxyhydroxide from the base of the tailings dam and mobilization of solubilised As 

(ITT). The As(III) retained in sediment had mostly been converted to Fe-As via 

reaction with Fe3  which is more thermodynamically stable under neutral conditions 

which exist now that there is no longer any seepage flow. 

4.1.3 Dispersion from an acid source to a retention pond (Goodall gold 

mine) 

4.1.3.1 Spatial distribution and speciation 

The influence of acid generation on arsenic mobilisation from sulfidic material is 

considered in this section. Apart from tailings seepage the other major area of 

environmental concern associated with water disposal of tailing cyanide effluents is 

acidic waste water generated from sulfidic waste rock (Miller et al., 1987). 

Acidification may affect As mobility in aquatic systems because the redox 

equilibrium between As(V) and As(III) is highly pH dependent. The acidification 

process usually results from pyrite oxidation in waste rock, in the presence of oxygen 

and water, releasing seepages that can be highly acidic (pH 2-3). The reaction which 

is catalyzed by bacteria will oxidize reduced minerals and release acidity (H) and 

Fe2 , Fe3 , S042  and associated metals (Nriagu, 1994). Arsenic is also released when 

arsenopyrite is oxidized. The process is generally referred to as acid mine drainage. 
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The reaction products of pyrite oxidation may precipitate and crystallise as evaporites, 

with which As may coexist. Arsenic transformation processes may also occur under 

these conditions, whereas inorganic As is methylated to organic As species (Xu et al., 

1991) or be precipitated as ferric arsenate. 

At Goodall gold mine waste rock dump, the monitoring data showed that the seepage 

water had pH 3 and EC 7,200-10,200iS/cm and soluble As (t) levels of 22-280tg/L 

(Table 3.16). There was an active As dispersion mechanism which had taken place 

under the acidic conditions (Woods et al., 1995). There were two types of samples 

analysed from the source site; the white evaporites (GDS3 1, GDS33 and GDS34) and 

sediment sample (GDS32). The evaporites were formed from precipitation and 

crystallisation of dissolved Al, Fe and Cu sulfates, when the strongly acidic water 

came in contact with air at the base of the waste dump, and was deposited along the 

drainage channel flowing to the collection pond (Woods et al., 1995). The sediment 

(GDS32) contained higher levels of As and Fe 1,300 and 34,000 jig/g, respectively, 

than the evaporites (GDS33), 118 and 2800 jig/g respectively, at the same site (Table 

3.29). This indicates that As tends to be separated from the evaporite material and 

becomes associated with Fe as part of an attenuation mechanism. Presumably the 

evaporites can be redissolved by rain water. 

The acidic conditions and the precipitation and crystallisation of evaporites combine 

to act as a dispersion mechanism for As and metals. The oxidizing of Fe2  to Fe3 , 

results in the precipitation of Fe oxyhydroxide in the sediment resulting in the 

retention and removal of considerable amounts of As from the seepage (Table 3.29 
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and Figure 3.28) via formation of ferric arsenate. Although As was dispersed along 

the runoff channel through to the collection pond, this was also associated with 

several seepage points from the base of the waste dump. The pond was constructed to 

receive runoff as well as any turbid waters containing silt and clay, which eventually 

settled in the retention pond. Sediment samples from the southern edges of the pond 

(Site GDWI) showed elevated As and Fe levels 1,680 and 60,000 pgIg, respectively 

and seepage water (GDW1) recording pH 3.3, EC 3300j6/cm and As(t) 136ig/L. 

Sediment levels showed that overflows from the collection pond transport very little 

soluble arsenic as evidenced by levels retained in sediment (GDS15 - 9tg/g). In fact 

GDS14 which was immediately inside the pond at the spillway outlet had 84jtg/g As. 

The presence of high levels of Fe at GD515 (29,900tg/g) showed the strong 

association of As with Fe and that the arsenic in the acid seepages from the Southern 

oxidized dump were largely attenuated in the sediment. The Fe3  quickly formed Fe 

oxyhydroxide and becomes sediment at low pH, which also adsorbs As as shown at 

GDS32 (sediment) and GDS33 (evaporites), sampled at the same site. Downstream 

from this source, the precipitation of Fe O(OH) contributed to retention of As within 

the suspended sediments. These sediments become enriched as As and Fe react and 

sediment out in the storage ponds, where the arsenic immobilisation is attenuated (see 

GDS12). 

4.1.3.2 Observed mechanism 

The collection pond plays a significant role in the collection of acidic waste water 

from the seepage which initially has high levels of soluble arsenic and other metals. 
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Because of the positive association of As and Fe, the oxidation of ferrous Fe and the 

subsequent precipitation of Fe oxyhydroxides on the sediment surface acts as a 

scavenging process that removes As from the seepage waters. Thus the two 

mechanisms that are interplaying in As retention from this acidic source water are: (i) 

the oxidation and precipitation of the Fe oxyhydroxides which settle on the sediment 

surface; and (ii) the role of the collection pond as a storage for acidic waters which 

gradually allows the settling of the soluble As and metals seeping from the waste 

dump by retention in sediment. The positive correlation between As and Fe (P<0.05) 

confirmed the association. 

The As in the source sediments (GDS31-GDS34) and within the collection pond were 

retained as inorganic arsenates (Table 3.31). The sample GDS32 has high levels of 

organic As concentration (670t gig), which may have been due to microbiological 

methylation of arsenic within the waste rock (Cullen and Reimer,1989). The 

sequential phase extraction results showed that the inorganic arsenate was retained 

mainly with the Fe-As Res-As>>Ca-As>AI-As phases. The Ca-As phase at GDS32 

was lower than in sample GDS12 for the seepage samples because of the acidic 

dissolution of the CaCO3  phase which is also a major binding phase for As in 

sediments. 

4.1.4 Dispersion from an acid source directly to bushland 

Acid generation in waste rock dumps at Goodall, Tom's Gully and Rum Jungle mines 

have been a continuing phenomena since the cessation of mining. The Rum Jungle 

case will be discussed in Section 4.1.5.4. 
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Goodall gold mine had two sources of acid seepages: (i) the Southern waste dump 

(Section 4.1.3); and (ii) oxide waste dump. The collection dam (Figure 2.8) was 

initially constructed to collect runoff and seepage from the two waste dumps. Prior to 

and following the 1992-93 wet season, it was apparent that the collection dam 

continued to receive acid drainage. As an option to reduce the volume of water 

retained in the collection dam, a diversion channel was constructed to lead from the 

oxide waste dump drain directly to woodland adjacent to Ryan's Creek (east arm) and 

to bypass the collection dam (Milne et al., 1994). The purpose of the drain was to 

reduce input to the catchments of the collection dam and the frequency of overflow. 

The oxide waste dump was, at that time, not considered to be a significant source of 

acid runoff. The drain waters were acidic (pH 2.3 - 3.8) and saline with conductivity 

declining from 7000 to 20OOiS/cm in April 1994 (Mime et al., 1994). The oxide 

waste dump seepage was then directed into the bushland from dry season 1993 to wet 

season of 1995 (1.5 years). During the 1993-94 wet season, runoff flowed out from 

the waste dump and over the bushland surface. In the following dry season (1994) 

evaporites from the runoff were observed on the surface of the bushland soil. Soil was 

sampled at this time (Figure 2.10). The cut in the wall which allowed the drain to flow 

over the bushland was subsequently blocked off. Then in the following 1994-95 wet 

season rainwater washed away soluble evaporites from the bushland soil surface 

leaving insoluble residues in the soil (clearly visible in the aerial photograph used for 

Figure 2.10). After the rechannelling of the drainage, sampling was carried out at the 

transect across the bushland previously sampled to determine effects of flushing 
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soluble salts during wet season. The effect of this source of seepage on As dispersion 

is discussed below (section 4.1.4.1). 

Tom's Gully mine seepage from its oxidized waste dump on the other hand was 

allowed to flow uncontrolled onto an adjoining grazing paddock, which resulted in 

death of trees and grass along the eastern side of the oxidized dump (Noller et al., 

1995). The concern of this run off was the contamination of a waterhole used by 

cattle. Two samples (TGS23 and TGS24) were sampled and analysed for As to 

determine its dispersion from this seepage source (Section 4.1.4.3). 

4.1.4.1 Spatial distribution and speciation of runoff from the oxide waste dump 

(Goodall gold mine) 

The water quality data of the seepage from the oxide waste dump for the periods 

February - June 1994 showed it to be acidic (pH 3.2) and containing high 

concentrations of salts and trace elements (EC 13,000tS/cm, S042  900tg/L, Fe 4.3 

tg/L, Ca 180tg/L and As 160tg/L) (Appendix 3). Water sampled midway between 

the oxide waste dump and the creek (Ryan's Creek east arm) also showed acidic pH 

(3.2) and high Fe and Ca levels (4.lmg/L and 50mg/L, respectively) but reduced As 

levels of 5tg/L (Appendix 3). The pH of 3.2 under reducing conditions within an 

oxide waste dump, will allow mobilised As(III) and metals to flow via the acidic 

seepages (Mok and Wai, 1994). The seepage from the oxide waste dump at Goodall 

gold mine evaporated in the dry season and left behind a white evaporite of 

aluminium silicate and copper sulfate which is indicative of acidic dissolution of rock 
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material (Milne et al., 1994). Arsenic and metals were shown to be co-precipitated 

with the evaporite on the bushland surface (Figure 2.10). Arsenic, especially, is 

adsorbed within the clay as Fe2O3  sediment phases (Lee, 1975). The physiography of 

the bushland area at Goodall mine assisted with the physical adsorption process of 

arsenic removal. The sediments within the drainage channel and the bushland 

contained high levels of Al, Ca, Fe and Mn (Table 3.32 and 3.33 ). The organic 

carbon levels between 3,000 - 7,000ig/g also played an important role, alongside Fe 

and Mn oxides in retaining arsenic in soil. Sediment analysis showed that arsenic was 

dispersed under the acidic conditions into the bushland and was then attenuated. The 

dispersion was halted at GDS23 because the next sample site GDS25 was located 

within the creek channel, in the direction of flow and had only 16jg/g As which was a 

background level. Thus, a retention mechanism was observed within the bushland 

effectively immobilising the further dispersion of As from the oxide waste dump. The 

shape of dispersion through the acute fan shape in the bushland was caused by the 

hydraulic movement of the runoff water travelling towards the creek. 

The arsenic retention from the oxide waste dump seepage source was mainly in the 

form of arsenate. However, low levels of arsenite and organic arsenic were also 

detected. An interesting comparison can be made between GDS 16 (where 49% was 

arsenate and 42% organic As; Tables 3.32 and 3.34) and GDS32 (68% arsenate and 

30% organic As; Tables 3.29 and 3.34), which showed that organic As species were 

mostly retained in sediments within the source site. The sequential extraction plots 

(Figure 3.30) show that arsenic was retained in the order: Fe-As>> Res-As---/Ca-As, 

from samples GDS16 to GDS21, while samples GDS32 Res-As>Fe-As>Ca-As and 
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GDS23 Res-As>>Ca-AsFe-As phases, showed As was retained within the bushland 

(Figure 3.28). 

The evaporites were transporting high levels of metals e.g. Al, Ca, Cu, Fe, Mn and 

Zn. The arsenic dispersion across the transect was uneven (GDSI9, GDS20 and 

GDS21). The evaporites had more mobile As phases than the sediments, though the 

overall mobile phase accounted for only 0.1%; 99% of As was retained in the 

immobile phase (n = 9). Evaporite samples GDS18-GDS21 had lower residual As 

than the sediments. 

4.1.4.2 Effects of flushing soluble salts (1994-95 wet season) 

The Top End of the Northern Territory with its unique tropical climate (Butterworth, 

1991), creates a natural environmental experiment with the wet season (December - 

April) followed by the dry season (May-October). The results of the processes are 

recorded in sediments analysed which received runoff during the wet season and have 

become exposed in the dry season. Analysis of these sediments as well as water 

quality throughout the year provides data to explain the nature of the natural 

biogeochemical processes which occurred. During the wet season of 1995, the 

drainage channel below the oxide waste dump was diverted back to the collection 

pond. The evaporites on the bushland soil were flushed by rainwater. In September 

1995 (one year after the initial sampling), the transect sites through the bushland were 

resampled and given sample numbers GDS48-GDS5 1. The sequential extractions 

results for the 1995 samples compared with the previous year (Tables 3.32 and 3.34 
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and Figures 3.31 and 3.32) showed a reduction of soluble salts during the 1995 wet 

season with arsenic retention being mainly in Fe-As>>Ca-AsRes-As phases. 

The mean (±se) of the transect As levels before rechannelling of the drainage (Sept 

1994) on samples GDS19-GDS22 was 790 ± 290tg/g As, while the samples GDS44-

GDS51, taken in Sept 1995, showed the effects of flushing with a mean of 532 ± 72 

ig/g As. There was an overlap between the mean of the two sets of samples and 

therefore the sample data can be assessed in relation to the flushing over time. The 

flushing, therefore, only removes the solutes leaving the insoluble Fe-As and other 

insoluble phases. The effect of ageing the precipitated Fe oxide material has also 

helped to reduce the arsenite levels in the bushland soil (Figure 3.33). 

The flushing by rainwater also reduced the levels Ca, Co, Mn, Ni, Pb, and Zn (Table 

3.33). Iron levels on the other hand were similar before and after, which helps to 

explain the retention of arsenic in soil in terms of Fe-As association. In comparing 

the composition of arsenic phases, before flushing Fe-As (5 1%): Ca-As (17%): Res-

As (25%), and after flushing there was a slight decline in the Fe-As phase (48%): Ca-

As (21%): Res-As (21%). 

The results showed no net movement of As and metals beyond the bushland system. 

The Fe and Mn oxides in the soil together with iron oxyhydroxides immobilised the 

metals as shown in Figures 3.32 and 3.33 and Table 3.33. 
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The explanation of the mobility of soluble and other particulate species is that the 

evaporites, being water soluble (Milne et al., 1994), were flushed downstream into 

Ryan's Creek at the pH of rainwater runoff. Some metal levels have declined, 

showing some mobilisation, but As was effectively retained by absorbing on Fe 

oxides (Beizile and Tessier, 1990) in the soil and sediments within the bushland. 

In the arsenic water system, the redox potential and pH control the speciation and 

stability of arsenic. According to the Eh-pH diagram of thermodynamic stability of 

the arsenic-water system (Cullen and Reimer, 1989; Ringwood, 1994): 

. at pH 5-8 I-I2AsO4  and HAs042  are dominant species in oxygenated 

environments (Eh 200 —500 my); 

at pH>8 and Eh>500mV As(V) predominates, and compounds have low 

solubility; and 

at Eh 0 - 1 00mV H3As03  (Asill) predominates under acidic conditions 

(pH<4). 

The stability of As compound adsorbed on sediments will depend on the stability of 

metal arsenates such as Mn3(As04)2, FeAs04  and Ca3(AsO4)2  under the above redox 

and pH conditions; ie pH 5-8 and Eh 200-500mV (oxidizing) 

4.1.4.3 Spatial distribution and speciation from the oxide waste dump (Tom's 

Gully gold mine) 

The acidic seepages (pH 3.0 and EC 1000iS/cm) from the eastern side of the oxide 

waste dump was allowed to run off the mine lease in an uncontrolled maimer onto the 
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adjoining grazing paddock, causing death to trees and grasses. High levels of trace 

elements in the runoff were measured historically (Appendix 3), and these levels 

exceeded the stock water levels for many trace elements, but not for arsenic 

(ANZECC, 1992). The As level was 9.4jtg/L, with other metals Fe, Al, Zn, Ca, Co, 

Ni, Cu, and Pb having concentrations of 2,100, >> 100,000, 19,000, 96,000, 1500, 

4300, 2900 and 250ig/L, respectively on 30/1/95 (Noller et al., 1995). Sediment 

analysis of the evaporite at TGS23 recorded 6j.ig/g of As. Further downstream from 

the dump was a waterhole often used by cattle (Noller ci al., 1995). The water at this 

waterhole was acidic being pH 3.2 with EC 18,600p6/cm, 4.5tgIL As(t) and 2.3tg/L 

As(II1) which suggested that it may have contained elevated levels of contaminants 

from the seepages. The As in sediment at TGS24 contained 34ig/g As, other metals 

such as Al, Ca, Cu, Mn and Zn had level of 29,400, 910, 100, 430 and 320tg/g 

respectively from the seepage origin. The mobilisation of trace metals into the 

waterhole and further downstream of the tributary creek was due to the uncontrolled 

seepage flow as well as the effect of flushing the evaporites. The metal levels at 

TGS23 and TGS24 showed that As and metals were mobilised into the waterhole. 

The positive correlation of As and Fe (P<0.05) in the anabranch showed that Fe 

content of the sediment plays an important role in As retention. The seepage at 

TGS23 has 2100jg/L Fe, and the evaporite formed from the seepage has 1200g/g 

Fe. Further downstream at TGS24 the Fe level increased to 19,500tg/g. The Fe has 

accumulated in the sediment in the water hole, which adsorbed the As during the 

flushing of the evaporite material. Figure 3.34 showed that the As was largely 
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retained in Fe-As>Res-As>>Ca-As phases as inorganic arsenate within the water 

hole. The evaporite sediment had the following As phase distribution Res-As>Fe-

As-Ca-As phases. The low arsenite levels were attributed to immediate conversion of 

any arsenite to arsenate from reducing conditions flowing from the waste dump out 

into the oxidising environment reflected by the evaporite formation. The evaporites 

were formed from precipitation and crystallization of dissolved Al, Fe and Cu sulfates 

when the strongly reducing acidic water came into contact with air at the base of the 

waste dump. The sediments here would contain higher levels of As and Fe than the 

evaporite material. (Refer to Section 4.1.3.1) (McGeehan and Naylor, 1994; Woods et 

al., 1995). 

A bund and channel has since been built from the eastern edges of the oxide waste 

dump at Tom's Gully mine to channel the seepage into a borrow pit adjacent to Mt 

Bundey Creek, thus enabling controlled water release to be implemented (Noller et 

al., 1995). This eliminated the problem of continued flow of acidic seepage down the 

creek at TGS24. 

4.1.4.4 Observed mechanisms 

Arsenic dispersed under the acidic conditions was clearly immobilised in the sediment 

Fe oxide phases. There may be temporary residence in the evaporites that are formed 

due to the precipitation of Al and Cu sulfate upon the neutralization of pH from 

receiving waters. Any soluble As and metals in the evaporite may still be mobile 

either through dispersion of powdered forms by wind, animal tramping in the material 

or flushing effect of water during the wet season rain. The flushing of evaporites by 
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rainwater has the effect of dissolving the evaporites materials thus mobilising the 

retained soluble salts downstream into the creek. However As was retained largely as 

Fe-arsenate, followed by residual arsenate (Figure 3.32). The Fe oxyhydroxide from 

the acidic conditions, upon aging forms crystalline Fe2O3  and FeAs04  (Belzile and 

Tessier, 1990) which is a natural step of immobilising toxic substances such as As. 

4.1.5 Arsenic dispersion from sources along creeks 

Mining activities can leave streams and rivers contaminated with toxic trace elements. 

Long after mining has ceased, trace elements stored on floodplains may continue to 

enter streams via cut back erosion and groundwater inputs. Trace elements from waste 

rock dumps and tailings ponds may also enter streams through physical erosion and 

geochemical inputs (Nriagu, 1994). Water geochemistry is of particular interest in 

areas subject to acid-mine drainage, where high concentrations of trace elements are 

transported away from the site in the solute phase. At non-acid producing mine sites, 

the downstream transport of trace elements is primarily in sediment load due to the 

low solubility of trace elements in water at neutral or high pH. Even in streams 

receiving acid-mine drainage the trace elements load is rapidly precipitated or 

absorbed onto sediment as the pH rises, following dilution by stream water if 

sufficient flow exists (e.g. Rum Jungle Intermediate Waste Dump Seepage described 

below). From this point on the problem primarily becomes one of sediment transport 

rather than aqueous chemistry. In river systems, sediment contaminated metal 

concentrations tend to decrease from pollution sources (Nriagu, 1994). These patterns 

have been attributed to both hydrodynamic processes (dilution of contaminated by 
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uncontaminated sediments, abrasion, hydraulic sorting, resuspension of contaminated 

sediments) and chemical processes (Forstner, 1985). 

4.1.5.1 Spatial distribution and speciation at Ryan's Creek (Goodall gold mine) 

The Goodall mine catchment drains into Ryan's Creek, which flows northward to the 

confluence of Howley Creek and Margaret River (Figure 2.9). The mine is situated 

between the East and West branch of the Ryan's Creek, which helps drain the whole 

Goodall catchment (Woods et al., 1995). 

The alkaline seepage from the tailings dam, located on the south western end of the 

mine site, flows into a tributary creek of Ryan's Western Creek. Ryan's Creek East, 

on the other hand, flows in the adjacent direction from the collection pond and the 

oxidized waste dump. Ryan's Creek East is the major input source of metal and 

arsenic load to Ryan's Creek. 

Spatial arsenic distribution along Ryan's Creek East showed natural background 

levels down to GDS26, which had a slight elevated level (33ig/g). The input of 

arsenic and heavy metals from the collection dam overflow and seepage from the 

Oxide waste dump through bushland are essentially being trapped in soil and are 

negligible. The level of arsenic in sample GDS26 (33tg/g) was therefore mainly due 

to natural mineralisation of ore bodies scattered throughout the area. 

Arsenic in seepage from the alkaline tailings dam was attenuated within the tributary 

creek (within 600m) of Ryan's Creek West. Samples GDSS may be receiving some 
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input from the tributary creek. The arsenic level at GDS6 was higher than natural 

levels upstream and may be due to natural mineralisation associated with the nearby 

mined ore body. Further downstream, arsenic levels would be due to natural 

mineralisation. Downstream, the arsenic level decreased to 7jig/g As at GDS43 in 

Ryan's Creek at Mt Ringwood Station, more than 20 km downstream from the mine. 

The arsenic in Ryan's Creek sediments was mostly present as inorganic arsenate 

following the order As-Res>Fe-As>>Ca-As in the sediment phases. Some organic 

species were recorded in the sediments. Samples GDS35, GDS5, GDS6, GDS36, 

GDS37 and GDS38 had high levels of available As in the form of soluble and loosely 

bound As (Tables 3.37-3.39 and Figures 3.36-3.37). 

A comparison of mean and standard error for upstream Ryan's Creek East and West 

samples with the downstream samples (GDS36 - GDS43), shows no significant 

difference (P<0.05), thus indicating that there is no input to downstream Ryan's Creek 

from the mine. Arsenic and metals from input sources are therefore immediately 

immobilised by retention processes occurring at the sources. This is the key finding 

from the Ryan's Creek data. 

4.1.5.2 Spatial distribution and speciation at Copperfield Creek (Pine Creek gold 

mine) 

Copperfield Creek was one of the three creeks within the vicinity of Pine Creek gold 

mine, which drain the Cullen mineral field in the Daly River area. The creek was 

named after the copper mineralisation within the area (Milne el al., 1992). 
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The upstream part of Copperfield creek above Liddy's farm (Figure 2.6) showed 

natural arsenic mobilisation levels of 5 and 8jig/g at sites PCS8 and PCS9 

respectively. The arsenic levels increased to 30.ig/g below the storage water dam and 

remained constant to PCS6. There are three identified input sources into Copperfield 

Creek as well as the natural geochemical background: (i) input from PCS7 (small 

alluvial copper mine MLN 95); (ii) the storage dam wall material above Kybrook 

farm; and (iii) from Pine Creek gold mine Process Water Dam (PWD) water 

overflows which enter Copperfield Creek below Kybrook farm. 

The PCS7 source input (72tg/g As) was effectively contained in sediments as was 

shown at PCSS (19jig/g As). The elevated levels at PCS4 and PCS1 (30 and 32.tg/g, 

respectively) were due to the leaching of the wall materials from the storage dam and 

the erosion of particulate matter from waste rocks used to construct the dam above 

Kybrook Farm (Table 3.38). Site PCS6 also received the input from PWD overflows. 

Higher arsenic levels were recorded at the tributary creeks site PCS2 and PCS3 (101 

and 109jtg/g, respectively) which is at the spillway for the PWD overflows. Soluble 

arsenic in the PWD overflow was initially released under acidic conditions, but was 

neutralized upon dilution in the creek water to pH6 as shown by water sample taken at 

PCS3 which had an As concentration of 13tg/L. Water analysis data during the 1989 

overflows at PCS3 (ck5) and PCS2 (ck4) showed soluble As-f levels of 1 1-68ig/L 

and 9-70jig/L at pH 6.3-7.0, respectively (Milne et al., 1992). Comparison of As 
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values (Table 3.38 and Figure 3.38) shows that Copperfield Creek at PCS6 was 

receiving little or no input from the tributary creek. The As concentration in creek 

samples (29±3t gig As (n=4)) were lower than the PWD overflow tributary creek 

(105±4tgig As (n=2)). The significant aspect of this result is that despite the fact that 

high levels of soluble As(f) were released during the PWD overflows, all the arsenic 

and metals were attenuated in the tributary creek above Copperfield Creek. The 

mechanism of arsenic retention within the tributary is an important detail in 

understanding the fate of the arsenic load retained in this tributary as well as to any 

future water releases from the PWD overflows. 

Sequential extraction results showed that arsenic was mainly retained in the residual 

As>>Fe-As>Ca-As phases from PCS7, PCS3 and PCS2 input sources, which was 

immobilised and unavailable. The mobile As phase was very low and did not affect 

the overall load of the Copperfield Creek. The arsenic was retained as inorganic 

arsenates as well as organic arsenic and seems to suggest that the process was acting 

as a natural As attenuating mechanism (Table 3.37 and Figure 3.38). 

Solvent extraction results showed that the input sources PCS7, PCS3 and PCS2, and 

PCS4 had organic As (Table 3.40 and Figure 3.39). The levels were higher at PCS7 

due to the input of material from MLN 95 (Small Copper Mine) and PCS3 discharge 

overflows from PWD to Copperfield Creek. Organic arsenic concentrations of 56-60 

g/g from PCS2 and PCS3 may be complexed to organic matter thus contributing to 

the high organic As levels. 
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4.1.5.3 Arsenic spatial distribution and speciation at McKinlay River (Union 

Reefs gold mine) 

The Union Reefs mine has previously been the site of heavy alluvial mining activities 

(NSR 1993). The downstream sediments are rich in arsenic as a result of mine 

discharges over more than 100 years. Arsenic speciation may be important here 

because of the impact of arsenic on the aquatic system. 

Spatial sediment concentration along McKinlay River showed two significant input 

sources. The first source was the old Millars battery (about 100 years old) leaching 

residual arsenic into URS2 at neutral pH (95.1g/g), and the second source was the five 

earthen-wall alluvial tailings dams that overflow and drain west into the McKinlay 

River. The samples URS4 and URS5 had 54 and 178g/g As, respectively. The high 

level at URSS was due to discharge of residual arsenic into downstream McKinlay 

River. 

Upstream McKinlay River water samples showed natural mobilisation (at URS 1-2 

tg/L As) and tailing pond No. 4 had 64jiglL As (t) (Figure 2.4). This sample within 

the McKinlay River showed natural levels due to As mineralisation. Inputs of residual 

arsenic at Millars Battery and alluvial tailings dam were attenuated and did not 

contribute to the arsenic load in the river. 

Sequential extraction results showed that arsenic retained at URS2 was mainly 

residual Res-As>Fe-As>Ca-As>>FeOOH-As>Org bound-As. The alluvial tailings 
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materials were mainly contained in the Ca-As>Fe-As phase. There was a reasonable 

amount of arsenic (43jig1g) bound to organic matter in URS5 (TOC 5,800tg/g) 

derived from humic materials in soil (Table 3.43 and Figure 3.41). 

The arsenic retained in sediment at URS2 and URS5 was in the form of inorganic 

arsenic. Some organic arsenic and arsenite were recorded at URS5 which may be due 

to microbiological or other processes involved in their conversion (Masseheleyn et 

at., 1991a) 

Water samples analysed by NT DME in February 1992 from the alluvial tailings pond 

at Union Reefs and discharges from these ponds to McKinlay River have shown that 

the tailings waters are characterised by high levels of suspended solids, relatively low 

conductivity i.e. low salts, near neutral pH, but significant level of As and Pb (B. 

Noller pers. comm.,1995). The As and Pb may be associated with the high levels of 

suspended solids. Previous water tests showed Fe levels of 108tg/L and 250ig/L 

suspended solids (Appendix 3). Sediment analysis from this study showed that As in 

sediment in the tributary creek from ponds was immobilised in residual As and Fe 

phases. The alluvial mining process used river water to wash gold out of ore material. 

Therefore the organic matter in the tailings was from degradation of organic matter 

derived from natural vegetation. 
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4.1.5.4 Arsenic spatial distribution and speciation at Finniss River East 

Diversion (Rum Jungle Mine) 

The East Finniss River was diverted for partial flow through the open cuts during 

rehabilitation at Rum Jungle, to allow wet season flushing of the pit waters to prevent 

early and late wet season low flows with elevated contaminants (Lawton, 1996). 

The Rum Jungle site provide examples of acid mine seepages flowing out of the 

Intermediate overburden heap (IOH) (Figure 2.1). The samples were collected at one 

point source but at different times and distances to the river and within the Finniss 

River. 

Water samples from seepage source of JOT-I were acidic (pH 2.8 - 3.7) with a high 

load of solutes - 13,000 - 19,0O0tS/cm and As (t) levels ranging from 1.24.2jig/L. 

The acidic seepages immediately precipitated out the orange iron-rich material, but 

upon reaching the river water white evaporites were formed. The river water sample 

was pH 5.5 and As(t) 0.7tg/L. Sediments along the bank where the seepages flow 

into the Finniss River had As levels between 108-147ig/g, whereas the river sediment 

had 6ig/g, As. 

Samples SS1 and SS2 at the source of seepage showed arsenic retention in Fe-As>Ca-

As>Residual As phase. Samples SS3 and SS4 which are both in the creek and on the 

far side bank showed residual As>>Fe-As>Ca-As. The arsenic was retained as 

inorganic As in the form of arsenate and there was also some organic arsenic from 
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SS1 and SS3 which may have resulted from microbiological methylation 

(Masscheleyn et al., 1991a; and Mok and Wai, 1994) (Table 3.44). 

Source water samples from White Overburden Heap, manhole numbers 1-3 had pH 

3.5 - 3.8 and conductivity ranges from 10,000 - 13,000iS/crn, while As(t) was 

between 3.3 - 4.8tg/L. 

Both the redox potential and pH control the speciation and solubility of arsenic in 

contaminated river sediments and are important parameters to assess the fate of 

arsenic species. Arsenic species change according to thermodynamic predictions, 

which is shown in the Eh-pH diagrams for arsenic water systems (Cherry el al., 

1979). At p1-1 5-8 in most river waters, both 1-12AsO4  and HAs042  occur in 

appreciable proportions in an oxidized environment (200-500mV), while H3AsO32  is 

the dominant species under reducing conditions (0- 110mV). At high oxidation levels 

Eh and pH >8, As(V) species are important and solubility is low. Arsenic solubility 

would be determined by the formation of Mn3(As04)2, FeAs04, and Ca3(AsO4)2. In 

reducing conditions Eh and pH < 8, As(III) species is in abundance (Sadiq et al., 

1982). The reduction of As(V) to As(IJI) would therefore favor the mobilisation of 

arsenic, since As(IIT) is more mobile (Pierce and Moore, 1982.). 

In the river sediment arsenic is predominantly bound to sediments. The mobilisation 

of arsenic is closely related to its interaction with sediments. The main species of 

arsenic in sediment is aluminium arsenate, iron arsenate and calcium arsenate, with 

lesser amounts in organic arsenic and iron occluded arsenic (Chunguo and Zihui, 
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1988). Arsenic in suspended solids and sediments is about 2000 times that in river 

water, indicating that suspended solids are good scavenging agents and the sediments 

a sink for arsenic (Mok and Wai, 1994). Arsenic is mainly transported by suspended 

solids, by combining with iron, manganese, and aluminium compounds (Mok and 

Wai, 1989, 1990) whilst sorption of arsenic species by organic matter is mainly with 

humic substances (Thanabalasingham and Pickering, 1986). 

4.1.5.5 Arsenic spatial distribution and speciation along Mt Bundey Creek 

(Tom's Gully gold mine) 

The arsenic speciation results (Figure 3.44 and Table 3.41) shows that arsenic is 

mostly retained within the Res-As>Fe-As>Ca-As sediment phases in the creek 

samples. The mobile part of the total of phases constitutes only 0.2-0.4%. The average 

upstream (TGS10 and 11) and downstream (TGSI3 and 14) samples show average 

levels of 14 +4jig/g As (n=2) and 27 ±5igIg As (n=2) respectively. 

The upstream sediment results at TGS1 1 (10ig/g As) and TGS1O (18tg/g As) show 

natural geochemical mobilisation of As and other metals. 

Overflows and seepage from the anabranch contribute some As input into the creek 

(TGS1 46tg/g As in sediment and at TWSl 1.8j.ig/L in water) from the same site 

within the creek. The arsenic from the overflows are immediately retained in 

sediments at the point of overflow. The As levels drop to background levels at TGS13 

(17 jig/g) compared with TGS 18 (18 tg/g) upstream. The elevated levels downstream 

shows an increase from this source. The As level in water samples is well below the 
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safe level of As in drinking water. The high Fe levels within the creek acts as a 

scavenging agent which immobilises the As. 

Natural geochemical transportation of As is occurring upstream Mt Bundey Creek 

TGS1 I (10+2.igIg), TGS1O (18±2jiglg). There is As input into the river system 

TGS12 (40±3ig/g) and TGSI (46+8t gig), the characteristic of the input source water 

is the high Al, Ca, Fe, Mn and As (t) finger print as in the anabranch. About 1000 in 

downstream, the As(t) levels drop to back ground levels 10-12igig As (TGS17-

TGS21) and further downstream TGS14 (22 ±2jig/g) (Tables 3.41 - 3.42 and Figures 

3.44 - 3.45). 

4.1.5.6 Comparison of processes in creeks and rivers 

The creeks from Tom's Gully mine, Union Reefs, Pine Creek and Goodall have a 

common feature; which is, the input source is not directly discharged in the creek or 

river system, instead it is indirectly released by: 

overflows from wetland system 

overflows from collection pond 

discharged through tributary creeks, or 

seepage discharged through bushland 

The iron content either from the source water or with the sediment plays the key role 

in arsenic retention. Other oxides and humics also are involved in arsenic retention. 

Thus by the time the water enters the creek the levels are reduced to background 

levels by these natural retention mechanisms (Sections 1.4 and 1.5). The indirect 
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discharges of source waters helps the creeks to retain their natural ability to attenuate 

contaminants as shown in Mt Bundey Creek. 

4.2 Implications for mine waste water management 

Arsenic contamination and disposal with mine waste has important implications to 

water management in affected areas. Arsenic being toxic and carcinogenic to humans 

must be controlled because of its ability to speciate and mobilise under changing 

environmental conditions (Chen and Lin, 1994b). The following processes are known 

to enhance the emission and mobility of arsenic into the environment: industrial 

production of arsenic waste products; increase in the mining of complex sulfide ores 

bearing low grade gold and arsenic bearing nickel ores; management of mine tailings 

and discharge of process water; mine run-offs and seepage from waste rock 

containing sulfide; and, industrial effluents, agricultural usage of pesticides and 

natural biogeochemical mobilisation. 

In mining operations, the serious effects of mining effluents on water quality in rivers, 

lakes, as well as on the aquatic biotypes, particularly on fish populations has been 

well documented (Nriagu, 1994; Karau, 1992; Hanley and Couriel, 1992; Adriano, 

1986; Jeremy, 1985; Hunt and Howard, 1994; Anderson and Depledge, 1994; 

Pernetta, 1988). The effluents containing high levels of toxic elements under strongly 

acidic or alkaline conditions can destroy bio-types, live-stock, and plants. The 

pollution of water systems can lead to depletion of fauna and deterioration of water 

quality by introducing heavy metals leaching from outcrops of mineralised zones and 

waste heaps draining into streams and rivers. Land which is contaminated during past 
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and present mining activities can result in poor agricultural productivity and yields. 

There is also the danger of bioaccumulation of toxic metals such as arsenic into the 

food chain. 

Mine effluent pollution can seriously affect quality of natural water bodies by firstly 

destroying the bicarbonate buffer system by the lowering of pH and destroying 

minerals containing calcium and magnesium which in-turn will increase hardness, 

turbidity and silt load. Secondly, high concentrations of heavy metals and toxic 

materials, will be released in the acidic water flowing into the natural water body 

which will upset the delicate ecosystem by destroying fish and other aquatic life. 

Thirdly, when pH rises the Fe(IJI) salts come out of solution to form colloids 

suspended in water, fine suspended precipitates or heavy amorphous evaporites that 

can reduce light penetration which will affect photosynthesis of algae and 

phytoplankton. 

4.2.1 Significance of waste water management to the Northern Territory 

The current and past mine waste water discharge from the five mine sites studied have 

important implications to arsenic speciation and dispersion within the Pine Creek 

Geosyncline, Northern Territory. Most of the run-offs and seepage occur during the 

annual wet season, dewatering of pit and groundwater, and from direct discharge into 

waterways. A summary of arsenic retention in sediment mineralogical phases of each 

speciation process at the various study sites is given in Table 4.1. The following 

characteristic of mine waste water were observed during the study: leaching of acidic 

seepage at pH 3 from oxide waste rocks in Rum Jungle, Tom's Gully and Goodall 
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mines, alkaline seepage at base of cyanide waste tailings dam at Goodall mine, 

dewatering of groundwater under reducing conditions into the anabranch at Tom's 

Gully mine and at Goodall mine, acid drainage overflows into bushland in Goodall 

and Tom's Gully mine, erosion of mineralised particulate matter from small scale 

mining at Pine Creek and the transport of organic rich alluvial tailings to the 

McKinlay River which occurred at Union Reefs gold mine. All waste waters 

described eventually flow into a river or creek within the vicinity of the mine. 

The Central Pine Creek Geosyncline region is recognised for its base metal and gold 

mineralisation. The five mines studied are some of the numerous mines which were 

historical or are currently in operation. The significance of this study to waste water 

management is the recognition that uncontrolled dispersion of arsenic from mining 

might have occurred in the past. 
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Table 4.1 Summary of arsenic retention in sediment mineralogical phases for each speciation process 

Listing in the 
Thesis Process contributing to arsenic speciation 

Mineralogical 
distribution Species distribution Comments 

3.4.1 Retention in wetlands from dewatering 
 

3.4.1 1 Tom's Gully mine devatcring into anabranch Ca-As>>Fe-As>Res_As As(V)>>As(III)>Org -As>Res-As Inorganic arsenate phase dominant 
3.4.1.2 Goodall mine dewatering into trenches Fe-As>>Ca-As>Res-As As(V)>>As(lI1)-Res-As especially Ca-As and Fe-As sediment phases 

3.4.2 Dispersion from alkaline source As retention as inorganic arsenate 
3.4.2.1 Goodall mine tailings dam seepage Fe-As>Ca-As>Res-As As(V)>>As(III)>Org -As>Res-As in Fe-As and Ca-As sediment phases 

3.4.3 Dispersion from acid source to retention pond As retention as inorganic arsenate 
3.4.3.1 Goodall mine Southern waste dump seepages Res-As>>Fe-As>Ca-As As(V)>>As(I1I)>Org -As>Res-As in Fe-As and Res-As sediment phases 

3.4.4 Dispersion from acid source into bushland 

3.4.4.1 Seepage from Goodall mine oxide waste dump Fe-As>Res_As>Ca-As As(V)>>As(III)>Org -As>Res-As As retention as inorganic arsenate 
3.4.4.2 Re-channelling Goodall mine oxide dump seepages Fe-As>>Res-As>Ca-As As(V)>>As(III)>Org -As>>Res-As in Fe-As and Res-As sediment phases 
3.4.4.3 Seepage from Tom's Gully mine oxide waste dump Fe-As>>Res-As>Ca-As As(V)>>Res-As>Org -As 

34 Dispersion from sources along the creeks & rivers 

3.4.5.1 Ryan's Creek, Goodall mine Res-As>>Fe-As>Ca-As As(V)>>As(III)>Org -As>Res-As All sites have As retained in Res-As and 
Fe-As mineralogical phases but in 
Ryan's Creek, Mt Bundey Creek and McKinlav 
River as inorganic arsenateAs in Copperfield 
Creek and East Finnissare retained as 
Organo-As. within Res-As and Fe-As phases 

As(V)>>Org -As>Res-As--As(III)  

3.4.5.2 Copperfield Creek, Pine Creek mine Res-As>>Fe-As>Ca-As Org-As>>As(V)>As(III)-Res-As 

3.4.5.3 McKinlay River, Union Reefs Mine Res-As>>Fe-As>Ca-As As(V)>>As(III)>Org -As>Res-As 

3.4.5.4 East Finniss River, RUM Jungle Mine Res-As>>Fe-As>Ca-As Org-As>>As(V)>As(III)-Res-As 

3.4.55 Mt Bundey Creek, Tom's Gully Mine Res-As>Fe-As>Ca-As 
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4.2.2 General observations of the arsenic retention processes 

The following are the observations of the arsenic speciation study in water and 

sediment samples from Rum Jungle, Tom's Gully, Goodall, Pine Creek and Union 

Reefs mine within the Pine Creek Geosyncline. 

Firstly, the study of the wetland systems due to dewatering of groundwater at Tom's 

Gully gold mine anabranch and Goodall gold mine drainage channel showed that 

arsenic has been retained as inorganic arsenic forms of iron, calcium and residual 

mineralogical phases in the sediments. The precipitation of iron oxyhydroxide when 

the reducing groundwater came into contact with air, effectively immobilised the 

arsenic and metals within the top 5cm of the topsoil, as shown in the arsenic depth 

profiling of the anabranch at Tom's Gully mine. Arsenic and heavy metals were 

retained at the western edges of the oxide waste dump drainage channel. The retention 

process was enhanced by the growth of aquatic vegetation especially Typha 

dorningensis species along the drainage channel at Goodall mine and within the 

anabranch at Tom's Gully mine effectively creating a wetland. Arsenic retained 

within these sediments was positively correlated with Fe (r = 0.95) and Ca (r =0.91) at 

99% confidence level. 

Secondly, evidence of active dispersion of arsenic under alkaline and acidic 

conditions from seepage were observed from Goodall gold mine tailings dam, 

Southern waste rock and oxide waste rock dumps, Rum Jungle Intermediate waste 

heap, and Tom's Gully oxide waste dump. Observations of the alkaline and acidic 
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conditions in the case study sites showed that the dispersion of soluble arsenic species 

was promoted. Arsenic was dispersed under alkaline conditions 600m along a 

tributary creek from the base of the tailings darn at Goodall mine. Arsenic was 

attenuated along this 600m from the source in the form of inorganic arsenate and 

some organic associated arsenic. The inorganic arsenic was retained in the iron (40%), 

residual (30%) and calcium (24%) mineralogical phases within the sediment. High 

iron levels (20,000 - 30,000 jig/g) were recorded along the tributary creek to the edge 

of Ryan's Creek East Arm, confirming the strong association of arsenic with iron. 

Thirdly, acidic seepage from the oxide waste dump which was directed through 

bushland at both Goodall and Tom's Gully mines resulted in the flushing of soluble 

salts by rainwater from the evaporites on the bushland soil. Arsenic was retained as 

arsenate in the form of Fe-As>> Res-As Ca-As in sediment phases. The flushing of 

solubles after one year at Goodall, showed that arsenic was retained as arsenate in Fe-

As>> Ca-As Res-As sediment mineralogical phases. There was reduction in mean 

arsenic levels as shown in a transect within the bushland from September 1994 

(790±290pg/g As) to September 1995 (532±72jig/g As). The seepage flowing into the 

bushland showed similar trends where arsenic was retained as arsenate in association 

with iron in Ryan's Creek. Uncontrolled seepage of acidic runoff from eastern oxide 

waste dump at Tom's Gully mine flowed eastward over grazing paddock into a creek 

caused the death of trees and grass (Noller et al., 1995). Earthworks to intercept 

seepage from the eastern corner were carried out in October 1995, to divert water to 

the west joining runoff from the western side of oxide dump into the borrow pit. 
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Fourthly, acidic seepage from the Goodall mine Southern waste dump was channelled 

into the collection pond that acts as a sediment trap. Overflows from the pond 

(230tg/g As) transferred very little arsenic (9tg/g As) but high Fe levels 

(29,000jig/g) over lOOm of the overflow channel. Arsenic was retained in the 

collection pond as inorganic arsenic in the Fe-As, Res-As and Ca-As sediment phases. 

The adsorption of As (V) is high at low pH and decreased with increasing pH in other 

acidic runoffs (Noller and Parker, 1998). Arsenic discharged from process water dam 

overflow in Pine Creek mine was also effectively retained in the discharge channel 

and no further transport into Copperfield Creek (33ig/g As) was observed from the 

sediment record. Arsenic was retained as Res-As>>Fe-As>Ca-As and Org-As. 

Fifthly, the upstream creek sediments showed natural mobilisation of mineralised 

arsenic as in Copperfield Creek (5-8tg/g As), Mt Bundey Creek (10-12jig/g As), 

upstream Ryan's Creek and downstream east branch (7tg/g As), McKinlay River 

upstream and downstream (23-26ig/g As) and upstream Ryan's Creek on the 

boundary of MLN 1049 (24-40jig/g As). 

Sixthly, creeks that have input from historical source sites such as Millar's Battery 

upstream McKinlay River Union Reefs mine (95jig/g As), MLN 95 Copperfield 

Creek (79pgIg As) and Process Water Dam discharge to Copperfield Creek (109tg/g 

As). The arsenic was retained in the sediments in Fe-As, Ca-As, Org-As and Res-As 

phases. Arsenic retention was also associated with the presence of high humic matter. 
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Lastly, there was evidence of transport of organic-rich alluvial gold tailings along 

McKinlay River adjacent to the Union Reefs gold mine from two significant sources: 

old tailings at Millar's battery giving residual As at neutral pH and organic rich 

residual As from alluvial workings from a number of tailings dams. Arsenic retention 

in the alluvial tailings sediment was in the form Ca-As > Fe-As and Org-As 

associated with high organic matter (total organic carbon 5800tg/g). Some organic As 

and arsenite were also recorded, which may be due to microbiological or other 

methylation processes involved in their conversion. 

4.2.3 Use of methods to trap contaminants from dewatering 

From the case studies discussed (Section 4.2.1), two general management principles 

can be employed to trap mine waste contaminants as a retention process to minimise 

dispersion of arsenic and heavy metals into the environment: 

prevent direct discharge to creeks or water ways ; and 

discharge into constructed wetland with aquatic macrophytes to trap 

sediment and provide organic matter for arsenic and heavy metal 

retention 

The trapping of arsenic species and heavy metals in a wetland system acts as a water 

purification system. High iron levels (and calcium) in the source water enables 

effective immobilisation of arsenic and other contaminants. The precipitation of iron 

oxyhydroxide results in the removal of arsenic and metals from solution, thus 

enabling long term entrapment of the contaminants from sediment as was the case in 

Torn's Gully anabranch and Goodall dewatering channel. Certain macrophytes such 
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as Typha domingensis species can tolerate acidic conditions as well as survive long 

dry season periods, as is the case in the Northern Territory and other wet-dry tropical 

areas. 

4.2.4 Use of retention ponds to trap arsenic and iron prior to water release 

The example of Goodall mine retention pond shows that arsenic and metal 

contaminants from acidic wastewaters can be attenuated within the pond prior to 

release only as overflows. The pond traps the precipitates and soluble arsenic forms as 

iron arsenate precipitated with iron oxyhydroxide. The high iron level within the 

acidic seepage is a pre-requisite to effective retention of contaminants within the 

retention ponds. Calcium and organic matter also assist the role of iron in the 

immobilization of arsenic and metal contaminants from the mine waste effluents. 

Direct discharge into bushland is not encouraged, as it only promotes dispersion of 

soluble arsenates and metal contaminants. 
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Chapter Five CONCLUSION 

5.1 Identification of arsenic dispersion processes 

The study of the five mine sites in Pine Creek Geosyncline of Top End Northern 

Territory identified the following processes contributing to progressive transport and 

fixation of arsenic forms: 

alkaline (cyanide) seepage from tailings dam 

• acid drainage to retention pond prior to overflow 

• acid drainage runoff into bushland 

• erosion of mineral particulate from small scale mining, and 

transport of organic rich alluvial gold tailings 

Arsenic and heavy metal dispersion is enhanced under alkaline and acid conditions. 

Wet season seepage promotes the transportation of the contaminants, as well as 

making conditions suitable for arsenic speciation and mobilisation. The study found 

that the following retention processes were effectively involved in immobilising 

arsenic dispersion. 

1. The wetland system in Tom's Gully mine anabranch immobilised arsenic and metal 

contaminants from groundwater dewatering. The precipitation of iron oxyhydroxides, 

and presence of calcium and organic matter from aquatic macrophytes effectively 

retained arsenic within the sediment. The macrophytes and iron oxyhydroxide 
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precipitation from groundwater also assisted arsenic retention in Goodall dewatering 

channel. 

High iron levels in alkaline and acidic seepage is crucial to attenuation of arsenic 

and metal contaminants from source of seepage. Organic matter also assists the 

retention process. Effective retention of contaminants from seepage was demonstrated 

at Goodall gold mine where the Retention Pond acts as a sediment trap that held 

arsenic levels up to 1 ,7OOig/g mostly in the form of iron arsenate, calcium arsenate 

and residual arsenic. The overflow channel showed little arsenic transportation (9 

jig/g). 

Uncontrolled flow of seepage from oxide waste dump into bushland promoted the 

dispersion of arsenic and metal contaminants, as well as flushing of solubles during 

the wet season. All seepage should be directed into retention ponds before 

overflowing into bushland or channeled into a borrow pit. 

Creeks that have input from source sites such as Millar's Battery Union Reefs 

mine, MLN 95 Copperfield Creek at Pine Creek mine, and McKinlay River Union 

Reefs mine showed increased organic arsenic and arsenite levels. Erosion of mineral 

particulates from small-scale mining and controlled process water discharge 

contributed to dispersion of residual arsenic at neutral pH. The tailings dam at the 

former Union Reefs alluvial mine operation had eroded organic rich alluvial gold 

tailings. The arsenic was retained as iron, calcium, residual and organic arsenates. 

Some organic arsenic and arsenite were also recorded which may be due to 
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microbiological or other methylation processes involved in their conversion. The high 

iron level in the sediment again played an active role in arsenic fixation. 

5. Upstream sediments showed natural arsenic mobilisation as in Copperfield Creek 

(5-8jig/g), Mt Bundey Creek (10-14tg/g), upstream Ryan's Creek and downstream 

east branch (7tg/g). Erosion of mineralized arsenic was observed in McKinlay River 

upstream and downstream (23-26pgIg) and upstream Ryan's Creek boundary of MLN 

1049 (24-40igIg). 

The features identified above can be utilised for future mine water management 

design. 

5.2 Future directions 

The identification of arsenic dispersion and retention processes within the mine sites 

studied at Pine Creek Geosyncline, provides a scope for further research. Firstly the 

two sediment procedures extract organic arsenic species that are associated with 

organic matter and methylated organic arsenic. Further work is required to identify 

the methylated organic arsenic especially the dimethylarsinic acid (DMAA) and 

monomethylarsonic acid (MMAA). This is important because of erosion of organic 

rich material from old alluvial tailings. Additionally the conditions in the seepage 

sources may provide conditions for the growth of bacteria that can methylate or 

demethylate arsenic. 
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Secondly, based on the knowledge of the forms of arsenic particulate in mine waste 

runoff, toxicology evaluation can be conducted on stock such as cattle and aquatic 

biota in the creek, for example, fresh water mussels, and on wildlife. 

Finally arsenic adsorption work can be carried out on the sediment and soil types to 

determine adsorption behaviour at the solid - solution interface. Adsorption onto 

particulate matter influences the transport, chemical reactions, biotransformation, and 

the ultimate fate of trace constituents in natural water bodies, soil-groundwater 

systems, and various treatment options. 
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Appendix 1 Source and description of sediment samples from Pine Creek Geosyncline region for arsenic speciation studies 

Location Sample Date Sampled Sample Description 

Rum Jungle mine SS1 3/25/94 Sediment from edge of Seepages at Intermediate Overburden heap (IOH) 
SS2 3/25/94 Sediment sample from eastern bank Finniss River East Diversion, edge of IOH 
SS3 3/25/94 Sediment sample from western bank Finniss River East Diversion, edge of IOH 
SS4 11/2/94 Sediment from eastern arm of Finniss River, east of IOH 

Union Reef's mine URS1 11/1/94 Sediment from upstream McKinlay River 
URS2 11/1/94 Sediment from Millars Creek upstream branch of McKinlay River 
URS3 11/1/94 Sediment at ambient site in McKinlay River, below process water dam 
URS4 11/1/94 Sediment from TD4 retention pond 
URSS 11/1/94 Sediment from creek bed flowing from historic alluvial tailings ponds 
URS6 11/1/94 Sediment from downstream McKinlay River 

Tom's Gully mine TGS1 5/5/94 Sediment at downstream anabranch at point of overflow into Mt Bundey Creek 
TGS2 5/5/94 Furthest downstream sediment from the anabranch, lOm from Mt Mt Bundey Creek 
TGS3 5/5/94 Downstream anabranch sediment, lOOm from pumping station 
TGS4 5/5/94 Downstream anabranch sediment, 50m from pumping station 
TGS5 5/5/94 Downstream anabranch sediment, 20m from pumping station 
TGS6 5/5/94 Immediately below point of dewatering within the anabranch 
TGS7 5/5/94 Sediment from anabranch 20m upstream from pumping station 
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Location Sample Date Sampled Sample Description 

TGS8 5/5/94 Sediment from anabranch lOOm upstream from pumping station 
TGS9 5/5/94 Sediment from furthest upstream of the anabranch 

TGS10 5/5/94 Sediment from 300m upstream Mt Bundey Creek, from the anabranch 
TGS1 1 10/6/94 Sediment from upstream Mt Bundey Creek 
TGS12 10/6/94 Sediment from Mt Bundey Creek bed receiving overflow from the anabranch 
TGS13 10/6/94 Sediment from downstream Mt Bundey Creek 
TGS14 10/6/94 Further downstream sediment Mt Bundey Creek near intersect at Arnhem Highway. 

TGS15.1 10/20/94 Top 5 cm depth profile sediment furthest downstream anabranch from TGS2 
TGS16.1 10/20/94 Top 5 cm depth profile sediment furthest upstream anabranch from TGS9 

TGS17 10/20/94 Background sample 50m upstream of anabranch facing Mt Bundey Creek 
TGS18 10/20/94 Background sample 50m upstream of anabranch towards mine direction 
TGS19 10/20/94 Background sample 50m from pumping station of anabranch towards mine direction 
TGS20 10/20/94 Background sample 50m downstream at anabranch towards the Barrow Pit direction 
TGS21 10/20/94 Background sample 50m downstream of anabranch facing Mt Bundey Creek 
TGS22 10/20/94 Iron rich material at at dewatering Pumping Station edge of the anabranch 
TGS23 7/26/95 Floc and Sediment from seepage site oxide waste dump near Coulter's Farm 
TGS24 7/26/95 Sediment from stream below oxide waste dump in Coulter's Farm 
TGS25 7/26/95 Sediment from bore dewatering at irrigation site collected with water sample TGW4 

TGS15.1 10/20/94 0-5cm depth profile sediment from sample point TGS15 downstream anabranch 
TGS15.2 10/20/94 5-10cm depth profile sediment from sample point TGS1S downstream anabranch 
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Appendix 1 (continued) 

Location Sample Date Sampled Sample Description 

TGS15.3 10/20/94 10-20cm depth profile sediment from sample point TGS15 downstream anabranch 
TGS15.4 10/20/94 30-50cm depth profile sediment from sample point TGS15 downstream anabranch 
TGS15.5 10/20/94 >75cm depth profile sediment from sample point TGS15 downstream anabranch 
TGS4.1 10/20/94 0-5cm depth profile sediment from sample point TGS4 downstream anabranch 
TGS4.2 10/20/94 5-10cm depth profile sediment from sample point TGS4 downstream anabranch 
TGS4.3 10/20/94 10-20cm depth profile sediment from sample point TGS4 downstream anabranch 
TGS4.4 10/20/94 30-50cm depth profile sediment from sample point TGS4 downstream anabranch 
TGS4.5 10/20/94 >75cm depth profile sediment from sample point TGS4 downstream anabranch 
TGS6.1 10/20/94 0-5cm depth profile sediment from dewatering point TGS6 within the anabranch 
TGS6.2 10/20/94 5-10cm depth profile sediment from dewatering point TGS6 within the anabranch 
TGS6.3 10/20/94 10-20cm depth profile sediment from dewatering point TGS6 within the anabranch 
TGS6.4 10/20/94 20-30cm depth profile sediment from dewatering point TGS6 within the anabranch 
TGS6.5 10/20/94 30-50cm depth profile sediment from dewatering point TGS6 within the anabranch 
TGS6.6 10/20/94 >75cm depth profile sediment from dewatering point TGS6 within the anabranch 
TGS8.1 10/20/94 0-5cm depth profile sediment from sample point TGS8 upstream anabranch 
TGS8.2 10/20/94 5-10cm depth profile sediment from sample point TGS8 upstream anabranch 
TGS8.3 10/20/94 10-20cm depth profile sediment from sample point TGS8 upstream anabranch 
TGS8.4 10/20/94 20-50cm depth profile sediment from sample point TGS8 upstream anabranch 
TGS16.1 10/20/94 0-5cm depth profile sediment from sample point TGS16 upstream anabranch 
TGS16.2 10/20/94 5-10cm depth profile sediment from sample point TGS16 upstream anabranch 
TGS16.3 10/20/94 10-25cm depth profile sediment from sample point TGS16 upstream anabranch 
TGS16.4 10/20/94 >75cm depth profile sediment from sample point TGS16 upstream anabranch 

- 
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Appendix 1 (continued) 

Location Sample Date Sampled Sample Description 
Pine Creek mine PCS1 11/2/94 Sediment from Copperfield Creek below Kybrook Farm 

PCS2 11/2/94 Sediment from downstream Process water dam discharge site near Kybrook road 
PCS3 11/2/94 Sediment from upstream Process water dam discharge site near Umbrawarra road 
PCS4 11/2/94 Sediment from Copperfield Creek below earth works for water dam near Kybrook Farm 
PCS5 11/2/94 Sediment from Copperfield Creek above earth works water dam near Kybrook Farm 
PCS6 11/2/94 Sediment in Copperfield Creek below input site of Process water dam discharge 
PCS7 11/2/94 Sediment from stream flowing from MLN 95 Alluvial copper mine 
PCS8 11/2/94 Sediment from Copperfield Creek at Robert Liddy's Farm 
PCS9 11/2/94 Sediment from upstream Copperfield Creek 

Goodall mine GDS1 9/1/94 Evaporite lOm base of tailings dam 
GDS2 9/1/94 Evaporite lOOm base of tailings dam seepage source 
GDS3 9/1/94 Sediment sample 600m from base of tailing dam seepage source 
GDS4 9/1/94 Sediment from tributary drainage creek flowing into Ryans Creek west arm 
GDS5 9/1/94 Sediment sample from upstream Ryans Creek west arm near mine access road 
GDS6 9/1/94 Sediment sample from upstream Ryans Creek west arm north of mine pit 
GDS7 9/1/94 Sediment sample from upstream Ryans Creek east arm at catchment drainage 
GDS8 9/1/94 Sediment sample from upstream Ryans Creek east arm at catchment drainage 
GDS9 9/1/94 Sediment sample from Southern waste seepage channel draining into Retention Pond 

GDS10 9/1/94 Sediment sample from Southern waste seepage channel draining into Retention Pond 
GOSh 1 9/1/94 Sediment sample from Southern waste seepage channel draining into Retention Pond 
GDS12 9/1/94 Sediment sample from western edge of Retention Pond 
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Appendix 1 (continued) 

Location Sample Date Sampled Sample Description 
GDS13 9/1/94 Sediment sample from edge of Retention Pond at the overflow channel 
GDS14 9/1/94 Sediment sample within overflow channel 10m from Retention Pond 
GDS15 9/1/94 Sediment sample lOOm down the overflow channel from Retention Pond 
GDS16 9/1/94 Sediment sample at drainage channel southern base oxide waste dump 
GDSI7 9/1/94 Sediment sample along drainage channel in bushland from oxide seepage flushing 
GDS18 9/1/94 Sediment sample along drainage channel in bushland from oxide seepage flushing 
GDS19 9/1/94 Transect sediment sample in bushland from wet season 1994 
GDS20 9/1/94 Transect sediment sample in bushland from wet season 1994 
GDS21 9/1/94 Transect sediment sample in bushland from wet season 1994 

GDS22 9/1/94 Sediment sample in bushland 20m after the transect sampling 
GDS23 9/1/94 Sediment sample 30m from transect samples in bushland after wet season 1994 
GDS24 9/1/94 Sediment from Ryan's Creek east arm adjacent to Retention pond overflow channel 
GDS25 9/1/94 Sediment sample in Ryan's Creek (East) immediately below the bushland flushind area 
GDS26 9/1/94 Sediment from upstream Ryan's Creek east arm 
GDS27 9/1/94 Sediment sample from Ryan's Creek catchment drainage area 
GDS28 9/28/94 Sediment sample base of tailings dam at north west end 
GDS29 9/28/94 Sediment sample from with the cyanide tailings storage dam 
GDS30 9/28/94 Evaporite sample from western edge of Eastern oxide waste dump 
GDS31 9/28/94 Evaporite sample from Seepage source at Southern waste dump 
GDS32 9/28/94 Sediment sample from Seepage source at Southern waste dump (water sample GDW1) 
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Appendix 1 (continued) 

Location Sample Date Sampled Sample Description 

GDS33 9/28/94 Evaporite sample from seepage source at Southern waste dump 
GDS34 9/28/94 Evaporite sample from within the drainage channel near Southern waste dump 
GD535 9/28/94 Sediment sample from upstream Ryan's Creek west arm 
GDS36 9/28/94 Sediment samples from Ryan's Creek west arm near intercept with Ryan's creek east arm 
GDS37 9/28/94 Sediment samples from Ryan's Creek west arm near intercept with Ryan's creek east arm 
GDS38 9/28/94 Sediment samples from Ryan's Creek west arm near intercept with Ryan's creek east arm 
GDS39 9/28/94 Sediment sample near water hole no.1 Ryan's Creek (water sample GDW6) 
GDS40 9/28/94 Sediment sample near water hole no.2 Ryan's Creek (water sample GDW5) 
GDS41 9/28/94 Sediment sample near water hole no.3 Ryan's Creek (water sample GDW4) 
GDS42 9/28/94 Sediment sample from overflow of water hole no.1 
GDS43 9/28/94 Sediment sample from downstream Ryan's Creek 
GDS44 9/5/95 Sediment sample from dewatering channel eastern edges of oxide waste dump 
GDS45 9/5/95 Sediment sample from mid of dewatering channel SW end of oxide waste dump 
GDS46 9/5/95 Sediment sample from dewatering channel of oxide waste dump 
GDS47 9/5/95 Sediment sample from mid of dewatering channel eastern edges of oxide waste dump 
GDS48 9/5/95 Transect sediment in bushland resampling after wet season 1995 
GDS49 9/5/95 Transect sediment in bushland resampling after wet season 1995 
GDS50 9/5/95 Transect sediment in bushland resampling after wet season 1995 
GDS51 9/5/95 Sediment sample 30m from transect samples in bushland after wet season 1995 
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Appendix 2 A. Arsenic speciation results from sequential sediment extraction procedure for mine sites 
studied within Pine Creek Geosyncline 
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Appendix 2 B Arsenic speciation results from solvent extraction procedure for mine sites studied within Pine Creek Geosyncline 

Sample Acid digest. As Conc'n (ug/g)* Acid Extracts As Concn (ug/g)   Chloroform Extracts As (ug/g)  

As (T) As (T) S/A As (III) As (I) As(T) S/A As (III) Res. As Arsenite Arsenate Inorg. As Org.As 

(A) UNION REEFS GOLD MINE  

1 URSI 32 26 8 22 20 4 4 6 1 10 16 4 

2 URS2 95 88 12 92 86 15 10 22 54 76 10 

3 URS3 30 23 3 28 20 4 2 8 4 12 8 

4 URS4 66 59 8 78 62 11 5 9 29 38 24 

5 URS5 178 173 24 176 160 26 13 40 77 117 43 

6 URS6 27 24 4 23 24 5 1 2 14 16 8 

B) ( PINE CREEK GOLD MINE  

7 PCS1 32 34 4 34 30 6 1 3 11 14 16 

8 PCS2 101 96 11 96 94 20 11 10 28 38 56 

9 PCS3 109 104 12 109 102 23 5 10 32 42 60 

10 PCS4 30 26 4 34 30 6 2 3 10 13 17 

11 PCSS 19 19 3 17 13 3 2 2 9 11 2 

12 PCS6 33 28 4 30 30 6 2 2 13 15 15 

13 PCS7 79 77 10 1 81 76 15 8 3 30 32 44 

14 PCS8 5 4 1 7 6 I 0.6 1 6 7 < 1 

15 PCS9 8 7 2 12 12 2 0.3 2 8 9 3 

(C) RUM JUNGLE URANIUM & COPPER MINE  

16 SS1 120 106 14 112 103 15 3 4 21 43 1 60 

17 SS2 108 96 13 104 94 9 3 14 63 77 14 

18 SS3 147 120 18 90 86 13 13 4 17 30 56 

19 SS4 9 6 0.5 10 7 0.2 4 1 5 6 1 
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Appendix 2B (continued)  

Sample Acid digest. As Conc'n ( ug/g )* Acid Extracts As Conc'n (ugtg)   Chloroform Extracts As (ug/g)  

As (T) I As (T) S/A As (III) As (T) As(T) S/A As (III) Res. As Arsenite Arsenate Lnorg. As Org.As 

(D) GOODALL GOLD MINE  

20 GDS1 1,360 1,200 170 1,220 1,200 190 116 130 710 840 360 

21 GDS2 1.980 1,600 270 1.830 1,720 270 69 180 1,010 1,190 530 

22 GDS3 2,650 2,400 470 2,610 2,670 550 92 520 1,400 1,920 750 

23 GDS4 80 78 10 72 58 9 2 10 42 52 6 

24 GDS5 46 48 6 48 45 8 3 1 6 29 35 10 

25 GDS6 79 58 9 77 62 13 5 12 30 42 20 

26 GDS7 13 14 1 15 15 3 1 2 12 14 1 

27 GDS8 8 9 1 12 15 3 I 1 Ii 12 3 

28 GDS9 112 84 17 108 108 16 5 16 91 107 1 

29 GDSIO 420 400 71 480 450 88 34 50 380 430 20 

30 GDS11 410 400 75 480 360 72 43 47 293 340 20 

31 GDS12 1,900 1,210 260 1,640 1,430 280 24 180 1,200 1,380 50 

32 GDS13 234 190 16 240 220 36 7 30 180 210 10 

33 GDS14 84 50 14 62 54 8 3 8 37 45 9 

34 GDS15 9 7 1 11 8 2 0.5 1 2 12 11 <1 

35 GDS16 800 540 150 760 840 144 24 80 410 490 350 

36 GDS17 1,280 900 170 1 860 660 140 19 100 630 730 <1 

37 GDS18 750 380 120 730 510 100 8 80 470 550 <1 

38 GDS19 390 290 54 450 290 73 7 50 300 350 <1 

39 GDS20 1,640 720 190 1,040 1,140 200 15 1 100 700 800 340 

40 GDS21 500 200 52 350 260 53 8 50 180 230 29 

41 GDS22 650 460 70 630 500 97 29 70 400 470 25 

42 GDS23 890 640 140 650 510 130 25 100 390 490 12 

43 GDS24 12 10 1 12 10 3 0.6 3 8 11 <1 

44 GDS25 16 13 2 17 14 1 3 1.3 3 13 16 <1 

45 GDS26 33 22 4 35 30 7 1.2 3 25 28 2 
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Appendix 2B (continued)  

Sample Acid digest. As Concn ( ug/g )* Acid Extracts As Conc'n (ug/g)   Chloroform Extracts As (ug/g)  

As (T) As (T) S/A As (III) As (T) As(T) S/A As (III) Res. As Arsenite Arsenate Inorg. As Org.As 

46 GDS27 34 35 4 42 39 10 1.3 9 24 33 6 

47 GDS28 720 560 84 610 530 114 200 90 400 490 38 

48 GDS29 6,380 3,230 1,220 4,540 4,100 1,140 340 430 3,740 4,170 <1 

49 GDS30 6 5 1 7 6 3 NR 2 4 6 <1 

50 GDS31 84 65 24 85 82 13 45 3 78 81 1 

51 GDS32 1,290 1,300 240 1.300 1,560 170 86 20 1,070 1.090 670 

52 GDS33 118 65 20 500 550 70 NR 10 480 490 60 

53 GDS34 420 390 50 220 160 10 21 9 59 68 92 

54 GDS35 37 40 4 39 40 6 3 1 38 39 1 

55 GDS36 60 58 8 63 62 10 6 9 54 63 <1 

56 GDS37 30 30 3 30 32 5 4 2 14 16 16 

57 GDS38 39 30 6 39 28 7 5 3 19 21 7 

58 GDS39 36 32 5 36 31 5 3 5 11 16 15 

59 GDS40 11 8 1 10 8 6 3 3 2 5 3 

60 GDS41 41 35 5 40 34 6 3 8 14 22 12 

61 GDS42 24 21 3 21 20 9 3 5 5 10 10 

62 GDS43 7 5 1 1 11 7 2 1.2 2 3 5 1 2 

63 GDS44 4,600 4,710 840 4,540 4,430 910 29 170 4,310 4,480 <1 

64 GDS45 3,630 3,380 540 3,080 3,050 580 40 140 2,960 3,100 <1 

65 GDS46 500 390 94 710 530 113 42 10 660 670 <1 

66 GDS47 800 690 117 860 770 150 38 1 70 570 640 130 

67 GDS48 570 510 86 530 530 92 12 20 500 520 6 

68 GDS49 620 540 79 640 530 82 12 10 490 500 30 

69 GDSSO 620 590 81 580 1 490 92 17 20 570 590 <1 

70 GDS51 320 1 210 40 330 1 240 44 8 7 263 270 <1 
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Appendix 2B (continued)  

Sample Acid digest. As Conc'n (ug/g)* Acid Extracts As Conc'n (ug/g)   Chloroform Extracts As (ug/g)  

As (T) I  As (T) S/A As (III) As (T) As(T) S/A As (III) Res. As Arsenite Arsenate Inorg. As Org.As 

(E) TOM'S GULLY GOLD MINE  

71 TGS1 46 39 8 24 20 4 6 3 9 12 8 

72 TGS2 560 336 76 470 435 83 10 20 410 430 5 

73 TGS3 420 340 61 380 370 73 7 50 300 350 10 

74 TGS4 1,200 990 210 1,060 960 190 10 210 740 950 10 

75 TGS5 2,300 1,830 410 2.530 1.860 320 16 440 2,190 2,430 <1 

76 TGS6 2,410 2,180 430 2,710 2,430 390 17 440 2,300 2,640 <1 

77 TGS7 2,210 1,220 370 2,040 1,950 310 12 600 1,400 2,000 <1 

78 TGS8 1,190 900 180 880 790 200 7 220 530 750 40 

79 TGS9 133 118 21 109 96 56 10 26 45 71 25 

80 TGS10 18 17 6 11 7 4 2 3 3 6 1 

81 TGS11 10 10 2 16 12 2 2 2 8 10 2 

82 TGS12 40 40 5 40 35 8 1 4 3 20 23 12 

83 TGS13 17 18 3 28 20 8 3 3 9 12 8 

84 TGS14 22 22 3 27 20 7 3 5 7 12 8 

85 TGS15.1 135 115 23 116 108 18 5 11 38 49 59 

86 TGS16.1 134 110 23 121 110 27 4 15 72 87 23 

87 TGS17 10 12 1 10 10 2 3 2 3 5 5 

88 TGS18 11 12 2 16 15 4 2 4 5 9 6 

89 TGS19 11 12 2 10 9 1 2 3 3 6 3 

90 TGS20 12 12 2 8 8 2 3 2 3 5 3 

91 TGS21 10 9 2 9 8 4 3 3 3 6 2 

92 TGS22 3,530 3,130 610 3,330 3,150 640 84 450 2,910 3,270 <1 

93 TGS23 6 5 1 5 5 1 10 2 7 5 <1 

94 TGS24 42 34 4 34 34 4 12 3 30 33 1 

95 TGS25 4,060 3,350 620 3,300 2,890 510 24 420 2,190 2,610 280 

96 TGS4.1 1,450 910 240 1,440 1,320 220 12 200 1,010 1,210 110 

97 TGS6.1 1,900 1,040 260 1,750 1,660 190 17 210 820 1,030 630 
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98 1  TGS8.1 1 820 1 720 1 104 j 840 1 810 1 57 1 7 1 250 1 550 1 800 1 10 
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Appendix 2 C Heavy metals, arsenic and total organic carbon results for mine sites studied within Pine Creek Geosyncline 
Sample Sample Total Metal and Arsenic Concentration tg/g) 

________ ________ 

 

Number (depth/cm) Al Ca Co Cu Fe Mn Ni Pb JZn As (T) Total OC 

UNION REEF GOLD MINE 

1 URS1 50,000 390 11 13 24,700 1 290 17 58 36 32 6,700 

2 URS2 47,400 560 12 12 27,000 270 14 78 32 95 5,100 

3 URS3 49,600 650 13 11 26,200 290 16 63 25 30 30,000 

4 URS4 41,800 71 12 12 29,200 300 16 88 42 66 440 

5 URSS 66,400 340 19 17 40,700 660 24 124 88 180 5,400 

6 URS6 57,800 430 15 23 38,600 260 29 62 12 27 2,800 

PINE CREEK GOLD MINE 

7 PCS1 50,800 420 14 32 30,200 350 16 46 15 32 5,700 

8 PCS2 66,900 180 19 120 37,200 230 24 120 220 100 4,000 

9 PCS3 50,500 108 9 26 46,400 76 18 110 19 110 1,600 

10 PCS4 44,300 230 13 30 26,600 130 16 45 BDL 30 2,300 

11 PCSS 61,400 610 11 18 29,700 170 12 63 28 19 14,500 

12 PCS6 59,800 780 18 62 35,200 300 24 68 88 33 5,600 

13 PCS7 75,100 420 14 150 39,700 150 20 98 150 79 11,900 

14 PCS8 42,800 400 10 3 30,800 470 7 41 6 5 1,100 

15 PCS9 15,800 240 7 1 40,800 360 5 23 B.DL 8 950 

RUM JUNGLE MINE 

16 SS1 34,400 1,490 89 370 72,000 250 135 41 190 120 1,100 

17 SS2 95,700 3,200 51 280 106,000 470 133 310 140 108 3,900 

18 SS3 46,400 4,000 71 1,190 128,800 310 133 470 180 147 3,200 

19 SS4 6,600 15,500 250 1,440 248,200 430 260 69 750 6 5,200 

GOODALL GOLD MINE 

20 GDSI 29,000 2,600 23 110 20,000 130 25 32 18 1,010 1,100 

21 GDS2 24,300 1,360 30 130 19,400 140 28 53 21 1,580 4,200 

22 GDS3 27,000 438 8 81 26,900 30 10 96 BDL 2,470 3,200 
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Appendix 2 C (continued) 
Sample Sample Total Metal and Arsenic Concentration gfg)  

Number (depth/cm) Al Ca 1 Co Cu Fe Mn Ni Pb Zn As (T) Total OC 
23 GDS4 22,500 200 8 16 33,600 36 11 27 B.DL 80 5,200 

- 24 GDS5 13,600 - 300 4 8 13,500 14 6 12 13 - 46 2,800 
25 GDS6 11,900 410 10 20 11,800 50 8 12 B.DL 79 6,400 
26 GDS7 8.000 250 2 2 10,000 21 4 5 B.DL 13 7000 

27 UDSS 17.700 250 7 36 12,900 39 - 9 13 B.DL 8 7,900 
28 GDS9 62,600 1,700 37 130 31,800 280 43 54 29 112 1.400 
29 GDS1O 35,300 2,200 55 92 25.300 340 51 30 43 420 1.800 
30 GDS11 66,200 510 19 120 34,300 105 31 56 10 410 2,700 

31 GDS12 48,900 1,740 26 630 60,200 170 34 38 29 1,680 11,800 

32 GDS13 43,300 1,150 38 110 28,400 270 40 38 30 234 3,300 

33 GDS14 56,200 520 27 69 36,400 150 55 48 26 84 4,500 

34 GDS15 58,300 170 12 14 29,900 28 22 48 B.DL 9 1,400 

35 GDS16 19,200 7,500 8 44 18,200 49 13 19 2 800 3,100 

36 GDS17 28,700 1,650 16 76 27,400 10 21 25 7 1,280 2,900 

37 GDS18 30,200 950 29 150 26,100 180 30 27 15 750 5,500 

38 GDS19 20,900 4,000 112 270 25,800 410 73 16 252 390 6,300 

39 GDS20 34,700 1,140 51 410 37,200 320 51 30 14 1,640 7.000 

40 GDS21 22,700 3,600 21 80 37,100 290 23 21 B.DL - 500 7,000 

41 GDS22 56,700 1,570 52 220 73,600 590 51 44 16 650 3,900 

42 GDS23 26,100 1,320 36 180 179,200 670 33 38 8 890 3,400 

43 GDS24 34,500 230 22 110 22,300 113 18 27 16 12 4,600 

44 GDS25 35,700 630 37 210 16,300 114 32 29 45 16 6,800 

45 GDS26 46,200 350 35 320 24,300 98 31 37 40 33 4,900 

46 GDS27 36,800 160 33 170 20,900 50 29 28 36 34 3,800 

47 GDS28 29,300 2,800 170 600 10,400 1,030 138 25 163 720 2,900 

48 GDS29 27,800 6,700 64 690 30,100 36 20 23 18 6.280 1,200 
49 GDS30 23,100 440 430 3,430 250 2,500 330 15 410 6 1,200 
50 GDS31 24,000 1,000 308 1,130 9,500 2,600 240 16 270 84 1,000 

51 GDS32 33,200 180 12 53 34,500 39 18 42 6 1,290 1,500 

52 GDS33 30,600 1,690 400 1,200 2,800 2,800 310 24 430 118 780 

53 GDS34 26,700 5,300 180 790 16,900 1,260 150 24 165 500 670 
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Appendix 2 C (continued)  

Sample Sample Total Metal and Arsenic Concentration .tg/g)  
________ _____________________ Number (depth/cm) Al Ca Co Cu Fe Mn Ni Pb Zn As (T) Total OC 

54 GDS35 34:000 260 10 16 30.200 350 13 26 B.DL 37 2.900 

55 GDS36 42,500 410 - 20 81 37.200 230 20 34 3 59 5,300 
56 GDS37 24,500 190 10 23 46,400 76 10 23 B.DL 30 2,300 
57 GDS38 34,700 250 15 - 28 26,600 129 14 32 B.DL 36 -- 1.800 
58 GDS39 58,100 260 25 120 - 29,700 170 28 45 14 11 6,700 
59 GDS40 37,200 400 11 32 35,200 300 17 29 B.DL 41 15,000 
60 GDS41 56,000 370 68 340 30,700 149 52 38 68 24 9,900 
61 GDS42 43,000 220 14 35 30,800 470 17 33 B.DL 7 8,100 
62 GDS43 33,200 250 9 8 40,800 360 12 31 B.DL 7 2,600 
63 GDS44 44,000 290 14 24 54,800 90 24 34 34 4,600 4,600 
64 GDS45 45,100 88 18 25 91,400 98 25 - 47 69 3,630 5.800 
65 GDS46 64,700 1,310 45 67 27,600 260 56 46 46 590 4,200 
66 GDS47 62,400 420 17 20 36,800 76 34 48 27 800 5,200 
67 GDS48 29,400 113 8 12 27,500 41 14 31 B.DL 570 8,300 
68 GDS49 27,100 130 10 14 22,600 54 15 26 B.DL 620 3,900 
69 GDSSO 38,400 130 10 11 25,100 38 18 30 2 620 7,500 
70 GDS51 40,300 390 15 31 35.900 130 21 31 3 320 9,400 

TOM'S GULLY GOLD MINE SURFACE (Surf) & DEPTH PROFILE SEDIMEINT SAMPLES (<63 urn) 

71 TGS1 (Surf.) 63,400 610 32 26 49.600 1,080 110 58 73 46 6,800 
72 TGS2 (Surf) 39,500 3,000 81 20 39,100 1.740 118 88 2.100 390 10,300 
73 TGS3 (Surf) 41,500 3,900 290 18 - 37,900 4,750 240 70 1,900 420 15,000 

74 TGS4 (Surf.) 31,800 1,880 220 17 112,000 2,480 360 161 4,400 1.200 10,500 
75 TGS4.1 (0-5) 33,200 1,450 420 33 - 100,200 5,120 440 167 4,100 940 8,600 
76 TGS4.2(5-10) 46,300 430 15 36 18,600 116 42 49 186 27 6,100 
77 TGS4.3 (10-25) 52,900 680 13 24 18,800 118 43 56 177 11 4,700 
78 TGS4.4 (25-50) 53,200 900 13 23 18,900 148 38 52 184 10 4,000 
79 TGS4.5 (>75) 52,500 880 16 24 - 20,600 200 27 54 95 13 2,200 
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Appendix 2 C (continued) - 

Sample Sample Total Metal and Arsenic Concentration tgIg)  

Number (depth/cm) Al Ca Co Cu Fe Mn Ni Pb Zn As (T) Total OC 
80 TGSS (Surf.) 30,000 2,100 43 51 134,800 - 360 r 174 617 2,700 2,300 11,500 

81 TGS6 (Surf.) 23,900 1,530 89 22 199,900 660 240 300 5,000 2,420 13,100 

82 TGS6.1 (0-6) 32,000 2,300 46 44 110,700 490 146 390 2,500 2,430 5.900 

83 TGS6.2 (6-10) 48,800 680 11 23 20,400 95 27 53 101 23 3.400 

84 TGS6.3 (10-20) 46,300 860 12 22 19,300 97 22 54 - 53 17 3,600 

85 TGS6.4 (20-40) 43,400 580 12 20 - 17,900 89 20 46 37 30 2,900 

86 TGS6.5 (40-50) 37,300 350 10 17 13,400 82 14 37 16 18 1,300 

87 TGS6.6 (>75) 49300 76 8 19 12.900 85 17 41 17 4 1,000 

88 TGS7 (Surf) 30,700 1,540 54 34 162,500 360 170 350 2,300 2,210 10,200 

89 TGS8 (Surf.) 23,900 2,100 89 22 199,900 660 240 300 5,000 1,190 13,200 

90 TGS8.1 (0-5) 41,000 1,600 37 26 70,400 300 103 126 1,000 820 13,300 

91 TGS8.2 (5-10) 47,100 620 12 23 20,400 106 34 55 202 65 6,300 

92 TGS8.3(10-25) 51,700 790 11 24 18,000 130 29 49 136 14 5,700 

93 TGS8.4 (>50) 51,900 690 14 25 22,600 166 24 53 80 25 2,400 

94 TGS9 (Surf.) 46,500 460 11 18 20,000 105 30 57 100 133 8,100 

95 TGS10(Surf.) 44,900 330 11 18 22,000 114 22 44 40 18 5,700 

96 TGS11 (Surf.) 45,300 630 14 24 28,200 400 20 55 15 10 6,800 

97 TGS12(Surf.) 43,500 940 18 28 41,500 1,040 28 55 40 40 5,800 

98 TGS13 (Surf.) 36,600 2,400 14 23 28,000 410 21 43 36 18 5.000 

99 TGS14 (Surf.) 47,500 840 33 42 34,700 270 34 56 98 22 5,900 

100 TGS15.1 (0-5) 41,300 1,760 47 22 28,400 2,900 130 58 1,000 135 8,400 

101 TGS15.2 (5-10) 41,900 1,330 12 23 20,500 460 34 49 146 13 4,800 

102 TGS15.3 (10-20) 50,500 1,580 14 25 22,000 6,60 28 51 71 10 5,900 

103 TGS15.4 (30-50) 55,800 1,500 17 26 26,700 - 1,200 24 55 30 11 5,600 

104 TGS15.5(>75) 65,500 1,110 18 30 30,300 1,400 29 59 39 12 3,000 

105 TGS 16.1 (0-5) 49,600 2,700 14 24 24,400 136 34 78 187 134 8,700 

106 TGS16.2 (5-10) 44,300 540 9 22 13,100 62 22 50 67 13 5,000 

107 TGS 16.3 (10-25) 48,900 910 14 23 19,500 170 29 49 123 16 6,200 

108 TGS16.4(>50) 45,300 530 16 20 18,600 170 21 51 135 13 1,700 
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Appendix 2 C (continued) - 

Sample Sample Total Metal and Arsenic Concentration tgIg)  

Number (depth/cm) Al Ca Co Cu [ Fe Mn Ni Pb Zn As (T) 'Total OC 
109 TGS17 (Surf.) 37,800 2,800 19 22 21,300 930 21 41 24 10 51500 

110 TGS1S (Surf.) 37,100 2,000 18 19 18,400 770 18 41 14 11 6,200 

111 TGS19 (Surf.) 33,900 1,900 19 17 16,900 780 16 38 12 iL 5,800 

112 TGS20 (Surf.) 34.400 1,600 24 - 17 17,600 - 1.060 17 42 12 12 11,100 

113 TGS21 (Surf.) 31,100 2,900 12 20 17,100 1,000 17 38 26 10 8,200 

114 TGS22 (Surf.) 16,400 5,600 50 26 233,500 5,620 150 - 560 3.900 3,530 4,700 

115 TGS23 (Surf.) 113,600 23,500 230 390 1,200 - 1,600 710 22 - 2,600 6 1.800 

116 TGS24 (Surf.) 29,400 910 31 102 19,500 430 65 66 320 34 5,700 

117 TGS25 (Surf) 11,800 1,100 15 26 229,200 104 33 153 400 4,060 j 2,200 
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Appendix 3 A. Water samples from the study sites within Pine Creek Geosyncline showing physical parameters 
with selected anions and cations 

Sample description 
Sample 
ID 

Date I Period 
sampled pH EC (i.ls/cm)  Eh (mV) Alk (mgIL) Ca (mglL) Na (mglL) S042  (mglL) 

1. Goodall gold mine  

Tailings dam seepage 2 TSP2 1/4/90 7.3 1520 - 238 2.2 348 178 
Tailings dam seepage 3 TSP3 7/8/89 8.2 1420 - 397 3.3 336 113 
Tailings dam seepage4 TSP4 7/8/89 8.5 1620 - 628 4.7 365 206 
Periodic seepage TD base TSP2 Apr-90 7.3 1520 - 238 2.2 348 17 
Periodic seepage TD base TSP2 Jan-91 2.9-3.1 4110-490 - <1 24-100 132-180 3600 
Periodic seepage TD base TSP2 Aug-91 5.9 1370 - 7 5.8 258 460 
Periodic seepage TD base TSP2 Apr-Dec 92 - - <0.1 36 8.7-251 299-3545 

Inside tailings dam TD Sept 88-Oct 89 8.9-9.5 1473-2480 - 480-882 2.2 314-600 72-195  
Inside tailings dam TD Apr 90-Dec 91 8.1-9.3 2420-6710 - 450-780 31-90 510-1617 371-13 3 
Inside tailings dam TD Jan 92-Dec 92 8.1-9. 1890-4420 - 147-453 69-141 360-1644 469-2000 
Inside tailings dam TD Jan - May 93 6.0 600-800 - 3.0-8.0 24.7-58.3 108-365 284-838 

Southern waste rock seep.1 WRS1 29/6/95 2.35 8800 - - 74.9 >10.2 - 

Southern waste rock seep.2 WRS2 29/6/95 2.7 5800 - - 46.7 >10.2 - 

Southern waste rock seep.3 WRS3 29/6/95 2.69 5700 - - 43.5 >10.2 - 

Oxide waste seepage WRR 13/2/96 3.4 1950 - - 30 16 930 
Acid seepage collection pond CD Sept 88-Aug 90 6.5-8.0 48-306 - 21-86 1.0-14.0 3.2-16.1 1.2-95 
Acid seepage collection pond CD Jan 91-Mar 93 2.7-4.6 580-2430 - - 23-100 10.0-26.0 315-2120 

Pit water PIT Feb 90-Feb 94 2.8-7.2 49-1990 - 16-190 24-100 6.0-34 55-1400 
Dewatering water bores DEW Sept 88-Aug 91 3.4-7.7 244-2630 - 19-259 16-155 7.0-18 3-1270 
D/S Ryan's creek water holel WH1 2/6/94 6.1 56 - - 1.3 3.8 3.4 
D/S Ryan's creek water hole2 WH2 2/6/94 6.4 46 - - 1.4 2.2 5.1 
D/S Ryan's creek water hole3 WH3 2/6/941 7.21 79 - - 1.51 6.3 3.4 
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Atmendix 3 A. (continued 

Sample description 
Sample 
ID 

Date I Period 
sampled pH EC (ps/cm) Eh (mV) Alk (mg/L) Ca (mg/L) Na (mg/L) SO 2  (mg/L) 

DIS Ryan's creek SP5 18/1/95 5.5 34 - 3.8 0.85 2.0 6.7 
D/S Ryan's creek SP7 18/1/95 6.1 19 - 4.0 0.57 1.9 0.65 
DIS Ryan's creek SF3 18/1/95 5.9 20 - 5.4 0.58 1.9 0.21 

2. Tomes Gully gold mine  

Adit dewatering ADIT 8/2/91 6.8 667 - 60 68.4 14.4 410 
Pit dewatering PIT 1/3/95 2.89 1790 - - 92 3.3 880 
Pit dewatering PIT 25/3/92 - - - - 90 - - 

Bore water G2 26/10/95 6.47 1960 99 - 244 29 130 
Oxide dump seepage WRR 30/1/95 3.0 1000 - - - - - 

Oxide dump seepage to 
Coulter's Paddock WRR6 26/7/95 3.23 4900 - - - - - 

Oxide dump drain S9 11/1/95 3.14 670 - - 13,000 - - 

u/s Mt Bundey creek CK1 5/5/94 6.321 37 - - 2.3 - - 

d/s Mt Bundey creek CK2 5/5/94 6.65 40.5 - - 2.1 - - 

d/s Mt Bundey creek ICK4 24/1/95 5.781 59 - - 3.1 - - 
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Appendix 3 B. Water samples from study sites in Pine Creek Geosyncline showing arsenic and heavy metal levels 

Sample description 
Sample 

ID Date! Period 
Concentration_(pg/L)  

Al As(f) As(T) Co Cu Fe Mn Ni Pb Zn 
1. Goodall gold mine  

Tailings dam seepage 2 TSP2 1/4/90 9.1 106,000 - 
- 532 48 191 9.1 20 2.8 

Tailings dam seepage 3 TSP3 7/8/89 212 37,200 - 
- 606 146 41 20 1.4 23 

Tailings dam seepage 4 TSP4 7/8/89 607 1,500 -  
- 9331 1,350 18 121 0.1 23 

Periodic seepage TD base TSP2 Apr-90 9.1 106,000 - 
-  532 48 191 9.1 20 2.8 

Periodic seepage TD base TSP2 Jan-91 18,300 1,080 - 
-  33,500 70,600 17,400 4,200 1.1 4,480 

Periodic seepage TD base TSP2 Aug-91 370 33,400 -  
- 69 57 190 30 2.5 8.0 

Periodic seepage TD base TSP2 Apr-Dec 92 360 360 - - 17,000 60,000 11,000 2,000 2.7 4,100 

Inside tailings dam TD 
Sept 88-Oct 

89 143-3,000 
32,200- 
57,000 - 

- 

9,500- 
75,000 16-750 0.7 

251- 
547 1.8 10.0-28.0 

Inside tailings dam TD 
Mar 90-Dec 

91 129-580 
8,060- 
35,600 - 

- 600,000 
19- 

12,300 33 4,120 1.4-10 4.1-13 

lnside tailings dam TD 
Jan 92-Dec 

92 200-1050 
6,400- 
9,000 - 1,620 39,300 

82- 
1,750 - 790 1.3 3.1 

Inside tailings dam TD Jan - May93 70-2300 
2,900- 
7,200 - 60-670 20-7,400 

40- 
1,240 

61- 
1,560 

10- 
250 - 510 

Southern waste rock seep.1 WRS1 29/6/95 >240,000 16.98 - 6,457 49,140 15,150 78,560 4,447 0.69 5,941 
Southern waste rock seep.2 WRS2 29/6/95 200,000 63.9 - 3,813 5,151 1,350 35,170 2,355 0.5 2,757 
Southern waste rock seep.3 WRS3 29/6/95 188,000 125.4 - 3,411 4,598 1,192 34,020 2,554 0.46 2,525 

Oxide waste seepage WRR 13/2/96 56,700 20.43 - 927 3,700 767.8 7,619 922.8 2.4 1,317 

Acid seepage collection pond CD 
Sept 88-Aug 

90 8-660 18-51 - - 3.1-16 85-710 0.6-196 1-8.3 1-5.8 4.9-24 

Acid seepage collection pond CD 
Jan 91-Mar 

93 
1,900- 
53,000 50-635 - - 

1,640- 
66,700 

173- 
10,100 

1,490- 
12,150 

243- 
780 1.5-6 246-2,440 
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Appendix 3 B. (continued) 

Sample description 
Sample 

ID Date! Period 
______Concentration_(pglL)  

Al As(f) As(T) Co Cu Fe Mn Ni Pb Zn 

Pitwater PIT 
Feb 90-Feb 

94 28-58,000 5-660 - - 

46- 
12,000 

17- 
38,800 

30- 
11,100 

34- 
1,160 3.0-22.0 12-2,410 

Dewatering water bores DEW 
Sept 88-Aug 

91 6-198 57-304 - - 1.1-471 
58- 

12,400 
139- 

4,800 
2- 

1,020 - 26-1,560 

D/S Ryan's creek water holel WH1 2/6/94 1200 - 8.81  4.5 670 1.8 4 - 3.4 

0/S Ryan's creek water ho1e2 WH2 2/6/94 130 - 4.1 - 6.9 340 16 2 - <2 

0/S Ryan's creek water ho1e3 WH3 2/6/94 850 - 6.9 - 10 330 34 4 - <2 

0/S Ryan's creek SP5 18/1/95 630 - 1.6 2.1 13 650 28 3.8 0.23 4.78 

D/S Ryan's creek SP7 18/1/95 11 500 - 1.9 0.98 6.31 2,400 14 1.8 1.38 1.5 

0/S Ryan's creek SP3 18/1/95 1,100 - 1.1 0.61 1.54 1,700 22 <1 1 1.5 

2. Tom's Gully gold mine 
Aditdewatering ADIT 8/2/91 86 18 - - - <20 1,520 - - 1,490 

Pit dewatering PIT 1/3/95 33,000 <5 - 390 1,200 7,200 4,900 1,9001 12 9,600 

Pitdewatering PIT 25/3/92 133,000 - 23 960 10,000 23,000 8,300 4,400 73 23,000 

Bore water G2 26/10/95 115 2.7 3.1 - 63 810 267 - - 53 

Oxide dump seepage WRR 30/1/95 230,000 9.4 - 1,500 2,900 2,100 1,200 4,300 250 19,000 

Oxide dump seepage to Coulter's 
Paddock WRR6 26/7/95 - - - - - - - - - - 

Oxide dump drain S9 11/1/95 >10,000 <5 - 130 280 3,500 22,000 150 250 590 

u/s Mt Bundey creek CK1 5/5/94 350 2.3 - 1.1 2.1 530 96 4.6 0.99 4.5 

d/s Mt Bundey creek CK2 5/5/94 200 1.7 - 0.81 2.8 400 130 2.7 0.25 4.8 

d/s Mt Bundey creek CK4 24/1/95 1,1001 1.78 - 5.1 131 1,3001 941 231 1.8 100] 

- 285 - 
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