Muresk Institute of Agriculture

Department of Applied Biosciences

Bioassay assessment of mine pit lake water for aquature and

biodiversity conservation

Luke L Neil

This thesis is presented for the Degree of
Doctor of Philosophy
of

Curtin University of Technology

September 2007



Bioassay assessment of mine pit lake water for aqualture and

biodiversity conservation

Plate 1. Biodiversity at work

Luke L. Neil



Statement of Sources

STATEMENT OF SOURCES

Declaration:

This thesis contains no material which has beeemied for the award of any other
degree or diploma in any university. To the bestgyf knowledge and belief this
thesis contains no material previously publishedahy other person except where
due acknowledgment has been made.

Signed: Luke Neil Date:

AEC Approval
This study was conducted with the authorisatiothef Australian Ethics Committee
(AEC) under approval number R16-05. All fish weentlled in accordance with the
AEC approval.



Statement of Sources

Acknowledgements

Me, as at one stage in my life | was never goingddo uni because | assumed it
would be too difficult. Now | have researched andtten a thesis for the award of
PhD. Amazing!

Thankyou to my supervisors, Louis Evans, Yuri Teeeko, Ravi Fotedar and Clint
McCullough.

Thankyou to Clint McCullough for being interestedmy research!

Thankyou to my family, especially my parents andlfrignd Violet, who
emotionally and financially supported me through wery bumpy PhD journey.
Thankyou to my friends for support in beer drinkidigring the most stressful and

difficult time of my life.

Thanks to Gheorghe Duta for assistance with explam& of water chemistry
reactions after remediation with the RCO. Alsodpending the time to use different
amelioration avenues with the RCO to gain a goadparison of outcomes for the
bioassays. Thanks to Paul Irving, Clinton Brookeay Bowden, Tim Low and Tim
Storer for assistance in collection of water saspled test animals. Thanks to Glen
Whisson and Carl Schmidt for supply of silver peestd for technical information

on handling and breeding.

Now | will never be able to have a normal conveasainvolving anything to do

with water with friends and family again!



Statement of Sources

1)

2)

3)

4)

List of publications and conference abstracts

Neil, L., McCullough, C., Tsvetnenko, Y., Evans,2006, Toxicity
assessment of limed and phosphorus amended mirlakpitwater.
Proceedings of the Interact 2006 Conference, AitéWand Earth:

Interact in Perth Western Australia (Abstract)

Tsvetnenko, Y., Neil, L., Evans, L. 2006, Mireké water quality
assessment using bioassays and chemical analysteedings of the
Interact 2006 Conference, Air Water and Earth: rbte in Perth

Western Australia (Abstract)

Neil, L.L. McCullough, C.H., Lund, M.A., Evang,H., Tsvetnenko,
Y. 2007. Bioassay assessment of Lake Kepwari maesot@atments.
In: Evans, L., Oldham, C., Lund, M., Salmon, U.yvé&menko, Y.,
McCullough, C., and Neil, L. (2007). SWDC ConsuttgrReport:
Review of CSML research on Lake Kepwari and recomaaéons
for water quality management, Final Report, CeldreSustainable
Mine Lakes, Perth.

Neil, L.L., McCullough, C.H., Lund, M.A., Tsvetnko, Y., Evans,
L.H. submitted 2007, Bioassay assessment of limmed ghosphorus
amended mine pit lake water. Ecotoxicology and Emmnental

Safety



LIST OF FIGURES

CONTENTS

LUKE L NEIL

Statement of Sources

Declaration:
SIGNED: LUKE NEIL DATE:

AEC Approval

Acknowledgements

List of publications and conference abstracts
Contents

List of Figures

List of Tables

List of Plates

List of Equations

List of Acronyms

Executive Summary
INTRODUCTION AND OVERVIEW

1 INTRODUCTION AND OVERVIEW

1.1 MINING
111 Coal mining
1.1.2  Background for mine pit lakes researched in thisthesis
1121 Chicken Creek Lake

1.1.2.2 WOS5H (Collie Aquafarm)
1.1.23 Lake Kepwari

1.2 FRESH WATER RESOURCES
1.3 RESEARCH PURPOSE

131 Aim
1.3.2 Research questions
1.3.3 Thesislayout

LITERATURE REVIEW

2 LITERATURE REVIEW

2.1 RSK FROM MINE PIT LAKE END USES
2.2 RT LAKES

Xi
Xiv
XVi

XVii
xviii

XX

© O 00 N NN ~N O W N

[
= O

[EN
N

13

13
14



LIST OF FIGURES

221  Pitlake beneficial end-uses 16
2211 Aquaculture 16
2.2.1.2 Pit Lake Aquaculture 18
2.2.13 Other pit lake uses 20

2.3 MINE PIT LAKE WATER QUALITY ISSUES 20
2.3.1  Acidic mine drainage and pit lakes 20
23.2  Ground water 22

24 RSK ASSESSMENT APPROACHES 23

24.1  Chemical toxicological studies 23

2.4.2  Ecotoxicological studies 26

24.3 Bioassay analysis of mine lakes 28

244  Speciesfor usein the bioassays 29
24.4.1 Alga Chlorella protothecoides 30
2442 Tetrahymena thermophila 31
2.4.4.3 Ceriodaphnia cf dubia 32
2444 Bidyanus bidyanus Mitchel 1838 33

2.5  ACIDIC MINE PIT LAKE REMEDIATION OPTIONS 36

251 Biological treatments 37
2511 Wetlands 37
2512 Organic matter / compost reactors 38
2513 Permeable reactive barriers 39
2514 Enhancement of primary production (nutrients)

252  Chemical treatments 40
2521 Alkaline substances 40
2522 Phosphorus / phosphate 42
2523  Rapidfilling 42
2524 Rapid Catalytic Oxydation 43

2.6 SGNIFICANCE OF RESEARCH 44

Bioassay assessment of Chicken Creek acid mine |aike

water 46
3 BIOASSAY ASSESSMENT OF CHICKEN CREEK ACID MINE PIT
LAKE WATER 47

3.1  ABSTRACT 47

3.2 INTRODUCTION 47

3.3 MATERIALS AND METHOD 51

33.1 Treatments 51
3.3.11 Trial 1. Serial dilution of Chicken Creek Lake wate 51
3.3.1.2 Trial 2. Limestone remediation 52

3.3.2  Ceriodaphnia cf dubia test protocol 53

39



LIST OF FIGURES

3.3.2.1 Ceriodaphnia cf dubia culture procedure 53
3.3.2.2 Ceriodaphnia cf dubia toxicity testing 54
3.3.3  Tetrahymena thermophila protocol 55
3.3.3.1 Tetrahymena thermophila culture procedure 55
3.3.32 Tetrahymena thermophila toxicty testing 56
334 Algaefeedtrial 57
3.35 Water quality analysis 58
3.3.6 Dataanalysis 59
3.4 RESULTS 60
341 Algaefeedtrial 60
3.5 GONCLUSION OF ALGAE TEST 62
351 Water quality 62
3.5.1.1 Bioassay water quality 62
3.5.12 Chemical analysis 64
3.5.2  Ceriodaphnia cf dubia bioassay results 65
3.5.21 Ceriodaphnia cf dubia serial dilution test (48 h50¢ 65
3.5.2.2 Ceriodaphnia cf dubia 48 h acute limestone treatmssessment 66
3.5.2.3 Ceriodaphnia cf dubia three brood test 67
3.5.3  Tetrahymena thermophila chronic testing 68
3.5.3.1 Tetrahymena thermophila serial dilution of CCW 68
3.5.3.2 Tetrahymena thermophila limestone treatment test. 8 6
3.6 DiscussioN 69
3.6.1.1 Water quality and chemical analysis 69
3.6.1.2 Ceriodaphnia cf dubia food test 71
3.6.1.3 Bioassay responses to untreated and limestonedr&€gW 72
3.7 GONCLUSION 75

Toxicity assessment of limestone remediated acidigine pit
lake water with Silver perch Bidyanus bidyanus Mitchell
1838) early life stages 77

4  TOXICITY ASSESSMENT OF LIMESTONE REMEDIATED ACIDIC
MINE PIT LAKE WATER WITH SILVER PERCH (BIDYANUS BID YANUS

MITCHELL 1838) EARLY LIFE STAGES 78
4.1  ABSTRACT 78
4.2 INTRODUCTION 79
4.3 MATERIALS & METHODS 84

431 Trial 1: Preliminary exposure of Bidyanus bidyanus to limestone treated Chicken
Creek water 84
43.11 Treatments 85

vi



LIST OF FIGURES

43.12 Bidyanus bidyanus broodfish spawning

43.1.3 Egg sourcing and collection

43.14 Source of sac-fry and rearing

4.3.15 Source of post sac-fry and rearing

4.3.1.6

4.3.1.7 Trial 1: sac-fry survival

43.1.8 Trial 1: post sac-fry survival

432

Trial 2: Bidyanus bidyanus response to different liming treatments

4321 Trial 2: Bioassay treatments

4322 Trial 2: egg survival, hatch and hatchability test

4.3.2.3 Trial 2: sac-fry survival and growth

4324 Trial 2: post sac-fry survival and growth

4.3.3
43.4
4.4
441
4.4.2

Water quality measurements
Data analysis
RESULTS
Trial 1: water quality for egg, sac-fry and post sac-fry tests
Trial 2: Water quality

4421 Trial 2: Chemical analysis

4.4.3

Trial 2: egg survival, hatch and hatchability test

4431 Trial 2: embryo survival
4432 Trial 2: egg hatch and hatchability

4.4.4

Trial 2: sac-fry survival and growth test

4441 Mean growth of sac-fry

4.4.5

Trial 2: post sac-fry survival and growth test

4451 Survival of post sac-fry

4452 Mean growth of post sac-fry

4453 Growth rate of post sac-fry

4.5
451
452
453
454
455

4.6

DiscussioN
Trial 1
Trial 2 water quality
Trial 2 egg survival, hatch and hatchability test
Trial 2 Sac-fry survival and growth test
Trial 2 Post sac-fry survival and growth test
GONCLUSIONS

Trial 1: egg survival, hatch and hatchability dfetient liming treatments

85
86
86
86
87
88
88
89
89
89
90
91
91

92
94

%4
95
97
98
98
99

100

101

103

103

104

105

106
107
108
114
117
119

121

Bioassay assessment of rapid catalyst oxidised aiciagnine

pit lake water

122

5 BIOASSAY ASSESSMENT OF RAPID CATALYST OXIDISED ACID IC
MINE PIT LAKE WATER

5.1

ABSTRACT

Vii

123

123



LIST OF FIGURES

52 INTRODUCTION

5.3 MATERIALS AND METHODS

5.3.1  Description of the study area and sample location
5.3.2 Amelioration/filtration process
5.3.3 Controlsand treatments for bioassays
5.3.4  Chloréella protothecoides test protocol
5.3.4.1 Culturing
5.3.4.2 Toxicity testing
5.35  Ceriodaphnia cf dubia tests
5.35.1 Culturing
5.3.5.2 Ceriodaphnia cf dubia 48 h acute mortality test
5.3.5.3 Ceriodaphnia cf dubia three brood chronic testéhddy)
5.3.6  Tetrahymena thermophila test
5.3.6.1 Tetrahymena thermophila culturing
5.3.6.2 Tetrahymena thermophila 24-h Chronic testing
5.3.7  Water Quality
53.8 Dataanalysis

54 RESULTS

54.1  Water quality
5411 Bioassay water quality
5412 Chemical analysis
5.4.2  Chlorella protothecoides results
5421 Chlorella protothcoides 72 h chronic serial dilattest

123

126
126
127
128
128
128
129
130
130

131
131
132
132
133
133
134

136

136
136
138
141
141

5422 Chlorella protothecoides 72 h growth rate respood®O5H amelioration treatments 141

5.4.3  Ceriodaphnia cf dubia results 143
5431 Ceriodaphnia cf dubia serial dilution test 143
5432 Ceriodaphnia dubia acute 48 h response to theett&dO5H pit lake water 143
5433 Ceriodaphnia cf dubia three brood test 144

5.4.4  Tetrahymena thermophila population growth results 145

55 DiscussioN 147

5,51 Bioassay responsesto treated and untreated WO5H acidic pit |ake water 149
5.5.1.1 Chlorella protothecoides bioassay tests 149
55.12 Ceriodaphnia cf dubia tests 151
5.5.1.3 Tetrahymena thermophila tests 155
5.5.1.4 Bioassay toxicity response comparison 155

55.2 RCO: Neutralising, oxidising and filtration 157

5.6 GONCLUSION 159

Chemical and physical analysis of pit lake water &ated in

mesocosms with limestone and phosphorus

viii

160



LIST OF FIGURES

6

7

REMEDIATED WITH LIMESTONE AND PHOSPHORUS.

CHEMICAL AND PHYSICAL ANALYSIS OF PIT LAKE WATER
TREATED IN MESOCOSMS WITH LIMESTONE AND PHOSPHORUS 161

6.1 ABSTRACT
6.2 INTRODUCTION

6.3 MATERIALS AND METHODS

6.31 Sudysite

6.3.2  Mesocosm treatments
6.3.3  Water quality analysis
6.34 DataAnalysis

6.4 RESULTS

6.4.1  Mesocosm Physical Parameters
6.4.2  Mesocosm Water Chemistry

6.5 DscussION

6.6 GONCLUSION

161
161

164
164
166
167
168

169
169
170

177

180

Bioassay toxicity assessment of mining pit lake weit

remediated with limestone and phosphorus.

183

BIOASSAY TOXICITY ASSESSMENT OF MINING PIT LAKE WAT ER

7.1 ABSTRACT
7.2 INTRODUCTION

7.3 MATERIALS AND METHODS

7.3.1 Sudysite

7.3.2  Mesocosm treatments

7.3.3  Water quality analysis

734  Water toxicity testing

7.3.5 Ceriodaphnia c.f. dubia bioassay
7.35.1 Test samples
7.35.2 Culture of test organism
7.35.3 Test protocol

7.3.6  Chlorélla protothecoides bioassay
7.3.6.1 Test samples
7.3.6.2 Test protocol

7.3.7  Tetrahymena thermophila bioassay
7.3.7.1 Test samples
7.3.7.2 Test protocol

7.3.8 Dataanalysis

7.4 ReEsuLTs

184

184
184

187
187
188
189
190
190
190
190
191
191
191
192
192
192
192
193

195



LIST OF FIGURES

8

9

10

7.4.1  Water quality changes
7.4.2  Speciation modelling
7.4.3  Ceriodaphnia c.f. dubia acute testing
7.43.1 Influence of treatment and duration on toxicity
7.4.4  Chlorella protothecoides chronic testing
7441 Month 2
7.4.5  Tetrahymena thermophila chronic testing
7.4.6 Bioassay parameter relationships

7.4.6.1 Bioassay response to physico-chemical parameters

7.4.6.2 Comparison of tolerances of test species to mesot@atments

7.5 DscussION

751  Water quality changes an improvements

7.5.2  Chloréella protothecoides 72 h chronic bioassay

7.5.3  Tetrahymena thermophila 24 h chronic bioassay

7.5.4  Comparison of bioassay responses to physiochemical parameters
7.5.5  Comparison of bioassay responses to mesocosm treatments

7.6 GONCLUSION AND RECOMMENDATIONS

7.7 CONTRIBUTION OF OTHERS
GENERAL DISCUSSION AND CONCLUSIONS

GENERAL DISCUSSION AND CONCLUSIONS

8.1 RESEARCH QUESTIONS

8.1.1 Questionone
8.1.2 Questiontwo
8.1.3 Questionthree
8.1.4  Question four
8.1.5 Question five

8.2 CENERAL DIScuUsSsION
8.3 GONCLUSIONS

8.4 RECOMMENDATIONS AND FUTURE RESEARCH

REFERENCES
REFERENCES
Appendices

APPENDICES

10.1 REFERENCE TESTING

195
199
200
200
201
203
205
206

6 20
209

210
210
214
216
218
218

220
221

222

223

223
223
224
225
226
226

231
234
236

237
238
257

258

258



LIST OF FIGURES

List of Figures

FIGURE 1. LOCATION OFCHICKEN CREEK MINE PIT LAKE IN WESTERNAUSTRALIA. COLLIE BASIN
INDICATED BY GREY SHADING. FIGURE ADAPTED FROMLUND ETAL. (2006). ....ccvvveeiiiiiiiiineeennns 49

FIGURE 2. NOMOGRAPH OFA) ANKISTRODESMUS SP. AND B) PSEUDOKIRCHNERIELLA SUBCAPITATA. .....61

FIGURE 3. CERIODAPNIA DUBIA 48-H SERIAL DILUTION TEST MEAN MORTALITY (LOG CONCENTRATION
AND 95% CONFIDENCE INTERVAL LOCATED EITHER SIDE OF THE PRECTED MORTALITY LINE.

THE LCs0 IS INDICATED BY A SOLID LINE AND THELC (IS INDICATED BY A DOTTED AND DASHED

FIGURE 4. CERIODAPHNIA CFDUBIA 48-H % MEAN MORTALITY * STANDARD ERROR%. DIFFERENT
LOWERCASE LETTERS INDICATE SIGNIFICANT DIFFERENCES ......uvveeeiitieeeiitreeesinreeeesreeeereeaens 67
FIGURE 5. TETRAHYMENA THERMOPHILA 24 H |Csq (BOLDED SOLID LINE) AND IC1(DOT AND DASHED
LINE). PREDICTED GROWTH INHIBITION IS INDICATED BY SOLID BIUE LINE AND IS BOUNDED BY
THE 95% CONFIDENCE LEVELS(DASHED LINES). ..vveetitreeeitieeeetreeeatreeesasveeessassnesssssseesssnneesans 68
FIGURE 6. TETRAHYMENA THERMOPHILA MEAN FINAL DENSITY (NUMBER X10%/ML) + STANDARD ERROR
DIFFERENT LOWERCASE LETTERS INDICATE SIGNIFICANT DFERENCES GRAPH STARTS AT
1x10Y ML DUE TO IT BEING THE STARTING DENSITY.....cocueeriiieeeeeesesieessssesessesssssessseseseneens 69
FIGURE 7. LOCATION OFCHICKEN CREEK MINE PIT LAKE INCOLLIE WESTERNAUSTRALIA (LATITUDE
3321S,LONGITUDE 11609E). INSERT OFAUSTRALIA SHOWING LOCATION OFCOLLIE. SOURCE

(LUND ETAL. 2008) .eeiieetiieee s ettt e e s sttt et emmmmms e e e e e skttt ae e s ansbbeeee e e ennsntaeaaassnnbbnaeaaannans 83
FIGURE 8. SAC-FRY MEASUREMENTS TAKEN AT EACH INSPECTION TIME.....uuueerrrieeeerinieeeernnneerennnnenenns 90
FIGURE 9. GAPE MEASUREMENT OF POST SAERY ...ceevtiiiiitiieeeietinieseriineesestineesesnanseesssnneessssnseessnnns 91

FIGURE 10.MEAN EGG SURVIVAL % + STANDARD ERRORY% AFTER48 H. DIFFERENT LOWERCASE

LETTERS INDICATE SIGNIFICANT DIFFERENCES. .......utttittteteiantteenieeetteesiteesbeessessneessneesnneeenneas 99
FIGURE11. MEAN % HATCH (A) AND HATCHABILITY (B) £+ % STANDARD ERROR AFTERI8 H TEST

DURATION. DIFFERENT LOWERCASE LETTERS INDICATE SIGNIFICANT DFERENCES BETWEEN

TREATMENTS AND CONTROLS. . ..ceutttautetaueeeauueeaneeaneeaaneeaaseeaaseaasaeaaseeasseeassseanseesnseesnsessnsesan oa
FIGURE12. SAC-FRY MEAN SURVIVAL %+ STANDARD ERRORY FOR SAGFRY AT 72 H (A) AND AT

120H (B). DIFFERENT LOWERCASE LETTERS INDICATE SIGNIFICANT DFERENCES .................. 101
FIGURE 13. SAC-FRY MEAN GROWTH* STANDARD ERROR FORA) LENGTH, B) WIDTH, AND C) HEIGHT

AT 72H, D) YOLK SAC AT 120H, AND E) GAPE AT120H. DIFFERENT LOWER CASE LETTERS

INDICATE SIGNIFICANT DIFFERENCES......0tttiiiiiittieitiesssiiieeeiesssssseeessssnnnee e s e s e ssnnneeeeessseennees 102
FIGURE 14. SAC-FRY MEAN GROWTH RATE+ STANDARD ERROR OFA) LENGTH, B) WIDTH, AND C)

HEIGHT AT 72 H, AND D) YOLK SAC AT 120H, AND E) GAPE FROM48 H TO 120H. DIFFERENT

LOWER CASE LETTERS INDICATE SIGNIFICANT DIFFERENCES ... .vettueeitreesineesireaiieesieesnneenns 103
FIGURE 15.POST SAGFRY MEAN SURVIVAL * %STANDARD ERROR FORA) AT 72 H AND B) AT 120H.

DIFFERENT LOWERCASE LETTERS INDICATE SIGNIFICANT DFERENCES ......ccovieiiiierireenineeinens 104

Xi



LIST OF FIGURES

FIGURE16.120H POST SAGFRY MEAN GROWTH(MM) * STANDARD ERROR(MM) FORA) LENGTH, B)
WIDTH, C) HEIGHT AND D) GAPE DIFFERENT LOWER CASE LETTERS INDICATE SIGNIFICANT
DIFFERENCES ...t ttttttttttttteeett ettt ettt ee et te et teeeeaaaesaaa s a bbb bbbt e s bt e s bt e e et e e et aeaeaeeaaeeeaaeeesaeanns 105

FIGURE17.POST SAGFRY MEAN GROWTH RATE(MM) = STANDARD ERROR(MM ). ALL PARAMETERS
ARE 120H EXCEPT YOLK SAC ABSORPTION WHICH I§2 H. DIFFERENT LOWER CASE LETTERS
INDICATE SIGNIFICANT DIFFERENCES. ... .ctttttttttttttettteetteaeaeeaeseeassesssaassssnnssnnsssnssssssseesseeeeeeeeees 106

FIGURE 18.LOCATION OFWOS5H MINE PIT LAKE IN WESTERNAUSTRALIA, INDICATED BY A RED
SQUARE ...ttttttttttttee ittt e et e e e e e e e e et e ettt e e e e ea e s e e e b e bbb bbb et bttt e ettt ettt e e e e e e e e e e e e aaeeaaaeaaaaaa s 126

FIGURE 19. CHLORELLA PROTOTHECOIDES 72 H GROWTH RATE WITH CONFIDENCE INTERVALYDASHED
LINE), INHIBITION EFFECT FROMWOS5H PIT LAKE WATER DILUTED WITH MILLI Q WATER. ICsq
INDICATED BY A SOLID LINE, IC1o INDICATED BY A DOTTED AND DASHED LINE........cccoeveeeennnnn.. 141

FIGURE 20. CHLORELLA PROTOTHECOIDES 72 H GROWTH RATE+ STANDARD ERROR(LN ABSORBANCE
AT 750NM) FOR AMELIORATION TREATMENTS TOWOS5H PIT LAKE WATER. DIFFERENT
LOWERCASE LETTERS INDICATE SIGNIFICANT DIFFERENCES ......vvvteiiereesiieeesseeeessnneesseneens 142

FIGURE 21. CERIODAPNIA DUBIA 48-H MEAN MORTALITY DATA WITH CONFIDENCE LEVELS DISPLAYED
EITHER SIDE OF THE PREDICTED MORTALITY LINETHE LCsq IS INDICATED BY A SOLID LINE AND
THE EC10 1S INDICATED BY A DOTTED AND DASHED LINE ...uvvveeetereesasieresssrreeessnneesssseessnsnnens 143

FIGURE 22. CERIODAPHNIA CF DUBIA 48 H MEAN MORTALITY + STANDARD ERROR FOR CONTROLS AND
THREE TREATMENTS ORNVO5H WATER. LOWERCASE LETTERS INDICATE SIGNIFICANT
DIFFERENCES(P<0.05)BETWEEN TREATMENTS ...uvtiieiiieeeitieeeettreessreeeesteeeennneeesnneeeeessneens 144

FIGURE 23. TETRAHYMENA THERMOPHILA 24 H FINAL POPULATION WITH CONFIDENCE INTERVALS FOR
INHIBITION EFFECT FROMWOS5H PIT LAKE WATER DILUTED WITH MILLI Q WATER. THEECsq 1S
INDICATED BY A SOLID LINE AND THE EC, IS INDICATED BY A DOTTED AND DASHED LINE ...... 146

FIGURE 24. TETRAHYMENA THERMOPHILA 24 H FTD MEAN + STANDARD ERROR DIFFERENT LOWERCASE
LETTERS ON TOP OF COLUMNS SHOW SIGNIFICANT DIFFEREIES ......veeeiiuvieeeiveeeiitreeeeinreeessnnens 147

FIGURE 25. LOCATION OFLAKE KEPWARI IN COLLIE, WESTERNAUSTRALIA. COLLIE TOWN SITE
ENCOMPASSED BY BOX WITH A BROKEN LINE ANDLAKE KEPWARI ENCOMPASSED BY BOX WITH
UNBROKEN LINE. .tttttttititttiettteeaeeeae e e et e e et e e ettt s s be bbb s ettt e e et ee et eeeeeeeeeaaeaeaessanasanaaannn 165

FIGURE 26. LAKE KEPWARI METAL CONCENTRATIONS(MG/L), THAT EXCEEDANZECC/ARMCANZ
(2000)GUIDELINES FOR THE PROTECTION OF FRESHWATER AQUACUURE SPECIES OR AQUATIC
ECOSYSTEMS ..uttteiiutieieiiteeeeettee e sttt e e stteeeeabeeasatsseeaaaseeesasbeeesasbeeeabbeeesasbeeeenseessbeeeensreeanns 171

FIGURE27.MEAN CONCENTRATIONSt STANDARD ERROR FOR METALS EXCEEDING
ANZECC/ARMCANZ (2000) TOXICANT GUIDELINES FOR THE PROTECTION OF FRESHWAR
AQUACULTURE SPECIESHORIZONTAL BROKEN LINE INDICATES GUIDELINE CONCENTRAION
Y = TSP PPPPPPPPPPPP 172

FIGURE 28. MEAN CHEMICAL CONCENTRATIONSt STANDARD ERROR FORMIEESOCOSMCONTROL (MC)
(A), TREATMENT L (B), TREATMENT P (C), AND FOR TREATMENTL&P (D). Y-AXIS IS A LOG
SCALE. DATA MISSING FROMMONTH O FOR ANY PARAMETER WAS NOT COLLECTEDDATA SHOWN
AS 0 FOR ANY OTHER MONTH WAS BELOW THE DETECTION LIMIEXCEPT FORTP, SULPHATE AND
CHLORIDE WHICH WERE NOT MEASURED AT MONTHB AND 8.......ccviiiiieeiiieeeiiieeesiieeeseeeeens 177

Xii



LIST OF FIGURES

FIGURE29. LOCATION OFLAKE KEPWARI (INDICATED WITH AN ‘,.") IN THE SOUTHWESTERN LOBE OF

THE COLLIE COAL BASIN, WESTERNAUSTRALIA. FIGURE MODIFIED FROMLUND ET. AL. (2006)

FIGURE 30. MEAN METAL CONCENTRATIONS* STANDARD ERROR FROM THE MESOCOSM&ECORDED
ON MONTHS2,4, 6 AND 8 FOR THE MESOCOSM CONTRO(C), LIMESTONE(L), LIMESTONE ANDP.
(L&P) AND P ONLY (P) TREATMENTS. ...ttttttteiteeeteeeetteeeeaaaeaaaaseeassesssaaaaannssnnssnnssseessnneseeeeeeeeees 198
FIGURE 31. SPECIATION (%) OFAL IN A) MESOCOSM CONTROLB) LIMESTONE TREATMENT, C)
PHOSPHORUS TREATMENT ANCC) LIMESTONE AND PHOSPHORUS TREATMENT FRONPHREEQC.

FIGURE 32. CERIODAPHNIA C.F. DUBIA 48 H MEAN % MORTALITY + STANDARD ERROR FOR CONTROLS
AND TREATMENTS AT SAMPLE MONTHS2—8.DIFFERENT LOWERCASE LETTERS INDICATE
SIGNIFICANT DIFFERENCES FOR A CONTROL OR TREATMENFETWEEN SAMPLE MONTHS
DIFFERENT NUMBERS INDICATE SIGNIFICANT DIFFERENCES......ccvveetreeteeeteeanieesnaeesineesinens 201

FIGURE 33. CHLORELLA PROTOTHECOIDES MEAN GROWTH RATE(SLOPE) = STANDARD ERROR AT72 H
FOR TRIAL 1 (SANSNUTRIENTS) (A), AND TRIAL 2 (NUTRIENTS ADDED) (B), FOR MONTHS2-8.
DIFFERENT LOWERCASE LETTERS INDICATE SIGNIFICANT DFERENCES FOR A CONTROL OR
TREATMENT BETWEEN SAMPLE MONTHSDIFFERENT NUMBERS INDICATE SIGNIFICANT
DIFFERENCES BETWEEN A CONTROL OR TREATMENT WITHIN SAMPLE MONTH. ....ceevveerireeinenns 203

FIGURE 34. CHLORELLA PROTOTHECOIDESMEAN LN ABSORBANCE+ STANDARD ERROR FOR CONTROL
ONE TRIAL ONE(A), AND TRIAL TWO (B), AT MONTH 2. LEGEND ABBREVIATION EXPANSIONSC1
IS SYNTHETIC CONTROL1, C21S SYNTHETIC CONTROL2, N ISNAOH NEUTRALISED LAKE WATER,

L IS LIMESTONE TREATED LAKE WATER P IS PHOSPHORUS TREATED LAKE WATER AND&P IS
LIMESTONE AND PHOSPHORUS TREATED LAKE WATERDIFFERENT LOWERCASE LETTERS NEXT TO
TREATMENT ABBREVIATIONS INDICATE SIGNIFICANT DIFFERENCES BETWEEN TREATMENTS AT/ 2

FIGURE 35. FINAL MEAN DENSITY OF T. THERMOPHILA AFTER 24 HOURS OF INCUBATION DIFFERENT
LOWERCASE LETTERS INDICATE SIGNIFICANT DIFFERENCE®ITHIN TREATMENTS (BETWEEN
SAMPLE MONTHS). DIFFERENT NUMBERS INDICATE SIGNIFICANT DIFFERENCESEBIWEEN
TREATMENTS WITHIN A PARTICULAR SAMPLE MONTH ...eeiiiiiiiieisiie s 206

FIGURE 36. STANDARDISED RESPONSES FOR TOXICITY BIOASSAYS AFTERMONTHS OF TREATMENT
FROM LEFT TO RIGHT WITHIN A TREATMENT ...0ueteittieeeitrieeeeteeeeetreeeesteeeeetbeeesssreeesnteeeesnsreeens 209

Xiii



LIST OF TABLES

List of Tables

TABLE 1 SPECIES POTENTIALLY SUITABLE FOR MINE PIT LAKE AQUATILTURE.......cuvveiiirreernraneesinneennns 18
TABLE 2. RESULTS FROM THEC. CFDUBIA THREE BROOD ALGAE FOOD TESTMEAN BROOD PRODUCED

AT 8 DAYS + STANDARD ERROR DIFFERENT LOWERCASE LETTERS INDICATE SIGNIFICANT

DIFFERENCES IRNI IS INTRINSIC RATE OF NATURAL INCREASE .....ccvviieiiieeectiie e erteee e 2.6
TABLE 3. WATER QUALITY FROM THE48H C. CFDUBIA AND 24 H T. THERMOPHILA SERIAL DILUTION

TESTS MEASURED AT TIMED. ....uutttttttititinttieesieeeteeeeeeeeeteesseeseesssssnsssssssseeseeeeeeeeeeeeeaeeeaaaeeaeeeas 63
TABLE 4. WATER QUALITY FROM THE C. CFDUBIA THREE BROOD TESYMEAN * SE)AND FROM THE

24HT. THERMOPHILA TEST. ALKALINITY AND HARDNESS ARE MEASURED AT TIMEO. ......cccceeee... 63
TABLE 5 DISSOLVED METALS AND METALOID CONCENTRATIONS INMG/L, EXCEPT FORCA AND MG

WHICH ARE MG/L. VALUES EXCEEDING GUIDELINE VALUES FOR THE PROTECTIORF

AQUACULTURE SPECIES ARE DENOTED BY A, PROTECTION OF95%OF A SLIGHTLY-MODERATELY

DISTURBED FRESHWATER AQUATIC ENVIRONMENT ARE DENOTE BY BOLDING, HMGV FOR

AQUATIC ECOSYSTEMS ARE DENOTED BY A SUBSCRIPITPRECEDING THE FIGUREGUIDELINES

THAT ARE MISSING ARE NOT YET AVAILABLE. ....ciitviieeiieeeeetieeeectteeeetteeeeetteeeesnneessnteeaesneeeennns 65
TABLE 6. C. CFDUBIA THREE BROOD TEST MEAN BROOD PRODUCED A8 DAY St STANDARD ERROR

DIFFERENT LOWERCASE LETTERS INDICATE SIGNIFICANT DFERENCES IRNI IS INTRINSIC RATE

OF NATURAL INCREASE ....coitiiitie ettt e e ettt e e e ea e e e e e e e e e e e eeeaesanas 67
TABLE 7. TRIAL 1 EGG TEST PHISICECHEMICAL PARAMETERS ...viiiivieeieiieeeeiireeestnreesetseeessnveeseseeans 94
TABLE 8. TRIAL 148H EGG TEST AND120H SAC-FRY AND POST SAGFRY MEAN RESULTS(%) +

STANDARD ERROR(Z0)....eeetteeeeeeee et et e ettt ettt ee e e e e e eeeeeeeeaaaaaaeaeeeaaaan 95
TABLE 9. WATER QUALITY PARAMETERS MEASURED IN TRIAL2 EGG TEST AT TEST COMMENCEMENT

AND 48 H. ALKALINITY AND HARDNESS WERE ONLY MEASURED AT TIMEO. ......uuuuuiiiiiiiiiiiiieennens 96
TABLE 10.WATER QUALITY PARAMETERS FOR THEL20H SAC-FRY TEST. CCW IS NOT DISPLAYED AT

120H DUE TO THE TOTAL MORTALITY OF SAGFRY BEFORE24 H. UAN MEASUREMENTS THAT ARE

O HAD A DETECTION LIMIT OF 0.01MG/L. ...uvviiiiiiiieieiie ettt sttt e e erae e e e 96
TABLE 11.WATER QUALITY PARAMETERS FOR THE POST SAERY TEST. CCW IS NOT DISPLAYED AT

120H DUE TO THE TOTAL MORTALITY OF SAGFRY BEFOREZ24 H. ....uvvviiiiiiieiiieeecieeeeeiieeeerveae s 97
TABLE 12.DISSOLVED METALS AND METALOIDS OF SIGNIFICANCE TO TRICITY RESPONSES FROMB.

BIDYANUS. VALUES EXCEEDING GUIDELINE VALUES FOR THE PROTECTIORF AQUACULTURE

SPECIES ARE DENOTED BY A, PROTECTION OF95%OF A SLIGHTLY-MODERATELY DISTURBED

FRESHWATER AQUATIC ENVIRONMENT ARE DENOTED BY BOLING HMGV FOR AQUACULTURE

SPECIES IS DENOTED BY A SUBSCRIPITPRECEDING THE FIGUREGUIDELINES THAT ARE MISSING

ARE NOT YET AVAILABLE . ...tttuttttttttttteteeeeeeeeeteeeeeeeeteteaaaaaasesasssassaassaas s sssssasssansssessneeeeeees 98
TABLE 13.WATER QUALITY PARAMETERS FORCERIODAPHNIA CFDUBIA TESTING. ....vvveeviiiieiiieeee e 137
TABLE 14.WATER QUALITY PARAMETERS FORCHLORELLA PROTOTHECOIDES BIOASSAY........ccveenniee. 137
TABLE 15.WATER QUALITY FOR24 H T. THERMOPHILA TEST. wevvteeivieeeitirieeereeeesreeeesneeeesnveeaeasnnens 138

TABLE 16. METAL CONCENTRATIONS OF SIGNIFICANCE TO TOXICITY RESONSES IN BIOASSAYSWHERE
NO DATA IS PRESENTED DATA WAS NOT AVAILABLE BOLDED FIGURES ARE ABOVE TRIGGER
VALUES FOR THE PROTECTION 085%OF SLIGHTLY-MODERATELY MODIFIED FRESHWATER

Xiv



LIST OF TABLES

AQUATIC ENVIRONMENTS, FIGURES WITH AN* ARE ABOVE AQUACULTURE GUIDELINES
HARDNESS ADJUSTED TRIGGER VALUES ARE ONLY AVAILABLEFORCD, CR, CU, NI AND ZN AND
CONCENTRATIONS EXCEEDING THESE ARE PRECEDED BY A BECRIPTT. ...oociiiiiiiiiciieeiece, 140
TABLE 17.CHLORELLA PROTOTHECOIDES 72 H GROWTH RATE MEANS AND CONFIDENCE INTERVALS FOR
AMELIORATION TREATMENTS TOWOSH PIT LAKE WATER. ...t ceetetesteeeneeeaeeeaneeeneeeseeeaneeeeaes 142
TABLE 18.RESULTS FOR THEC. CFDUBIA 3 BROOD TEST DIFFERENT SUPERSCRIPT LOWERCASE
INDICATE SIGNIFICANT DIFFERENCESN/C = NON-CALCULABLE DUE TO TOTAL MORTALITY .....145
TABLE 19. TETRAHYMENA THERMOPHILA 24 H FTD MEANS AND CONFIDENCE INTERVALS .......ccovvenne 146
TABLE 20PHYSICAL PARAMETERS FOR TREATMENTS FROM ALL SAMPLE RINTHS. MEAN VALUES +
STANDARD ERROR DIFFERENT SUPERSCRIPT LETTERS INDICATE SIGNIFICANTIEFERENCES
WITHIN A TREATMENT BETWEEN MONTHS DIFFERENT SUPERSCRIPT NUMBERS INDICATE
SIGNIFICANT DIFFERENCES BETWEEN TREATMENTS WITHIN SAMPLE MONTH. ...ccvvvieviieireennne. 170
TABLE 21 MONTH O AND 8 MEAN METAL CONCENTRATIONSt SEEXCEEDINGANZECC/ARMCANZ
(2000) TOXICANT GUIDELINES FOR THE PROTECTION OF FRESHWAR AQUACULTURE SPECIES
BOLDED CONCENTRATIONS ARE SIGNIFICANTLY(P<0.05)ELEVATED ABOVE GUIDELINE VALUES.

TABLE 22 PHYSICO-CHEMISTRY OF MESOCOSM AT TOXICITY TESTING MONTHS, 4, 6 AND 8. VALUES
ARE MEANS (STANDARD ERROR).....cctttttitietttttteeeaetaaaaaaaaaaaaaaaaaasaaaaaaasaeaaaaaaassaasaaaaaaaasnnnsssnsssnnes 197
TABLE 23.MONTH 2 C. PROTOTHECOIDES GROWTH RATE AND INHIBITION SUMMARY FOR CONTROLS
AND TREATMENTS. S.E. =STANDARD ERROR CV = % COEFFICIENT OF VARIANCE DIFFERENT
SUPERSCRIPT LOWERCASE LETTERS INDICATE SIGNIFICANMIFFERENCES BETWEEN TREATMENT
MEANS. N/A = NOT APPLICABLE ...eciuteeeiuiteeeitteeeetteeesateeeestseeenessessatesessssaessbeeessassessaaeeaanns 205
TABLE 24 CORRELATION OF TEST SPECIES RESPONSES AT MON4H O PHYSIOCHEMICAL PARAMETERS
WITH X INDICATING WHICH PARAMETER THE BIOASSAY IS CORRELAED TOO.......cccvvuvreerirnneanns 208
TABLE 25. METAL CONCENTRATIONS IN MINE PIT LAKE WATER BEFORE AD AFTER TREATMENT(MG/L)
EXCEPT FORCA AND MG WHICH ARE MGIL)...cciiiiiiiiiiiiie ittt ee e s 228
TABLE 26.BIOASSAY RESULTS FROM TREATED MINE PIT LAKE WATER TAT WERE NOT SIGNIFICANTLY
LOWER THAN THAT OF THE CONTROLY ES INDICATES A RESULT EQUAL TO OR BETTER THAN THE
CONTROL NO INDICATES A SIGNIFICANTLY LOWER RESULT TO THE CORROL.......cccoeveeerinreeenns 229
TABLE 27.COMPARISON OF RESULTS FROM TREATEGHICKEN CREEK MINE PIT LAKE WATER TO THE
CONTROLS YES INDICATES THAT THE RESULT WAS THE SAME OR GREATERHAN THAT OF THE
CONTROLS NO INDICATES THE RESULT TO BE LOWER THAN THAT OF THEONTROL LIFE STAGES
FOLLOWED BY (GR) ARE GROWTH RATE ONLY, ...ecuvvieeiitiieeietreeesiteeeeeitreeeasseesssseessasseeessnnesenns 230
TABLE 28. SUMMARY OF REFERENCE TOXICITY TESTS ...cutiieiiiieeiiieeeettreessreeeesnneeeeenneeessneeesssneens 259

XV



LIST OF PLATES

List of Plates

PLATE 1. BIODIVERSITY AT WORK ... ettiittettttisee e eeeeeeetsia s e e e s eeeeeeassaits e s s e e e s e eesbann e e e e e e e eeennnnnaas |
PLATE 2. TETRAHYMENA THERMOPHILA, (TEST ORGANISM. ...ctettieeeeeeeeeeeeeeeeeeese e e e 31
PLATE 3. ADULT FEMALE CERIODAPHNIA CF DUBIA CONTAINING BROOD. ....uuueaeeeieiiiiii e e aeaeeeeenenanns 33
PLATE 4. ADULT SILVER PERCH(BIDYANUS BIDYANUS) ...cceeeeiteeeeeeeeseaeeeeeneeeneeesemsnnnsesnsenneesnnnnes 34

PLATE 5. LAKE KEPWARI AFTER FILLING BY DIVERSION OF THECOLLIE RIVER. (ORIGINAL SOURCE
UNKNOWIND ©tttteeeeeassttteeeaess sttt eeeeesanstbeeeeaaa e assts e e eeeeeasssbeeeeaeesaabbbbeeeeeeessbbaeaeseensbbeneeeeeennnnnns 166
PLATE 6. MESOCOSM SETUP AEDITH COWAN UNIVERSITY (SOURCE MCCULLOUGH 2006)............. 167

XVi



LIST OF EQUATIONS

List of Equations

EQUATION 1 ACID MINE DRAINAGE GENERATION (WILDEMAN ET AL. 1993) 21
EQUATION 2. HARDNESS MODIFYING ALGORITHM 59
EQUATION 3. MORTALITY CALCULATION 90
EQUATION 4. FREE AMMONIA CALCULATION 92

XVil



LIST OF ACRONYMS

ABARE
ACA
AMD
ANOVA
BLM
BRT
CCw
Cl
CRW
Cv

DO
DOC
DTA

EC

EDTA
EMP
ERA
FAO
FIAM
FLR
FLB
FTD
GFC
HHC
HMGV
ICx

ICP-AES
L

List of Acronyms

Australian Bureau for Agriculture and Resaconomics
Australian Coal Association

Acid Mine Drainage

Analysis Of Variance

Biotic Ligand Model

Biological Receptor Theory

Chicken Creek Water

Confidence Interval

Collie River Water

Coefficient of Variance

Dissolved Oxygen

Dissolved Organic Carbon

Direct Toxicity Assessment

Effect Concentration. Toxicant concentration dffeg x% of the test
endpoint

EthyleneDinitriloTetraacetic Acid

Environmental Management Plan

Ecological Risk Assessment

Food and Agriculture Organisation

Free lon Activity Model

Fluidised Limestone Reactor

Fluidised Limestone Bed

Final Tetrahymena thermophila Density

Glass Fibre Construction

High-Hardness Combo

Hardness Modified Guideline Value

Inhibition Concentration. Toxicant concentratidfeating x% of the
test endpoint

Inductively Coupled Plasma Atomic Absorpt®pectrophotometry

Limestone treatment in mesocosm assessmentkef Kapwari

XViii



LIST OF ACRONYMS

L&P

LOEC
LT1

LT2

LT3

MC

N

NOEC
NPW
OCM

P

RCO
RCO-CI
RCO-CIG,
RMANOVA
SSW
TOC

TTC

UAN
USEPA
WET

Limestone and Phosphorus treatment in meso@ss@ssment of
Lake Kepwari

Lethal Concentration. Toxicant concentration aagsnortality to x%
of the test organism

Lowest Observable Effect Concentration

Limestone Treatment one in Chicken Creek assent
Limestone Treatment two in Chicken Creek assesnt
Limestone Treatment three in Chicken Creeksssient
Mesocosm Control

NaOH treatment

No Observable Effect Concentration

Natural Pond Water

Open Cast Mine

Phosphorus treatment in mesocosm assessmeak®klepwari
Rapid Catalytic Oxidation. Treatment proces=duwon WO5H water
Rapid Catalytic Oxidation and pre treatmeith Chlorine

Rapid Catalytic Oxidation and pre treatment witlidCine dioxide
Repeated Measures Analysis Of VAriance

Synthetic Soft Water control for algae biogssa

Total Organic Carbon

Tetrahymena Thermophila Control. medium for bioassays
Unionised Ammonia Nitrogen

United States of America Environmental Prisd@cAgency
Whole Effluent Testing (US nomenclature forAT

XiX



EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

For decades, researchers have been working ta lettierstand the effects of acid
and metal toxicity to aquatic organisms and to t®vevays to effectively mitigate

these detrimental effects. Acid mine drainage (AMB)Ises environmental pollution
that affects many countries having historic or entrmining industries. Both surface
and underground mining have the potential to créd® and therefore adversely

affect the local and adjacent environments.

Through malignant mining and farming practices, dang rivers and the changing
climate, surface freshwater resources are rapillygoreduced in Australia. Mine pit
lakes offer a large freshwater resource that if agad correctly may sustain
significant environmental, social and economic hiénérom selected end uses for
the future. However, assessment of mine pit laleds to be achieved to validate

end use options.

The Collie Basin located in the southwest of Westkustralia is a coal mining area
with many abandoned open cast mines (OCM). Sontieese OCM have filled with

water forming mine pit lakes that are affected WM& The result is large freshwater
bodies with moderate to high concentrations of immetnd a low pH. High

concentration of metals combined with low pH iseolvironmental concern to both
the aquatic and terrestrial ecosystem. Neverthelesgediation techniques for AMD
are available and applicable to these acidic lakesvever, the lakes in the Collie
Basin are low in sulphatic compounds, thereforstrieting the use of the most

common remediation treatment of bioremediation wiilphate reducing bacteria.

Three remediation treatments were assessed fore tledficacy in toxicity
amelioration to three mine pit lakes. The treatmeassessed were Limestone
addition, phosphorus addition and a Rapid Catal@iddation (RCO) treatment.
Toxicity assessment was achieved by means of cangpphysico-chemical data to
guideline trigger values and biological assessm@&iblogical assessment was
achieved with three commonly used but ecologicallyl geographically relevant
species. The bioassay species were theGitfarella protothecoides, the crustacean

Ceriodaphnia cf dubia and the protozodetrahymena thermophila. Aquaculture is

XX
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being trialled adjacent to one of the pit lake$inrestone treated mine pit lake water.
Therefore, the aquaculture fish spedsedyanus bidyanus early life stages were also

used to assess residual toxicity from treated mpinkke water.

Limestone remediation of pit lake water demonsttageod reduction of dissolved
metal concentrations with the exception of Zn ahd &bility to increase pH to
circum-neutral. Biological assessment of limesttvaated pit lake water showed that
toxicity was removed to the three bioassay speagisto the aquaculture specks
bidyanus early life stages. A larger field- scale mesoc@speriment with limestone
treatmentin situ is recommended. Assessment of the mesocosm exqdriwith
biological and chemical analysis will confirm th#i@cy of this treatment for full

scale use.
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CHAPTER ONE

1 Introduction and overview

Abandoned Open Cast Mines (OCM) have the potentidbecome a freshwater
resource once mining ceases. With the diminishieghiwater resources in Western
Australia any large freshwater resource is worthjneestigation and development.
Many OCM are located near isolated towns and cobédefore be a source of
freshwater not only for potable uses but for otkaed uses as well (Doupé &
Lymbery 2005). In many cases when mining ceasesetiselated towns with little or
no future begin to shrink and finally disappearingsOCM when flooded with water
gives the opportunity for local communities to dsiéy into other activities such as
irrigated horticulture, aquaculture or tourism,alwhich require a reliable supply of

fresh water.

Water in mining lakes is a significant but undefisgd resource in rural Australia.
Currently there are more than 1800 abandoned niisénpWestern Australia alone.
Pit lake research on end uses has the potentssist in the diversification of local
economies allowing rural communities to become-sefficient after mining in the
area has ceased. Two of the identified possible ofenine lakes are aquaculture
and biodiversity conservation. The viability of agulture ventures using water from
mining lakes depends on the selection of suitalpleciss, suitable rearing and
production systems and good quality water. Prelmjinresearch on pit lakes
demonstrated successful poly-culture of marronsilver perch in ameliorated acid
mine lake water from a coalmine in Collie (Storé03) and trout in America
(Viadero Jr & Tierney 2003). Tourism associatechwibth aquaculture and aquatic

ecosystems also has the potential to increasetawal stability.

The long-term viability of projects utilising watétom abandoned mining lakes is
dependent on the residual toxicity of the water ais#d to the desired end use.
Preliminary research completed by the Centre ofelsice in Sustainable Mine
Lakes (CSML) has demonstrated a range of possitideuses for mine lakes (Evans
et al. 2006) as well as assessing toxicity in some rtfakes (csmi@curtin.edu,au).
The current research described in this thesis, cameitilising a battery of bioassays

for assessment of mine pit lake water, both tread@d untreated, entailed



CHAPTER ONE

experiments with a macro-invertebrate crustaceamjcao-alga, a protozoan and a
fish species. The results from this research velphn determining toxicity and risk
from treated and untreated mine pit lake water ai€ WA to aquaculture species
and the aquatic ecosystem and have application tier ofreshwater toxicity

assessment throughout Australia and overseas.

1.1 Mining

The exploration and extraction of minerals necegsdar the functioning of our
technologically thriving world is a ubiquitous erd®eur. Mining is found on every
continent with almost everyone on Earth being rgl@n this activity, either directly
or indirectly, for the resources mining provideganSequently mining and its legacy
will be with us far into the future.

Mining is a large revenue earner for Australia,imattotal trading profit in 2004-05
of $37.6b. Coal mining contributed $20.3b (~54%}Hudt total (ABS 2007). There
are mines located in every Australian state andtdey that impact upon the
environment, economy and communities. To a degméi@ejng has a notorious
reputation for environmental tragedy, communityarelown through mine closure
and loss of human life through industrial accideMsing’s negative attributes can
detract from the many positive outcomes of thisremas industry. Mining benefits
include; construction of infrastructure; developirgmployment opportunities;
creating communities; and revenue are createchtoistate and country. In the last
few years mining has significantly boosted the ewoy of Australia with many new
and highly paid jobs creating an economic, housind goods and services boom.
Mining has helped reduce the unemployment rate4®4and increased the average
Australian wage to (ABS 2007)

Due to advances in technology and increases in @afitynprices mining operations
around the world are now commonly practiced as aast mines (OCM) (Martin &
Black 1998; Wenderoth & Abraham 2005; McCullough.8nd 2006). Johnson and
Wright (2003) have identified that there are apprately 1800 mine voids in WA
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alone, ranging from one or two hectares in area arfdw meters deep to the
increasingly large pits of several square kilongirearea and hundreds of meters
deep, found particularly in the gold fields and thoof the state. Examples of these
OCM can be seen in WA from the coal mines in thélsavest to the gold and nickel
mines in the east and to the iron ore mines imtréh. These OCM, however, do not

operate forever and must eventually be abandoned.

According to Johnson and Wright (2003) and Doupé laymbery (2005), up until
recently, abandoned OCM have received little atient Regulatory bodies
governing the actions of mining companies are neaoming proactive in regulating
and monitoring activities that can impact on adj@nvironments and communities.
In Western Australia, mines are subjected to strhgenvironmental requirements
and conditions as part of government legislatiome Thost important legislation in
regard to mining and its possible impact on wagsources as tHdining Act 1978,
the Rights in Water and Irrigation Act 1914, andEnvironmental Protection Act 1986
(Johnson & Wright 2003). Regardless of governmegtlation, the adverse effect of
mining is inevitably felt by the adjacent enviromm@nd communities owing to the
nature and magnitude of mining operations. Possl®yonly way in which mining
can positively contribute to a region’s long terostsinability will be achieving a
planned landscape of equal or even greater socidl environmental value
(McCulloughet al. 2007a).

In a review on Acid Mine Drainage (AMD) remediati#talin et al. (2005) stated
that “By definition mining is not sustainable”, neirclosure is therefore inevitable.
Mine closure can have just as serious an impacbammunities and the environment
as when a mine is active (Otcheteal. 2004). A new era of increased corporate and
social conscience is emerging and corporations laginning to assess the
environmental and social damage of mining (McCulou& Lund 2006). The
growing scale of the mining industry addressingtanability has placed a strong
focus on emphasising the creation of sustainableliioods (employment,
community development, and infrastructure), optingsresource use, and on the
final closure of mining operations in a manner thatnimises social and

environmental harm while retaining future optioms the lease. This change in
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attitude will lead to a visual, social and econogfi@nge to coal mine abandonment
practices. In the near future, mine relinquishmeént government and other

stakeholders will also eventuate.

1.1.1 Coal mining

Thompson (2000) described the process of coal fitomaas the accumulation,

alteration and compaction of organic remains inxanaeducing environments

commonly found in swamps during the carboniferoesqal. This ancient resource
of energy exists Australia wide in many differerddes from Lignite (brown coal) to

Anthracite (black coal) (Suggate 1998). Coal gradas influence preliminary

environmental constraints, mining approach (e.g.MQQ@nderground) and final

impacts to the surrounding environment and commasihrough future formation

of acid pit lakes (Rollanét al. 2001; Denimakt al. 2005). Coal has been a major
source of energy to the world for many decades asutan unrenewable energy
resource is now leaving a legacy of acidic pit &aké major environmental concern
(Fréommicheret al. 2003).

Declining and closing coal mine industries worlddeiihave caused the significant
problem of abandoned coal mines to become incrglgsprominent in recent years
and will continue for decades to come (Black & Cr2001). The need to prevent or
mitigate the effects of acid mine problems is beiogmof major international
concern. Imperfectly formed coal (lignite) with alh sulphur content is mined
extensively in Germany (Bachmashal. 2001; Trettiret al. 2007), the Appalachian
region of America (Viadero Jr & Tierney 2003; Simms@t al. 2004) and parts of
Australia (Hill et al. 1985; Suggate 1998). This mining results in AMDI dnghly
acidic pit lakes. Due to the generally high sulpbantent of lignite mines very low
pH and high metal concentrations are also a commeearrence in adjacent aquatic
environments. Although most coal mined in Australm lower in sulphur
(bituminous or anthracite coal), the consequergctdf of this mining are similar to
those observed in regions where the coal has a sugpphur level. These effects

include ecologically low pH, metal contaminatiordggermanent acidic pit lakes.
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As noted by Doupé and Lymbery (2005), the enviromaeconsequences of coal
mining issues are now becoming recognised by gowenh, industry and the
community alike. Guidelines and regulations arenggbut in place to prevent or
alleviate adverse environmental impacts. The curkeowledge of environmental
concerns and effects of coal mining, however, ateaiways completely understood
or are deliberately ignored. The Australian Coals@gation’s position on
environmental protection is summed up with thistesteent from their website
“Environmentally, coal mining has two important @ in its favour. It makes only
temporary use of the land and produces no toxicnatad wastes” (ACA 2007). If
the above statement were to be true, the needi®rahd other research into coal
mine impacts to the environment would not existisTik clearly not the case. For
example DeNicola and Stapleton (2002) noted thaDAfkbm coal mining degrades
more than ca. 12000km of streams in the Appalactg@gion of North-eastern, USA.
Johnson and Hallberg (2005a) highlighted that &00Rm of streams and rivers,
and ca. 72000ha of lakes and reservoirs worldwale fbeen affected. There have
been numerous studies on impacts from coal miniggtigces (Castro & Moore
1997; Davist al. 2006; Triantafyllidis & Skarpelis 2006). Adverskieets have been
shown to come mainly from the dumping of overburdejacent to OCM and from
dewatering practices containing waste rock that nvbeidised lowers pH and

mobilises metals into the surrounding aquatic emrirent.

Western Australian coal pit lakes formed after O@n acidic (pH 3-5) but with
low concentrations of sulphate and metals when eoetpto elsewhere around the
world (Sappakt al. 2000; Whisson & Evans 2003; Lurtal. 2006). Knolleret al.
(2004) showed that low sulphate concentrations garewr slow natural microbial
sulphate reduction by increasing alkalinity andefi@re reducing acidity in pit lakes.
Nevertheless, stimulation of primary production asdociated alkalinity generating
processes may provide a cost effective and susiainsolution to the acidity
problems (Kopacekt al. 2000; Lychie-Solheingt al. 2001; Dessoukét al. 2005).
Evanset al. (2006) outlined that once acidity and relatedbpgms can be rectified,

further end uses of these fresh water bodies camviestigated.
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1.1.2 Background for mine pit lakes researched int  his thesis

Water from three mine pit lakes in the Collie cbakin in WA were used in this
research. They were WO5H (Collie Aguafarm), Chickereek Lake and Lake
Kepwari. All these lakes are acidic but have veiffecent physio-chemical

parameters relating to the in pit water and sumding surface and groundwater
hydrology. All the lakes were previously mined fooal and are now being
rehabilitated, and used as study sites for watalitgyuremediation technologies

and/or possible future end uses.

1.1.2.1 Chicken Creek Lake
This mine pit lake has been abandoned since tle 1800s. The lake contains

approximately 8 million rhof water with high acidity (pH of approximately.3)
mine water treatment system was constructed abttién Coal Mining Company’s
site, to remediate the acidified mine lake wated @o make it suitable for

aquaculture of plants crustaceans, molluscs or fish

1.1.2.2 WO5H (Collie Aquafarm)
Mining this OCM was officially ceased in 1996. Tla&e is approximately 80m deep

and has a pH of approximately 3. Storer (2005)isetil water from this lake
remediated with a Fluidised Limestone Reactor (FidRtyial the polyculture of fish
and crustaceans within adjacent ponds and cagea. fiben these trials displayed
successful and commercially realistic growth rafes the two species used.
Assessment of the treated pit lake water for agtiaeuis an ongoing process at this

pit lake.

1.1.2.3 Lake Kepwari
Lake Kepwari was the first Wesfarmers Premier Go@M in the Collie basin. The

name Kepwari comes from the local Noongar Aborigmame for the Collie River
and means ‘playing in water’ (SWDC 2007). Lake Kapws approximately two
kilometres long, one kilometre wide and 70 metrespd and was formerly known as
Western Five. Mining started in 1970, revegetatmmmmenced in 1975 and

revegetation was completed in 2004. Of the thregiapit lakes studied, the water
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quality within Lake Kepwari has the least metal awid contamination, therefore
posing the least toxicity/risk to aquatic organisifigis is due to the rapid filling of
the lake through diversion of the Collie River osewveral years. By rapidly filling
the lake the acid precipitation from oxidised pyribccurring with intermittent
wetting and drying was reduced significantly. Tlheaf pH of 4.8 and dissolved
metal concentrations were improved compared tofthatd in the other two lakes
tested in this research. Research into possibleuses of this lake include; tourism,
recreational boating, skiing and fishing. The poidisy of this lake being a major
tourist attraction is becoming increasingly imminand if successful will be a first
for WA.

1.2 Fresh water resources

The fresh water shortage and decline in WesterntrAliss has become all too
familiar, especially in the past decade. Not onlg @ater restrictions within the
Perth metropolitan area altering the way peoplentptheir gardens, design their
homes and take their showers, but also affectingcwatural, horticulture and
viticulture farmers, whose livelihoods are threatrby the current ‘drying off’
effect. Many solutions to the shortage of freshwatgplies are under investigation
but until recently mine pit lakes were left outtbe equation (Martiret al. 2003).
Failure to monitor rehabilitate and develop minel@kes, can reduce the chance of
utilising freshwater from the pit lake and surroimgd surface and underground
supplies through contamination, salinisation andpeconcentration (Johnson &
Wright 2003; Evanset al. 2006; Lundet al. 2006). Freshwater is a valuable and

finite resource world wide and needs to be conskaral used wisely at all costs.

Many options for fresh water sources in and arainedPerth area are being devised
including; installation of desalination plants; ipip of water from Lake Argyle
diversion dam on the Ord River in the Kimberly dmte fields into underground
aquifers. Whether any of these approaches will exg@ and address this problem in
the short term is unclear. However, as revealeddbyson and Wright (2003), there
are many unused pit lakes in WA that with apprdpri@mediation techniques could

be a feasible source of potable, agricultural @usirial water. Most of these pit
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lakes are located in rural or arid areas wherersififeation into activities such as
aquaculture and tourism could be of major benefitdmmunities as well as the
environment. Before such uses can eventuate, howihee suitability of the mine

lake water, in particular its toxicity to aquatife| needs to be determined.

The current research used both biological and at@rtoxicity assessment of treated
and untreated mine pit lake water. Tests were pedd with four aquatic
organisms, Ceriodaphnia cf dubia, Chlorella protothecoides, Tetrahymena
thermophila andBidyanus bidyanus, the latter being an aquaculture species currently
being farmed in Western Australia. Three mine gl waters were studied, Chicken
Creek, WO5H and Lake Kepwari, all from the Colliadh. Assessments of mine pit
lake water toxicity before and after treatment witiree different amelioration
techniques, limestone addition, phosphorus addiiod Rapid Catalytic Oxidation
(RCO), were performed. The research entailed mapgrénents, all of which were

conductedn vitro.

Acute and chronic bioassay protocols were chosenhi® testing of untreated and
treated mine pit lake water. The protocols usedewdB h acute and 8 day three
brood chronidC. cf dubia bioassays; 72 h chron. protothecoides bioassays (with
and without nutrients), 24 h chronic thermophila bioassays and early life stage
toxicity tests orB. bidyanus. Chicken creek water was assessed firstly, willg @n
dubia andT. thermophila being used while the three bioassay species wszd 10
assess WO5H and Lake Kepwari watBrdyanus bidyanus was used to assess

limestone treated Chicken creek pit lake water.

1.3 Research purpose

1.3.1 Aim
The aim of this research was to use a suitablesb@abattery for assessing toxicity

of mine pit lake water and to use this battery\val@ate the efficacy of various water
treatment regimes. The bioassays were used in motigpn with chemical analysis

before and after water amelioration.
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The biological and chemical assessment should shiogk still remains for the end
uses of aquaculture and biodiversity conservatibime amelioration techniques
assessed have been previously designed for minakgitwater treatment and were

undergoing trials on various pit lakes in the GoBiasin in WA.

1.3.2 Research questions

1) Do any of the pit lake water treatment modalitieduce metal concentrations to

below current guideline parameters for aquacukpexies and aquatic ecosystems?

2) Do any of the treatment modalities completely afiateé toxicity from mine pit
lake water as shown by bioassay results comparduetbioassay control? If so, is

one treatment better than the others?

3) Do any of the bioassays consistently confirm tdyiai water samples when metal
concentrations exceed guideline trigger valuespfotection of aquaculture species
and aquatic environments? Conversely, do any obib&ssays consistently confirm

a lack of toxicity when all metal concentrations below guideline trigger values?

4) Do bioassays increase the robustness of resultsined from mesocosm

assessment of mine pit lake water treatment maskit

5) DoesB. hidyanus meet criteria to be a good bioassay candidateagsessing
toxicity from limestone treated mine pit lake water the end use of aquaculture?
The selected criteria were; survival in control sistently >80%, small variation
(standard error) between replicates of controldreatments (i.e. similar growth,
hatching and survival in replicates), no cannilalend normal growth and survival

in the control.
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1.3.3 Thesis layout

The layout of this thesis consists of an exegdisésature review and main body. A
list of acronyms is provided as well as expansiénthe acronym for its first
occurrence in each chapter. The main body compcisapters three to seven which
are written in journal article format. Thereforech of the main body chapters has
its own abstract, introduction, materials and methoresults, discussion and
conclusion. References from each chapter are arlsepted at the end of the thesis.
The use of this structure was chosen to both effegtand fluently show the design
and outcome of each set of experiments and to rfakeatting for publication
straightforward. The exegesis is used to explaid #a in the outcomes and
effectiveness of using bioassays for assessingubeess of the treatment modalities.
The research questions are addressed in the gelsratsion chapter to summarise

the findings from the experiments.
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LITERATURE REVIEW
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2 Literature review

Lakes that develop in open cast mine voids aredatiine pit lakes. The purpose of
this review is to give a sound foundation of infation and reasoning pertaining to
the use ofin vitro bioassays in assessing mine pit lake water andiaated mine

pit lake water. The focus of the research is thee afsa freshwater bioassay battery
for direct toxicity and risk assessment to the éiquanvironment and aquaculture

from remediated mine pit lake water.

2.1 Risk from mine pit lake end uses

Lakes develop from abandoned mine pits that haes Ineined to below the water
table. These mine pit lakes present an elemenslota the surrounding environment
via contamination of in lake, natural surface anderground waters (Frommichen
al. 2003). However, there are several end uses alaiti@lthese mine pit lakes, all of
which may need to be individually assessed for. ri&kven beneficial end uses for
these mine pit lakes have been identified and a-gaantitative potential risk has
been calculated for each use (Doupé & Lymbery 20DB¢ lowest risk was assigned
to wildlife (biodiversity) conservation. Therefotgipdiversity conservation would be
the safest relinquishment option for the ecologpitiakes and should be given the

highest priority for site rehabilitation.

Biodiversity conservation through biologically repentative assessment and
consideration is the primary goal of ecotoxicolo@onservation of biodiversity is
needed due to deforestation, industrialisation ardnisation which are adversely
affecting wetland environments and, as a conse@Jehe biodiversity of aquatic
flora and fauna. Mine pit lakes are a potentiabvese for biodiversity conservation,

providing wetland environments for both terrestaat aquatic species. .

The end use of aquaculture featured central innpiaderisk for the seven end uses
(Doupé & Lymbery 2005). Aquaculture is already logeiasearched in many mine pit
lakes world wide (Axleet al. 2000; Viadero Jet al. 2004), including in Collie WA

where this research has taken place (Steteal. 2002). Aquaculture in ponds
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adjacent to the mine pit lake may aid in the reidacof risk for this end use.

Furthermore aquaculture if managed appropriately beaused in conjunction with
biodiversity conservation as it has to in othecpkin Australia providing it adheres
with strict regulations requiring the constructiand implementation of Ecological
Risk Assessments (ERA) and Environmental Managenilans (EMP) and

Programs (ANZECC/ARMCANZ. 2000b; DoF 2007).

However, conducting a cost-benefit analysis of &mel uses may show a more
compatible choice for the community and other stah&klers (Doupé & Lymbery
2005). The opportunity for combining end uses tompatible manner may also be
achievable (Evanat al. 2006).

In this study, a temperate Australian represergatbattery of bioassays was
employed in conjunction with chemical analysis t@laate the risk of remediated

mine pit lake water to both aquaculture and theseoration of biodiversity.

2.2 Pit lakes

The primary concern at mine closure has been emguhat any OCM void is
geologically stable and safe to the public in adaoce to government department
guidelines (Johnson & Wright 2003). Currently ab@amdent for OCM is restricted
in WA to three options;
» open voids, where nothing is done (most common);
» waste storage where backfilling of the pit occars
» water storage either from dewatering operationgurah filling or from
deliberate filling (Evanst al. 2006).
The final outcome of abandoned OCM is determineceiyironmental social and
economical factors. These include:
 Lake area and volume — places significant limitaioon possible and
desirable end uses
«  Water quality — affects economics of remediatiod komg term liability risk
» Geographical location — climate and proximity to pplation centres

influences choice of end use
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*  Proximity to rivers or streams — has both negadive positive effects
» Costs of pit lake remediation/development
* Risks during remediation/development and post cesn mining companies
and post-closure managers — short and long term
« Stakeholder political pressure — has both posaive negative effects
* Regulatory requirements for rehabilitation and iwd ese
e Support from stakeholders for end-use options
* Water resource needs at local, regional and ndtienals
( McCulloughet al. (2007b)

Pit lakes, a common legacy lingering from OCM asrdke globe, are very
prominent features within Western Australia. Afteming and dewatering ceases,
OCM constructed below the water table begin toviith water creating a pit lake,
with the water ranging greatly in quality and quiynbetween individual lakes
(Shevenelkt al. 1999). Within WA alone the range of pit lake wageality can be
from hyper-saline and highly alkaline right throughfresh and highly acidic (Doupé
& Lymbery 2005). The physio-chemical parameterspiif lakes depend on the
geochemistry and hydrology of the pit lake and@umding area and in most cases
will continually evolve with time if not controlledBlodau 2006). Therefore
assessments of the physiochemical parameters @& piifakes and their effect to
the aquatic environment must be continued over fine periods to

comprehensively assess potential risk.

There are many end uses available for pit lakels thi¢ simplest and most common
end use being to do nothing. This has been the rornmost existing OCM in

Australia (Evanst al. 2006). McNeeet al. (2003) found that all final end uses for
OCM that become pit lakes are dependant on theigleyemical parameters, the
surrounding limnology as well as current and prok@mediation options. Therefore
if the pit lake water parameters are not compatibith the proposed end use,
remediation of the lake itself or extraction of emfrom the lake are alternate end
use options. Either way such large volumes of fregiter should be viewed as

beneficial and not problematic.
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2.2.1 Pit lake beneficial end-uses

Beneficial end uses have been defined as goodsracss provided by the pit lake,
or any element or segment of the pit lake, whiabvigles economic, health, welfare,
safety or aesthetic benefits to the community (§ohn& Wright 2003). Seven
possible beneficial end uses have been describedniioe pit lakes; recreation,
biodiversity conservation, stock water, plant iatign, aquaculture, extraction of
industrial chemicals and sources of potable andsticghl water (Doupé & Lymbery
2005; McCullough & Lund 2006). Evaret al. (2006) indicated that a number of
mine pit lake end uses are complementary and ifuired could be used
simultaneously adding greater benefits to the conitydrom both an environmental

and economic perspective.

For more than a decade coal (lignite) mining giekhave became important water
reservoirs worldwide particularly in Eastern GerméWoelfl et al. 2000). However,
the expectation is for the same to happen in Whary needs to be given to prior
planning and preparation for the possible creatibracidic mine pit lakes when
OCM is going to be undertaken (Johnson & Wright20Doupé & Lymbery 2005;
Evanset al. 2005). Therefore it is important to allow for @ridevelopment of end
use strategies to allow for straightforwardnessralfnquishment to any future
stakeholder. Of the previously mentioned end usediVersity conservation and
aquaculture are focused on within this thesis. fEmm aquaculture will be used to

cover both aquaculture and recreation fishery ecéraent (RFE).

2.2.1.1 Aquaculture
Aquaculture is defined by Lawson (2001) as thersmeand technology of producing

aquatic plants and animals or equally well as @efiny Otcheret al. (2004) as the
production of aquatic organisms by the deliberatd eontrolled manipulation of
their rates of growth, mortality, and reproductionijth the ultimate goal of
harvesting products of commercial value. Howevemmercial products are not
always the goal, with some enterprises producish for conservation purposes,

tourism, education or recreation.
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Over the past 150 years, human impacts on the sdeave multiplied more than
twenty-fold, approximately five-fold due to poputat growth and approximately 4-
fold due to increased consumption and the use efr@mmentally destructive
technologies and sociopolitical arrangements (Wombd2000). Consequently an
estimated seventy five percent of the worlds figltlss are either fully exploited or
over fished (Clover 2004). The many declining aefudct commercial fisheries of
the world were once thought to be an unlimited faedource (Woodard 2000;
Murphy et al. 2001; Clover 2004). However, commercial harvestifi the worlds
oceans reached a plateau in the 1990s which wasugtt] to anthropogenic pressure
on global fish populations (FAO 2002; 2004). Theref the need for research into
aquaculture is becoming essential to fill the gdpseafood left by decades of
overfishing.

With the world’s ever escalating population andatmually increasing demand for
more and healthier seafood products there is resé@able way that natural stocks
can support this demand. To address this growinafoed shortfall, world
aquaculture production has steadily increased theepast decade growing between
9-10% per year and currently employing around 7lionil people (FAO 2003).
Therefore as shown by aquaculture statistics dedecby the FAO (2004),
aquaculture of edible products are showing encangagends with value increasing
by 16% and tonnage increasing by 21% in 2003/04pawed to equivalent data for
2002/03.

“Without water there can be no aquaculture, buewan't always easy to find, trap
or use” (Romanowski 1994). This statement appliestty to the majority of the
Australian mainland and especially to WA. Howeveénerpit lakes offer a large and
increasingly valuable freshwater resource, with thirst’ to be utilised and
aquaculture is a fitting candidate. Species thateHhaeen identified as suitable for
aquaculture or those that have already been rdsghm@nd trialed in Australia are

presented in Table 1.
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Table 1 Species potentially suitable for mine pit lake axlture

Common name

Scientific name

Australian Location

Endemic fish

murray cod Macquarri peellii NSW, VIC
barramundi Lates calcarifer WA, NT, QLD
silver perch Bidyanus bidyanus SA, NSW, VIC
freshwater cobbler Tandanas tandanas SA, NSW, VIC
freshwater cobbler (WA) Tandanas bostoki WA

silver cobbler Arius miglyii WA, NT

black bream Hipocanthus butcherii WA
Introduced fish

redfin perch Perca fluviatilis WA

rainbow trout
brown trout

Onchorhynchus mykiss
Salmo trutta L.

WA, SA, VIC, TAS
WA, SA, VIC, TAS

Endemic crustaceans

hairy marrol Cherax tenuimanus WA

smooth marron Cherax cainii WA

yabby Cherax destructor / albidus  NSW, VIC, SA
redclaw Cherax quadricarinatus NT, QLD

giant freshwater prawn  Macrobrachiumrosenbergii WA, NT, QLD

Many Australian species have been translocatedttier dAustralian states in an

attempt to culture them, including within mine lpikes.

2.2.1.2 Pit Lake Aquaculture
Currently aquaculture utilising mine pit lake watsrbeing researched and trialed

around the globe. Trials and research include khat limited to salmonid farming
in Minnesota (Yokonet al. 1997); rainbow trout farming in West Virginia (\daro

Jr & Tierney 2003; 2004); aquaculture potentiaiime pit lakes (trout and salmon)
Otchere (2004) and pit lake poly culture of silyggrch and marron in Western
Australia (Storer 2005). Consequently with rapighined knowledge and experience
in aguaculture operations, aquaculture is provinigave the potential to out compete

and indirectly preserve wild fisheries (Whisson 8alfs 2003).

Aquaculture has led to environmental problems i@ pgast and when used in a
confined area such as a pit lake it can causeuhe bp of nutrients and inturn can
affect ground water quality (Axleat al. 1996). In contrast, Yokorat al. (1997) used

the effluent from aquaculture to remediate an acpt lake therefore showing
positive effects from aquaculture waste. Nevertteelthe side effects of any from

aquaculture in pit lakes would generally be comsé@ to the lake itself.
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Consequently due to the remoteness of a largeopooti pit lakes in Australia, any
potentially adverse impacts derived from aquaceltwould be localised and easily

remediated or managed.

When aquaculture systems are isolated from opeersyaénvironmental impacts
(disease, parasites, translocation etc) do notetgawild fish stocks or other biota
(Otchere et al. 2004). Therefore isolated pit lakes may be pasitior the
environment when considering aquaculture as anused However adverse effects
on the water quality may still have an impact otural biota within the pit lake or to
underground water reservoirs. To circumnavigate ginoblem, cage culture of fish
can reduce nutrient input from uneaten food and fimste by easy to manage

capture and removal devices located underneatteties (Axleet al. 1996).

Treated waters from active and abandoned coal manesa potentially valuable,
though underutilised resource, which may be usexpand the aquaculture industry
worldwide (R. C. Viadero & A. E. Tierney 2003). Buermore in a pilot system
Storer (2005) has illustrated that limestone trebateal mining acid pit lake water
can be successfully utilised to produce polycultofrenarron Cherax tenuimanus)

and silver perchBidyanus bidyanus). The culture of these species in treated pit lake
water is a first in Australia giving promising rétsuand a consequent need for

further research.

Due to water quality problems many pit lakes regju@mediation before the water is
suitable to be used for aquaculture. This canicéstquaculture to the outside of the
mine pit lake in ponds or tanks. Although the reguient for pumping and out of pit
lake remediation processes may then be necessdsy still a possible option.
However the advancement of alternative sustaindhlelihoods for mining
communities through the development of aquaculturepit lake water could
contribute to sustainable development after theurt® of mines (Otchest al. 2004;
McCullough & Lund 2006). A number of additional ledits to the adjacent
communities include biodiversity conservation, emoic diversification, increased

food security and tourism.
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2.2.1.3 Other pit lake uses
Although the following beneficial end uses are be/the scope of this research they

must be pointed out as they will be of future impoce for mine pit lakes to WA
and the world. Irrigation for horticulture and fetey is necessary in WA due to the
low and erratic rainfall experienced, especiallythe central and inland areas.
Research and teaching through utilising such aavddularge scale water source as a
research tool could be invaluable to researchtuisins. Recreation and tourism at
many pit lakes offers a chance for the community atier stakeholders to diversify.
Potable water from a pit lake could ease the pressu the small number of current
sources available in WA. Use as an industrial waterrce for mining industries i.e.
dust suppression or for fire fighting. Stock waigrisources are crucial in WA as
WA is covered in remote cattle and sheep statiomd eopping farms. Future
chemical extraction when price fluctuations make fnospect of metal extraction
from pit lake water a viable option. However, tiveaf use chosen can influence the
mining company’s decision to relinquish or abanttesa OCM to other stakeholders,
therefore, restricting rehabilitation or furtherdenses for the pit lake (Evamesal.
2005).

2.3 Mine pit lake water quality issues

2.3.1 Acidic mine drainage and pit lakes

OCM are commonly operated below the water table emasequently at mine
closure when dewatering operations cease and suafaat ground waters equilibrate,
the formation of pit lakes is inevitable (JohnsoM&ight 2003). Acidic pit lakes and
drainage are universal problems associated witlctéation and relinquishment of
these mines (Ramest al. 1992; Harries 1997; Rollangt al. 2001). Data from a

range of mining sites worldwide indicate that orermge 90% of acidic water
pollution comes from mine voids (mine pit lakesavimg only 10% to come from

waste depositories (Evaesal. 2006). In 1989 it was estimated that ca. 193000km
streams and rivers and ca. 72000 ha of lakes ssetv@rs worldwide had been
seriously damaged by mine effluents (Johnson & B¢adl 2005a). However, as
noted by Poleat al. (1997) estimates of acid affected Norwegian laked rivers
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alone exceed ca. 8,000,000 ha. Although this acadibn is not just the result of
mining activities it is nonetheless wrought with ngaof the same issues as mining
related acidification, therefore requiring similananagement and remediation

approaches.

Commonly OCM expose pyritic rock (F§So the air causing the rock to oxidise.
When the oxidised geologies come into contact witater sulphuric acid is
produced. The simplified acid producing processingn sulphide oxidation(1),
ferrous iron oxidation (2), ferric iron hydrolys{8), and the enhanced oxidation of
ferric sulphide ions (4) (Wildemaat al. 1993; Kalinet al. 2005)

Equation 1 Acid Mine Drainage generation. (Wildematral. 1993)

FeSs + 7/20; + Hy0—Fe¢'™ + 2505 +2HT (1)
Fe't 4 1/40; + Ht—=Fe* + 1/2H;0 (2)
Fe't + 3H,0—Fe(OH),(s) + 3HT (3)
FeSa, + 14Fe’™ + BH,0—15F¢™ + 2505 + 16H" (4)

However, depending on the physico-chemistry of thater and rock, metal
speciation following this reaction can be very céemp The resultant decreasing pH
has a direct adverse effect on aquatic organismmigh H ions and an indirect
effect through the increased bioavailability of aletas free ions (Lopesal. 1999).
As noted by Wattesmt al. (2005), acid generated from the oxidation of fgyforces
the solubilisation of certain base metals, inclgdii®** and Mrf*, (common in Collie
OCM in WA) that contribute to acidity as well asd&tbnal solids while undergoing
alternate hydrolysis reactions. Pit lake water bee® contaminated with elevated
concentrations of heavy metals due to the contipuatesses of acid mine drainage
(AMD) (Maree & du Plessis 1994; McCullough & Lun@asb).

Acid Mine Drainage problems and solutions from mpielakes around the world
have been investigated by many authors includingiéta (1997), Drury (1999),
Mareeet al. (1999) Bachmanast al. (2001), (Viadero Jet al. 2004), Denimakt al.
(2005), Sibrellet al.(2006) and McCullough & Lund (2007a). Commonly mipit
lakes affected by AMD have conditions of low pH (gid) and high heavy metal
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concentrations. Concentrations of trace metals astmatural waters are controlled
by the adsorption or coprecipitation processes coniynrelating to pH (Leest al.

2002). The low pH allows most metals that wouldeottise not be available at
higher pH values found in natural systems to becbioavailable in the mine pit
lake water. Through the abandoning of OCM with agéherating geologies the
inevitable result is acidic pit lakes, reduced bredsity and limited end uses
(Wenderoth & Abraham 2005). Doupé and Lymbery (30@&ve highlighted that
effort by mining companies into forward planing fdhe abandonment or
relinquishment of final pit lakes, is the key tofeseand practicable pit lake

developments for the future.

2.3.2 Ground water

Hydrology is often a difficult parameter to undarsl and model. Mine pit lakes are
no exception and require large amounts of timeraadey to research the full effects
to the ground water, often with continual monitgriafter abandonment. Wright
(1999) noted that hydrological and chemical inpars qualitatively different from
those of natural lakes. Mine pit lake influenceshgdrology can be classified in two
ways; 1) under a net precipitation regime pit lakes/ contribute as sources to local
hydrology with either surface or ground water aaf] and 2) pit lakes may function
as flowthrough ground water windows (Johnson & Wri@003; McCullough &
Lund 2006). The final water quality is controlleg the amount of oxygen contact
and availability to reduced geologies that occudedng mining and continues post
mining. Computational modelling is evolving quicklp the area of acid mine
drainage and mine pit lakes and some of the conij@exn assessing and predicting

hydrological effects are being overcome (Promet@i. 2000).

Current models simulate both the production andutiem of the contaminants as
they migrate in groundwater, and also to evaluateediation schemes (Promneer

al. 2000). However, biological and chemical processessomewhat unknown
geologies can affect the accuracy of these mo@als (& Turner 2000). Long term

validation of models has not been achieved duédaelatively young age of mine
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pit lakes under investigation. Nevertheless, maagellquality in pit lakes is
becoming well researched (Barr & Turner 2000; Pramehal. 2000; Morin & Hutt
2001; Johnson & Wright 2003; Bozaual. 2007).

2.4 Risk assessment approaches

2.4.1 Chemical toxicological studies

Risk assessment for aquatic environments hasitradity been carried out through
toxicological investigations based on chemical wsial (Fochtmanet al. 2000;

Chapman 2002). Chemical analysis is a simple wegticheap and quick way of
assessing the possible risk of a particular agtitay inferring toxicity from the

measured metal concentrations (Mitchell 2002). Redtom chemical studies are
used to establish trigger values for use in the agament of risk of adverse
environmental influences of pollutants releasedo irmquatic environments.
Nevertheless empirical methods assessing effedtsetaquatic environment can be
problematic not only because of bioavailability ausceptibility of organisms, but
through measurement technology and detection liraitgironmental conditions, and

the interrelatedness of the toxicants themselveak@&l & Burger 2003).

Toxicant trigger values form the basis of the mgjoof the world’s guidelines for
the protection of the aquatic environment, as aelfor aquaculture, irrigation, stock
water and potable water for human consumption (APHAQ99S;
ANZECC/ARMCANZ. 2000b). However Markictet al. (2001) has noted that
trigger values are generally over protective, sionly a fraction of the total metal
concentration in natural waters will be bioavaitadue to water quality factors such
as dissolved organic carbon (DOC) and calcium hessif\Wang 1987). Although
current guidelines are restricted in their appilarathey can be adapted to situations
for which they are not specifically designed, sashmine pit lakes. To get accurate
data for trigger values, criteria should be redeedlc for individual situations
incorporating site specific conditions and aquafiecies. While generally being over

protective, chemical trigger values provide a souymdcautionary approach for
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protection of the ecology of the aquatic environtndinis approach can make for
near impossible targets for industry to achieveeré&fore, understanding the
bioavailability and direct effect to aquatic orgems of toxicants is as necessary as

measuring concentrations of contaminants.

Metal bioavailability is critically dependant os pphysiochemical form, or speciation
(Bettermannet al. 1996; Markichet al. 2001; Andersoret al. 2003). One model
developed to predict the bioavailability and thereftoxicity from metals is the Free
lon Activity Model FIAM (Campbell & Tessier 1996However, as noted by Peakall
and Burger (2003), some complexes of metals are meadily taken up than the free
ion form and complex formation can be affected byeo dissolved components in
addition to the well understood effects of tempaatand pH. Brown and Markich
(2000) went further to explain that the FIAM doest account for all toxicity and
that the Biological Receptor Theory (BRT) shouldibeorporated with the FIAM
(Extended FIAM). The Extended FIAM allows for inporation of not only the free
metal ion into the model, but also the likely fotioa of complexes with ligands
present in the water. As a consequence, the modetif concentration-response
relationships over a wider range of water chemisioyditions (i.e. varying pH,
hardness and dissolved organic matter) can be \sthieompared to the original
model. Accordingly the Extended FIAM model providasmore useful tool for

evaluating metal-organism interactions than theNFi#one.

Wormset al. (2006) have explained that even with the Extend#aM biological
responses, it has become clear that biologicalsiphly and chemical reactions
occurring in the immediate proximity of the biologl surface also play an important
role in controlling trace metal bioavailability tagh shifts in the limiting of bio-
uptake fluxes. Three factors for concern were hihitéd: “(i) the organism can
employ a number of biological internalization stigies to get around limitations that
are imposed on it by the physio-chemistry of thedim@; (ii) The use of a single
transport site by several metals or the use ofraét@nsport sites by a single metal
further complicates the prediction of uptake oeef$ using simple chemical models;
and (iii) once inside the micro-organism the celable to employ a large number of

strategies including complexation, compartmenttibra efflux or the production of
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extracellular ligands to minimize or optimize tleactivity of the metal” (Wormst
al. 2006). The researchers concluded that accuratiicpon of metal bioavailability
will require multidisciplinary advances in our umsianding of the reactions

occurring at and near the biological interface.

Another useful model for predicting the interatibatween toxicants and aquatic
organisms is the biotic ligand model (BLM). Althduthe BLM and the FIAM are
mathematically equivalent the main difference betwthe two models is the ability
o take competition into account since determinatioh{M-Rs} in the BLM wil take
competing ions into account implicitly whearas lire tFIAM stability constants for

the competing ions must be taken into account eigliSlaveykova 2005).

A clear understanding of the speciation of metaihin contaminated waters can
support the realisation of what is causing toxicfiyammarstromet al. 2005).
PHREEQC (version 2) is a computer modelling progfamsimulating chemical
reactions and transport processes in natural dutpdl water (Parkhurst & Appelo
1999). The program is based on equilibrium chemisif aqueous solutions
interacting with minerals, gases, solid solutiomsgchangers and sorption surfaces,
and also includes the capability to model kinedi@ations with rate equations that are
completely user-specified in the form of basic esta¢nts (Parkhurst & Appelo
1999). This program, using site specific data, tzerefore give calculations of

speciation which can then be compared and cortelaith biological data.

Aquatic biota can be influenced through antaganistynergistic and complexation
effects from the chemical cocktails found withire thatural environment (Mitchell
2002). These mainly come from or are accelerate@rifiropogenic disturbances
such as those occurring in Open Cast Mining (OCKpservations on the
inaccuracies in predicting toxicity using empiricita alone has led to an increased
use of bioassays, particularly bioassay tests usivaytebrates, algae and fish as test
organisms. Assessment of aquatic pollution can dlgewed via these sensitive
biological instruments far more accurately thant jebemical assessment or
bioavailability models alone (Bettermaret al. 1996; Andersonet al. 2003).
Consequently the use of biological tests (bioags@yscurrently still the most

accurate means of assessing the risk from whdlgeets (Chapman 2000).
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2.4.2 Ecotoxicological studies

Traditional approaches to the management of wateity have grown from
concerns about human health, and only recentlytiex® been recognition of the
need to use toxicity test data to determine watity requirements for protection
of aquatic ecosystems (ANZECC/ARMCANZ. 2000b). Gdertion of ecological
significance of test organisms has frequently Hess important than utilising tests
conducted with ‘convenient aquatic organisms’ tlean be easily and readily
obtained, cultured and tested. Furthermore mostdépgical studies of the aquatic
environment are based on the use of single spéestimg for screening purposes
(Fochtmaret al. 2000; Chapman 2002). Extrapolation from singl®fatory species
to relevant species in the field, and to whole gstasn effects may introduce large
uncertainties in the estimation of risk (ANZECC/ARMNZ 2000).

In recent years consideration of the likely ecatagjieffects of chemical pollutants
has led to the development of a range of biologieat approaches involving the
exposure of a suite of aquatic organisms of ecoddgsignificance. The use of
ecologically representative species and testssis lacoming more common and in
doing so, combines environmental with ecologicakidology (ecotoxicology)
(Mitchell 2002). Biological methods for assessingitity to aquatic environments
have the capacity to integrate effects through inantis exposure, and measure
directly the level of change at which a particulsubstance becomes toxic
(McCullough 2006). Therefore biological testing guces a more representative
ecological based ‘eco’ toxicity assessment of raspe to toxicants, effluents and

receiving waters than chemical testing (Chapmar®2Gbapman 2002).

The primary purpose of ecological investigationwisinderstand and explain natural
phenomena and ecological processes (Undervebad. 2000). Understanding of

effects of perturbations of natural processes @hbgegollutants is achieved through
the combination of ecological and toxicologicaldsés. Direct Toxicity Assessment
(DTA) or Whole Effluent Toxicity (WET) testing asis called in the USA, has been

developed to identify, characterise and eliminaigict effects of discharges on
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aquatic receiving environments. DTA is capable sdessing the combined toxic
effects of all constituents of an effluent, knownumknown (SETAC 2004). In the
UK the DTA Demonstration Program Steering Group hesognised that the
“simplest practicable form of life should be udfor ecotoxicity testing” (Mitchell
2002). Therefore the use of ‘simple’ life forms,cBuas algae and protozoa as
representative species, can provide responsesargley higher trophic levels due to
the inherent reliance of higher organisms on tlesgple forms of life (Rojickova-
Padrtoveet al. 1998; Chapman 2002).

Ecotoxicity tests using invertebrates or algae aften chosen over acute toxicity
tests on fish for logistical, economical and ethiemsons (Sandbacleh al. 2000).
However, aquatic toxicity studies on certain contated waters have shown fish
(especially early life stages) to be more sensiiian other invertebrates or algae at
differentiating toxicity (Mitchell 2002). The reas® for the sensitivity of fish to
different toxicants relates to increased bio-cotregion both from the environment
and feeding on contaminated food sources and frendifferent modes of toxicity
of toxicants to vertebrates (Sprague 1971; Pe&k®&lurger 2003). Therefore many
fish species are still in use as representativecaors of risk and toxicity to the

aquatic environment.

Some authors have shown that sensitivity correlabetween related species is
possible and from this, the new concept of usirzptiery of test species has been
created (Fogels & Sprague 1977; Manusadzighak 2003). The species used in a
test battery should be “representative” of the oléh ecosystem while still
sufficiently sensitive to the chemical or efflugatbe tested (Fochtmaat al. 2000).
Deanovicet al. (1999) noted that the use of the USEPA earlydifee three species
bioassays has been acknowledged as a cost anctffiective means of evaluating
the toxicity of toxicants, effluents and AMD. Tharly life stages approach can be a
superior approach to the assessment of biologgsgianses from different taxa and
trophic levels to toxicants and effluents (PeakaBurger 2003). Therefore, using a
battery of test species relevant to the biodiverfsiind in a natural system, will give
an improved ecologically representative responstmxeants, whole effluents and
AMD (Sherry et al. 1997; Rojickova-Padrtovet al. 1998; Fochtmaret al. 2000)
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than single species alone. Tests using severalespiom different taxa and trophic

levels were utilised in this research.

2.4.3 Bioassay analysis of mine lakes

The complexities of natural processes found iniagidne pit lakes make the use of
chemical analysis alone a very primitive and urelising tool for toxicity evaluation
(Deanovicet al. 1999). Biological analysis, boilm situ andin vitro has become a
very important tool in understanding the compleafytoxicants in naturally and
anthropogenically affected aquatic environmentdhsae mine lakes (Handy 1994;
Pereiraet al. 2000; Peakall & Burger 2003). Prior to investing long term
remediation projects efforts should be directedladdoratory investigations of
potential toxicants. These relatively quick andaghevestigations can lend support
to future field studies where biological recoveryilvoccur much more slowly
(Sibrell et al. 2006). Remediation attempts on contaminated mihéakes can be
managed and monitored by Toxicity Reduction Evatma(TRE). Short term acute

and chronic bioassays are commonly used in TRE AG&ET998).

Assessing toxicity of acidified systems which ateoacontaminated with other
toxicants is difficult using existing toxicity tesespecially when dealing with AMD
(Deanovic et al. 1999). This is because AMD combines high heavytame
concentrations and low pH as toxicants (Lopeal. 1999). If measured correctly,
the response of aquatic organisms to toxicantseigriost accurate way of assessing
risk to the aquatic environment (Rojickova-Padrt@val. 1998; Fochtmaret al.
2000). Because responses to environmental streaserat both biochemical and
physiological levels, responses from AMD-sensitmganisms to treated AMD
effluents should provide indications of respons&sly to occur at all levels of
biological organisation (Colet al. 2001).

Studies using bioassay assessment of mine pit Vekier have been recently

undertaken in the USA using edemic organisms dassjgscies (Deanoviet al.

1999). The need to use local species in toxicitgl@ations has been emphasised
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(Franklin et al. 1998; Mitchell 2002). Therefore, four temperateisfalian

representative species were chosen for the cuesaarch.

2.4.4 Species for use in the bioassays

Fresh waters around the world have different irtlial ionic compositions and
chemical characteristics (Bayly & Williams 1973yeBh waters in southern Western
Australia have a chemical composition that is dated by NaCl (essentially dilute
seawater) which is different to fresh waters elsaehn the world (Morrissy 2000).
Elsewhere in the world fresh waters are dominateddits derived from weathering
of rocks and surface areas whereas southern WAfdraslder rocks that have
leached the majority of these salts in the pastylfB& Williams 1973). Local
aquatic species have adapted to the specific claémitvironments in which they
live and are generally preferred as test specre®kicity tests. Non-endemic species
may not be suitable for bioassay assessment dtieetolack of adaptation to the
local conditions (Chapman 2002). For these reagoisspreferable that Australian

species should be utilised in Australian toxicisg@ssments.

There are no set guidelines for a number of speitiebe used in a battery of
bioassays, but conventionally three of four speafeschosen (Rojickova-Padrtosta
al. 1998; Nalecz-Jaweclet al. 2003). The more representative the species and th
end points to the test region the higher the piati®f risk assessment for the
aquatic environment can be achieved. However dug@re and cost constraints a
limit to the number of species and end points baet determined. As long as the
end points and bioassay designs chosen are relevdme area and toxicants being
tested, smaller numbers of species may prove tsulfeciently sensitive to assess
toxicity and risk to the aquatic environment (Migth2002). Four species were
chosen for the testing of treatment amelioratidaativeness on mine pit lake water
in the current research. All four species were frdiffierent taxa and distinctly
different trophic levels. The four species usedeted vertebrates, invertebrates,
protozoa and algae allowing for a comprehensivduatian of the direct toxicity

assessment to the remediated mine pit lake waters.
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2.4.4.1 Alga Chlorella protothecoides
Franklin et al. (1998) have noted that algae testing is not ghlhiregarded or

utilised as their ecological importance suggesticéllular algae are the foundation
for most aquatic ecosystem food webs and as saghadverse impact on algae can
therefore have severe effects to higher trophieleglong the food chain (Staulser

al. 1994). Hence using algae species in bioassaygjivara sensitive indication of
toxicity to the aquatic environmer@hlorella sp. are a sensitive freshwater species
of micro algae, able to differentiate toxic wat@Parent & Campbell 1994; Franklin
et al. 2000; Sponza 2003). THehlorella sp. algae are found in many tropical and
temperate fresh waters Australia wide making itepresentative candidate for

toxicity testing in Australia.

Unicellular algae have many advantages to toxteis§ing as described by Stauleer
al. (1994) and Frankliet al. (1998);
* Measure a sublethal effect (inhibition, cell digisior photosynthesis)
» Short term chronic testing
e« Can be cultured quickly in the laboratory, provigliclones of uniform
genetic composition
» Convenient, due to structural simplicity and aburcdain nature including
Australia
» Highly reproducible results
» Sensitivity to a wide range of organic and inorggmollutants
» Small samples of effluents required for testing
» ldentify waste waters which are biostimulatory whather toxicity tests can
not provide.
There are also limitations to these algae tests ;
» Volatile substances such as chlorine may not bected
» Use of particle counters necessitates filtratiorsahples possibly removing
toxicity. Also they cannot differentiate betweeveliand dead cells. However
Tsvetnenko (2003) has shown that the use of argpdacitometer can remove
counting problems and give a more integrated estirobalgal biomass.
» Algae must be maintained axenically and used inekgonential growth
phase (Staubest al. 1994).
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However, these limitations are minor and overalcelular algae tests (especially

included in a battery of bioassays) have enormaiigevfor ecotoxicity testing.

Staubetet al. (1994) developed the test protocol utilised is tesearch. The method
measures the chronic toxicity of whole effluentsedfic chemicals and receiving
waters to the fresh water green algalorella protothecoides during a three day

(72 h) static exposure.

2.4.4.2 Tetrahymena thermophila
The ciliated protozoan speci@&trahymena thermophila is found in freshwaters

worldwide (Plate 2) (Pauli & Berger 2000). Ciliatesnstitute the largest phylum of
protozoa (phylum Ciliophora, class Oligohymenophom®ubclass Hymenostomata).
They are the most animal-like of the protozoa axiilet a high level of organelle
development (Ruppert & Barnes, 1991)etrahymena thermophila are a
representative group within the microbial food welay an important role in the
self-purification and matter cycling of natural atja ecosystems and in the artificial

system of sewage treatment plants (Pauli & Ber§eop

Tetrahymena sp. ciliates have been used in toxicology for overyé@rs and are the
best known protozoon in laboratory use. The easly of ciliates in toxicity testing
has been reviewed by Persoone & Dive (1978). Toxio unicellular organisms is
commonly calculated by the impairment of the comrand points cell proliferation,
respiration or cell viability (Pauli & Berger 200@}3rowth assays within this context
are performed under axenic conditions, in protdmssed or synthetic media, or in

media with bacteria as the sole food source (RaBierger 1997).

Plate 2.Tetrahymena thermophila, (test organism).
Source: (Ondarza 2000)
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Tetrahymena thermophila has been used for DTA as an alternative assessment
strategy from the use of large animal tests suchcase toxicity tests on rainbow
trout (Salmo gairdneri) (Swift & Morgan 1983) and fathead minnowRirfephales
promelas) (Zischkeet al. 1983). Ciliates such ak thermophila can be maintained
more easily ( or dormant) and at less cost thandel lines (Dayelet al. 2005a) or
whole animals. Due to the relatively long periodiofe thatT. thermophila has been
used in toxicity testing there is now a large das&bon effects of toxicants to this
species (Galleget al. 2007). Ciliates do not require animal ethics apal which
can be a major restricting factor in toxicity asseent species selection (Mitchell
2002). Therefore the use df thermophila as a representative of the aquatic
ecosystem in DTA can be extremely useful (Pauli&dgr 2000).

The protocol for this experiment is based on theOPRXKIT F™ Freshwater
Toxicity Test, Protozoan Standard Operational Riooe (Prototoxkit B 1998).
The Protoxkit F toxicity test is one of the manywi@xkit microbiotests designed to
make DTA quicker, easier and cheaper (Pauli & Be2@€0).

2.4.4.3 Ceriodaphnia cf dubia
Ceriodaphnia cf dubia have been used regularly in aquatic ecotoxicolagye last

few decadesCeriodaphnia cf dubia (common name; water flea) is a daphnid which
is a member of the phylum Crustacea. Daphnids dixelusively in freshwater,
inhabiting streams, ponds, lakes and temporary spotiDaphnids, frequently
dominate the second (herbivore) trophic level isiwater lakes and in so doing
occupy a critical position in the structure of swcmmunities” (Keating 1985%. cf
dubia reproduce very quickly allowing them to follow thenain food sources of
algae and bacteria (Gooderham & Tsyrlin 2002). Tagsd reproduction allows for
chronic testing of this species in a short time mvlmmpared to most fishes

(Environment Canada 1992).
Shiel & Dickson (1995) and Orr & Foster (1997) mbthat in the life cycle o€. cf

dubia, ephipia cysts are produced that are resistadtying, freezing and digestive

juices, allowing them to be distributed throughautvide range of locations around
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the earth. This is an advantage for toxicity tes@sC. cf dubia can be stored as
cysts ready for use when needed. Average life sfanS. cf dubia are 30 days at
25°C and 50 days at 2Q (Orr & Foster 1997). Reproduction occurs afteddys

from when neonates are released from the female.

Plate 3.Adult femaleCeriodaphnia cf dubia containing brood.

Ceriodaphnia cf dubia is commonly utilised in freshwater ecotoxicologgndwide
due to the ease of culturing and handling (ASTM20QCeriodaphnia cf dubia is
recommended for toxicity testing in many interna#b freshwater guidelines
(Environment Canada 1992; USEPA 1994; ANZECC/ARMQZARO000; ASTM
2002). Ceriodaphnia cf dubia has been widely researched and now has a large
database for comparison of results from similaiditx tests and reference toxicity
tests.C. cf dubia is currently used in Australia for toxicity tesinf receiving waters
and toxicants. Most laboratories culture their oanimals depending on the
requirements of the testin@. cf dubia have been provided to the CSIRO to produce
the document ‘Methods of culturing and performiogitity tests with the Australian
cladocerarCeriodaphnia cf dubia’ by the Centre for Ecotoxicology (CET) (Orr &
Foster 1997). The protocol for testing ©f cf dubia by Orr & Foster (1997) was

used for toxicity assessment in this research alits Australian origin.

2.4.4.4 Bidyanus bidyanus Mitchel 1838
Bidyanus bidyanus (silver perch) is an Australian native freshwétsh endemic to

the Murray-Daring river systenBidyanus bidyanus has been used for aquaculture in
ponds since the early 1900s.
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T R S,

Plate 4.Adult silver perch (Bidyanus bidyanus)

The establishment ofB. bidyanus for a DTA candidate is based on its
representativeness as an Australian freshwater catjuee species. That is,
aquaculture species exhibit many characteristiaswould be beneficial to toxicity
testing and that in the case of mine pit lakes,aaqgliure species may represent
species that will be grown in the mine pit laketie future.Bidyanus bidyanus
demonstrates many traits required for aquacultace therefore possibly for DTA.
Further the species was used in the determininguiofelines for aquaculture species
for ANZECC/ARMCANZ (2000b). Traits that mak®& bidyanus useful for toxicity
assessment include;

» established hatchery techniques

» known optimum physical parameters

* can be held in captivity in high densities

» rapid and uniform growth

* amenable to artificial feeds

» Australian native fish

* non-canabalistic

» diseases under hatchery conditions known (Rowl&%d4d).

These attributes indicatB. bidyanus to be a good candidate for toxicity testing.
Although not native to Western Australid, bidyanus is presently being cultivated
in the South West of Western Australia includin@aite adjacent to a mine lake in
Collie. The limitations for this fish as a toxicitgst candidate in Western Australia
include;

* non-endemic to WA (possible translocation issuesbitaining test animals)

« limited availability, both for broodstock and lae/éseasonal)
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« complicated and time consuming live feed cultutiedore pelletised feeding
occurs

* high maintenance cost for both broodstock and &arva

» chronic testing is lengthy

» large sample quantity for testing required (natuealation)

* possible disease problems

Utilising fish as test species is an accepted wWagseessing whole effluent toxicity
WET (Sprague 1969 1970 1971; Zischéteal. 1983; Sibrellet al. 2006). Fish
toxicity testing has been incorporated into the BEEand OECD guidelines. There
are many problems with the use of fish for toxidi&sting including as noted by
Franklin et al. (1998) including restrictions imposed by the neéedcomply with
animal ethics regulations. Animal ethics approvalai necessary component of
research and further exhibits the need for futeststto not utilise fish. However,
fish are representative organisms responding $egigitto environmental toxicants

(Tilton et al. 2003) and for this reason were included as asfesties in this project.

The fathead minnowR{mephales promelas) has been used extensively as a toxicity
assessment organism (Zischieal. 1983; Sherryet al. 1997; Pyleet al. 2002;
Grippo & Heath 2003). Vittozzi and De Angelis (19%ighlighted that in nearly all
cases fathead minnows were found to be the leasttise of all fish species used for
aquatic ecotoxicology. A lack of sensitivity caradeto an underestimation of the
toxicity to more sensitive biota in the aquatic ieomment. However, there is no
doubt that fish do exhibit a representative andfiomal position in toxicity testing
when the right fish and end points are chosen.hEuriore the use of sensitive
endpoints such as growth in early life stages s fncluding embryo development
within the egg, sac-fry and post sac-fry growthgetacan give good predictions of
risk assessment to the aquatic environment (Cleansgaal. 2002; Grippo & Heath
2003; Peakall & Burger 2003).

Recently acidic mine drainage toxicity has beingeased by different fish species

including the fathead minnow (Pyéeal. 2002), rainbow trout (Viadero Jr & Tierney
2003) and vendance&oregonus albula (Duis & Oberemm 2001). As previously
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noted fathead minnows are not necessarily sendiival toxicants. Vendance are
commonly used in effluent and toxicant testing mday not be representative to
Australian conditions. Silver perch may be a pdssdandidate to fill the gap of a
representative toxicology species where the usigeshwater from mine pit lakes

could be used for aquaculture.

Furthermore fish are still a part of aquatic tayidiesting and will continue be so
until a test that can completely remove the needtlieir unique responses to
contaminants can be substituted or until animaicethequirements prohibits their

use.

2.5 Acidic mine pit lake remediation options

The old mantra ‘the solution to pollution is diluti should not apply in the present
day conscience of politicians, communities and ngntompanies. Nevertheless, it
was the main solution for AMD in the past (Kalin0Z). Coleet al. (2001) has noted
that for decades researchers have been workingtterbunderstand the effects of
acid and metal toxicity to aquatic ecosystems,tardevelop ways to effectively and
safely mitigate these effects. An insidious featafe AMD is that its sources
(autochthonous and allochthonous) may remain aévveecades or even centuries
after mine closure (Mareet al. 1998; Sheoran & Sheoran 2006). Therefore, many
remediation techniques for pit lake water and AM® m practice as well as being
researched (Johnson & Hallberg 2005a). Remediatiategies vary vastly in nature
of the cost, duration and effectiveness and wifiedidepending on specific pit lake
needs (Mays & Edwards 2001).

No treatment process is clearly leading in the pewnt remediation of AMD
(Mareeet al. 1999; Mays & Edwards 2001). Doupé and Lymbery B)Qfbted the
best solution to any activity causing adverse a$f¢o the environment is always
prevention and this is appropriate to acid mindgties. Seals for tailings dumps and
other potentially acid producing areas can prewgeid and heavy metal mobilisation
(Deanovicet al. 1999). Unfortunately with the thousands of acigiiclakes already

in existence, innovative and cost effective remahatechniques are essentially
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required. Johnson and Hallberg (2005a) have idedtithe types of remediation
processes available and divided them into chenaiedlbiological mechanisms, with
each including passive and active processes. Rassimediation techniques have
been extensively reviewed by Johnson and Hallb&@pHa), Kalin (2004) and

Kilborn (1996). Kalin (2004) illustrated that passiremediation techniques require
small if any continued input or maintenance, where&tive processes require
continual inputs for the remediation mechanism g¢oshccessful. Kalin (2004) also
noted that “the solution to acid mine drainage wié found only when

geomicrobiology has been fully integrated into wadreatment strategies,
active/chemical treatment simply does not offeeaanomically or environmentally

acceptable solution”. Therefore, the AMD solutidmosld lie in passive or near

passive techniques for amelioration.

2.5.1 Biological treatments

The basis for bioremediation of AMD is derived frahe ability of micro-organisms
to generate alkalinity and immobilise metals, thgreessentially reversing the
reactions responsible for the generation of AMDsfEheet al. 2003). The alkalinity
generating processes noted by Johnson and Hal{Béfipa) are mostly reductive
processes that include denitrification, methanogisneand sulphate, iron and
manganese reduction. Luretl al. (2006) have highlighted that sulphate reduction
requires large quantities of labile organic mateftence prior testing to determine

efficacy and cost of preferred organic substragessentially required.

2511 Wetlands
In 1984 it was noted that AMD flowing through a bdgmatically improved the

guality of that water (Wildemast al. 1993). In 1987, a pilot constructed wetland
was built at the Big Five Tunnel in Idaho Sprin@glorado. In their handbook for
wetland construction Wildemaet al. (1993) highlighted that this was among the
first pilot systems to receive AMD. Since then thbas been a great deal of interest
and research into the use of constructed wetlduik, alone and in conjunction with
other AMD remediation techniques (Sheoran & She@G06).
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Johnson and Hallberg (2005a) indicated that aerobaétlands are generally
constructed to treat mine waters that ageatkaline, due to the main remediative
reaction being net acidic from the oxidation of réeis iron and subsequent
hydrolysis of the ferric iron. Research by Kalh al. (2005) showed that by
combining an anaerobic limestone drain (ALD) intevetland sufficient alkalinity

can be produced to counteract the iron oxidati@actren. Arsenic, a metal which is
difficult to remove at any pH, as reviewed by Jaimand Hallberg (2005a) can also
be removed by aerobic wetlands mainly by the ad&orpnto positively charged

ferric iron colloids and by the formation of scoited FeAsQ).

Mays and Edwards (2001) and Tang (1993) notedsihae wetlands act as sinks for
toxic metals found in AMD, accumulation of theseitants to levels that would
adversely affect the food web and consequently wieland performance is of
growing concern. Kalin (2004) insisted that to ergihat a wetland treatment system
is self sustaining and long lasting it must be gcted from the metals and or
inorganic pollutants contained in the water. KgR004) further explained that this
can naturally occur by firstly; the metals beings@adbed onto particulates either
inorganic or organic forming organic metal compkexe colloids that settle to the
sediment where microbial mediated biomineralisati@ours and secondly; within
deeper areas of the sediment, the organically bmeatdls are mineralised into stable

compounds.

2.5.1.2 Organic matter / compost reactors
Compost bioreactors often called anaerobic wetla(tisugh most do not actually

require the use of macrophytes, which can in fatbduce oxygen into the system
via roots) microbially generate net alkalinity abtbgenic sulphide (Johnson &
Hallberg 2005a). These reactors are suitable tedeate net acidic and metal rich
AMD such as that found in the Collie Coal Basin/éA.

Organic matter has been used worldwide as a cadnanrte for the bioremediation of
many toxic effluents (Thompson 2000; Frommicleeal. 2003; Fauvilleet al. 2004;
Fysonet al. 2006). Zaguryet al. (2006) characterised six natural sources of acgan
matter (carbon sources) and their suitability feating AMD. Zaguryet al. (2006)
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found that single natural organic substrates aleee not as effective as mixtures of
these substrates and that chemical characterizediold not identify the source that

would be most effective at metal removal.

The addition of organic matter to treat an acidimenlake has been trialed at
Ewington Lake in the Collie Coal Basin, WA by Luedal. (2006) in a field-scale

experiment involving treatment withn-situ macrocosms. A combination of
municipal mulch and phosphorus additions was efillisso enhance primary
production. Luncet al. (2006) found that the addition of carbon and phosus was

not enough to increase pH and that limestone aadghould be included into the
treatment regimen. This experiment exposed thetfiatta single solution to AMD is
unlikely and therefore combinations of remediatienhnology and treatments will

ultimately be the answer.

2.5.1.3 Permeablereactive barriers
These barriers are increasingly being appliedgatta wide range of polluted ground

waters including AMD and use the same principled araterials of the compost
reactors, such as limestone and manures. Zagua). (2006) noted that passing
water to be treated through limestone (neutralizggnt), gravel (porous support)
and organic matter (carbon source) without restigcthe flow of water, similar

reactions to that of compost bioreactors take pl&s¥meable Reactive Barriers
(PCR) are installed in the path of the contaminageslindwater plume, and are
designed to have physical characteristics simathbse in the aquifer. PCR are
effective in removing metals and increasing pH ®fil& but can only be used for
point source effluents or influents and therefore aot suitable for most acid pit
lakes.

2.5.1.4 Enhancement of primary production (nutrients)
Primary production is a small (passive) procesdrimrtiing to alkalinity and heavy

metal removal within pit lakes. Alkalinity can beoduced when nitrate (often high
in pit lakes as a result of blasting activitieshislogically assimilated followed by
organic matter being produced and latter anaertipidacomposed. Phosphorus is

generally a limiting factor in freshwater due t@actons with Fe and Al forming
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(hydroxy) oxides (Wallihan 1948), removing phospl®from availability which is
increased within acidic pit lakes (Kopacstkal. 2000; Lychie-Solheinet al. 2001).
Consequently, assimilative alkalinity-generatingogasses are generally more
important in the early stages of nutrient amendmseriien sediment conditions are
oxic, with dissimilative processes in later stagdsnutrient amendment when
sediments become anoxic (Luetal. 2006). Active assimilation of heavy metals
may also occur within plant cells; either directlprough metabolic uptake, or
incidentally through the uptake of non-essentigibces as analogue ions (Luetlal.
2006). However, removal by biotic substrates suslalgae will require conditions
conducive to their growth and survival whereastimeaterials do not require such
optimal conditions (McCullough & Lund 2006).

2.5.2 Chemical treatments

2521 Alkaline substances
The most widespread method used to mitigate a@tfloents was shown to be

active treatment processes which involve the amditof chemical-neutralizing
agents (Maree & du Plessis 1994; Johnson & Hallli9g5a). These alkaline
neutralising agents include lime (CaO), slaked |inmmestone (CaCg), sodium
carbonate, sodium hydroxide, magnesium oxide arghesgium hydroxide (Maregt

al. 1998; Cravottdll & Trahan 1999; LeFevre & Sharpe 2002; Watteal. 2005).
The addition of neutralising material increases pttluces acidity and precipitates
many metals, resulting in a metal rich sludge ttesds to be removed and disposed.
Johnson and Hallberg (2005a) highlighted that dwehigh associated expense,
liming of an entire pit lake has only occurred @tfuently, with many of these
treatments failing to achieve lasting remediatidowever, lakes with low sulphur
levels such as those found in the Collie Coal Basay only need relatively small
amounts of limestone for remediation to occur. €afatEverett (2006) injected
fluidised bed combustion ash directly into an acidit lake. This reduced metal
concentrations and increased alkalinity and pHcitoedance with USEPA guideline

values.
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The use of active fluidised limestone bed (FLBtealogy has provided promising
results and shown that remediation is possible whik technology (Tsvetnenko
2003; Evanset al. 2006). Water is pumped from the pit lake and urgtessure
forced to the bottom of a cone containing limestomeere the acidic water reacts
with the limestone increasing pH, alkalinity anagpitating metals. The force of
the water moving the limestone particles helpsetiuce the armouring encountered
when metals precipitate. Problems encountered dieduloss of limestone, a
resultant sludge containing metal contaminatio® tilost of pumping, limestone
replacement and maintenance. However, the techpelag shown to be superior to

oxic or anoxic limestone beds but has yet to beraeruialised.

The restoration of normal biological functioning streams polluted by AMD may
require years of continuous treatment with alkalagents, and demonstration of
biological recovery requires long term monitoring mopulation and community
level changes (2001). To decrease treatment tirdéamcrease effectiveness, Cole
et. al. (2001) designed a calcium carbonate baskgg fluidised column treatment
with a pre treatment of COto increase acidity and consequently increase the
remediation rate. Intermittent pulsing fluidisesndistone granules, reducing the
armouring effect from Fe and Al precipitation. metstudy by Cole et. al. (2001)
treated effluent was routed into 568 L tanks forZa®moval and settling of metal
precipitates. The treatment system with and with gre-treatment provided water
that was non-toxic to the test animals though sparameters were outside guideline
values. Sibrellet al. (2006) completed a similar study with a limestdvesed
fluidised bed system. The process consistentlyeasxd alkalinity and pH above that

of the source water.

Johnson and Hallberg (2005a) outlined an alteragfassive) approach for addition
of alkalinity to acid waters, the use of anoxic dstone drains (ALD). However a
natural flow must be present to be effective. Bgkag the drain anoxic it reduces
the occurrence of ferrous iron precipitating onthe limestone and causing an
armouring effect. Within the drain the partial me® of carbon dioxide is increased,
accelerating the rate of limestone dissolution awssequently increasing the
concentration of alkalinity, which may reach up265mg/L compared to an open

system which in equilibrium would produce only 504®g alkalinity/L (Johnson &
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Hallberg 2005b). ALD also increase the efficiendycompost wetlands receiving

AMD by increasing pH and removing some metals l#the plants are exposed.

2.5.2.2 Phosphorus/ phosphate
Phosphorus covering pyritic sediments can preverihér acid forming reactions.

Phosphorus also provides nutrients for microbiahediation processes that can
increase alkalinity (Lychie-Solheirg al. 2001). Evangelou (1998) has developed
several techniques for remediation using phosphiate. example when sealing
tailings with clay and other materials a layer ofidphase phosphates (such as
apatite) is added to pyritic mine waste in orderptecipitate iron (Ill) as ferric
phosphate, thereby reducing its potential to actra®xidant of sulphide minerals.
Evangelou 1998 showed that the application of delyhosphate (together with
hydrogen peroxide) oxidises pyrite, producing feririon, which reacts with the
phosphate to produce surface protective coatinigroic phosphate. This approach

prevents the future production of acidic leachates.

Davisonet al. (1995) used the addition of phosphate to an feitliake to increase
phytoplankton production and consequently alkafinithis technique has been
combined with other treatments and used by Fgsah (1998), Lychie- Solheinat
al. (2001) and McCullough & Lund (2007a), to increapel and primary
productivity.

2.5.2.3 Rapidfilling
After mining ceases, accelerated filling divertdasge volume of water of good

quality into the pit from an adjacent source sushrigers or natural runoff. Lund
(2001) highlighted that the accelerated fillinggseteduce ground water infiltration.
Therefore water that has come in contact with @edigeologies, containing high

concentrations of metals and salts and of low pHnet enter ground water.

Trettin et al. (2007) assessed rapid filling of an OCM for segstel prevention of
AMD at the Goitsche pit lake in Germany. This pasvlooded with water from the
Mulde River which neutralised the pit surface wadele to a thermocline effect

present within the lake. The lower layers were raised further as a result of
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erosion of carbonate soils in the catchment aredaosphorus, required for
phytoplankton growth and therefore the incisiomddod chain was reduced by 92%
due to precipitation with Fe and Al. However, restilution of phosphorus may

occur in the future as lake sediments become anoxic

The rapid filled pit lake remediation technique veasessed in the current research at
Lake Kepwari in Collie, Western Australia. The mhilling occurring at Lake
Kepwari used water diverted from the Collie Rivdrieh flows into the Wellington
dam reservoir down stream from the pit lake. Tagervoir is becoming increasingly
saline due to clearing and farming practices withim catchment area. Additional to
this problem rainfall in the entire southwest of Wareducing and freshwater is
becoming scarce leaving the use of this waterifiang a mine possibly detrimental
to down stream life, and for farmers relying onstiwater for agriculture. Johnson
and Wright (2003) noted that the use of this riweter has lead to the ephemeral
nature of the river pools, resulting in seriouddmical consequences, both on animal
populations and the ecology of the river systene &twrrent use of this river water is

then possibly the greater of two evils.

2.5.2.4 Rapid Catalytic Oxydation
Information for the Rapid Catalytic Oxydation (RCd@ltration treatment is via

personal communications with Gheorghe Duta from akaed Water Technologies
Pty Ltd (2007). The RCO is new technology utilisesl an amelioration process
developed by Advanced Water Technologies Ltd Ptyeat ground or surface water
to drinking water quality. The aim of the RCO is remove metal contaminants
including Fe, Mn, Al, and As using low cost oxidaatnd high energy efficiency so
that the process can be utilised in the rural amfasleveloping countries. An
advantage of the RCO process is that treatmens takly minutes instead of hours
or days that may be restrictive for other wateattreent processes. The RCO requires
a pH just above 7 to operate efficiently which ilves the pre use of an alkaline
agent such as limestone or NaOH. Practical tredtwfeacidic mine pit lake water,
would have used the fluidized limestone reactorRFdetailed in 2.5.2.1) or other
limestone treatment for pH correction followed byC® Furthermore, the

requirement of an oxidising agent such as sodiupoblylorite (active constituent Cl
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) or stable chlorine dioxide (active constituenDg) is needed to completely oxidise
metals before filtration. However, chlorine dioxitkea more powerful oxidant than
sodium hypochlorite (Barbeagt al. 2005). Nevertheless both oxidants can leave
residues toxic to the aquatic environment (Jenlal. 2001). Consequently other
oxidants such as air at an operating pressure erag® less than 1 bar (100 kPa) can
be used when water will be released to the enviesinThe cost of oxidants can be
low since air can be used as input (not alwaysipl@jsor in general oxidants of
much lower cost than traditional processes reqii@vever, after RCO treatment
further reduction of contaminants and in particulesidual chlorine and chlorine
compounds would need to be achieved. The removahlofine could be achieved
by passing the filtered water through a shallow doarontaining algae and
macrophytes before being released to the environrmée RCO may be combined
into sequential permeable reactive barriers foirenmental remediation of AMD in

the future.

Choice of remediation modality depends on the sowand quantity of AMD,
limnology, climate, budget, stakeholders, locati@md use and environmental
guidelines. Different pit lakes will therefore requdifferent remediation approaches
(Lund et al. 2006). The three remediation treatments chosemgsessment in this
research; limestone addition, Phosphorus additimhthe RCO were ones that were
currently under investigation in the test area [[Eddasin) and may not be the best
or quickest treatment for those pit lakes. Nevdedwe they have been successful
elsewhere (Yokonet al. 1997; Koschorreclt al. 2007), except for the RCO which

is new technology for mine pit lake water amelimmat

2.6 Significance of research

Environmentally sensitive areas can be affectednbyng of local water resources
with contaminated mine pit waters leading to lo$sbmdiversity or ecosystem
function (McCullough & Lund 2006). Furthermore evénmixing does not take
place, native terrestrial animals may be advernsepacted by pit lake water quality.
Additionally within arid regions the pit lake maisa act as a source of water to feral
animal populations (McCullougkt al. 2007a). However, to achieve the goal of
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relinquishment, significant rehabilitation of bo#djacent terrestrial and in lake
aguatic environments may be a necessity. Asseisingsk to the environment and
if necessary remediation of pit lake waters is sseatial process for relinquishment
to stakeholders. Consequently mine pit lakes wafuire permanent ongoing

assessment and management to continually evahatésk to the environment.

Western Australian fresh water resources are fetvfanbetween. The opportunity
given to Western Australian communities through hlénquishment of freshwater
mine pit lakes allows for the possible developmanimany end uses. Aquaculture
world wide is expanding rapidly and is becomingegassity to fill the gap of the
declining natural fisheries (Viadero &t al. 2004). Furthermore aquaculture can
provide benefits through community involvement,risin, diversification as well as
a food source. Therefore the use of well manageda@dture projects as an end use
for mine pit lakes should be considered as a véuabmmodity to communities.
Consequently ecotoxicity tests were used to asswaediated pit lake water for

residual toxicity, so that it may be of use in fatdior aquaculture.

Biological assays are commonly used around thedaforl evaluation of toxicity of
effluents and receiving waters. Currently thereraresuch tests specifically designed
for assessment of acidic mine pit lakes or treatraereliorated mine pit lake waters
(Deanovicet al. 1999). Therefore the development of bioassaysfime pit lake
water will play a significant role in toxicity alehent effectiveness of remediation
techniques to these waters. Furthermore the usea diattery of Australian
representative species to assess water qualitynwitme pit lakes will give a clearer
picture of the overall potential effects of a mipi lake water on the aquatic
environment (SETAC 2004).
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BIOASSAY ASSESSMENT OF CHICKEN
CREEK ACID MINE PIT LAKE WATER
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3 Bioassay assessment of Chicken Creek acid mine

pit lake water

3.1 Abstract

Abandoned mine pit lakes are a legacy of the mimdgstry. Mine pit lakes present
a unigue freshwater resource to Australia which fess fresh surface waters.
However, many mine pit lakes maintain a low pH anel contaminated with heavy
metals, therefore requiring amelioration before lisaion of any end use.
Ceriodaphnia cf dubia and Tetrahymena thermophila bioassays combined with
chemical analysis were used to assess the renmdiafifectiveness of three
limestone treatments to acid mine pit lake watentréhted pit lake water was
acutely toxic toC. cf dubia andT. thermophila. Limestone addition of1 g/L to the

pit lake water removed toxicity to the two specieslicating that limestone
remediated water could be used for biodiversityseovation within treated mine pit

lake water.

3.2 Introduction

Acidification is one of the most severe causes ohtamination in aquatic
ecosystems (Lopeat al. 1999). Acidification commonly comes from anthrgpaic
disturbance of sulphatic rocks and soils, allonsogtact with air and water. Mining
is the most common cause of acidification, by me#rsoth underground and Open
Cast Mines (OCM). Acidic mine pit lakes form frofmetabandonment of OCM and
have become a legacy in Australia. OCM pit-relateplacts are a long-term concern
for Western Australia, as there are currently mben 1800 existing mine pits and

more than 150 mines operating below the water t@llenson & Wright 2003).

Natural freshwater bodies within Western Austrai@ a limited and diminishing

resource (Johnson & Wright 2003). Pit lakes haeephtential to become a valuable
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freshwater resource with many end uses incorp@agcial, environmental and
economic benefits. By assessing pit lake waterityuahd using water remediation

techniques, future uses of this freshwater resocanebe realised.

There have been seven beneficial end uses desdidbembandoned pit lakes in
Australia (Doupé & Lymbery 2005). The end uses wamgiversity conservation,
chemical extraction, an industrial water sourc@otable water source, a livestock
water source, aquaculture, recreation and tourischiaigation. Of the seven end
uses described, biodiversity conservation was densd the most beneficial through
having the lowest risk. Nonetheless, the posspitf combining biodiversity
conservation with one of the other end uses mafgésble and therefore of greater
benefit (Evanset al. 2005). However, many mine pit lakes have low pH aigh

metal concentrations and without amelioration,rietsinost end uses.

Chicken creek is an abandoned mine pit lake locateitie southwest of Western
Australia (Latitude 321’ S Longitude 1189’ E) near the regional town of Collie.
This lake has naturally filled with ground and sieé waters. The Collie Basin is a
coal-mining region and has many active and abardiomi@e pits. Chicken Creek
mine void is an abandoned acid pit lake with a pB. 3 and heavy metal
contamination typical to other pit lakes in the @oBasin. Concentrations of Al, Cd,

Cu, Ni and Zn are commonly elevated above guidslioewater end uses.
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Figure 1. Location of Chicken Creek mine pit lake in WestAustralia. Collie Basin indicated by
grey shading. Figure adapted from Lust@l. (2006).

Current guidelines for assessing aquatic toxiaiiofv a decision tree approach for
assessing risk (ANZECC/ARMCANZ. 2000b). Aquacultgrgdeline trigger values
are based on toxicological data and the interpogtatnd experience of professional
scientists and industry experts. Measuring totalceatrations may not reflect the
actual bioavailable component of the toxicant (Friolhenet al. 2004). In aqueous
systems, bioavailability is often correlated withe tfree-metal ion concentration,
because the free ion is often the most bio-avaldbim of a dissolved metal
(Peakall & Burger 2003). Trigger values that areeali@ed from toxicity tests on
simple inorganic complexes, without the naturaleiattions of hardness and
dissolved organic matter (synergistic effects) nthgrefore be overprotective.
Nonetheless, they may also be under protective velaglitive (antagonistic) effects

of toxicity to the aquatic environment occur.

Modification of the guidelines to account for tluitity reducing effect of hardness
on metals has been incorporated into the guidelioegcrease their relevance
(ANZECC/ARMCANZ. 2000b). However, there are manfeatfactors that control
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toxicity of complex mixtures found in effluents $uas Acid Mine Drainage (AMD).
Assessing the bioavailable portion of the efflueanh be achieved by analytical
measurement and thermodynamic modelling. Althohigise¢ procedures can identify
with some accuracy the bioavailable constituents etffuents they are still
problematic (Mitchell 2002). Biological assessmesing representative species can
confirm the presence of toxicity in effluents, whley chemical speciation
measurements may then be taken to understand Wwlatokicant may be. The
guidelines allow for the use of either, finding thaavailable toxicants through
calculating speciation of the mixture or througk tise of biological measurement.
Determining the assessment path that is followeltl deipend on the aims of the
assessor. Ultimately biological measurement witivie absolute confirmation of

toxicity from chemical measurements (Mitchell 2002)

Crustaceans are frequently used as bio-indicatacs l@o-monitors for various
aguatic systems. Their reproduction strategies lsanhighly important for the
interpretation of data from bio-indicator studiesdafor the development of
ecotoxicity endpoints and guidelines. Crustaceamsaavery successful group of
animals distributed in marine, terrestrial and likgater environments and provide
informative candidates for comparative toxicologjicevestigations (Rinderhageat

al. 2000). The crustacederiodaphnia dubia is widely used in toxicity testing of
surface waters and effluents and is found worldewad well as in Australia (Sherry
et al. 1997; Deanoviat al. 1999; Kosmaleet al. 1999; Gensemeet al. 2002).
Tetrahymena, free-living ciliates in the class Ohlgmenophorea, subclass
Hymenostomatia, have been used in toxicology far @0 years (Ruppert & Barnes
1991). Tetrahymena thermophila has been used as a model cellular system for
studying the toxicology of pharmaceuticals for hmmaedicine, as a bioassay tool to
evaluate the safety of products for human consumptnd for an environmental or
ecotoxicological purpose in order to consider thpact of ecotoxicants on different
groups of organisms (Dayebt al. 2005b). Tetrahymena thermophila is also
ubiquitous in freshwater ecosystems. Thereforedsia results obtained from these
geographically and scientifically representativeaes will be comparable to other
toxicity studies.
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Currently there is research being conducted by @emtre of Excellence for
Sustainable Mine Lakes (CSML) on the use of limest@CaCQ) remediation for
Chicken creek pit lake. Limestone treatment is etguto remediate the toxicity of
acidic pit lake water cheaply and efficiently, aliag for future uses such as
biodiversity conservation, recreation, tourism, acpture and irrigation (Evanst
al. 2005).

The aim of this experiment was to assess the aftawss of a bioassay battery in
differentiating remaining toxicity in acidic pit ka water remediated with three
limestone treatments. Effective remediation waschated by normal survival,
growth and reproduction of the two aquatic specissd when compared to the
control. As well as bioassay assessment a cheamedysis of remaining metals after
limestone treatment was made to compare with guelelfor the protection of

aguaculture species and aquatic ecosystems.

3.3 Materials and Method

Samples were collected from approximately 15cmoelee lake surface of Chicken
Creek mine pit lake. Chicken Creek Lake is an abaad open cast coal mine that
has naturally filled with ground and surface wadad is located in the Collie Coal
basin, Western Australia. Acid Mine Drainage (AMbas caused the water to
become highly acidic (pH~3). The acidic conditidva/e dissolved metals from the
rock strata making up the pit walls and floor, t#sg in high concentrations of the
metals Al, Cu, Ni and Zn within the pit lake.

3.3.1 Treatments

3.3.1.1 Trial 1. Serial dilution of Chicken Creek Lake water
A trial was conducted to determine the Lethal Comretion to 50% of the test

organism’s in 48 h (L&) and the Concentration Inhibiting the organismshZhal
density by 50% (I6) for Chicken Creek lake water f@eriodaphnia cf dubia and
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Tetrahymena thermophila respectively. The serial dilutions of Chicken Gwrerine
pit lake Water (CCW) forC. cf dubia were 0% (control), 6.25, 12.5, 25, 50 and
100% replicated 4 times and for thermophila 0% (control), 5.625, 11.25, 22.5, 45
and 90% replicated 3 times. The reason for nouttiog 100% pit lake water was
due to the volume of. thermophila and PPYS medium added to thethermophila
test. Diluent water for theC. cf dubia test was High Hardness Combo (HHC)
medium. The control fof. thermophila was 0.5xPPYS medium and the diluent was
Milli-Q water. Mill-Q water was also used to maketHHC forC. cf dubia, because
high mortality was found when using distilled wat®filli-Q or Millipore water
(conductivity 0...S/cm) was sourced from the School of Applied Chémiat
Curtin University. All treatments were filtered ©.2um before being used in

toxicity testing.

3.3.1.2 Trial 2. Limestone remediation
Collie River Water (CRW) was utilised as a repréatve control for the pit lake

region. High-Hardness Combo (HHC) medium was @iilias a control for intra and
inter-laboratory comparisons in future similar sésd(Baeret al. 1999). EDTA was
removed from HHC when used for dilution due toeiny a strong chelating agent
(Bossuyt & Janssen 2003). Remediation treatmenth@iChicken Creek acid mine
pit lake water used limestone ground to a fine pawdhe ground limestone was
added to conical flasks and made up to 5 L withltenéd CCW and mixed with a
magnetic stirrer for 24 h. Stirred water was lejt dtand for 24 h to allow the
resultant precipitates to settle to the bottomhef flask and for pH to stabilise. All
controls and treatments were filtered to Qu® using glass filter papers. Controls
and treatments are stored in acid washed high tgepsiyethylene bottles and
refrigerated at <4C until needed. Test waters are incubated to reaghired test
temperature and aerated for 15 minutes in 400mnitabflasks before use. Ti& cf
dubia bioassay controls were Collie River Water (CRW)edgraphically
representative control) and HHC medium (chemicalgfined synthetic water

control) and thd'. thermophila control was 0.5xPPYS.
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Both species bioassays testing the effectivenesseofimestone amelioration used

the following treatments;

LT1 = Limestone Treatment 1, addition of 1.4 gindistone
LT2 = Limestone Treatment 2, addition of 1.0 gindistone
LT3 = Limestone Treatment 3, addition of 0.6 gindistone

CCW = Untreated Chicken Creek acid mine pit lakéswémine pit lake control)

3.3.2 Ceriodaphnia cf dubia test protocol

3.3.2.1 Ceriodaphnia cf dubia culture procedure
Culturing of C. cf dubia is a well-known practice amongst toxicologists.

Nevertheless, different protocols are still emptbyy different organisations, with
variations mainly in diluent and culture watersilisihg a specific diluent/control
water that can be used for interlaboratory comparigsts or analysis is paramount
(Grippo & Dunson 1996; ASTM 2002). The culture watsed forC. cf dubia was
High-Hardness COMBO (HHC) after (Baer al. 1999). The HHC medium is a
variation of the COMBO medium originally developky (Kilham et al. 1998) for
toxicity testing of algae, invertebrates and fiBlg.using HHC medium the need for
only one culturing and diluent medium would be rssesy, therefore saving time
and reducing the cost of testing. The HHC mediumtaas EDTA which is a well
known chelating agent, and can modify the toxiotymetals (Sauvardt al. 2000).
Therefore, when HHC is used as a diluent EDTA was added to the HHC

medium.

Currently a need to cultur@. cf dubia for toxicity testing has arisen from not being
able to import ephipia (dormant eggs) into Ausérdiiom Belgium. The use of
ephipia would remove the need for continual cultofeC. cf dubia. However,
assessing the animals health may require cultdan@ short period before testing
(EPA 2004). Protocol for the culturing &£ cf dubia for this testing is based on Orr
and Foster (1997) and NSW EPA (2004).
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TheC. cfdubia cultures were fed two species of green aldakistrodesmus sp. and
Pseudokirchneriella subcapitata (formerly known asselenastrum capricornutum and
Raphidocelis subcapitata respectively) (EPA 2004). The algae were souroea the
New South Wales Environmental Protection AgencyWNEPA) laboratory. Both
algae are grown axenically in 100 mL conical flafisup to 7 days. Algae were
transferred to 19 L carboys containing 8 L of HH@dium. Aeration was supplied
via an Eterna IV aquarium air pump and filteredt&um. Algae at the exponential
growth phase (5-7 days old) were centrifuged in I5@ntrifuge tubes at 4000rpm
for 5Smins at 20C for P. subcapitata and 8min for Ankistrodesmus sp. The
supernatant was poured off and distilled water ddaeth the procedure being
repeated three times. The pellet was resuspendddlirfQ water to a concentration
of 6000 x 10 cells/ml and refrigerated at 8@ in the dark. Each algae were fedto
cf dubia cultures at a density of 50 x “€ells/ml for a combined total concentration
of 100 x 10 cells/ml.

3.3.2.2 Ceriodaphnia cf dubia toxicity testing
Protocol for the acute testing followed the method®rr and Foster (1997) with the

following minor modificationsCeriodaphnia cf dubia were not fed in the 48 h test.
Each treatment was replicated 4 times and contdifetconates born within 12 h of
each other and <24 h old at the commencement ofefite Neonates were pooled
from cultures into a rinse trough of their respectireatments. The neonates were
checked for health (broken appendages and mobilidn randomly placed into
their respective treatment wells in a plastic miptates and covered with parafilm
and a plastic lid. Plates were then placed intoirmmubator at 25°C with a
photoperiod cycle of 16:8 h light:dark and a lightensity of 5000 lux. Mortality

was assessed at 24 and 48 h with deceased anenmalsed at the 24 h inspection.

Mortality resulting directly from the WOS5H pit lakeater after amelioration with

limestone was assessed by @ecf dubia chronic three brood test. Chronic testing
followed ASTM (2002) standard protocol. The threeda test used 10 replicates,
with each replicate containing one neonate borhiwit2 h of each other and <24 h
old at the commencement of the test. Test contawere 50 mL plastic sample jars

containing 40ml of treatment or control water wiih aeration. Th€. cf dubia were
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kept in an incubator at 26 + 1°C with a photoperiod cycle of 16:8 h light and dark
Ceriodaphnia cf dubia were individually added to test containers cortajrtheir
treatment water after previous rinsing in their pextive treatment waters.
Ceriodaphnia cf dubia were fedAnkistrodesmus sp. algae at a density of 50X10
cells/ml daily. Water changes were made every skcay. On water change days
water quality measurements were made for renewenaad for old water from test
containers. The number of mortalities and the nuntbeneonates (live and dead)
produced were counted daily and deceased anima®vexl. The test was
terminated after 8 days or when three brood haad lreduced in 60% of the

controls (Muyssen & Janssen 2002).

3.3.3 Tetrahymena thermophila protocol

3.3.3.1 Tetrahymena thermophila culture procedure
A stock culture of the test subje€t thermophila was established from dormant

animals in the test kitTetrahymena thermophila were cultured using the PPYS
medium described by (Plesnetral. 1964; Sauvanét al. 2000). The stock culture

media consisted of;

Component Amount Source

Proteose Peptone (PP) 200.0g Sigma #123k0119
Yeast Extract (Y) 20.0g Fluka Biochemika 70161
Sequestrene(S) (Na/Fe form) 0.30g Sigma #063kx012

Method for making stock culture @f thermophila in PPYS:

1. Combine PP with, Y and S in a one litre flaskuatito 1000ml using distilled
water heat to 8@ and stir until all components are dissolved. ®akition can be

made to any volume by reducing all components.

2. After cooling centrifuge at 3000rpm for 20mirour off the supernatant into

plastic test tubes and store at 2Q@ntil needed.
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3. Before use thaw one test tube and transfer &@l250ml flask. Then add 20 ml of
distiled water. This solution is now at the rigbdncentration for culturing the
ciliates (2xPPYS).

4. Add a steristopper to the flask and autoclave24tC for 15 mins. Allow to cool

for at least 24 hours before use.

5. Inoculate the flask/test tube aseptically willates from an axenic culture. Turn
over cultures every 3 days into upright test tulielgarithmic growth is required
then transfer ciliates every day and use slantdubes at 30°C in the dark (Gerson
1995).

The stock media was 10 times the PPYS medium re@mded for culturing and 20
times that used for toxicity testing. This allowfed a dilution factor when adding the
PPYS to the test containers. The PPYS medium a&cts faod source as well as a
medium suitable for growth and survival ©f thermophila (Rasmussen & Kludt
1970). The ingredients were added to 1L of MillQtevasourced from the Chemistry
Department, Curtin University of Technology, Begtl@VA. Distilled water was
originally trialled as a diluent but was acutelxitoto T. thermophila. PPYS was

modified for use in testing by removing Sequestrame dilution by 50%.

3.3.3.2 Tetrahymena thermophila toxicty testing
The protocol for this experiment was adapted fram Prototoxkit F TM Freshwater

Toxicity Test with a Protozoan Standard OperatioRedcedure (Prototoxkit "I
1998). The same 24 h chronic test was used tosagsesity from CCW dilutions
and CCW ameliorated with limestone. Modificatiomsthe Prototoxkit test were
culturing T. thermophila in PPYS medium, addition of an extra replicate per
treatment and the use of 0.5xPPY for toxicity tegtiAddition of the extra replicate
was used for both statistical robustness and tovelbr of one replicate being greatly
different to the other, which sometimes occurs wiRicity tests (Sprague 1969).
The use of the 0.5xPPY medium provided an optinoaldf source for ther.
thermophila in the 0.2um filtered test water which require particulate t@afor food
(Plesneret al. 1964; Rasmussen & Kludt 1970; Pauli & Berger 1998aving out
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the Sequestrene when used for toxicity testing vendhe possibility of sequestrene

from modifying metal toxicity (Sauvaet al. 2000).

The toxicity test was a 24 h 4¢£with an endpoint ofT. thermophila population

density or Finall. thermophila Density (FTD). The test procedure was as follows;

1. Add 1.8 mL of sample effluent to test cell fraiftution containers.
2. Add 100uL of PPY to all treatments including control.
3. Add ciliate inoculum 10QL from stock culture to equal 1xi6iliates/mL.

4. Incubate for 24 h at 3G in the dark (gently agitate cuvettes at 20 h).

The stock culture of ciliates was counted undesragound microscope at 100 times
magnification using a haemocytometer. At least 20thermophila were counted to
estimate the density. The mean from these coungscaiulated and the result was

recorded as xfGiliates/mL.

3.3.4 Algae feed trial

By reducing the number of species or the amouatgie that needs to be grown for
a test organism both time and money can be sahedelly increasing the cost-
benefit of the toxicity testing. The aim of thigatrwas to examine the effectiveness
of two types of algae on growth, reproduction amdisal of C. cf dubia. BothC. cf
dubia and the algae were cultured in High-Hardness CONtBS&eparate containers.
The COMBO medium was originally developed by (Kilhat al. 1998) as a
medium for growing algae and zooplankton. Howetleg, hardness of this medium
is less than what is found in most natural freskwatvironments so the HHC was
developed (Baest al. 1999).
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The Total Organic Carbon (TOC) content was analysgdviurdoch University
Marine and Freshwater Research Laboratory (MAFRYA. The process used the
assessment of non-purgeable organic carbon (NPO@grmt of the total carbon in
the algae. The aim of this experiment was to detexrii the recommended use of
the two algae specid® subcapitata and Ankistrodesmus sp. (NSW EPA 2004) is
significantly better for growth than the use ofyoohe alga. The chronic three brood
test described above f@r. cf dubia was used to assess the effectiveness of the feed

regime.

3.3.5 Water quality analysis

Water quality for the dilution testing was measuredeach treatment before
transferring to each replicate container at timeAO.single measurement was
performed due to the small size of the test weilts @uvettes used for testing making
water quality measurement very difficult. Water lityarecorded forC. cf dubia
three brood testing was measured at each watergehand a mean figure was
calculated for each parameter, except for hardaadsalkalinity which were only
measured at time 0. Total hardness and alkalinkyewmeasured by a Haggen
Aquatic Research Station (HARS), Nutrafin test Kle pH was measured by a hand
held Eco—Scan pH6 portable pH meter. The pH wabreé¢d daily using pH 4, 7
and 10 standards. Temperature was also measuiibe IpyH meter to an accuracy of
0.1°C. The dissolved oxygen was measured via a JenwaglBop Electrochemical
Analyser Model 3410. Treatment water metal and hoetaconcentrations were
analysed by the Marine and Freshwater Researchrasmiop (MAFRL), located at
Murdoch University Western Australia by inductivelyoupled plasma—atomic
emission spectrometry (ICP-AES). The metals andlysere As, Al, Ca, Cd, Cr,
Co, Cu, Fe, Hg, Mg, Mn, Ni, Pb, Se and Zn. Samplese acidified before analysis.
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Guideline trigger values used in data analysisfareslightly—-moderately disturbed
aguatic ecosystems for the protection of 95% otigsewith 50% confidence as set
by ANZECC/ARMCANZ (2000b). Hardness adjustment loé trigger values was

calculated by equation 2,

Equation 2. Hardness modifying algorithm
HMGV = GV*(H/30)?

where HMGYV is the hardness modified guideline valug/L), GV is the guideline
value {ig/L) at a hardness of 30 mg/L as CaCB is the measured hardness (mg/L
as CaC@) of a fresh surface water and a is a constanslgpe factor) (Markichet

al. 2001).

3.3.6 Data analysis

Results for mortality ofC. c.f. dubia bioassays were arcsine transformed before
statistical analysis (USEPA 1998). Whe€n c.f. dubia data were still not normally
distributed (P<0.05), data were transformed to itarixefore analysis by ANOVA
(Pereira et al. 2000). Calculation of the Lethal Concentrationd amhibition
Concentration values for the two species was dgnprbbit analysis by computer
program (Tsvetnenko unpublished) using equationgeldped by Christensen &
Nyholm (1984). Calculation of the intrinsic rate mdtural increase fo€. cf dubia

was also by computer program after Tabesbat (1993).

Statistical analysis of bioassay results was peréor using the statistical program
SPSS 14.0 for windows (2005). Normality was cheaksidg the Shapiro-Wilks test
(Shapiro & Wilk 1965). Non-normally distributed dawas checked for homogeneity
of variances using Levene’s test (Levene 1960)niSognt differences found from
statistical tests were all at the P <0.05 levelaMg standard errors and confidence
intervals were calculated by SPSS or Microsoft Ex@ehen the assumption of

normality was met for bioassay data, a one-wayyaisbf variance (ANOVA) was

5¢



CHAPTER THREE

performed where appropriate to explore for sigaiiic differences between
treatments and controls. When significant diffeesnawere found, a pair-wise post-
hoc test was performed to identify where the d#feres occurred. The parametric
Tamhane post-hoc test was used when variances we¢requal and the Dunnett
(Dunnett 1980) and Student-Newman-Keul (S-N-K) Rarfdgst (Newman 1939;
Keuls 1952) when variances were equal. When date wet normally distributed
the non-parametric Kruskal-Wallis H Test was usedfihd median differences

between treatments and controls.

The no observable effect concentration (NOEC) & hilghest concentration not
giving a statistically significant result comparead the control and the lowest
observable effect concentration (LOEC) is the ldwesncentration giving a
significantly lower effect than the control (OECBZOE 1998). The NOEC and
LOEC values were calculated from Dunnett’s teggniicance levels were tested at

the P<0.05 level unless otherwise indicated irrésalts.

3.4 Results

3.4.1 Algae feed trial

The TOC content oP. subcapitata was higher than that @nkistrodesmus sp. Both
nomographs produced from serial dilutions of eafa @nad R values of 1.00
(Figure 2). Results from th€. cf dubia three brood assessment of algae feed
efficacy are presented in Figure 2. The intrinsater of natural increase was
calculated for each treatment with both the meamber of brood and the IRNI
showing P. subcapitata alone to be less effective for reproduction@fcf dubia
(Table 2). Using both species of algae producedetil highest intrinsic rate of
natural increase (IRNI) followed b&nkistrodesmus sp. alone. The combination of
both algae is used by others as a food sourde. icf dubia and Daphnia magna
culturing (NSW EPA 2004). A previous test resuiingsCollie River water and only
P. subcapitata algae gave the result of 0.263.033. This is comparable to the result
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obtained forP. subcapitata from this current study. The combination of the talgae
species used in the test almost doubled the IRNérwbompared to using.
subcapitata alone. Survival with only. subcapitata was also lower that that of the

other two treatments.
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Figure 2. Nomograph of A)Ankistrodesmus sp. and BJPseudokirchneriella subcapitata.
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Table 2.Results from th&. cf dubia three brood algae food test. Mean brood produt8days +
standard error. Different lowercase letters indicggnificant differences. IRNI is Intrinsic Rate o
Natural Increase.

Treatment Mean number Survival IRNI
(food type) per brood (number)
P. subcapitata & 21 +2.2° 10 0.436+ 0.22
Ankistrodesmus sp.
P. subcapitata 11 + 3.4 8 0.225+ 0.2¢
Ankistrodesmus sp. 20+ 2.9 10 0.416+ 0.1¢

3.5 Conclusion of algae test

Ankistrodesmus was nearly as effective a feed focfQlubia for reproduction and
survival. Therefore the use of only Ankistrodesnalgae only was deemed more

efficient than the use of both algae for feedingrduexperiments.

3.5.1 Water quality

3.5.1.1 Bioassay water quality
Water quality from the filtered CCW dilution 48 €. cf dubia and 24 hT.

thermophila bioassay testing at time 0 is presented in TaladedBwater quality from
the C. cf dubia three brood and 2%. thermophila limestone amelioration testing is
presented in Table 4. DO was close to 100% inr@ditinents. Temperature for both
species tests was controlled by an incubator wimamtained temperature to within
0.1°C of their respective required temperature&akaity in the serial dilutions of
CCW was very low at <10 mg/L in all dilutions extédpr in theC. cf dubia 6.25%
CCW. The standard error for pH in tke cf dubia three brood test did not vary by
more than 0.2 units. Hardness, pH and alkalinityemeot matched to that of the
original lake water as overall toxicity due to #flese factors combined without
altering speciation and water chemistry, not jus¢mical toxicity was the aim of

assesssing the treated water.
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Table 3. Water quality from the 48 6. cf dubia and 24 HT. thermophila serial dilution tests
measured at time 0.

Treatment pH Temperature Dissolved Alkalinity Total
(T) Oxygen (%) (mg/L) hardness
(mg/L)
C. cf dubia
CRW 7.7 25+0.1 98 70 170
HHC 7.2 25+0.1 101 20 130
6.25% CCW 6.1 25+0.1 99 20 160
12.5% CCW 5.7 25+0.1 101 <10 200
25% CCW 5.4 25+0.1 97 <10 240
50% CCW 4.9 25+0.1 98 <10 280
100% CCwW 34 25+0.1 93 <10 420

T. thermophila

TTC 7.5 30+0.1 97 <10 60
5.625% CCW 6.9 30+0.1 98 <10 140
11.25% CCW 6.4 30+0.1 95 <10 140
22.5% CCW 5.9 30+0.1 99 <10 160
45% CCW 5.3 30+0.1 96 <10 240
90% CCW 35 30+0.1 96 <10 400

Table 4. Water quality from theé. cf dubia three brood test (mean + SE) and from the Z4 h
thermophila test. Alkalinity and hardness are measured at @ime

Treatment pH Temperature Dissolved Alkalinity Total
(T) Oxygen (%) (mg/L) hardness
(mglL)
C. cf dubia
CRW 7.7+0.2 25+0.1 987 70 170
HHC 7.2+0.1 25+0.1 101 £5 20 130
LT1 8.0x+0.1 25+0.1 975 80 640
LT2 7.8+0.1 25+0.1 95+8 80 640
LT3 7.7+0.2 25+0.1 99+6 50 540
CCW 34 25+0.1 9316 <10 420
T. thermophila
TTC 7.5 30+£0.1 94 <10 60
LT1 7.9 30+0.1 93 60 620
LT2 7.8 30+0.1 96 60 620
LT3 7.7 30+0.1 94 50 500
CCW 35 30+£0.1 95 <10 400
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3.5.1.2 Chemical analysis
At the commencement of the trial Al, Cd, Cu, Ni afrdconcentrations in untreated

Chicken Creek lake water were above the aquatisystem guideline values and all
but Cd were also above the aquaculture guidelinaklé 5) (ANZECC/ARMCANZ.
2000b).The Al, Cd, Cu, Ni and Zn concentrationseneigher in CCW than that in
CRW, which only had an elevated Cu concentratiavalihe aquaculture guideline.
Some dissolved concentrations of metals were atitive the trigger values for the
protection of aquaculture species and for the ptimte of aquatic ecosystems after
limestone treatment. None of the limestone treatmemduced Zn and Ni
concentrations to below the aquaculture or aquetasystem guideline values and
Cd was not reduced to below the aquatic ecosystedelines. Limestone treatments
>1 g/L did not reduce the Al concentration to betbw aquaculture guideline values.
The LT2 Cu concentration and LT1 Al and Cu concaidns also remained above

the aquatic ecosystem guideline values.

After HMGV were applied, Cu, Ni and Zn concentrasostill remained elevated in
CCW (Table 5). The Cu concentration remained highan the HMGV in CRW but
all other metals were below the guidelines in CRWe limestone treatments did not
reduce the Ni and Zn concentrations to below theGW except for LT1. The
concentration of Ca was lower in treatment LT3 thiaat of treatments LT1 and
LT2. The Ca concentration in CCW was lower thart thaCRW and the limestone

treatments.
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Table 5Dissolved metals and metaloid concentrationsgth, except for Ca and Mg which are mg/L.
Values exceeding guideline values for the protectibaquaculture species are denoted by a *,
protection of 95% of a slightly-moderately distuidseshwater aquatic environment are denoted by
bolding, HMGYV for aquatic ecosystems are denoted bybscript T preceding the figure. Guidelines
that are missing are not yet available.

Treatment Al Ca Cd Cu Mg Ni Zn

CRW <10 24 <0.6 +10* 50 <4 <2

LT1 80* 140 0.8 2 75 140* 100*

LT2 40* 140 0.8 2 78 +160* +170*

LT3 <10 110 1.2 1 76 +170* +440*

CCw 18000* 18 1.6 +19* 63 +200* +990*

Aquaculture 30 (pH>6.5) - 0.2 - 5 - 100 5
10 (pH<6.5) 1.8

Aquatic

ecosystems 55 - 0.2 14 - 11 8

HMGYV for Aquatic

ecosystems

CRW - - 1 6 - 46 33

LT1 - - 3 19 - 148 108

LT2 - - 3 18 - 144 96

LT3 - - 2 15 - 120 87

CCw - - 2 13 - 104 75

3.5.2 Ceriodaphnia cf dubia bioassay results

3.5.2.1 Ceriodaphnia cf dubia serial dilution test (48 h LC50)
The C. cf dubia 48 h LG, and 95% Confidence Limits in parenthesis, caleadat

from the serial dilution of CCW were 23% (19-27%jahe LG, was 7% (6—9%)
(Figure 3). The 48 h NOEC was 6.25% CCW and the CO&s 12.5% CCW.
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Figure 3. Ceriodapnia dubia 48-h serial dilution test mean mortality (log centration) and 95%
confidence interval located either side of the fmted mortality line. The L& is indicated by a solid

line and the L& is indicated by a dotted and dashed line.

3.5.2.2 Ceriodaphnia cf dubia 48 h acute limestone treatment assessment
Ceriodaphnia cf dubia survival results in limestone treated CCW are gmésd in

Figure 4. CompleteC. cf dubia mortality was exhibited in the CCW sample no
treatment within 24 h. Survival &. cf dubia in the two controls was similar to each
other with 95+3% in CRW and 90+6% in HHCeriodaphnia cf dubia survival in

LT3 (72.5+6%) was significantly lower (-15=4.2, p=0.018) than that of the other

limestone treatments and the controls.
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Figure 4. Ceriodaphnia cf dubia 48-h % mean mortality + standard error %. Diffedemwercase

letters indicate significant differences.

3.5.2.3 Ceriodaphnia cf dubia three brood test
The mean number of brood, survival and the IRNday 8 were similar in the

controls and the treatments LT1 and LT2 (TableTGg first offspring were noted on
day 3 in all controls and treatments except LT3 nehwdfspring were not produced
until day 5. The controls and treatments met titeré for a successful test with the
exception of LT3. Even though there was a low saivof C. cf dubia in LT3 some

offspring were still produced in the 8 day period.

Table 6.C. cf dubia three brood test mean brood produced at 8 dagsitlatd error. Different
lowercase letters indicate significant differend®\I is Intrinsic Rate of Natural Increase.

Treatment Number of brood Survival IRNI
CRW 17+2.2°% 9 0.490+0.026
HHC 20+2.4% 9 0.497+0.028
LT1 18+2.6° 9 0.497+0.026
LT2 15+2.8% 8 0.454+0.035
LT3 2+1.7° 3 0.125+0.208
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3.5.3 Tetrahymena thermophila chronic testing

3.5.3.1 Tetrahymena thermophila serial dilution of CCW
The calculated’. thermophila 24 h I1G, was 36% CCW with a 95% CL of 29-45%

and the 1Go was 5% CCW with a 95% CL of 4-7% (Figure 5). THeEBC was 5.6%
CCW and the LOEC was 11.2% CCW. All FTD in CCW tias were significantly
lower (Rs,12=108, p=0.001) that of the control with the exceptof the 5.6% CCW

dilution.

% Effect

0 1 2 3 4
Log(Concentration)
Figure 5. Tetrahymena thermophila 24 h 1G, (bolded solid line) and I (dot and dashed line).

Predicted growth inhibition is indicated by solidi® line and is bounded by the 95% confidence

levels (dashed lines).

3.5.3.2 Tetrahymena thermophila limestone treatment test.
The results for the limestone treatment tesT aier mophila are displayed in Figure

6. The FTD in the treatments LT1 and LT2 was simitathat of the control. The
FTD in LT3 was significantly lower k107519, p=0.001) than that of the control
and the other treatments. The FTD in CCW did notdase from the time O density
of 1x10" T. thermophila /mL.
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Figure 6. Tetrahymena thermophila mean final density (number x¥L) + standard error. Different
lowercase letters indicate significant differend®@maph starts at 1x26nL due to it being the starting
density.

3.6 Discussion

3.6.1.1 Water quality and chemical analysis
The aquaculture guidelines for Australia and NevalZed are a relatively new

development (ANZECC/ARMCANZ. 2000b). They have dmawxtensively on
overseas’ guidelines for aquaculture as well ashenpersonal experiences of a
number of local scientific and industry specialistkere are many toxicants, metals
and chemicals that do not have guidelines and thbate do are adapted from
guidelines elsewhere. Both the aquaculture and temgeaosystem guidelines are
missing trigger values for commonly occurring metahd still require investigation
into the construction of these trigger values. ke addition of incorporating site
specific hardness into the guidelines increaseseleyance of the guidelines to the
natural environment (Markiclet al. 2001). Nevertheless, inclusion of more site
specific parameters such as dissolved organic matie pH into the guidelines will
have to eventuate, in order to significantly redower or under protection of the

aquatic ecosystem as well as for other aquaticused.

Bioassay parameters of temperature and DO werenwitiose recommended by
ASTM (2002) forC. cf dubia. The pH fluctuated more than that recommendeds(0.1
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units) over the three brood test by up to 0.3 ukisvever, this was still considered
acceptable without adding acids or bases to mairttee pH. The 48 h acute. cf
dubia test met the criteria for an acceptable test @iffoster 1997). Further the
three brood test met the criteria for an accept&se including <20% of the first
generation organisms dying in the control and >66Pahe control organisms
producing on average 15 brood within 8 days (ASTM2). Other than temperature
which was maintained to within 0.1°C, ideal paraenetfor theT. thermophila
testing were not suggested by (PrototoxKlf £998). Nevertheless, due to the short
duration of testing, water quality should not hat@nged significantly over the 24 h
test.

The three limestone treatments to CCW maintainedptH at above 7, which is
within the range recommended for aquatic ecosystBaising the pH to the circum-
neutral value precipitates most heavy metals anel® the bioavailable proportion
of the remaining metal concentrations. Neverthelsssie metals including Zn may
still have an adverse affect to aquatic organisnpHabetween 7 and 8 (Hyret al.
2005).

The concentrations of the metals Al, Cd, Cu, Ni &ndin untreated Chicken Creek
mine pit lake water were elevated above the aqeatisystem guideline values. A
combination of the elevated concentration of sonetaie with a low pH was most
likely responsible for toxicity to the test speci@he free cadmium ion (C9 is the
form of cadmium primarily responsible for eliciting toxic response in aquatic
organisms with toxicity reducing with increasingdi@ess (Campbell 1995). Eds
the predominant species of dissolved cadmium ishfreurface waters at pkB.5
(Spry & Wiener 1991). The acute toxicity of copger ten Australian species
including C. cf dubia was found to range from 2Q@/L to 7800ug/L (Skidmore &
Firth 1983) which are far higher concentrationstiiaat found in the CCW or the
CRW. Although the Cd and Cu concentrations in threstone treated CCW were
above the Aquatic ecosystem guideline values theyldvnot likely cause toxicity
individually. However, recent research on C. cfidufias shown that hardness may
not be effective in reducing the toxicity from teemetals {Markich, 2001 #360}. Ni
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is moderately toxic to freshwater organisms, witlhuite LGy values ranging from
510 pg/L for a cladoceran to 43 00Qug/L for fish at low hardness
(ANZECC/ARMCANZ. 2000a). In natural waters at p#8.5, the predominant Zinc
species is Zif which the form of zinc primarily responsible folicéing a toxic
response in aquatic organisms. Both Ni and Zn aunagons in LT2 and LT3 were
still above the HMGV indicating the possibility @émaining toxicity at the pH
between 7 and 8.

The dissolved concentration of Al (18 OP§/L) was 1800 times the aquatic
ecosystem guideline value for Al at a pH <6.5. Thige Al concentration would be
acutely toxic to most freshwater life (Gensemer &aykRe 1999) which was
demonstrated in both bioassays. The Al concentratmained elevated il g/L
limestone treated CCW for aquaculture guidelinag, dnly LT1 was above the
aguatic ecosystem guideline and therefore, maybsticapable of causing toxicity to

aguatic ecosystems.

The water used in the testing was filtered to Qudbto remove algae and bacteria
that may interfere with test results, but also reetbmost suspended solids. In the
natural environment suspended organic matter hasaliility to adsorb dissolved
metals consequently removing them and reducing thieavailability and possible
toxicity (Spry & Wiener 1991). However, if the sesmled particulates are consumed
by the organism, such as in the case of both teeiasp used in this testing, this
fraction may then contribute further to toxicityNEECC/ARMCANZ. 2000a).

3.6.1.2 Ceriodaphnia cf dubia food test
An assessment of the feeding regimeQ@ocf dubia was made to find which of two

algae species both separate and together produwedhighest survival and
reproduction from a three brood test. A nomograpf@C results showed th&t
subcapitata contained the largest proportion of TOC per celhgity. Nevertheless,
this higher carbon content 1 subcapitata did not result in a higher IRNI than that
produced byAnkistrodesmus sp. alone. The use of both algae as food@ocf dubia

did not produce a significantly better number obda, survival or IRNI than
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Ankistrodesmus sp. alone. Therefore, to save time and money @mlistrodesmus
sp. was fed taC. cf dubia during three brood testing.

3.6.1.3 Bioassay responses to untreated and limestone treated CCW
The 48 h LGy for C. cf dubia was lower than the 24 igfor T. thermophila,

indicating that the 48 K. cf dubia bioassay is slightly more sensitive to the CCW,
even though the 24 1. thermophila test is a chronic test. Nevertheless, the LOEC
and the NOEC for both species was similar. Regui® the dilution test indicate
that a high dilution of the CCW would be required remove toxicity to these
organisms. Rapid filling of pit lakes from capturedrface water and from river
diversion has occurred in several countries toteliand reduce oxidation of pyritic
rock strata (Lunctt al. 2006; Trettinet al. 2007). Previous rapid filling of a mine pit
in the Collie Basin produced a lake with pH 4.8 anth lower metal concentrations
than adjacent similar pit lakes that were not rdjtligld (Lund 2001). Nonetheless, in
areas that already have small and diminishing Wwesér resources the use of rivers
for rapid filling may cause further detrimental exffs to the natural aquatic
environment (Johnson & Wright 2003). Therefore, tise of other remediation
techniques that don’t affect adjacent natural dquat terrestrial ecosystems would
be preferable.

Although all limestone treatments of the Chickerdkr pit lake water brought the
pH to above neutral, there was still an underlyiogjcity in the lowest limestone
treatment. The bioassay results showed LT3 to dp@fiantly lower forC. cf dubia
survival and reproduction and significantly lower fT. thermophila final density.
Although Al was still above the guidelines3i g/L limestone treated CCW it did
not exhibit toxicity to either species when complate the controls. In acidified Al
rich freshwater, positively charged Al-species e key toxic components due to
accumulation in gills (Teiewlt al. 2006). The uptake and toxicity of aluminium in
freshwater organisms generally decreases with @asang water hardness under
acidic, neutral and alkaline conditions indicatihat the high hardness >600 mg/L
would have reduced the bioavailability of the Ah€TAl concentration in LT3 was
below the detection limit (<1@g/L) and would therefore not have contributed &® th
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toxicity exhibited from this treatment to both ongems. Al solubility is the lowest
between pH 6 and 7 with 80% existing as a collosi@ld Al(OH); (Peakall &
Burger 2003) further indicating that the Al present1 g/L limestone treated CCW

would not be toxic.

The Ni concentration remaining in LT2 and LT3 waswe the HMGV and therefore
is likely to have caused toxicity. However, the L2 concentration did not cause
toxicity in any of the bioassays. Acute §falues for Ni range from 51@g/L for a

cladoceran to 43 000g/L for fish at low hardness (ANZECC/ARMCANZ. 200Q0a
which are concentrations from 5 to 300 times gredbtan the concentration
remaining in the limestone treated CCW. Even thotlgh Ni concentration was
elevated above the HMGV it most likely did not oauke toxic response in LT3

alone.

The Zn concentration remaining in LT3 may have badficient to cause toxicity to
C. cf dubia and T. thermophila alone. Acute toxicities for Australian freshwater
species ranged from 14@/L to 6900ug/L (ANZECC/ARMCANZ. 2000a) which
was comparable with the 44@/L remaining in LT3. Zinc toxicity foC. cf dubia
has been reported to be reduced by a factor of Wwithh an increase in water
hardness from 44 to 374 mg CaglO(Hyne et al. 2005). The NOEC for Zn t@. cf
dubia has been established as pgL (ANZECC/ARMCANZ. 2000a). Therefore
indicating that with a factor two increase the dgg value would be approximately
10 ug/L, which is five times less than the expected HMlculation. This suggests
that high hardness may not be contributing sigaifity to protecting C. cf dubia
from the measured concentration of Zn. Zn has leend to increase in toxicity
from pH 7 to 8.2 due to the decrease in competiwigh H* (Hyne et al. 2005).
Therefore, it is considered that the combinatioelefated Zn and Ni were the most
likely contributors of toxicity to the bioassay spes in LT3 which was not exhibited
in >1 g/L limestone treated CCW. Bioaccumulation of Bnalso a problem in
aguatic environments, and even though toxicity wes displayed in the>1 g/L
limestone treated CCW long term problems may o@specially in bivalves and
vertebrates (Peakall & Burger 2003).
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Liming of acidic water bodies is known to causeiqdic toxicity to aquatic
organisms (Teieret al. 2006). As an amelioration technique, liming is dige
increase the pH and reduce the concentration o$pAties; in particular low
molecular mass Al-species by hydrolysis. Howeveryyoxic high molecular mass
Al polymers can form in the unstable mixing zoneriediately after liming (Teieat
al. 2004). Therefore, if liming in pit lakes was tocac organisms already within the
lake may be adversely affected. Further if limingswcontinued in the future to
maintain lake water quality, any benefits to thaateg environment from the original
liming may be lost through adverse affects of tbatimued liming. If commercial
aquaculture was taking place within the lake mdgmgal issues may arise. A
preferable approach is to lime off-take water amituce fish in purpose built ponds.

The HHC medium produced similar results to the CRAa¥ the C. cf dubia
bioassays, therefore, indicating that HHC wouldshiable for future tests as inter
and intra laboratory control/diluents. A major perh in any heavy metal toxicity
investigation is to ensure that there is nothingspnt in the experimental medium
which is capable of affecting that toxicity to thest organisms, such as EDTA
(Tevlin 1978).

Pauli et al.(1993) noted thatT. thermophila proliferation rate and maximal
population density give almost identical respongesoxicant exposure. Therefore
either test could be utilised. Population growthpamment is one of the most
sensitive and often-used sublethal toxic endpoihtshermophila doubling time is
approximately 4 h, thereby allowing shorter tedtant 24 h but they may not
differentiate toxicity effectively to low concentians or chronic toxicants (Plesner
et al. 1964). Therefore the 24 h growth test is far me@asitive than shorter tests.
Both reproduction and population density of an orgia are important indicators of
suboptimal environmental conditions and reflect slien of a variety of sublethal
cytotoxic effects (Paukt al. 1993).
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The use of PPYS medium is necessary to provide cal feource for theT.
thermophila (Sauvantet al. 2000). The 24 h FTD from PPY in the testing (7 X' 10
ciliates/mL was comparable to that obtained by ({Peiwal. 1993) at 48 h (9.8 x f0
ciliates/mL) in a proteose peptone media. By netlfieg theT. thermophila toxicity
expressed in 24 h may be more due to starvatiantth#oxicity present in a sample
and the end point would be mortality not final dgnsThe use of a synthetic media
for T. thermophila has been shown to reduce proliferation and thexdfoal density
indicating that it is not ideal for toxicity tesgnwith T. thermophila (Pauli et al.
1993). The modification of PPY by dilution to 0.9XP decreased possible toxicity
modifying effect while still producing sufficientrgwth to differentiate the toxicity
between dilutions. Proteose Peptone media have msmmmended for toxicity
testing as they have very little effect on toxiaifymetals (Sauvaret al. 2000).

Both species in the bioassays were able to diffetentoxicity from the limestone
treated CCW Ceriodaphnia cf dubia has been shown to be a more represeatativ
cladoceran than other larger species suchDaghnia magna (Koivisto 1995).
Further, C. cf dubia was one of the species used in the constructiorthef
ANZECC/ARMCANZ (2000b) guidelines. Protozoa are ecologically relevant
supplement to the common basic aquatic acute tgxiests on fish (Larsedt al.
1997).

The response from each chronic and acute bioasaayhe same, which was a toxic
response from LT3 and no toxic response freing/L limestone treated Chicken
Creek water. The use of both acute and chronicparicts with the two different
species representing two different trophic levela sound approach to assessment of
toxicity from the pit lake water. Similar studiesvolving invertebrates on acidic
waters have shown the usefulness of bioassaysheithacute and chronic endpoints
for assessing toxicity (Hynet al. 1996; Manusadzian&s al. 2003).

3.7 Conclusion
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Bioassays are typically used to determine metadmggn interactions and ultimately
show the toxicity from complex mixture such as guidake water. The two species
used in the bioassays are widely used in toxicolagg are representative of both
temperate Australian freshwater, as well as twaiigant trophic levels in aquatic

ecosystems.

Limestone treatment of the Chicken Creek pit laletewdid not reduce all metals to
below the aquaculture, aquatic ecosystem or eveGMMevertheless, toxicity was
not exhibited in>1 g/L limestone treated Chicken Creek water. Howepessible
future problems higher up the food chain may odauhis water due to the high Zn
concentration allowing for bioaccumulation, esplgian bivalves and vertebrates.
Therefore, continued monitoring of in lake orgarsswould have to occur if the lake
was treated with limestone. A pilot trial at messmoscale is suggested in the
Chicken Creek mine pit lake farl g/L limestone addition. Toxicity monitoring of
treated Chicken Creek pit lake water is also suggesith the same bioassays used

in this study.
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TOXICITY ASSESSMENT OF LIMESTONE
REMEDIATED ACIDIC MINE PIT LAKE
WATER WITH SILVER PERCH ( BIDYANUS
BIDYANUS MITCHELL 1838) EARLY LIFE
STAGES
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4 Toxicity assessment of limestone remediated
acidic mine pit lake water with Silver perch

(Bidyanus bidyanus Mitchell 1838) early life stages

Ethics Statement

This study was conducted with the authorisatiothef Australian Ethics Committee
(AEC) under approval number R16-05. All fish weentlled in accordance with the

AEC approval.

4.1 Abstract

Three different limestone treatments were usedrteliarate acid and metal toxicity
from Chicken Creek mine pit lake water. Early kfage fish bioassays were used to
assess remaining toxicity in the limestone tre&kitken Creek mine pit lake water.
The limestone treatments used were 1.4, 1.0 andy @CACQ/L. All limestone
treatments raised pH to circum-neutral and reducedtal concentrations.
Nevertheless, some metal concentrations remainedeathe guideline values for
slightly-moderately disturbed ecosystems the ptmec of 95% of aquatic
ecosystems and aquaculture species with 50% corcidéANZECC/ARMCANZ.
2000b). Remaining toxicity in the limestone treatedd mine pit lake water was
assessed by hatching, growth and survival sucdeBgdganus bidyanus eggs, sac-
fry and post sac-fry life stages. Limestone treattsef 1.4 g/L and 1.0 g/L removed
toxicity to all life stages ofB. bidyanus tested when compared to the controls.
Limestone treatment of 0.6 g/L did not successfutymove toxicity with
significantly lower survival being observed compmhrto that of the>1.0 g/L
limestone treatments. The hardness concentrati@2@ing CaCglL was probably
the major influence in buffering toxicity #. bidyanus in the two highest limestone
treatments, compared to the lowest limestone trewitrof 0.6 g/L with a hardness of

520 mg CaC@L. B. bidyanus as an ecotoxicity test species was successful in

assessing toxicity from ameliorated acid pit lakatev and is recommended for use

in the ecotoxicological assessment of water qualityine lakes.
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4.2 Introduction

For decades, researchers have been working ta lettierstand the effects of acid
and metal toxicity to aquatic organisms and to tgvevays to effectively mitigate
these detrimental effects (Coée al. 2001). Both surface and underground mining
have the potential to create acid mine drainage DAkherefore adversely affecting
the local and adjacent environments (Coebsl. 2002). The formation of acidic
leachates from acid sulphate soils is also welludwnted around the world
(Cranstonet al. 1997; Hyne & Wilson 1997; Poles al. 1997; Lopest al. 1999;
Mays & Edwards 2001).

Use of constructed wetlands as biogeochemical AME&atinent systems has
developed rapidly over the last few decades. Algfiobundreds of wetlands have
been constructed to treat AMD, treatment effectssncontinues to be highly
variable and often unpredictable (Kilborn 1996; dd&y Edwards 2001; Kalin 2004;
Johnson & Hallberg 2005a). A number of construcddD wetlands incorporate
limestone (CaCg) to increase pH and precipitate metals beforevthter is then
‘polished’ through the wetland. Variability in rediation success for limestone
treatments on AMD has also been displayed (LeF&v&harpe 2002). There are
many technologies incorporating limestone remeaiiatncluding the use of direct
liming (Howellset al. 1992), anoxic limestone drains (Cravotta Il &afan 1999),
pulsed fluidised limestone beds (Maree & du Ple$88#; Coleet al. 2001) (Colest
al. 2001)and limestone sand reactors (Wateal. 2005). Limestone remediated
acid pit lake water has been used for aquacult@é¢ret al. 2004). Limestone has
the lowest material cost, is the safest, easiestatzdle of the AMD remediation
chemicals and produces the most compact and eadaridle sludge material
(Skouseret al. 1998). Therefore, limestone is the most commaisiyd material for
increasing pH and removing metals and metalloidsdbgorption, precipitation and

co-precipitation processes (Mareteal. 1999; Leect al. 2002).
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Although treatment with limestone has been foundeamediate toxic aspects of
AMD such as pH and heavy metal concentrationscityxmay still remain (Kilborn
1996; Kalin 2004). Historically, analysis of aciddametal polluted waters have been
based mainly on chemical characterisation (Pea&kaBurger 2003). However,
chemical analysis alone cannot adequately demdestthe many chemical
interactions to and responses of exposed aquagan@ams (SETAC 2004) as many
pollutants exert their effects as components of mlem mixtures by means of
additive (synergistic) or less than additive (aptagtic) interactions (Mitchell 2002).
Further, the toxicity of metal species, especittigt of bioavailable forms, cannot
always be characterised accurately or through tadogical limitations (Sauvardt
al. 2000).

The use of aquatic organisms in bioassays as imdicaf toxicity has been well
researched (Chapman 2000; Mitchell 2002). The gg¢reemsensus among authors
using bioassays is that they are essential to éterdirect toxic effects to the
organisms themselves (Rojickova-Padrtastaal. 1998; Deanovicet al. 1999).
Aquatic organisms have the ability to manipulateroltal uptake on an intra-
specific cell level as well as at the cell surf@déormset al. 2006), therefore either
reducing or magnifying toxic effects. Bioassays egi@dvantages over chemical
analysis alone by expressing potential antagonistid synergistic effects from
interactions with all chemical species present H#&ih et al. 1998; Chapman &
Simpson 2005).

Fish bioassays are representative for aguacultulefiaheries toxicity assessments
(Pyle et al. 2002; Viadero Jr & Tierney 2003; Sibrefi al. 2006). Aquaculture is
increasingly common in mine pit lake water, reqgrithe use of bioassays
representative of the mine pit lake end use (Whiss&vans 2003; Viadero & al.
2004; Storer 2005). When selecting a fish bioassagcies it should be
recreationally, commercially or ecologically impemt, be widely available and
amenable to routine maintenance in the laboratditchiell 2002). Fish also have a
duel value as bioindicators as they are consumeldolly humans as well as other

predators such as birds (Peakall & Burger 2003).
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Bidyanus bidyanus are currently being trialled as a potential aqltacel species in
limestone treated mine pit lake water. Therefohe tise ofB. bidyanus as an
ecotoxicity test species would introduce an Augtrahquaculture representative fish
species (Thurstan & Rowland 1994; Storer 2005)s&ess these mine pit lakes for
aquaculture suitability. Furthermor®, bidyanus was one of the species used to
develop the Australian guidelines for the protattiof aquaculture species
(ANZECC/ARMCANZ. 2000b).

Fish are used as indicators of toxicity from AMDddor Direct Toxicity Assessment
(DTA), also known as Whole Effluent Toxicity (WETgsts (Polecet al. 1997;
Sherryet al. 1997; Barron & Albeke 2000; Clearwateral. 2002; Pyleet al. 2002;
Viadero Jr & Tierney 2003). Fish bioassay acute ahdonic endpoints are
considered the most relevant to instream watertguadnditions when compared to
invertebrate bioassays (Diamond & Daley 2000). Mdifferent acute and chronic
endpoints are used, but the use of growth ratengeteas assessing effects on the
organism’s size and weight (Effect Concentratidre)e proven to be very sensitive
and reproducible endpoints (Stauletral. 1994; Mitchell 2002). The use of more
than one endpoint in the bioassay may also incréeesgest’s sensitivity to a broad
range of toxicants or effluents (Fochtneil. 2000).

Many fish bioassays with rigorously developed gl are currently in use
(Vittozzi & De Angelis 1991; Hynet al. 1996). One of the most prominently used
fish species in bioassays is the fathead minnexndphales promelas), which has
been used to assess toxicity of mercury (Grippo €atd 2003), captan toxicity
(Hermanumet al. 1973), refinery effluents (Sheret al. 1997), AMD (Pyleet al.
2002) and induced acidification of streams (Ziscakal. 1983). However, Vittozzi

& De Angelis (1991) revieweR. promelas and other common bioassay fish species
and found that there were major differences amotigstresponses of these fish to
different metals and chemical compounds. This imtgis that the use of fish relevant

to the geographical location and toxicant shouldnickided when assessing toxicity
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and not just species that are convenient or coraait(Hyneet al. 1996; Chapman
2002; Mitchell 2002).

Although relevant species are necessary for goedity testing, the relevance and
suitability of control and diluent waters are alswicial. A variety of factors can
influence the results in ecotoxicity testing inghgl physical conditions such as the
source and quality of control/dilution water (Bagtral. 1999). Many natural and
synthetic media and combinations of both existdaicity testing, most of which are
not chemically defined and may vary considerablywieen experiments (USEPA
1991). Therefore, the use of a chemically definest imedium is necessary for
comparison of bioassay results to a control, a$ agefor intra- and inter-laboratory
results. The synthetic Combo medium has been deedlfor culture and testing of
alga and zoo plankton by Kilhaet al. (1998). The Combo medium was further
modified for its use with fish by primarily incraag the hardness of the medium and
renaming it High-Hardness Combo (HHC) (Baeal. 1999). The HHC medium was
used as a control in this study for comparison witsatment results and for

validation as a control for future testing wBhbidyanus.
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Figure 7. Location of Chicken creek mine pit lake in CoNMestern Australia (Latitude 33 21 S,
Longitude 116 09 E). Insert of Australia showingdtion of Collie. Source (Lunet al. 2006)

Aquaculture ofB. bidyanus is currently practiced in the south west of WA, stipin
agricultural farm dams. Also there are aquacultdads in limestone treated mine pit
lake water in the Collie Coal Basin in South-West@ustralia (Whisson & Evans
2003). Bidyanus budyanus is one of only a few native Australian freshwatpecies
that have the potential to be aquacultured (Rowla@@4a). Further, they are the
only Australian native freshwater fish to be comamdly aquacultured for food in
the south west of WA (Storeet al. 2002). Bidyanus bidyanus possess many
characteristics that make them suitable for aqua®ulas well as toxicity studies
such as established hatchery techniques and ragoiduaiform growth (Rowland
1994a). The use oB. bidyanus in toxicity assessments of mine pit lakes for

aquaculture will introduce a commercial aquaculgpecies for toxicity assessment.

This research aimed to assess the toxicity reninimpit lake water after limestone
amelioration through lethal and sub-lethal end toiof early life stages oB.
bidyanus. Toxicity testing was used to assess each of tlimezstone treatments to

water collected from the Chicken Creek acid mirtdgke located within the Collie
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Coal Basin. The goal of this study was assessingtivenB. bidyanus would be a
suitable representative of Australian temperatshinaters. A wider goal was to
determine if culture of the early life stages Bfbidyanus is possible within

limestone treated coal mine pit lake water.

The toxicity assessment aimed to expose variotisarlife stages oB. bidyanus to
limestone treated Chicken Creek mine lake watetclhiag, survival and growth
endpoints were assessed as representative respahstesl to aquaculture d.
bidyanus. Furthermore the use Bf bidyanus critical life stages for direct assessment
of the treated Chicken Creek mine lake water wasl s show iB. bidyanus could

be used in future toxicity assessments.

4.3 Materials & Methods

A series of trials using the early life stage®8obidyanus were conducted as follows.

4.3.1 Trial 1: Preliminary exposure of Bidyanus bidyanus to
limestone treated Chicken Creek water

Trial 1 was a preliminary experiment used to asssesthods foB. bidyanus testing

of acid mine pit lake water and to decide on aaslét protocol for future testing.

Bidyanus bidyanus has been used in toxicity testing previously exang effects to
eggs and larvae from salinity (Gwb al. 1993), nitrite (Francest al. 1998) and
ammonia (Franceset al. 2000). However, these tests were used to assisatial
benefits or problems associated with water qualtsameters in aquaculture and not
for ecotoxicological reasons. TH& bidyanus bioassay protocol was constructed
from fish toxicity assessment procedures employe@hoet al. (1993) and Hyne &
Wilson (1997).
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4.3.1.1 Treatments
Two different controls were tested. Control onesisted of filtered (0.2 pm) Natural

Pond Water (NPW) from a Western Australian comnagrsilver perch hatchery. A
second control, synthetic High-Hardness Combo mmed{iHHC), designed for
multiple species toxicity testing and for intra anter—laboratory comparisons (Baer
et al. 1999) was also tested. Treatment one was adddfod.4 g/L powdered
limestone (LT1) and Treatment two was addition d /L powdered limestone
(LT3). Treatment three was untreated Chicken Cmaate pit lake Water (CCW)
collected from Collie WA, 15 cm below the Chickere€k mine pit lake surface. All
treatment solutions were made up in 5 L conicalklaand magnetically stirred for
24 h at room temperature to be sure the limestaukfhlly dissolved. Treatment
solutions were then left to stand for 24 h to alkbw resulting precipitate to settle to
the bottom of the flask and filtered to 02 using membrane filters. Treatment
solutions were stored in acid-washed high densiolygthylene bottles and
refrigerated at <& for up to 72 h. Test solutions were vigorouslyased for 15

minutes in 400 mL conical flasks before use.

4.3.1.2 Bidyanus bidyanus broodfish spawning
Bidyanus bidyanus broodfish were sourced from ponds located at a t&vies

Australian commercial silver perch hatchery whéreytfeed on natural food within
the ponds such as rotifers, cladocerans, protdzogs and aquatic and terrestrial
insects (Rowland 1994b). Broodfish matured natyralit were then artificially

induced to spawrBidyanus bidyanus is not known to spawn naturally in captivity

without water level and temperature manipulationcivlis also not documented.

Females and males were assessed for maturity Hfterstan & Rowland (1994).
Mature fish were injected with the hormone, HumahoKfbnic Gonadotrophin
(HCG) at a dose rate of 200 International Units gidogram of body weight
(200 IU/kg) (Thurstan & Rowland 1994). After thertrone injection, the fish were
placed in 1 000 L fibreglass tanks to spawn. Spagvoccurred approximately 32 to
39 h later. Fish eggs were fertilised naturallydne or more males depending on

their size and weight.
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4.3.1.3 Egg sourcing and collection
Eggs used in the toxicity study came from two fesmathich were fertilised by four

males. Temperatures lower than°Q4result in an extended hatch period and
temperatures above %2 accelerate hatching and can lead to death oAdarkggs
were removed from the 1 000 L spawning tank by @ipand transported to the lab
in 2L glass beakers and then viewed under a disgeanicroscope at 40x
magnification to assess if they were viable (fesetifl). Viable eggs were
characterised by being negatively buoyant, sphiegocanpletely transparent, with no

discoloration and of uniform size (Thurstan & Romdal994).

4.3.1.4 Source of sac-fry and rearing
Sac-fry larvae were collected from the same spagviiatch as the eggs in the

hatchability trial detailed above. The eggs weamgsferred at the age of 1.5 h to one
of four 50 L hatching cones. Each cone contained onhthe previously defined
control or treatment waters. Eggs start to hatgr@pmately 28-31 h at 2€ after
fertilization (Thurstan & Rowland 1994). Hatchinguc take more than 15 h to
complete. Hatched fry were collected by submersirigL beaker into the hatching
cone water, where aeration attached to the staadggpps the eggs and hatched sac-
fry larvae in suspension. Sac-fry collected wereotder than 24 h from hatching
time at the commencement of the sac-fry trial. Baevere individually assessed for
health under a dissecting microscope. Criteriahfealth were regular movement,
presence of a yolk-sac and absence of deformgigs loent spine). Larvae were held
in plastic cups containing 100 mL of control water,treatment water. Optimum
growth rates for sac-fry occur between 22-28°Cgmoavth is negligible below 12°C
(Thurstan & Rowland 1994). Temperature in the comas regulated to 24+1°C by

100 W aquarium heaters protected from the larva&0fym plastic mesh.

4.3.1.5 Source of post sac-fry and rearing
Sac-fry development continued for approximatelefdays until the yolk-sac was

absorbed. Once the yolk-sac was absorbed a titigge occurs when the fry start

to feed on live food (Thurstan & Rowland 1994)olaler to have enough larvae for
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the post sac-fry test, sac-fry not used in the fsadest were transferred from
hatching cones to 100 L tubs containing 30 L of tec@nand treatment waters
respectively and mild aeration. Rotifers (5 rosfamL) were added to 100 L tubs
starting on day 3 (to accommodate for fast devek)pend every day after this. The
use of 5 rotifers/mL was chosen as concentratibr®aplankton >1/mL are needed
to obtain high survival rates in aquaculture (Thams& Rowland 1994). Rotifers

were added to bowls containing post sac-fry evdria 2t each water change.

4.3.1.6 Trial 1: egg survival, hatch and hatchability at different liming treatments
Trial 1 was a static non-renewal test in 100 mLsptacups with lids. Eggs were

collected to allow for egg hardening from the spagrtank 1.5 h after spawning
(Thurstan & Rowland 1994; Hamiltoat al. 2005). Aliquots of the controls and
treatments (100 mL) were added to plastic cups hlaee randomly allocated
positions on a tray. Three replicates of each meat and control were used. Test
treatment water was not renewed during the testaltiee small effective change in
water quality parameters experienced in 48 h. Hyggeting the viability criteria
(negatively buoyant, spherical, completely transpgrwith no discoloration and of
uniform size ) were randomly placed into plasti® hBL cups with wide bore plastic
1 mL pipettes. Each cup received 10 eggs. Cups plaeed into an incubator at
24°Cx1°C and complete darkness. Mild aeration to keep éggsuspension was
supplied to the treatment containers via an agoai@ir pump and micro-pipette
ends. Eggs were checked for hatching success 24te80, 36 and 48 h. The test
ended when either 100% hatching success occurredl imeatments or 48 h had
elapsed from trial commencement. Plastic cups weaeed under a dissection
microscope (40x magnification) to examine for degds, hatched fry, and dead or
live fry. Any mortalities, hatched fry and dead sggere removed at each inspection
time. Measurements made in this trial were 48 lvigal, hatch and hatchability
(hatching success in 48 h). Hatchability was cal@d after Koenig (1982). Guab

al. (1993) used fish tail twitching 1-2 h before g to assess hatchability.
However, fry successfully hatching from the eggevased as the end point in this
trial. Some fry that were tail twitching in Trial Aever hatched and consequently

died within the allowed hatching time of 48 h.
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Randomisation was used for testing in both trislsamdomisation is critical when

using bioassays to assess toxicity (Mitchell 2002).

4.3.1.7 Trial 1: sac-fry survival
Trial 2 sac-fry for the sac-fry survival test cafmem the same spawning as the trial

1 eqgg test. Eggs were transferred to hatching cahésh contained their respective
treatment and control waters at 1.5 h post featili;:. Sac-fry were hatched in their
respective treatments and controls to better etaliiathese treatments would be
capable of raising fish to the juvenile stage. 8gownere collected from hatching
cones by lowering 2 L glass beakers into the hatcloones. Sac-fry viability was
assessed using a dissection microscope. All visdidefry were randomly assigned to
another 2 L beaker with mild aeration. Test corgesnused were 100 mL plastic
cups with a lid containing 100 mL of treatment ontol water. Ten sac-fry were
added to each cup and renewal of 100% of the weadsrmade every second day.
Mild aeration was used to maintain high dissolveggen (DO) and to keep sac-fry
in suspension thereby reducing possible bactefétions. Sac-fry were placed into
an incubator at 24+1°C and a 12:12 h light:darkley®ortality and growth was
assessed at 12, 24, 48, 72, 96, and 120 h front¢estnencement. There was no

feeding during the sac-fry test.

4.3.1.8 Trial 1: post sac-fry survival
Post sac-fry were hatched in hatching cones cdntatheir respective treatment and

control waters. A random selection of approximatel§00 sac-fry were transferred
from hatching cones to 100 L tubs either containiegtment or control waters. Mild

aeration was made to each tub to maintain a high P&3t sac-fry were collected
from the same batch, as the eggs and sac-fry astek iprevious tests. The criteria
for viability of post sac-fry was regular swimmingovement, no deformities and a
developed mouth. The daily feeding regime for tstsac-fry was 5 rotifers/mL.

Fish were assessed for viability using a disseatinggoscope at 40x magnification.
Test containers consisted of 2 L glass bowls with &nd mild aeration. There were

three replicates of each treatment and controh eaantaining thirty fish. Mortalities
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were recorded every 24 h for 120 h (5 days). Mitieal were removed at each

inspection time.

4.3.2 Trial 2: Bidyanus bidyanus response to differ  ent liming
treatments

4.3.21 Trial 2: Bioassay treatments
The controls and treatments used were as follows.

CRW = Collie River Water control.

HHC = High-Hardness Combo medium control.

LT1 = Treatment of 1.4 g/L limestone powder to &cidine pit lake water.
LT2 = Treatment of 1.0 g/L limestone powder to acidine pit lake water.
LT3 = Treatment of 0.6 g/L limestone powder to acidine pit lake water.

CCW = Untreated acid pit lake water (Chicken Creek)

Collie River water was chosen as a geographiceflyasentative control for the lotic
waters of the Collie region. The continued useh# defined HHC medium was
considered necessary to facilitate intra or indolatory comparisons on sensitivity
of B. bidyanus to other fish species and bioassay results. A_liglestone powder

treatment (LT2) was also added to the previousscdbed two limestone treatments
of 1.4g/L (LT1) and 0.6 g/L (LT3). All concentratis of limestone powder
increased the pH to neutral. Untreated Chicken ICreme pit lake Water (CCW)

was used in trial 1 resulting in 100% mortality kit 24 h of commencing the trial.
Untreated Chicken Creek acid pit lake water waglusdrial 2 as a mine pit lake
water control. Four replicates of each treatmentewased and all controls and

treatments were filtered to 0.02 um before use.

4.3.2.2 Trial 2: egg survival, hatch and hatchability test
Trial 2 used eggs from a second spawning batcbviitig procedures listed above

(broodfish section). However, trial 2 used fourliegies instead of three and 30 eggs
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per cup in place of 10. These modifications werelento increase the statistical

power of the test.

4.3.2.3 Trial 2: sac-fry survival and growth
Trial 1 methods were also modified for trial 2 d$gc-survival and growth

assessment. Trial 2 modifications were increasamiigates from three to four, test
containers from 100 mL plastic cups to 2 L glaswlbawith lids containing 1.5 L of
treatment or control water and mild aeration, tbenber of sac-fry from 30 to 100
hundred larvae per bowl instead of thirty and ttditon of biometrics. Biometrics
for growth were assessed by taking five fish fraaolebowl! at each inspection time
and preserving them in 4% buffered formalin. Thenbar of fish left at each

inspection time used to derive mortality was calted by Equation 3.

Equation 3. Mortality calculation

N = 100 — [5 x (I-1)]

where N is the number of fish left at each insgectime used to derive mortality
and | is the inspection number. Therefore mortaétyeach inspection time is
calculated by N / mortality. Measurements takenen@) total length, (b) width, (c)
height, and (d) yolk-sac diameter. The measurenpasitions on the fish are
displayed in Figure 8. When sac-fry were colledmdmeasuring they were fixed in

4% buffered formalin.

Figure 8. Sac-fry measurements taken at each inspection time.

9C



CHAPTER FOUR

4.3.2.4 Trial 2. post sac-fry survival and growth
Modifications to trial 1 methods for the post sagcfest were; increase number of

fish used from 30 to 100 per replicate, inclusiérin@ growth measurements as per
trial 2 sac-fry test and the addition of measugage (mouth height) (e) (Figure 9).
All other methods were as in the trial 1 post sgadst.

Figure 9. Gape measurement of post sac-fry

4.3.3 Water quality measurements

Ammonia measurements were made with a Hagen AquRésearch Station
(HARS), Nutrafin NH-NH," test kit by constructing a regression line foratot
ammonia with a Shimadzu UV-1201 Spectrophotometer@avelength of 750 nm.
Unionised ammonia concentrations (UAN) were cakadafrom Equation 4
(Johansson & Wedborg 1980).
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Equation 4. Free ammonia calculation
%NH; = 100 / [1+16°9KPH)

LogK; =-0.0467 + 0.00113 x S +2887.9/T

where K1 is the dissociation constant, S (in ghg salinity, and T the temperature
in °K.

The pH of test water was measured by a hand hed@&&an pH6 portable pH meter,
calibrated daily using pH 4, 7 and 10 standardsnerature was also measured by
the pH meter to an accuracy of @1 An analysis for metals and metalloids was
made by Inductively Coupled Plasma — Atomic EmissEpectrophotometry (ICP-
AES) for Ag, Al, As, Ca, Cd, Co, Cr, Cu, Fe, Mg, MNi, Pb and Zn. The analysis
was conducted by the Marine and Freshwater Resdamboratory (MAFRL),
located at Murdoch University Western Australiampées were acidified before

analysis.

4.3.4 Data analysis

Hatch, hatchability and survival are presented @&am(%) + standard error (%)
unless otherwise stated. An acceptable level oftatityr for a control in toxicity
testing is 20% (USEPA 1994). Water quality and meésults are mean mg/L
+ standard error mg/L. Statistical analysis oftatlassay and water quality data was
performed using the statistical program SPSS (2008)mality was assessed by the
Shapiro-Wilk test. When absence of non-normalitys vpaioven, homogeneity of
variances was tested using Levene’s test. Sigmifiddferences between treatments

and controls existed when P < 0.05.

When the assumption of normality was met, a one-waglysis of variance

(ANOVA) was performed to test for significant difemces between means of
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experimental controls and treatments. When dat& wet normally distributed, the
non-parametric Kruskal-Wallis H Test was insteaddu® find median differences
between controls and treatments. When signific#iferdnces were found, a post-
hoc test was performed to identify where the pasewdifferences occurred. The
parametric post-hoc Tamhane Test was used wheaneas were not equal. When
variances were shown to be equal, Dunnett’'s Testwsad to compare the control
TO to the control T1 and the limestone treatmefnt® post-hoc Student-Newman-
Keuls (S-N-K) range test was used to show homogesoib-sets (Newman 1939;
Keuls 1952). A T-Test was performed to find difieces between growth and
survival results of limestone treatments. Hatcligbitas calculated by dividing the
% hatched by the % survival (Koenig 1982; Hamilebal. 2005). Growth rate was
calculated using the slope of the growth paramedats. Linear regression was used

to find correlations between treatments.

Hardness Modified Guideline Values (HMGV) for theotection of aquaculture
species are calculated after (ANZECC/ARMCANZ. 2008tarkich et al. 2001).

The Hardness dependant algorithm used was:
Equation 2. Hardness modifying algorithm

HMGV = GV(H/30}

where HMGV is the Hardness Modified Guideline Valgey/L), GV is the
Guideline Value |{g/L) at a hardness of 30mg/L Cag®l is the measured hardness

(mg/L CaCQ) of a fresh surface water and a is a constansl@ge factor).

Criteria for successful toxicity testing were usedssess the acceptability of the test
data (Riethmulleet al. 2003). The criteria were; a consistent temperatrz°C),
mortality in the control does not exceed 20%, thedoes not change by more than

0.2 from the day O reading and the dissolved oxyge@neater than 70% saturation.
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4.4 Results

4.4.1 Trial 1: water quality for egg, sac-fry and p  ost sac-fry tests

The water quality results for the egg test weresue=d at time 0 h and are presented
in Table 7. All control and treatment waters wera@mtained at approximately 25°C.
Test water pH of controls and treatments were amahd close to neutral, except in
the CCW pH was 3.0.

Table 7. Trial 1 egg test physico-chemical parameters.

Treatment pH Temperature Alkalinity Total hardness Dissolved oxygen
(°C) (ma/l) (ma/L) (%)
NPW 7.8 25 60 180 96
HHC 7.0 25 <10 100 92
LT1 7.9 25 20 620 94
LT3 7.6 25 40 520 99
CCwW 3.0 25 <10 380 95

Spawning occurred approximately 12 h later thareetqu in trial 1 but, there was
still approximately 90% fertilisation of the eggehere were no hatched larvae or
mortalities observed at 24 h post spawning excepgtaatment CCW where there
was total mortality of the embryos. Results for thal 1 egg test are presented in
Table 8. Survival for the control NPW was accepadtl 90%. Nevertheless, the use
of this water was not continued in trial 2 duelte tow hatchability of 35%. Instead,
the geographically representative Collie River watas used in trial 2 as a control.
The synthetic control HHC performed well with <20fertality and hatchability of
99%. Hatchability of 100% was not reached for tbatml NPW in the 48 h trial.
This was probably due to the original low tempemt(22°C) that the eggs were
spawned and developed in for the first 1.5 h daetilisation. Number hatched and
hatchability was lower in treatment LT3 than thdtt@atment LT1. Hatch and
hatchability was 0% in CCW.

Only survival was measured in the 120 h sac-fryweth >80% survival recorded in
NPW, HHC and LT1 (Table 8). Survival of sac-fry wagver in LT3 than the other

94



CHAPTER FOUR

controls and treatments except for CCW which hadl tomortality. Post sac-fry
survival in control NPW was also >80%. The contbC and the treatments LT1
and LT3 showed similar survival in the post sactigt. Survival for post sac-fry
was lower in treatment LT3 (63%) than the conteoid treatment LT1.

Table 8.Trial 1 48 h egg test and 120 h sac-fry and pasfisamean results (%) + standard error
(%).

Treatment Hatched Hatchability Embryo Sac-fry Post sac-fry
survival survival survival
NPW 31+17 3543 90420 9016 8717
HHC 8313 9943 84+1 8319 8719
LT1 86+3 99+4 87+1 9040 8749
LT3 71£12 86+8 82+13 7719 63+9
CCW 0+0 0+0 0+0 0+0 0+0

4.4.2 Trial 2: Water quality

Water quality results for the trial 2 egg test presented in (Table 9). Parameters
were measured in test water at times 0 h and 48 identify if there was a change
over the test period. Only one replicate from e&elatment was chosen at each
measurement time for water quality measurementiEu@sed UAN concentrations
were as high as 0.01 mg/L at 48 h. The CCW maiathitne lowest pH, which
increased from 3.4-3.9. The other water qualityapeters remained relatively
constant over the 48 h egg test for the remainiagtmnents and controls, with a
constant temperature of 24, DO close to 100% and pH changing less thand.3 f
any treatment. The control and treatment water ityugdarameters were all

acceptable. Total hardness and alkalinity were orépsured at time O.
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Table 9. Water quality parameters measured in trial 2 eggaetest commencement and 48 h.
Alkalinity and hardness were only measured at fime

Treatment Time pH Temperature UAN Dissolved Alkalinity Hardness
(hours) (°C) (mg/L) oxygen (%) (mg/L) (mag/L)

CRW 0 7.6 24 0.00 97 70 160
HHC 0 7.1 24 0.00 101 <10 100
LT1 0 7.9 24 0.01 95 90 640
LT2 0 7.7 24 0.00 99 90 620
LT3 0 7.1 24 0.01 97 40 500
CCW 0 3.4 24 0.01 98 <10 42C
CRW 48 7.7 24 0.01 100 - -
HHC 48 7.2 24 0.0C 99 - -
LT1 48 8.0 24 0.01 97 - -
LT2 48 7.8 24 0.01 95 - -
LT3 48 7.3 24 0.01 98 -

CCW 48 3.6 24 0.01 97 -

Sac-fry water quality results are presented in [@dl®). Sac-fry test water quality
fluctuated slightly between water changes. The tgetachange occurred between
time 0 h and the final water quality measurement2i h. The UAN ranged from
0.00-0.02 mg/L, pH ranged from 7.2-8.3 and DO% ulase to saturation. Water
quality was not measured after 24 h in CCW duééototal mortality of the sac-fry
by this time. Only slight changes in the alkalirsiyd hardness were evident over the
120 h test. All water quality parameters were atad@p in the sac-fry test. Post sac-
fry water quality showed similar changes to the-feadest (Table 11). The pH and
concentration of UAN increased slightly in all tie@nts. Temperature varied from

day to night by approximately 2°C. DO was near 1G&&tiration at all times.

Table 10.Water quality parameters for the 120 h sac-fry. 8W is not displayed at 120 h due to
the total mortality of sac-fry before 24 h. UAN rseeements that are 0 had a detection limit of
0.01 mg/L.

Treatments  Time pH Temperature UAN Dissolved Alkalinity ~ Total hardness
(C) (mg/l)  oxygen (%9 (mg/L) (mg/L)
CRW 0 7.8 23 0 9.8 70 170
HHC 0 7.2 23 0 100 <10 100
LT1 0 8.1 24 0.01 9% 0 660
LT2 0 8.0 23 0.01 97 0 660
LT3 0 7.8 23 0.01 98 40 540
CCW 0 3.2 22 0.01 98 <10 420
CRW 120 7.8 24 0.01 100 70 170
HHC 120 74 25 0.02 102 20 120
LT1 120 8.3 25 0.02 98 80 640
LT2 120 8.0 25 0.01 9 80 640
LT3 120 7.8 24 0.01 9 50 540
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Table 11.Water quality parameters for the post sac-fry ©8W is not displayed at 120 h due to the
total mortality of sac-fry before 24 h.
Treatment  1Ime pH  lemperature UAN Dissolved ~ Alkalinity — Total hardness

(hours) (C) (mgl)  Oxygen (%9 (mglL) (mg/L)
CRW 0 7.7 2 0 9€ 7C 17
HHC 0 7.2 2: 0 101 <1C 1
LT1 0 8. 2c 0 97 8C 64C
LT2 0 7€ 24 0 9 8C 64C
LT3 0 7.7 2¢ 0 o 5 54C
Ccow 0 34 2: 0 9z <1C 4
CRW 1 7.8 24 0.01 9 7C I
HHC 1 74 24 0.01 o€ P8 12
LT1 1 8. 2 0.0z o€ 8C 64C
LT2 12 8. 24 0.0z o€ 8C 64C
LT3 12( 7. 2c 0.01 9 5 52(

4.42.1 Trial 2: Chemical analysis
All three CCW limestone treatments contained dissidblconcentrations of metals

above the trigger values for protection of 95%hef freshwater aquatic environment
(Table 12) (ANZECC/ARMCANZ. 2000b). The concentoatiof Zn in treatment
CCW was higher than that in the control CRW andtteatments LT1 and LT2 and
the concentration of Ca was lower in treatment ki@ that of treatments LT1 and
LT2. The concentrations of the metals Al, Cd, Cuahd Zn in treatment CCW were
higher than that in the CRW and that in the limestreatments. The concentration

of Ca in CCW was lower than that in the control CRWd the limestone treatments.

At the commencement of the trial Al, Cd, Cu, Ni & concentrations in untreated
Chicken Creek lake water were above the aquatisystem guideline values and all
but Cd were also above the aquaculture guidelinEsblé¢ 12). The only

concentration of a metal in CRW above the aquamilguideline was Cu. The
limestone treatments did not reduce concentrat@n@n and Ni to below the

aquaculture or aquatic ecosystem guideline valndsGad was not reduced to below
the aquatic ecosystem guidelines. Treatments LTL LA did not reduce the Al

concentration to below the aquaculture guidelinees The concentration of Cu in
treatment LT2 and the concentrations of Al and €uT1 also remained above the
aguatic ecosystem guideline values. After modifyithge aquaculture guideline
values to the HMGYV the concentration of Zn stiln@ned elevated in CCW and all

limestone treatments.
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Table 12 Dissolved metals and metaloids of significanceaxicity responses fronB. bidyanus.
Values exceeding guideline values for the protectid aquaculture species are denoted by a *,
protection of 95% of a slightly—moderately distuttfeeshwater aquatic environment are denoted by
bolding HMGYV for aquaculture species is denotedalbgubscript t preceding the figure. Guidelines
that are missing are not yet available.

Treatment Al Ca Cd Cu Mg Ni Zn
CRW <10 24 <0.6 10 50 <4 <2
LT1 80* 140 0.8 2 75 140* +100*
LT2 40* 140 0.8 2 78 160* +170*
LT3 <10 110 1.2 1 76 170* +440*
CCw 18000* 18 1.6 19* 63 200* +990*
Aquaculture * 30 (pH>6.5) - 0.2- 5 - 100 5
10 (pH<6.5) 1.8
Aquatic
ecosystems 55 - 0.2 1.4 - 11 8
HMGV for Aquaculture
CRW - - 8 21 - 415 21
LT1 - - 27 67 - 1348 67
LT2 - - 27 66 - 1312 60
LT3 - - 22 55 - 1093 55
CCw - - 19 47 - 942 a7

4.4.3 Trial 2: egg survival, hatch and hatchability  test

4.43.1 Trial 22 embryo survival
Mean survival recorded at 48 h for the CRW was &84t (Figure 10). Mean

survival in HHC was 77 £+ 7%. The survival in CCWs\@2 and significantly lower
(Fs,18716.4, p=0.001) than all other treatments and otsitAt the first inspection
time (24 h) the survival was 0% for CCW. The stadderror for LT3 was high at

18.7% compared to the controls and other treatments
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Figure 10.Mean egg survival % + standard error % after 4Bifferent lowercase letters indicate
significant differences.

4.4.3.2 Trial 2: egg hatch and hatchability
Percent hatch in the controls and treatments iglajisd in Figure 11. A linear

relationship (R=0.78) of hatch for treatments LT1, LT2, LT3 aBCW exists.
However, treatments LT1, LT2 and LT3 % hatch didt sgnificantly differ
(F2,070.89, p=0.44) from each other. Hatch time varieith vhatching in CRW

completed by 26.5 h, LT1 by 27 h, LT2 by 30 h, HB\C33.5 h, and in LT3 by 36 h.

Hatchability at 48 h in the Controls CCW and HHC swa00% (Figure 11)
Hatchability in treatments LT1, LT2 and LT3 was nsignificantly different
(Fa,1574.7, p=0.001) from each other or the controls. Eleav, results from a T-test
showed % hatchability for LT3 to be significanttyer (is.3=3.96, p=0.03) than the
controls CRW and HHC. Due to total mortality withime first 24 h hatchability in
the CCW was 0%. Mean hatch and hatchability (%w&tba similar trend. There
were no deformities found in trial 2 embryos orchatd sac-fry.
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Figure 11.Mean % hatch (A) and hatchability (B) + % standancr after 48 h test duration.
Different lowercase letters indicate significarffeliences between treatments and controls.

4.4.4 Trial 2: sac-fry survival and growth test

Mean survival at 72 h in CRW, HHC, LT1 and LT2 wgreater than 80% (Figure
12). Mean survival in treatment LT3 at both 72 420 h was lower than that of the
controls and other treatments LT1 and LT2. The neeamival at 120 h in HHC and
the treatments LT1 and LT2 was still greater th@f8Mean survival at 120 h in
treatment LT3 was 43+3% which was significantly &R, 15~44.5, P=0.001) than

that of the controls and other treatments.
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Figure 12.Sac-fry mean survival % + standard error % forfsgat 72 h (A) and at 120 h (B).
Different lowercase letters indicate significarffeliences.

4.44.1 Mean growth of sac-fry

Sac-fry length, width and height did not increaferathe 72 h inspection time for
controls or treatments (Figure 13). Therefore thé Thspection time was used as the
comparison point for analysis of these parametéoik-sac diameter and gape are
compared at 120 h. A lower mean length and yolkgiameter were produced in
LT3 than the controls and treatments LT1 and LTézalment LT3 also produced
sac-fry with a small height and gape and a narradthasimilar to control HHC.
Treatments LT1 and LT2 produced sac-fry with a isigently higher
(Fa,9577.04, p=0.001) width at 72 h than the controls tedtment LT3. The sac-fry
height produced in these treatments was similahéomean height in the CRW.

Gape development started at 72 h post hatch.
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Figure 13 Sac-fry mean growth + standard error for A) léndg) width, and C) height at 72 h, D)
yolk sac at 120 h, and e) gape at 120 h. Diffel@mér case letters indicate significant differences

Growth rate

No limestone treatment consistently produced a lugb-fry growth rate or low
growth rate across the growth parameters (Figure Héwever, the CRW and
treatment LT2 produced the highest mean length tjrovate for sac-fry of

0.8 mm/day. Control CRW also produced the highetit-gac absorption rate of 0.1
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mm/day. The lowest sac-fry length growth rate @& i®&.um/day occurred in the HHC.
Sac-fry yolk sac absorption in treatment LT2 wasdothan that of the controls and
other treatments. Sac-fry mean width, height amgeggowth rate was similar in all
controls and treatments. Treatments LT1 and LT2veldothe trend of having the
highest or equal highest growth rate for all paramrseexcept yolk-sac absorption.
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Figure 14. Sac-fry mean growth rate + standard error ofekigth, B) width, and C) height at 72 h,

and D) yolk sac at 120 h, and E) gape from 48 12®h. Different lower case letters indicate
significant differences

4.4.5 Trial 2: post sac-fry survival and growth tes  t

4.45.1 Survival of post sac-fry
Survival at 72 h in the controls and treatments lahtl LT2 was greater than 80%

(Figure 15). Survival in LT3 at 72 h was lower thidwat of the controls and other
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treatments. Survival in the controls at 120 h weesater than 70%. A significantly
lower (Ras,15~=18, p=0.001) survival (41%) time than that of tbentrols and
treatments LT1 and LT2 was displayed in treatmérg &t 120 h.
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Figure 15.Post sac-fry mean survival £ %standard error foaAj2 h and B) at 120 h. Different

lowercase letters indicate significant differences.

4.45.2 Mean growth of post sac-fry
Mean 120 h growth results for the post sac-fry tastpresented in Figure 16. The

CRW maintained the equal highest mean growth fbipatameters. Mean length
(Fa,95762.7, p=0.001) and width (f557=3.0, p=0.023) of post sac-fry in treatment
LT3 was significantly lower than that of the otlieatments and controls. Post sac-
fry height was significantly less @s=6.1, p=0.001) in treatment LT3 than that of
treatments LT1 and LT2 and CRW. Treatment LT3 pastfry had a smaller gape
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than that of LT1. Mean yolk sac diameter was noluded in the post sac-fry results
due to the complete yolk sac absorption by 72 h.
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Figure 16.120 h post sac-fry mean growth (mm) + standardrémon) for A) length, B) width, C)
height and D) gape. Different lower case lettedsaate significant differences.

4.45.3 Growth rate of post sac-fry
CRW produced the equal highest growth rate of astfry for all parameters

except length where post sac-fry were third longEgjure 17). Post sac-fry length
growth rate was highest in treatment LT1 (0.88 naw)dfollowed in descending
order by LT2 (0.84 mm/day), CRW (0.78 mm/day), HKC72 mm/day and LT3
(0.64 mm/day). All controls and treatments showahiBcantly different length
growth rates (fz,15=53.3, p=0.001). Post sac-fry length(s=28.6, p=0.001) and
height (Rs.1574.9, p=0.01) growth rate were both significantgduced by LT3.
Treatment LT3 also displayed a slower gape devedmprrate than treatment LT1.
Controls and treatments LT1 and LT2 displayed adr®r width increase rate, in
increasing order from CRW<HHC<LT1<LT2. Treatment3d.@id not follow this
width growth rate increasing trend and was lowemththe other treatments. The
controls and treatments all had a similar effecpést sac-fry height growth rate.
Post sac-fry in the controls and treatment LT3 bachpletely absorbed their yolk
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sacs by 48 h. Whereas, fry in treatments LT1 and dil not absorb their yolk sacs
until 72 h. Absorption rate and gape increase e similar between controls and
treatments with the exception of the gape increasein treatment LT1 which was
significantly higher (§.4=3.4, p=0.014) than that of LT3.

A B
] ]
(%] (%]
© ©
4] (3]
L L~
[$) O >
£ £ ®
s £ 3
5 SE
; B
c 3
© )
g CRW HHC LT1 LT2 LT3 = CRW HHC LT LT2 LT3
Treatment Treatment
C D 01 -
o) - 0.08 -
g R
Q % S 0.06 -
5 8
£ 2 £ 0.04
£ sE"
2 > c
) c O 0024
T g &
=9 0
CRW HHC LT1 LT2 % CRW HHC LT1 LT2 LT3
Treatment Treatment

m

(mm/day)

Mean gape increase

CRW HHC LT1 LT2

Treatment

Figure 17.Post sac-fry mean growth rate (mm) + standard €man). All parameters are 120 h
except yolk sac absorption which is 72 h. Differemter case letters indicate significant differesce

4.5 Discussion

Three limestone acid mine pit lake water neutrbsatreatments 1.4 g/L, 1.0 g/L
and 0.6 g/L were used to remediate the toxicityileiéd from Chicken Creek pit
lake. Bioassays usinB. bidyanus were then employed to determine the efficacy of

these remediation treatments at reducing toxioityah aquaculture species. A
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synthetic control High Hardness COMBO medium wa atialled for its suitability

as a possible control in future toxicity testinghaB. bidyanus.

45.1 Trial 1

Trial 1 was a preliminary experiment to assess ldrethe methods used would be
adequate for the testing Bf bidyanus to treated acid pit lake water. The reason for
the lateness of the spawn can be attributed tdothdemperature of 21£Z in the
spawning tank. As expected mortality was 100% withie untreated Chicken Creek
water. Survival results from the egg test in tlialatural pond water were acceptable
however the hatchability was not and therefore wager was not used in Trial 2.
Differentiation between survival results in treatrt&2was not possible from trial 1.
Therefore, to increase the statistical power oftdsting, more replicates, a higher
number of fish and eggs per replicate and the me@saf growth parameters were

introduced in trial 2.

High mortality before hatching has been noted Isjheer perch hatchery manager in
WA on many occasions, especially late in the spawseason (C. Schmidt, silver
perch hatchery manager Pers comm. 2004). As atréswas decided to assess
hatchability in trial 2 after embryos emerged fréime egg and not before (Buhl &
Hamilton 1990).

The yolk sac supplies fry nutrients for the first73days of their life, depending on
temperature(Thurstan & Rowland 1994). During thiset the sac fry develop a
mouth and gut and will begin to feed from the eowiment. Sac-fry food in the
natural environment consists of algae, protozoaaslocerans, rotifers and copepods
(DoPIF 2004). This complex food web is very difficio replicate within an
enclosed aquaculture or laboratory situation, foeeeonly one live food source,
rotifers, was chosen. Rotifers were chosen dubdwo nutritional quality, body size
and relatively slow motility all contributing to e¢fr usefulness as good prey for
actively feeding larvae (Guet al. 1993; Fengqgi 1996). Rotifers are fE€tlorella
protothecoides algae which is grown in HHC medium. The algaemsate nutrients
from the HHC, thereby being enriched with the sfieaiutrients the fish need to
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survive and grow. RotifersBfachionus spp.) then assimilate the nutrients from
eating the algae. Fish receive the required nugiey eating the rotifers that have in
turn eaten the algae. Fry would be weaned ontoamimapsulated pellet feeds as
soon as possible in an aquaculture situation, beitatddition of this feed has the
potential to greatly alter the toxicity of the aqgit lake water, confounding the
experiment. Because of this, only 5 rotifers/mL evased as the feed source. The use
of 5 rotifers/mL proved to be adequate for normadwgh and survival of the3.
bidyanus post sac-fry in trial 1 and therefore 5 rotifers/fieeding was used in trial

2.

The post sac-fry time period is the critical staghere larvae mouth and gut
development enables the fish to start feeding fleenenvironment, and as such is a
very sensitive stage in the development of finfishere high mortality can be
expected (Buhl & Hamilton 1990; Guet al. 1993). By feeding from the
environment, the likelihood of ingesting toxicamisly also be increased adding to
the other toxic pathways the fish is already exgdegPeakall & Burger 2003). The
high mortality shown at the post sac-fry stage Ti8lshowed the sensitivity of post
sac-fry to relatively low concentrations of toxitsn

4.5.2 Trial 2 water quality

The (ANZECC/ARMCANZ. 2000b) aquaculture guidelinies Australia and New
Zealand are a relatively new development. The dimiele have drawn extensively on
overseas’ guidelines for aquaculture as well ashenpersonal experiences of a
number of local scientific and industry speciali®@NZECC/ARMCANZ. 2000b).
Several Australian representative species were tasatbdify the guidelines for use

in Australia. Bidyanus bidyanus was one of the fish species used for the guideline
development and therefore the guidelines are gelgant to the use of this species.
However, toxicity testing of specific chemicals aodicants to back up the chosen
guideline values has not yet been included. Coresgtuthere are many toxicants,
metals and chemicals that do not have guidelindsttarse that do are adapted from

guidelines elsewhere. Furthermore, where spec#itenguality guidelines cannot be
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given for the protection of aquaculture species, tise of the guidelines for the
protection of aquatic ecosystems are suggestets place (ANZECC/ARMCANZ.
2000b). Therefore, both aquaculture and aquatisystem guidelines are used in
this assessment of CCW toxicity and the limest@meediated CCW t8. bidyanus.

Analysis of metals and metaloids showed that thetrob CRW was within the
guideline limits set for aquaculture by ANZECC/ARMNZ (2000b) with the
exception of Cu. The absence of a toxic responsglalied by any of the hatching,
survival or growth parameters measured indicate¥/G®& be a good representative
control for natural waters of the Collie Coal Basihhe growth of fry was
comparable and the survival was higher in CRW tkfzat normally found in
aquaculture oB. bidyanus (Thurstan & Rowland 1994). HigB. bidyanus survival
relative to normal aquaculture survival rates, dan attributed to the careful
management of the physical parameters temperaatrdight, dissolved oxygen and
the filtering of the water that may not occur sgorpusly in aquaculture within

ponds or large tanks.

The concentrations of the metals Al, Cd, Cu, Ni &ndin untreated Chicken Creek
mine pit lake water were elevated above the aqeatisystem guideline values. A
combination of the elevated concentration of sonetata with a low pH was
probably responsible for the acute mortality of Biebidyanus eggs and fry in the
untreated water. The concentrations in parenthe$isCu (20ug/L) and Zn
(990ug/L) found in CCW were above the 96 hd¢@alues for Cu (1@g/L) and Zn
(315ug/L) found by Buhl & Hamilton (1990) for artic gréyg fry, indicating the
potential for toxicity to theB. bidyanus embryo and fry. Furthermore, the 4C
values reduced with an increase in the age of the grayling juveniles indicating
that it is possible that latter stages of the elfidystages may still be very sensitive
to toxicants. Although the arctic grayling were eged to Cu and Zn in ‘clear water’
the CCW was filtered and would have removed nealtlolloidal organic matter
that may have acted as a potential buffer to theity. Suspended organic matter
has the ability to adsorb dissolved metals conssfjueemoving them from

bioavailability and reducing possible toxicity (8p& Wiener 1991). That is, unless



CHAPTER FOUR

the suspended particulates are not consumed byrtjenism. Therefore, in the
fillered water the concentrations of Cu and Zn wprebably adequate to cause

toxicity, even without a low pH.

Ni is not known to be highly toxic to fish and deases in toxicity with increasing
hardness (ANZECC/ARMCANZ. 2000a). No effect on &rfathead minnow was
shown from growth after a 168 h exposure to a Micemtration of 200Qg/L in hard
water (hardness 140 mg/l as CaCO3) (Rgtlal. 2002). Furthermore, Alam and
Maughan (1992) exposed 3.2 cm and 6.0 cm comman (€3prinus carpio) to Ni
(pH 7.1) and reported 96-h LC50s of 1300-154@L and 1640-230Qg/L
respectively. These studies show that Ni is acutekyc to fish at concentrations
significantly higher than the highest concentraioobserved in this study of
200pg/L, therefore indicating that at the high hardness00 mg/L) in the treated

water Ni would have contributed little toxicity B bidyanus.

The elevated concentration of Al (1800¢/L) in CCW was more than thirty times
higher than the 380—-49@/L giving high mortality in 97 h to seven freshemrfish
species tested in acidic water (Po&a@l. 1997). Furthermore, the Al concentration
in LT3 would not have been the cause of toxicityhatching, hatchability, survival,
growth and growth rate because it was below botideljne levels and detection
levels. The toxicity of Al to fish is primarily duto effects on osmoregulation by
deformation of the gill surface. Little absorbedig\found in blood serum or internal
organs, therefore the embryo stage should be #wt &ffected (Poleet al. 1997).
The most sensitive stage should be the post sastdige when gill development is
occurring and with sensitivity decreasing then oithwontogenetic development
(Peakall & Burger 2003).

However, Gellert & Heinrichsdorff (2001) noted thiéie most sensitive stage is
when the egg was not hardened at 0-1.5 h of ageetmafish, the 0-1.5 h egg age
was not tested due to the high mortality that cecuowhen moving eggs that have
not yet hardened, therefore, removing possiblererad survival and or growth

occurring in the limestone treatments. Furthermbigh mortality has been recorded
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(60%) for B. bidyanus embryos before 1.5 h post fertilisation in watethva 6 ppt
salinity (Guoet al. 1993). High mortality was attributed to the eggger hardening
process not being completed indicating either d tsgnsitivity to the salinity, or
possibly previous damage and stress sustained frmwement of eggs before

hardening, thereby exaggerating the response.

Metal concentrations were all reduced in limestteated CCW from the original
concentration in the CCW. Toxicity present in thié lake water was removed
completely from limestone treatments LT1 and LT2simikely through increasing
pH and reducing metal concentrations. Neverthelemscentrations of some metals
present in the treated water were still above thdadine values for these metals and
were more likely to be causing toxicity than pHxiity from low pH (H' ions) is
not considered as deleterious as toxicity resulftiagn dissolved metals (Stephens &
Ingram 2006). For example, hydrogen ions can coenpeth metals for binding
sites, consequently reducing metal uptake due rtapetition at cell surfaces (Hyne
et al. 2005). The pH was increased to above 7 in akehimestone treatments
showing that the remaining toxicity seen in LT3ke due to remaining elevated
metal concentrations. The concentration of Zn remgiin mine pit lake water after
treatment with LT3 was higher than that of treattadiT1 and LT2 and could have
been the metal causing toxicity to the fry in thieatment. The remaining
concentration of Zn in LT3 was 44@/L which was higher than the 96 h {f®f
315ug/L for arctic grayling shown by (Buhl & Hamiltor920). There would be a
high proportion of Zff at the circum-neutral pH in the treated CCW whighhe
main toxic form of Zn (ANZECC/ARMCANZ. 2000a). Th&n toxicity has been
shown to increases when pH increases from 6.5 2o (Byne et al. 2005).
Furthermore, Hyneet al. (2005) noted that the Zn toxicity did not reduce
significantly with increasing Ca concentrationsefidfore, the remaining elevated Zn
concentration is likely to be toxic 8 bidyanus. Even if Zn doesn’t exhibit toxicity
from these bioassays, Zn is known to bio-accumudatk cause long term problems

especially in bivalves and long lived vertebratar(on & Albeke 2000).
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Hardness is known to reduce the toxicity of metal§ish and other aquatic animals
through competition for binding sites (Brown & Mark 2000; Morgaret al. 2005).
The permeability of fish-gill membranes to divalemtetal ions is commonly
inversely related to aqueous calcium concentrat{Spsy & Wiener 1991). The high
total hardness created by the LT1 and LT2 (660 @G@/L) could have been
sufficient to buffer potential toxicity from the naé concentrations remaining above
the guideline values. The total hardness resultarihe pit lake water from LT3
(540 mgCaC@L) was not as high as the other limestone treatsnand therefore
may not have completely buffered toxicityBobidyanus. Very little research on the
effects of hardness concentrations to metal toxieibove 400mg/L has been
completed. Therefore only assumptions on the hagleffects can be made above
400mg/L (Markichet al. 2001; Morgaret al. 2005).

Several metal concentrations remained elevatedeabme aquaculture and aquatic
ecosystem guideline values in all the limestonatinents of CCW. Even when
applying the HMGV, the total concentration of Zn swatill elevated and was
probably the major toxicity causing metal in LT3owkver, when applying the
HMGYV caution has to be used due to the way the HM@&e constructed. Firstly
the hardness concentrations used in the construotithe HMGV were between 20—
400mg/L (Markichet al. 2001). Secondly, the HMGV were only developed tfar
protection of aquatic ecosystems and not for adtieuor other aquatic end uses
(ANZECC/ARMCANZ. 2000b). Thirdly, although the usd hardness algorithms
probably increases the usefulness of the guidelineg are likely to be inaccurate
without the consideration of other crucial factagch as DOM, pH and most
importantly the complex antagonistic and synergigtifects of metals on aquatic
organisms in complex mixtures (Peakall & Burger 200 herefore, caution should
be applied with regard to HMGV use and especialhemw hardness is outside the
20-400mg/L range.

Assessment of Al toxicity to Vendac€dregonus albula L.) by Duis & Oberemm
(2001) showed increasing Ca concentration from 11T7-mg/L to 233-256 mg/L

had no influence on hatching and survival percergaglowever increasing the total
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hardness from 300 mgCa@O in CCW to >540 mgCaC#4L through treatment
with limestone is an increase by nearly a facto® @ind would probably succeed in
buffering toxicity from the remaining metals B bidyanus eggs and fry. Barron &
Albeke (2000) noted that calcium reduces zinc upt#krough both biological
acclimation and chemical processes, and that tbhtegive effects of calcium are
approximately additive. Therefore, indicating thhe increase of hardness from
540 mg/L in LT3 to 640 mg/L in LT1 and LT2 may befficient to reduce toxicity
from the remaining elevated concentration of Zn.

Some static toxicity tests over estimate toxicitglicating that the concentrations of
metals still present within the limestone remediaiater may be even less toxic
situ when fish are to be aquacultured (Loweatlal. 1995; Dilks & Pendergast 2000).
Another reason for natural aquatic environmentsraonly showing lower toxicity
of metals to aquatic organisms than laboratory exmnts can be attributed to
natural Dissolved Organic Carbon (DOC) (Hunn 1988;Schamphelaere & Janssen
2004). Therefore, concentrations of metals deri@edoxic in the laboratory using
artificial diluents can be overprotective for aqoaanvironments. Risk assessment
guideline values are often over protective to aiguahvironments due to there
derivation fromin vitro bioassays, further indicating the effectivenessthe
limestone treatments of LT1 and LT2 to removingidix to eggs and fry oB.
bidyanus (Chapman 2000; Chapman 2002). However, guidelaees have also
been noted to be under protective in some instawtese additive toxicity effects
are encountered with more than one toxicant (ANZEEEBICANZ. 2000b;
Mitchell 2002)

The water quality parameters of temperature, andniasured during trial 2 were
within the range suggested necessary for good atpiing and survival by Thurstan
& Rowland (1994). Ammonia and urea are the two maitnogenous products
excreted by teleost fish in aquaculture and aréhlhigoxic to aquatic animals
(France=t al. 2000). Ammonia usually represents 75-90% of gérmus excretion

and is mainly excreted as the unionised form; Il \BAN) (Lemarieet al. 2004). The
EC; of wet weight gain foB. bidyanus juveniles was found to be 0.06 mg UAN/L
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and survival was not affected below 0.36 mg UAN/Erafceset al. 2000).
Furthermore, growth dB. bidyanus was not reduced in ponds until concentrations of
UAN reached levels of more than 0.65 mg/L (Rowla884b). In the present study,
the measuredtotal ammonia was at insignificantl¢éefigr toxicity from either of the
two forms of ammonia. Therefore, it was concludeal talthough fry are possibly
more susceptible to ammonia toxicity, the small agoriration of UAN present
(<0.03 mg/L) would not have had a significant afffe larval growth or survival

during the experiment.

The optimal pH range for most aquatic organismis taétween the range of 6.5-9.0
(Thurstan & Rowland 1994). Howeves, bidyanus fry in ponds frequently deal with
pH values from 6-10.2 with normal survival rateswimg a high resilience to pH
fluctuation (Rowland 1994b). This pH fluctuation uafly results from high
biomasses of algae producing and using &l therefore decreasing and increasing
pH respectively. Fluctuation in pH was not expereh during the testing and pH
was well within the range 6.5-9.0. Therefore, th¢ ([-8.2) that resulted from
treatment of CCW with limestone should not have aaddverse effect on growth
rates. However, as stated above, the remainingpAoentrations may still have been

toxic to B. bidyanus at the pH range 7-8.2.

A high sensitivity to toxicants has been describ@dpost sac-fry at time of first
feeding due to subtle decreases in feeding reguitirfuture mortality and growth
problems (Clevelanet al. 1991). This may be attributed to the high oxygemdnd

the fish exhibits at the first feeding stage (Rmtadet al. 1998). The oxygen was
artificially maintained at above 90% at all timesridg the testing and therefore
would not be seen as a factor in reduced survivabrowth for post sac-fry.

Therefore, any toxicity would likely have occurfedm remaining concentrations of

metals in the limestone treatments.

4.5.3 Trial 2 egg survival, hatch and hatchability  test
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This study’s testing was conducted late inBhbidyanus spawning season. Lateness
in the season (February) can affect results dyméwer quality and less eggs being
produced. The change in egg production is duedddmale starting to reabsorb the
roe (Rowland 1994b). Furthermore, the availabi(ggasonal) of eggs or fry for
testing may be a problem unless fish can be adiiffcmatured and spawned all year
round in temperature controlled tanks. Maintainmdarge fish species such as
B. bidyanus year round for spawning would be expensive, tlatifi it is even
possible. These factors may all restrict the quatéproducibility and timing of the

toxicity test.

Results from the egg test showed that CCW caus@&b1fortality in unhatched
embryos. This result supports the original hypagh#sat CCW would be unsuitable
for hatchingB. bidyanus without some form of remediation. Embryos showeghh
survival in the CRW which was similar to that of BHThis indicates that HHC
could be used as a control in future testing of guit lake water treatments.
Modification of HHC medium to increase hardness alk@linity could increase its
comparability to the Collie River Water and othatural waters (Baeat al. 1999).
LT1 and LT2 showed similar results to the contt6RW and HHC and therefore
would be suitable for hatching & bidyanus. Survival of embryos in LT3 was low
and variable indicating that it was not suitableaagiccessful remediation treatment
of CCW. However, there was no statistical diffeeefetween treatments showing
that the post-egg hardening stage is not as semdditoxicants as the sac-fry and

post sac-fry stages.

Trial 2 hatch and hatchability gave similar restttseach other with the parameter
hatchability slightly more sensitive in finding fiifences between the treatments and
controls. This indicates that the endpoint of hahility could be used as a good
parameter for differentiating toxicity by itself fature testing. The effectiveness of
hatchability as an end point has been shown byretfteuoet al. 1993; Morgaret

al. 2005). The controls CRW and HHC both displayedclnbility of 100%,
supporting the utilisation of HHC in further tegfias a control. LT3 showed a lower

hatchability than the controls indicating furthkat this treatment is not sufficient in
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removing toxicity from CCW. Hatchability oB. bidyanus was a more sensitive

parameter than survival in the egg test.

The survival of embryos in the controls (>70%) visegher than that experienced by
Hamilton et al. (2005) using razor back sucker fish (survival §6%ercent hatch
was also higher than that recorded by Hamiéioasl. (2005), however hatchability in
controls was similar. The sac-fry stage has bedrdnas the most sensitive for
Australian bassMacquaria novemaculeata) (Hyne & Wilson 1997). Nevertheless
bidyanus sac-fry and post sac-fry survival showed similanstivity. The high
survival recorded in trial 2 controls is a goodidador thatB. bidyanus would be a

useful species in future toxicity testing.

The recorded high embryo survival and hatchabitificates that commercial scale
hatching success with limestone treated CCVB.djidyanus is probable with CCW
limed to at least 1.0g/L. Hatching at the pit lake,place of buying in fry or
spawning at a separate location and transportisgntto the pit lake for culture,
could reduce possible incidences of high mortdligm transport and acclimation
stress as well as reducing logistical problemsasis. Furthermore, fish have been
noted to take approximately two weeks to completetglimate to temperature
changes and this may be longer for chemical actiimgSprague 1971). Inste&l
bidyanus can be hatched in limestone treated pit lake watdrtransferred straight to
tanks or ponds containing the same treated pit Vedier at a similar temperature.
Juvenile and adulB. bidyanus have been successfully grown in limestone treated
CCW previously to this study (Storet al. 2004) showing the good prospect for
rearing of eggs and fry within this water. The noeth utilised here oB. bidyanus
egg survival, hatch and hatchability for asses#igglimestone treated CCW would
also be useful in assessing effectiveness of ab& mine pit lake amelioration

treatments.
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4.5.4 Trial 2 Sac-fry survival and growth test

Survival of B. bidyanus sac-fry in the controls and limestone treatment& land
LT2 was above 80% at 72 h, demonstrating HHC taa lsatisfactory control for
future testing. Survival resulting from exposure sdc-fry to LT1 and LT2
demonstrated that these treatments remediate tioxigificiently. Survival of sac-fry
resulting from exposure to treatment LT3 was apipnaxely half that of the other
limestone treatments. In an aquaculture situasomyival of sac-fry would not be
expected to be as high as recorded in this testhwisi commonly only 30-50%
(Rowland 1994b). Therefore, if the survival ratiayed approximately the same (2:1
for CRW:LT3), normal aquaculture sac-fry survivalliT3 would be approximately
15-20%. Aquaculture aims at achieving the highestigal and growth rates
therefore excluding the use of LT3 for sac-fry negw Similar results were seen for
sac-fry survival at 72 and 120 h. Therefore, tts ¢®uld be terminated at 72 h with

the same result not only reducing the duratiorheftest but also the cost.

Growth of sac-fry in controls was similar for altogvth parameters except height
indicating HHC to be sufficient in sustaining gromih sac-fry. The mean growth of
sac-fry in LT3 was lower than that of the other dstone treatments for most
parameters. This lower growth demonstrates that isTidt effective in completely
removing toxicity to the sac-fry. All the growth naaneters measured were able to
show that LT3 treated CCW was toxic to the sacefxgept for gape. Therefore the
use of length, width, height and yolk-sac absorptiould be used in future testing as
sensitive parameters to differentiate treatmenttesg Yolk sac absorption and
length increase are common biometrics for assedsixigity to fry development
(Hyne & Wilson 1997; Ronnestatlal. 1998; Carnevalgt al. 1999).

The parameter yolk sac diameter can be comparedebat treatments as an
indication of energy expenditure for fry growth @finenet al. 1993). Vuorineret

al. (1993) showed that Al and low pH reduced pike evath sac-fry growth, which
was coincident with a slower absorption of the ydlke to a lower metabolism.

However, results foB. bidyanus in this study displayed quicker yolk-sac absomptio
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coincident with lower growth of the parameters. iHygplk-sac absorption rates in the
presence of a weak toxicant could be attributedht® need for higher energy
expenditure for normal metabolic processes. The&eaox may only be sufficient to
increase metabolic processes slightly and not @ndogaffect any parameters
measured in this testing, except energy consumpiibarefore, the smaller yolk-sac
result from fry in limestone treatment LT3 couldlicate that more energy has been
expended in sac-fry from LT3 for normal metabolimgesses. However, more
investigation into measuring the metabolic processeequired to understand why

yolk-sac absorption was greater in slower growictfsy.

The reduction in growth of sac-fry in LT3 was nagplayed in the results from the
growth parameter gape. Therefore gape size at tarbe stages of growth may not

be a good indicator of toxicity.

Growth rate of sac-fry was similar in controls &f parameters except length where
HHC was lower than CRW. Even though the mean gra#tine end of the test was
similar for CRW and HHC, if growth rate trends dontd further, a significant

difference in mean growth may be seen in laterestalj this is the case, HHC may
not be suitable for longer test durations. Althouighthe case of testing sac-fry, the
test cannot run any longer without feeding duehi® ¢omplete absorption of the
yolk-sac within 3 to 7 days. Growth rates were Emin all treatments for width,

height and gape but still resulted in different megowth at 72, 72 and 120 h
respectively. The significant differences foundwestn the controls and limestone
treatments in growth rate of length can be attadub the large number of fry per
replicate and four replicates for finding statiaticifferences between treatments.
However, the growth rate differences only lead thfference in mean length of sac-
fry in LT3. Utilising a longer test duration, sidicant differences in the mean
growth result may be detected. Longer tests are postible with sac-fry, but

continuing sac-fry testing into the post sac-frgget may further produce significant
differences. Therefore, only fry length was consedesuitable in differentiating

growth rates of different limestone treatmentsskac-fry.

11¢€



CHAPTER FOUR

4.5.5 Trial 2 Post sac-fry survival and growth test

Feeding >1 rotifer/mL is needed to obtdn bidyanus survival of 30% or more
(Thurstan & Rowland 1994). The survival of post-fgcin LT3 at both 72 and
120 h was less than half the survival for the adatand other limestone treatments.
This high survival for post sac-fry was similar tioat of the sac-fry test. High
survival above 50% would not be expected in an agjuare situation and is
attributed to the stable laboratory conditions dadk of predation or disease.
However the high post sac-fry survival is usefulhie testing of toxicants and whole
effluent testing. High survival (>80%) shows thad® would be adequate for use as
a control in future tests on post sac-fry. Fututality occurring after the post sac-

fry test would be expected to be low as fry devehdp juveniles (Guat al. 1993).

The mean length at 120 h in HHC was lower than ithdbhe CRW. This trend did
not follow the other growth parameters indicatiratt this control would still
possibly be suitable for growth of post sac-frynger testing of this stage up to the
juvenile stage (day 18) should be possible with Hk$CGa control, but would need to
be investigated further. Post sac-fry in LT3 extaititoxic responses, with lower
growth rates for all growth parameters except g&pether indicating that LT3 is not
suitable for rearing of post sac-fry. Post saciirgT1 and LT2 exhibited good mean
growth similar to the controls and therefore limin§f CCW >1g/L should be

considered for rearing &. bidyanus post sac-fry.

Bidyanus bidyanus post sac-fry growth rate for length when feedimgnatural food
in aquaculture is normally between 0.6 mm and 1 pemday (Thurstan & Rowland
1994). The growth rate results for length for pest-fry fed rotifers were within this
growth rate range for all controls and limestoreatments. Growth rate of length
varied between all treatments and controls witlarege of 0.61-0.82 mm/day. The
variation in growth rate could lead to a differemtenean growth rate if the test was
extended or if the limestone treatments were ugedduaculture. HHC and LT1 and
LT2 exhibited similar growth rates with the exceptiof length. The post sac-fry test

could be extended to find more sensitive differenmetrends between the treatments
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and controls if growth rate was used as the tedp@nt. HHC displayed equally
good growth rates for all parameters when comptré@RW indicating that it could
be used for a control or diluent in further testiRgst sac-fry growth rates in LT1
and LT2 followed the trend of being higher thanttb& post sac-fry LT3 for all

parameters excluding LT3 from rearing of post sgc-f

Yolk sacs were absorbed by fry in all treatmentd eontrols by 144 h post hatch,
which is slightly longer than average fBr bidyanus (120 h) Thurstan & Rowland
(1994). Different fish species commonly exhibitfeient yolk-sac absorption times
with temperature being a major contributing facf@uo et al. 1993). Yolk-sac
absorption inB. bidyanus is usually completed by 120 h at between 20-29%
Yolk-sac was absorbed last in limestone treatm&@tsind T3 in direct contrast to
what would be expected in relation to absorptioth growth increase as indicated by
Ronnestadtt al. (1998). The yolk-sac absorption/growth phenomefoamd in this

testing is explained in the trial 2 sac-fry section

Juveniles and aduB. bidyanus have been successfully grown in limestone treated
pit lake water previously to this study (Stoeerl. 2004). The results from this study
show that rearin@®. bidyanus from the egg stage through to the post sac-fryesis
possible in LT1 and LT2. Therefore, rearing Bf bidyanus from egg to adult is

possible at a commercial scale in limestone tre@ew.

Fry used in both the sac-fry and post sac-fry Sagere collected from treatment or
control water that had already exposed the prevldasstages to the respective
treatment waters. Previous natural selective foncag have resulted in weaker fish
dying before being introduced into the actual bsagstests. Therefore, fry tested are
not a representation of the normal population batactually the strongest or most
resilient of the population. Consequently, survigal growth rates calculated from
exposure to treated water are possibly higher thamd be found if the fish came
from a normal population not affected by the treatits. However, by allowing the
hatching and development to take place in the dcfisetreatments the fry are

exposed for a longer period and therefore showctsfieEom a chronic exposure over
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the tested life stage as well as the preceding. drfes also is more representative if
aquaculture oB. bidyanus was to be cultured in the limestone treated mihéake

water.

The most sensitive growth stage Bf bidyanus may possibly be before egg
hardening (<1.5 h after spawning) (Geb al. 1993), however, eggs were not
spawned in treated pit lake water. Further tegiingssess the possibility of this pre-
egg hardening stage could be beneficial due tetal time frame and low cost of
the experiment. This experiment utilised an intafimg/ choice of these qualities
but, with more treatments, endpoints and a longeattbn may have given more

sensitive results.

Animal ethics approval is becoming more stringemd &ests using vertebrates may
eventually be prohibited. Consequently work to lelsth substitutes for vertebrate
tests are becoming more common. However, currendlysubstitute has been
developed that can completely remove the need ® fish in an ecosystem
representative battery or for biological indicatofgoxicity for aquaculture purposes
(Mitchell 2002). There is no doubt that animal eshipolicy is a significant

restriction to aquatic vertebrate studies and weiéntually exclude these studies

from ecotoxicology.

4.6 Conclusions

Chicken Creek acid pit lake water was acutely toaiall threeB. bidyanus early life
stages tested in these trials. The sac-fry andgawsfry life stage toxicity tests f&:
bidyanus displayed similarly high survival in limestone datments LT1 and LT2,
higher than that found commercially, indicating fhassible use of1g/L limestone
to treat CCW for commercial scale aquaculture. Trigesurvival results indicated
that limestone treatment for <1g/L was not suitdblerearingB. bidyanus at these

early life stages. The limestone treatmentsaf/L removed toxicity td. bidyanus
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from the CCW allowing for growth rates equivaleatthose found in commercial

aquaculture.

The limestone treatmentslg/L ameliorated toxicity from the Chicken Creekdac
mine pit lake water through increasing pH and dissib metal reduction. However,
some concentrations of metals remained elevatedeabaideline values for the
protection of aquaculture species and for protaado95% of aquatic ecosystems as
(ANZECC/ARMCANZ (2000b). The increase in concentratof total hardness and
alkalinity from the limestone treatments was prdpatapable of buffering the
antagonistic toxicity from the remaining metal centrations. Therefore, as all other
concentrations of remaining metals were similaoly In all imestone treatments the
primary remaining toxic agent in LT3 was probably. Zlso toxicity exhibited in
LT3 could occur from additive toxicity from all theoncentrations of remaining
metals in the presence of the lower total hardmessentrations compared to the
>1g/L limestone treatments (Warne & Hawker 1995;dil 2002). However, this
is less likely to be the case as small increasemntentration of hardness do not

have an equivalent effect in buffering toxicity (Manet al. 2005).

Survival was a good indicator of remaining toxidity the post-sac and sac-fry life
stages by showing significant differences betwedamesdtone treatments.
Nonetheless, test duration for assessing growth ohtpost sac-fry could also be
extended to find significant differences or trendsewever, mean height at 72 h for
sac-fry and 120 h for post sac-fry gave a goodcatittn of remaining toxicity and
differentiation between the limestone treatmentse Fac-fry yolk-sac diameter at
120 h and length at 72 h also gave a good indicatforemaining toxicity in the
limestone treatments. Hatchability was able toedéhtiate toxicity remaining in LT3

compared to CRW but hatch percentage could not.

The HHC medium gave promising results for survivithe early life stages tested
but gave variable results to some growth parametesac-fry and post sac-fry when
compared to that in Collie River water. This indesathat HHC may need further

testing before being used as a permanent contnokedsing the Ca hardness
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concentrations of this medium may have a positifiénce for consistency of the
growth and survival parameters. However, this cadfect its usefulness as a diluent
by reducing or buffering toxicity from some ionsdacomplexes through competition
with binding sites (Morgast al. 2005).

Bidyanus bidyanus met the criteria for being a representative aqgia@itoxicology
test species through having the following attrisutestablished culturing and
hatchery techniques, known optimum physical paramsetrapid and uniform
growth, known diseases under hatchery conditioas, e held in captivity in high
densities, is amenable to artificial feeds, is arstfalian aquaculture species, is an
Australian native fish and is non-cannibalistic {Rand 1994a; Riethmullegt al.
2003).Bidyanus bidyanus proved to be a good candidate for future toxitafsting of
remediated pit lake waters for aquaculture throwmggeting criteria for a good
toxicity test species, with >80% survival in comtn@ter, comparable growth rates to
commercial aquaculture obtained in laboratory comas and by using sufficiently
sensitive biometrics was able to differentiate ¢dyifrom the ameliorated mine pit

lake water.

Through the damming of rivers, malignant mining dadning practices together
coupled with climate change, fresh surface wateoueces are rapidly being
contaminated and reduced within Australia (Johr&Miright 2003). Mine pit lakes

offer a large freshwater resource that if managadectly may sustain significant
environmental, social and economic benefits frotacded end uses for the future. A
commercial scale experiment, culturing bidyanus within >1g/L limestone

remediated CCW will confirm the effectiveness aétameliorated water for the end

use of aquaculture.

12¢



CHAPTER FIVE

BIOASSAY ASSESSMENT OF RAPID
CATALYST OXIDISED ACIDIC MINE PIT
LAKE WATER
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5 Bioassay assessment of rapid catalyst oxidised

acidic mine pit lake water

5.1 Abstract

This study used bioassays and chemical analyséss$ess the effectiveness of an
active filtration/remediation technique on acid mipit lake water (abandoned
flooded mine pit) contaminated with heavy metalsaitative indices of acute and
chronic toxicity in a serial dilution approach wegenerated from three Australian
representative specieChlorella protothecoides,Ceriodaphnia cf dubia and
Tetrahymena thermophila. LCso and 1Gp dilution values and 95% confidence
intervals (Cl) in order of decreasing sensitivitgr&C. cf dubia 48 h LGy 11% (9—
14%), T. thermophila 24 h 1Gg 16% (14—-17%) an€. protothecoides 72 h IGowas
29% (27-30%). A toxicity assessment of NaOH anddraptalytic oxidation (RCO)
treatments to the acid mine pit lake water was amsmle using the same three
species. All three treatments increased pH and ifeigntly reduced metal
concentrations. Cd and Cu concentrations were tilg metals still remaining
elevated after treatment with the RCO, but thes®of Cd was found to be from the
RCO itself. Residual toxicity still remained afteeatment with the RCO as shown
by all but theT. thermophila bioassay and was most likely due to the Cd
concentration which did not come from the minelgite water .Therefore, the RCO
treatments were considered capable of removingetals to below guideline levels

and also to remove toxicity to the three test sseci

5.2 Introduction

Acidification is one of the most severe causesaftamination to aquatic systems,
not only as a toxicant itself, but also throughefects on the speciation, mobility,
and bioavailability of metals (Sauvagital. 2000). Studies on water quality in areas
affected by acid precipitation, have shown thatcemtrations of Al, Mn, Cd and Zn

normally increase along an environmental gradigntiecreasing pH (Parent &
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Campbell 1994). By increasing the pH to neutral,sinmetal bioavailability to
aguatic organisms can be removed or reduced tonvbedater quality guidelines.
Some metals however still exhibit toxicity everpét levels higher than neutral (e.qg.
Al, Zn, Mn) (Hallberg & Johnson 2005). Removal teijues of these metals at
circum-neutral pH levels have been slow, expensivainsuccessful in the past
(Gillespieet al. 1999; Fysoret al. 2003; Viadero Jr & Tierney 2003; Bulusu 2005;
Hallberg & Johnson 2005).

Open Cast Mines (OCM) are a major cause of enviesrial acidification through
the exposure of pyritic strata to oxygen. The myribck oxidises and when in
contact with water results in Acid Mine DrainageMB). AMD further dissolves
metals from the OCM walls and overburden. The tasuh mine pit lake with high
acidity and elevated concentrations of metals, sisctinose found in the Collie Basin

coal mining area in Western Australia (Figure 18).

Bioavailability of metals to aquatic organisms i®snoften correlated to the free-
metal concentrations, because the free metal ioftes the most bioavailable form
of a dissolved metal (Peakall & Burger 2003). Histally, water quality studies
have been directed towards obtaining physical dreimical data on effluents and
toxicants (Calevroet al. 1999). From these physical and chemical parameter
collected from air, soil and water, inferencesragge on potential effects to aquatic
organisms (Peakall & Burger 2003). This is not aisvacceptable as a full means of

defining toxic effects and risk to aquatic orgarssiHeijericket al. 2002a).

Development of models to explain the interactiond o predict toxicity to aquatic
organisms from complex mixtures is an area of sitenstudy. The bioavailability
of metals has been explained by the biotic ligarmtieh (BLM) and the free ion
activity model (FIAM). A review of the BLM by Slay&ova & Wilkinson (2005)

has shown the model to be very useful in asse&smgptake of metals but still does
not completely explain the interactions of toxicambd aquatic organisms. More
recently bio-uptake has been explained by incotpaaiological receptor theory
(BRT) into the FIAM resulting in the extended FIABrown & Markich 2000).
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Even with modification to the FIAM many limitationstill exist due to the
complexity of mixtures and bio- and physico-cherhiogeractions with organisms.
Worms et al (2006) highlighted that “biological (transport ass membrane),
chemical (dissociation kinetics of metal complexes)d physical (diffusion)
limitation can be demonstrated occurring in the edate proximity of the
biological surface. Furthermore, the organism campley a number of biological
internalization strategies to get around limitasiaimat are imposed on it by the
physio-chemistry of the medium. Finally, once imsitie micro-organism, cells are
able to employ a large number of strategies inogdicomplexation,
compartmentalization, efflux or the production atracellular ligands to minimize
or optimize the reactivity of the metal”’. Therefohemical analysis alone cannot
predict toxicity and the use of representative Egem a bioassay format should still

be used in risk assessment of contaminated waters.

Bioassays are increasingly used as sensitive imigaf pollutant toxicity and
aquatic environmental risk assessment, since treeyapid, inexpensive, applicable
to a variety of toxicants and allow several acuté @hronic endpoints to be assessed
simultaneously (Calevret al. 1999). Direct assessment of toxicity is still tray
assessment method to accurately demonstrate aff@céguatic organisms from
effluents and toxicants in the environment (Mit¢H2002). When combined with
data on physico-chemical parameters, bioassaya @@wverful tool for displaying
and understanding actual toxicity to the aquatigirenment (Peakall & Burger
2003). Therefore the combination of both chemical hiological analysis has been

implemented in this study to assess amelioraticacaf mine pit lake water.

The aim of this study was to assess the effectsen®f an active
amelioration/filtration technique to WO5H acidid ke water contaminated with
heavy metals. The acidic pit lake water is sourftech the Collie Coal Basin in
Western Australia (Figure 18). This is a coal-mgniregion with active and non-
active OCM voids below the water table. Three aguspecies were utilised in
bioassays in an assessment of the acidic pit lakerioxicity before and after the

filtration/remediation processes.
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Figure 18.Location of WO5H mine pit lake in Western Australiadicated by a red square.

5.3 Materials and Methods

5.3.1 Description of the study area and sample loca  tion

The mine lake WO5H is located near the town of i€afl Western Australia. Collie

is in the higher rainfall region of southern West@ustralia, with an average rainfall
of 850 mm/yr and an evaporation rate of 1600 mnifjxe Collie Basin is a small,

shallow intra-cratonic Permian sedimentary outléthin Archaean granitic rocks

(Johnson & Wright 2003). WO5H mine pit lake is aofeseveral open cast mines
(OCM) for coal no longer operational in this ard#O5H pit lake water has a pH of
approximately 3. This is typical of other mine laikes (eg. Chicken Creek mine pit
lake ~pH 3) in the Collie Basin.
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5.3.2 Amelioration/filtration process

The ameliorationffiltration process is a patentedcpss developed to remove
elevated concentrations of metals from contaminaieders. The process was
designed to especially remove Mn which can be diffi to remove at
environmentally low pH and even at higher pH cltssaeutral (Leest al. 2002). The
filtration/amelioration process has been developgdGheorghe Duta (Advanced
Water Technologies Pty Ltd) to remove most metaltaminants to allow water to
be used for different end uses including potabléewan developing countries. The
water treatment process has been named Rapid Gat@yidation (“RCO”). The
RCO filtration process uses three steps; 1) inanggsH to above 6 (if necessary), 2)

oxidation with an oxidising agent and 3) filtratitmough the catalyst sand filter.

Water from the WO5H acid mine pit lake was delicer® the filtration site
(Canning Vale, Perth, WA) and filtered within 24hdelivery. The pH of the water
to be treated needs to be increased to >6 forilthegtibn process to work efficiently.
Therefore adjustment of pH to around neutral withORM or another alkaline
substance is necessary before filtration of thepsarmoan be achieved. In the field,
neutralisation by limestone is cheaper but can d=s leffective, depending on
retention time and or armouring effects (Kalin 200MaOH was utilised to treat
WOS5H pit lake water before oxidation and filtratibmok place as it is relatively
cheap, doesn’t leave toxic residues and is vergcéffe in increasing pH. After
neutralisation the water is treated with an oxiisagent. The oxidising compounds
trialled were pool chlorine (active constituent)CGind chlorine dioxide (CI9.
These chemicals came in the form of pool chlorire@ORI and stabilised chlorine
dioxide solution of NaCl@and NaHCQ. Both of the oxidising agents utilised in the
study are currently in use for domestic potable ewatlisinfection treatment
worldwide. The addition of Cbr CIO, concentration is regulated with an electronic
dose applicator on the filtration unit designeamdy inject the necessary quantity of
oxidising agent. The oxidising agent addition totevaat a circum-neutral pH
precipitates any remaining Fe, Al and some Mn and the oxidised water then

reacts with the catalyst in the sand filter to resmoemaining metals in the water.
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The catalyst is patented and manufactured in Wes#arstralia by Quantum
Filtration Pty Ltd (now Advanced Water Technologiy Ltd).

5.3.3 Controls and treatments for bioassays

The control used in th€. protothecoides tests was synthetic soft water (SSW)
(Stauberet al. 1994). TheC. dubia testing used Collie River water (CRW) sourced
from up stream of the Collie mining area and a lsgtit medium High-Hardness
Combo (HHC) (Baeket al. 1999). TheT. thermophila control (TTC) was proteose
peptone and yeast extract medium at a 50% contientrdiluted with Milli Q water
(Pauli & Berger 1997).

Water used for toxicity tests was acidic pit lakatev, sourced from the WO5H mine
pit lake in Collie WA. Dilutions of WO5H pit lake ater for LC and IC values were
50, 25, 15, 10, 5 2.5 and 0% fGr protothecoides; 100, 50, 25, 12.5, 6.25 and 0%
for C. cf dubia; and 90, 45, 22.5, 11.25, 6.125 and 0% Tdahermophila. Three
different amelioration treatments to remediate jpid enetal toxicity were applied to
the WO5H pit lake water. Treatment one was WOS5H guif lake water with the
amelioration treatment of using NaOH only and ntdiion; treatment two was
WOS5H acid pit lake water amelioration treatmeningsaddition of NaOH, Cland
RCO filtration (RCOCI); treatment RCOCjOwas WOS5SH acid pit lake water
amelioration treatment using addition of NaOH, €l@nd filtration (RCOCIQ);
untreated WO5H acid pit lake water was used ag éake control. All treatment
samples used for testing were filtered to |(h2 before testing due to possible

remaining suspended colloidal particles affectipgcsrophotometer readings.

5.3.4 Chlorella protothecoides test protocol

5.34.1 Culturing
The C. protothecoides stock culture was sourced from the CSIRO Marind an

Atmospheric Research Microalgae Supply Serviceasniania, Australia. The algae
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were cultured in Woods Hole MBL medium plus Nutti@&roth Oxoid number two
(NB_) (Nichols 1973). Culture conditions were afteraBieret al. (1994). Using the
NB, for algae growth in stock cultures reduced the phgse that occurs at the
beginning of toxicity tests (Tsvetnenko 2003). Adgaere grown in glass 250ml
conical flasks at 23°C and re-inoculated to newinmacevery 5-7 days to keep algae
in the exponential growth phase ready for testinghting was from standard white
flouresent lights providing approximately 8000 Iuhlorella protothecoides test
inoculum was prepared 2-3 h before incubation @ tthxicity test. The algal cells
were centrifuged in an Eppendorf (swing out rotG@ntrifuge 5804-R, in 50 ml
plastic tubes at 2500 rpm at 20°C for 7 mins. Tipgesnatant was discarded and the
cell pellet resuspended in deionised water by gentbrtex mixing. The
centrifugation and washing was repeated 3 timesemoove culture medium. The

algal pellet was then resuspended in syntheticvgatér (SSW).

5.3.4.2 Toxicity testing
The growth inhibition test protocol followed Staulst al. (1994) with some minor

modifications as listed below (Tsvetnenko 2003). tAdatments and controls were
fillered to 0.22m before the algae test as colloidal matter may st present at
0.45um. Test containers used were 150ml glass flaskdasong 50ml of test
solution and alga inoculum. The densityfprotothecoides at the beginning of the
test was approximately 7x1@ells/ml in all flasks. The alga density was meadu
via absorbency readings from a spectrophotometenim@izu UV-1201
spectrophotometer) set at wavelength of 750 nmivichaal flask densities were
measured at times 0, 24, 48 and 72 h. Photomeg@sarement in a 5cm cuvette
instead of a 1cm cuvette was used because it Besghe sensitivity and accuracy of
the measurement (Tsvetnenko 2003). Flasks wereeshaice daily by hand to keep
algae suspended and to promote gas exchange. FAasiks kept within a light
cabinet with a photoperiod cycle of 12 h light addrk at a temperature of
23°C = 2°C. The flasks were randomly allotted positions waittine light cabinet, and
then randomly allocated new places every day afiectrophotometer readings were
taken. TheC. protothecoides control was Synthetic Soft Water (SSW) bufferethwi
HEPES buffer to approximately pH 7.
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The alga inhibition test is a 72-h chronic teshgsserial dilutions of WO5H pit lake
water with each dilution replicated three timeseTdiluent used was the control
synthetic soft water without addition of the HEPBS8ffer which would have
changed the pH of the dilutions. Nutrients for expatial growth of alga were added
to all flasks as per Stauber al (1994). The five dilutions of the WO5H pit lake
water were used to find kgand IGo values for the untreated WO5H pit lake water,
defined as the effective concentration giving 50040% reduction respectively in
algal growth rate over 72 h compared to the confresting the direct toxicity effect
of treated pit lake water was conducted to finthé amelioration/filtration process

had removed toxicity t&. protothecoides.

5.3.5 Ceriodaphnia cf dubia tests

5.35.1 Culturing
Ceriodaphnia cf dubia were cultured in High-Hardness Combo synthetic iorad

made up with distilled water (Kilharet al. 1998; Baert al. 1999). Milli Q water
was the preferred choice of diluent for the culturater but was not available in
large enough quantities. High-Hardness Combo medna® been designed for

culturing and toxicity testing with both algae awbplankton.

The need to cultur€. cf dubia for toxicity testing arose from an inability to joort
ephippia (dormant eggs) into Australia from Belgiuhe use ofC. cf dubia
ephippia removes the need for live cultures whadtettime and money to maintain.
However, culturing ofC. cf dubia is a well-known practice amongst toxicologists,
but many varied methods and culture mediums anewtly in use. Protocol for the
culturing of C. cf dubia was based on NSW EPA (2004) and Orr & Foster (1997

with some modification as indicated below.

Ceriodaphnia cf dubia cultures were maintained in 3 L glass beakerg]ihgl2 L of

HHC medium. Culture water was renewed every 2 dayd week (Monday,
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Wednesday and Friday). The cultures were fed gadgae Ankistrodesmus sp. at a
density of 50x1Hcells/ml. Ceriodaphnia cf dubia 48 h acute reference tests with

K.CrO, were performed to assess health and sensitiviG; of dubia cultures.

5.3.5.2 Ceriodaphnia cf dubia 48 h acute mortality test
The test protocol was based on Orr & Foster (128i@) ASTM (2002) with some

modifications as indicated beloweriodaphnia cf dubia were not fed in the 48 h
test. Serial dilutions of the WO5H pit lake wateere replicated 4 times. Controls
used were Collie River water (CRW) and HHC mediNatural Collie River water
is a geographically representative control watemfithe Collie region giving good
survival and reproduction d. cf dubia. Control HHC was used as the diluent for
testing and was modified by removing EDTA (Bastral. 1999). EDTA was
removed from HHC due to it being a strong chelatggnt with the capability to
modify toxicity exhibited from metal concentratiorsn acute 48-h L& and LGy
was derived from WOS5H dilutions and 48-h mortaligsulting directly from the

WOS5H pit lake water amelioration treatments.

5.3.5.3 Ceriodaphnia cf dubia three brood chronic testing (8 day)
TheC. cf dubia were kept in an incubator atZ5+ 1°C with a photoperiod cycle of

16:8 h light and darkCeriodaphnia cf dubia were individually added to test
containers containing their treatment water afteevipus rinsing respective
treatment watersCeriodaphnia cf dubia were fedAnkistrodesmus sp. algae at a
density of 50x10 cells/ml/day. Water changes were made every secdayd On
water change days water quality measurements wade fior renewal water and for
old water from test containers. The number of niitiga and the number of neonates
(live and dead) produced were counted daily. Teevas terminated after 8 days or
when three brood have been produced in 60% of dnérals (Muyssen & Janssen
2002).
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5.3.6 Tetrahymena thermophila test

5.3.6.1 Tetrahymena thermophila culturing
Culturing protocol was based on techniques useiésneset al. (1964) and Pauli &

Berger (1997). Ciliates were cultured in a mediwntaining proteose peptone, yeast
extract and sequestrene (NaFe form) (PPYS) (Get98B). The culture medium is
similar to that used by Pauli & Berger (1997) buthmthe addition of sequestrene.
Sequestrene increases the growth rate of thieermophila through making essential

metals bioavailable to the animal.

Component Quantity Source

Proteose Peptone (PP) 200.0g Sigma #123k0119
Yeast Extract (Y) 20.0g Fluka Biochemika 70161
Sequestrene(S) (Na,Fe form) 0.30g Sigma #063k012

The method for preparation of the stock medium asfollows

1. Combine PP with, Y and S in a one litre flask atfosLl000ml using distilled
water heat to 8@ and stir until all components are dissolved. Hakition
can be made to any volume by reducing all compenéet By 1/28
therefore PP 10g, Y 1g and S 0.015g per 50ml a¢illdi$ water.

2. After cooling centrifuge at 3000rpm for 20mins. Poif the supernatant into
plastic test tubes and store at 2Q@ntil needed.

3. Before use thaw one test tube and transfer 5mi2®80anl flask. Then add 20
ml of distilled water. This solution is now at thight concentration for
culturing the ciliates (2xPPYS).

4. Then add a steristopper to the flask and autoctvé2FC for 15 mins.
Allow to cool for at least 24 hours before use.

5. Inoculate the flask/test tube aseptically withatiéis from the axenic culture.
Turn over cultures every 3 days into upright teses. If logarithmic growth
is required then transfer ciliates every day arel slanted test tubes (Gerson
1995).
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A concentration of 10 times PPYS and PPY mediumstaed in 10 mL plastic test
tubes in the freezer until needdatrahymena thermophila were axenically cultured
in slanted 10 mL test tubes containing PPYS wisimall number transferred to fresh
PPYS medium every 3 days. Transferring every 3 dagps thel. thermophila in
the exponential growth phase ready for toxicitytitgs PPYS was modified by
removing Sequestrene and a 50% dilution with mlliwater to increase

responsiveness to toxicants when used in the lzigass

5.3.6.2 Tetrahymena thermophila 24-h Chronic testing
Due toT. thermophila generation times being less than three hours,i-geiteration

chronic tests were performed within a time spantsihahan most acute tests (Pauli
& Berger 2000). Thd. thermophila bioassay control (TTC) was the culture growth
medium PPY diluted with mill-Q water to 0.5xPPY. stecontainers were 3 mL
cuvettes containing 2 mL of treatment or controltewaThe bioassay experiment
used 5 serial dilutions of the WO5H pit lake wadsrper theC. cf dubia bioassay,
replicated 3 times. The same amount of PPY wasdtmell treatments from a
stock solution with a concentration of 10xPPY toke&.5xPPY final concnetrtion.
The test was conducted for 24 h in complete dakkia¢s30°C within an incubator.
Shaking of the cuvettes was done 1 hour beforeetadt Calculation of density was
done by fixing animals in a 4% buffered formalinudimn and using a microscope at
100 times magnification to manually count thehermophila. A minimum of 200T.

thermophila were counted in each sample before a mean demagcalculated.

5.3.7 Water Quality

Total hardness and alkalinity were measured by ggela Aquatic Research Station
(HARS), Nutrafin test kit. The pH was measured bjamnd held Eco—Scan pH6
portable pH meter. The pH was calibrated daily gigatl 4, 7 and 10 standards.
Temperature was also measured by the pH meter tacamracy of 0.9C. The

dissolved oxygen was measured via a Jenway Benditgirochemical Analyser

Model 3410. Treatment water metal and metalloidceotrations were analysed by
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the Marine and Freshwater Research Laboratory (MAFRcated at Murdoch
University Western Australia by inductively couplg@asma—atomic emission
spectrometry (ICP—-AES).

Guideline trigger values used, are for the protectdf 95% species in slightly—
moderately disturbed aquatic ecosystems as setNXEEC/ARMCANZ (2000b).

Hardness adjustment of the trigger values is catedlby the equation

HMGV = GV*(H/30)

where HMGYV is the hardness modified guideline vajug/L), GV is the guideline
value {ig/L) at a hardness of 30 mg/L as CaCB is the measured hardness (mg/L
as CaC@) of a fresh surface water and a is a constanslgpe factor) (Markictet

al. 2001).

5.3.8 Data analysis

Statistical analysis of bioassay results was peréar using the statistical program
SPSS (SPSS Inc. 14.0 for windows. 2000). Normahys checked using the
Shapiro-Wilks test (Shapiro & Wilk 1965). Non-norfgadistributed data was

checked for homogeneity of variances using Levetess(Levene 1960). Significant
differences found from statistical tests were atha P <0.05 level. Means, standard

errors and confidence intervals were calculate@BgS or Microsoft Excel.

Results for mortality ofC. c.f. dubia bioassays were arcsine transformed before
statistical analysis (EPA 1998). Whéh c.f. dubia data were still not normally
distributed (P<0.05), data were transformed to itantkefore analysis by ANOVA
(Pereiraet al. 2000). Calculation of the Egvalues for all species was done by

probit analysis on a computer program using equoat@eveloped by Christensen &
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Nyholm (1984). Calculation of the intrinsic rate rdtural increase fdC. c.f. dubia
was after Tabernest al (1993).

Chlorella protothecoides absorbence data were transformed by natural legh@ve

a linear relationship (LN of absorbance at 750rifherefore algae density units are
represented by LN absorbance (750nm). Growth @tes the 72 h were estimated
from the slope of this transformed data. Growthibition compared to that of

controls following LN transformation was calculatesing the formula:

100 x (1-G/Gc)

where Gt is the growth rate for the treatment ardi€the growth rate for the

control.

When the assumption of normality was met for aicses bioassay data, a one-way
analysis of variance (ANOVA) was performed whergrapriate to explore for
significant differences between treatments andromtWhen significant differences
were found, a pair-wise post-hoc test was perfortoedentify where the differences
occurred. The parametric Tamhane post-hoc testus@g when variances were not
equal and the Dunnett (Dunnett 1980) and Studemiahin-Keul (S-N-K) Range
Test (Newman 1939; Keuls 1952) when variances wgreal. When data were not
normally distributed the non-parametric Kruskal-WaH Test was used to find

median differences between treatments and controls.

The no observable effect concentration (NOEC) &s highest concentration not
giving a statistically significant result comparéa the control and the lowest
observable effect concentration (LOEC) is the ldwesncentration giving a
significantly lower effect than the control (OECBZOE 1998). The NOEC and
LOEC values were calculated from the Dunnett t8gjnificance levels were tested

at the P<0.05 level unless otherwise indicatethénrésults.
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5.4 Results

5.4.1 Water quality

5.4.1.1 Bioassay water quality
The parameters of temperature and dissolved oxy@D) were within those

recommended fo€. protothecoides (Stauberet al. 1994) andC. cf dubia (Orr &
Foster 1997). Suitable water quality parametersewapt suggested fofT.
thermophila by the Prototoxkit ' (1998). Due to the short duration of tfe

thermophila test, water quality was not expected to changafgigntly.

Physico-chemical results are presented in Tabld423nd 15. Dilution of WO5H pit
lake water with HHC increased the pH from 3.4 t6 &nd decreased the hardness
concentration from 160 to 120 mg/L in 100% WO5H evatnd 6.25% WO5H water
respectively. The amelioration treatments of NaBE0OCI and RCOCI@all raised
the pH to around neutral. The RCOCI and RCOQM@atments maintained a high
total hardness of 180 mg/L similar to that of tméreated WOS5H pit lake water. The
water quality parameters measured during testingCofprotothecoides and T.
thermophila are presented in Table 13. Alkalinity in all dibrts lower than 12.5%
and the treated WO5H pit lake water was <10 mg/kmperature in both th€.
protothecoides and T. thermophila tests did not fluctuate due to temperature

regulation by the incubation unit.
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Table 13.Water quality parameters f@eriodaphnia cf dubia testing.

Hardness Alkalinity
Treatment pH Temperature (C) DO% (mg/L) (mg/L)

CRW 7.6 25+1 97 260 60
HHC 8.2 25+1 98 120 50
WOS5H 6.25% 7.6 25+1 97 120 20
WOS5H 12.5% 7.2 25+1 98 120 20
WOS5H 25% 6.3 25+1 97 130 <10
WOS5H 50% 4.7 25+1 97 150 <10
WO5H 100% 3.4 25+1 94 160 <10
NaOH 7.210.1 251 97 100 <10
RCOCI 6.810.1 25+1 96 180 <10
RCOCIO, 6.610.1 251 100 180 <10
Table 14.Water Quality parameters f@hlorella protothecoides bioassay.

Hardness Alkalinity
Treatment pH Temperature (T) DO% (mg/L) (mg/L)
SSw 7.6 23+2 99 40 20
WOS5H 2.5% 7.2 2312 98 50 <10
WOS5H 5% 7.1 2312 98 70 <10
WOS5H 10% 7.1 23+2 99 80 <10
WOS5H 15% 6.5 23+2 94 90 <10
WOS5H 25% 6.0 23+2 97 90 <10
WOS5H 50% 4.8 2312 97 100 <10
NaOH 7.2 231 99 100 <10
RCOCI 6.8 231 101 180 <10
RCOCIO, 6.6 23+1 99 180 <10
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Table 15.Water quality for 24 . thermophila test.

Hardness Alkalinity
Treatment pH Temperature (C) DO% (mg/L) (mg/L)
TTC 7.8 301 97 20 20
WOS5H 5.125% 7.1 301 97 80 <10
WOS5H 11.25% 7.0 30+1 98 90 <10
WOS5H 22.5% 6.2 301 97 90 <10
WOS5H 45% 4.8 30+1 97 100 <10
WOS5H 90% 34 301 94 160 <10
NaOH 7.2 301 99 100 <10
RCOCI 6.8 301 96 180 <10
RCOCIO, 6.6 301 98 180 <10

5.4.1.2 Chemical analysis
The total and dissolved metal concentrations fdraated and treated WO5H mine

pit lake water are presented in Table 16. The HisdoCu concentration (1(g/L)

in the control Collie River water was above itgger value of 1.4g/L. Dissolved
and total concentrations of Al, Cd, Cr, Cu, Ni atal in untreated WO5H pit lake
water were above the aquatic ecosystem triggeresalireatment with NaOH
displayed concentrations of total Cd, Cr, Cu, Nd &m and dissolved concentrations
of Ni and Zn above the trigger values. The RCOQl®atment retained a total and a
dissolved concentration of Cd above the guidelmee. RCOCI and RCOCKboth
contained total concentrations of Cu and Zn anddiseolved concentration of Cu

above guideline values for aquatic ecosystems.

Some total and dissolved metal concentrations atspained elevated above
aquaculture guidelines (Table 16). The total Al,, Gte, Mn, Ni and Zn
concentrations in the NaOH treatment remained ahlbgeaquaculture guidelines.
The only dissolved concentration above the aquailguidelines in the NaOH
treatment was Mn. The dissolved and total Cd camagon in RCOCIQ was higher
than the guideline and higher than the originalkemtration in the WO5H water.

Converting the guideline values to the hardnessifieddguideline value (HMGV)

did not affect the interpretation of Cd and Cr camteations being above the standard
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guideline value. However the dissolved concentratibZn remaining in WO5H and
Ni remaining in the NaOH treatment were below thelG&V value. Further, the
remaining dissolved and total concentration of @URCOCI and RCOCI@and the

total concentration of Zn were below the HMGV (Takb).
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Table 16.Metal concentrations of significance to toxicitgpenses in bioassays. Where no data is preserngeada not available. Bolded figures are above
trigger values for the protection of 95% of slighthoderately modified freshwater aquatic environtsgligures with an * are above aquaculture guici
Hardness adjusted trigger values are only avail@bl€d, Cr, Cu, Ni and Zn and concentrations edegthese are preceded by a subscript .

A Ca Cd Cr Cu Fe Mn Ni n
Treatment Disolved Total Disolved Total Disolved Total Disolved Total Disolved Total Disolved Total Disolved Total Disolved Total Disolved Total
CRW <10 - 24 - <0.6 - <1 - +10* - 6 - 1 - <4 - <?2 -
Untreated WOBH  11000* 13000+ 17 19 13 A3 7 7 425 266 20000 2600 960 1100+ 170+ [A80* 200 ,980*
NaOH 10 120000 14 15 <0.6 1 <1 + <l 22% <2 27100 670* 850* 19 +140* <2 +900*
RCOO <10 <10 21 24 <06 <06 <1 <1 2 2 <2 <10 0.7 0.7 <4 <4 <?2 12+
RCOCIC2 <10 <10 20 22 122 +25* <1 <1 2 2 <2 <10 04 04 <4 <4 i) 10*
Aouaculture guidelines 30 (pH>6.5) - 02-18 20 5 10 10 100 5
10 (pH<6.5)
Aquatic ecosystem guidelines 55 (pH>6.5) - 0.2 1 14 - 1900 11 8
Hardness modified guidelines
CRW 14 59 838 69.0 50.1
Untreated WOBH 0.6 2.7 39 30.6 23
NaOH 0.6 27 39 30.6 23
RCOd 10 43 6.4 504 36.7
RCOCIO2 1.0 43 6.4 50.4 36.7
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5.4.2 Chlorella protothecoides results

5.4.2.1 Chlorella protothcoides 72 h chronic serial dilution test
The C. protothecoides 72 h growth rate I and I1Gg values for the serial dilution of

WOS5H pit lake water with 95% confidence intervalsrer 17% (15-18%) and 28%
(27-30%) respectively (Figure 19). The protothecoides growth rate in the control
was significantly higher (§, 147593.9, p=0.001) than that of the 50% dilution of
WO5H pit lake water. The NOEC was 25% WOS5H pit lakser and the LOEC was
50% WOS5H pit lake water. Therefore the LOEC is abt@any use due to it being
higher than the 165 The 72 h growth rate exhibited in the 25% WOSHtmeent was
lower than that of 2.5, 5, and 15% WOS5H pit lake¢evdareatments.
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Figure 19.Chlorella protothecoides 72 h growth rate with confidence intervals (dashes),
inhibition effect from WOS5H pit lake water dilutedth Milli Q water. G indicated by a solid line,
ICo indicated by a dotted and dashed line.

5.4.2.2 Chlorella protothecoides 72 h growth rate response to WO5H amelioration
treatments

Growth rate means and confidence intervals for38&/ control and the treatments
NaOH, RCOCI and RCOClIOare presented in Table 17. Treatments NaOH and
RCOCIG, had large confidence intervals compared to thahefcontrol SSW and
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the treatment RCOCKD The mean growth rate exhibited in the control Wwagher

than that of the WO5H pit lake water treatments.

Table 17.Chlorella protothecoides 72 h growth rate means and confidence intervalartelioration
treatments to WO5H pit lake water

Treatment Mean Confidence
interval
SSwW 1.15 1.11-1.19
NaOH 1.08 0.87-1.29
RCOCI 1.03 0.81-1.26
RCOCIO, 1.07 1.05-1.09

The C. protothecoides 72 h growth rate exhibited in the control SSW was
significantly higher (4 3178.6, p=0.001) than that in the RCOGI®eated WO5H
pit lake water (Figure 20). There was no differemcgrowth rate between the three
WOS5H treatments.

1.100 -
1.000 -
0.900 -
0.800 +
0.700 +
0.600 -
0.500

72 h growth rate

.

NaOH RCOCI RCOCIO2

Treatment

Figure 20.Chlorella protothecoides 72 h growth rate + standard error (LN absorbandsanm) for
amelioration treatments to WO5H pit lake water f&iént lowercase letters indicate significant

differences.
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5.4.3 Ceriodaphnia cf dubia results

5.4.3.1 Ceriodaphnia cf dubia serial dilution test
Ceriodaphnia cf dubia 48 h mortality in the controls CRW and HHC wasslésan

10% (Figure 21). TheC. cf dubia 48 h LGy and LGp values with confidence
intervals in WO5H mine pit lake water were 3.7%82.7%) and 11.4% (9.3—
14.0%) respectively. Mortality exhibited in all tM¢O5H pit lake water dilutions
was significantly higher (g 28793.9, p=0.001) than that of the controls with the
exception of the 6.25% WOS5H pit lake water conaaidn. The 48 h mortality
LOEC was 12.5% and the NOEC was 6.25% WO5H minkké& water.

Probit

Log(Concentration)

Figure 21.Ceriodapnia dubia 48-h mean mortality data with confidence levelptiiyed either side
of the predicted mortality line. The Lgis indicated by a solid line and the @& indicated by a
dotted and dashed line.

5.4.3.2 Ceriodaphnia dubia acute 48 h response to the treated WO5H pit lake
water

Figure 22 displays the survival in the treated WQ#aHIlake water. The controls
CRW and HHC both exhibited less than 10% mean niyrtd reatments NaOH,
RCOCI and RCOCI@displayed significantly lower (F20=6.0, p=0.002) survival
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than the controls. There was no difference betwbe8 h mortality that occurred

in the three treatments used on the WO5H mineaké vater.
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Figure 22.Ceriodaphnia cf dubia 48 h mean mortality + standard error for conteois three
treatments of WO5H water. Lowercase letters indisagnificant differences (P<0.05) between

treatments.

5.4.3.3 Ceriodaphnia cf dubia three brood test
The controls both met the requirements for a sisfoktest as recommended by the

ASTM (2002). The RCOCI treatment also passed theirements for a successful
test, foremost the production of three brood ttglbver 15 in 60% of the remaining
population, with no more than 20% mortality. The Eligave a significantly higher
(Fa, 45724.9, p=0.001) number of brood in the eight dégtthe control CRW and
the pit lake water treatments. Treatment RCQQl&used total mortality in al. cf

dubia within five days of the test commencement (Taldg 1

The eight dayC. cf dubia 3 brood test IRNI result was similar for CRW, Hta@d
RCOCI (Table 18). Treatment NaOH produced a lo@ecf dubia IRNI than the
controls and treatment RCOCI. The IRNI forcf dubia in the RCOCIQ treatment
could not be calculated due to the total mortaditgll C. cf dubia by day 5.
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Table 18.Results for theC. cf dubia 3 brood test. Different superscript lowercaseidate significant
differencesN/C = non-calculable due to total mortality

Treatment Mean + standard error Survival IRNI
(No.)
CRW 15.4+1.8° 9 0.547+0.038
HHC 24.4+1.7% 10 0.586+0.038
NaOH 8.9+2.1° 10 0.413+0.056
RCOCIO, 12.6+2.4" 8 0.519+0.054
RCOCIO, 0+0.0° 0 N/C

5.4.4 Tetrahymena thermophila population growth results

The T. thermophila 24 h final population (FTD) Ig and 1Go (inhibition
concentration) with 95% confidence intervals foe therial dilution of WO5H pit
lake water were 2.5% (2.2-2.8%) and 15.6% (14.1B9%Y.respectively. The
confidence intervals were small indicating accuratilts for the IC values (Figure
23). The resultant 24 h mean finalthermophila densitty (FTD) for all WO5H pit
lake water dilutions were significantly lower thaimat of the control FTD. The
LOEC was 6.25% WOS5H pit lake water.
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Figure 23. Tetrahymena thermophila 24 hfinal population with confidence intervals for ibfition
effect from WOS5H pit lake water diluted with mil@ water. The Eg; is indicated by a solid line and
the EG is indicated by a dotted and dashed line.

The T. thermophila 24 h FTD means exhibited from the treatments RC@l
RCOCIQG, were similar to that of TTC (Table 19). The FTDthe NaOH treatment

was lower than the rest of the treatments and abRTrD.

Table 19.Tetrahymena thermophila 24 h FTD means and confidence intervals.

Treatment Mean (FTD x10 %) Confidence interval
(FTD x10%
TTC 7.1° 6.7-7.4
NaOH 6.2 5.7 -6.7
RCOCIO, 7.1% 6.8-7.3
RCOCIO, 7.0° 6.3-7.6

The FTD for the NaOH amelioration treatment was niicantly lower
(Fz,8~14.8, p=0.001) than that of the control and thieeottreatments. All other
treatments displayed a FTD similar to that of tbetool Figure 24.
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Figure 24.Tetrahymena thermophila 24 h FTD mean * standard error. Different loweecsters on

top of columns show significant differences.

5.5 Discussion

A chemical and biological assessment of toxicityrruntreated and treated WO5H
pit lake water was made in this study. UntreatedSN®it lake water was acutely
toxic to the three bioassay species. All three aratlon treatments increased pH
and reduced metal concentrations thereby, redudrigity to the three bioassay
species.

The Al, Cd, Cr, Cu, Ni and Zn concentrations in timtreated WO5H pit lake water
were above guideline values for the protection 8%90of slightly to moderately
modified aquatic environments (ANZECC/ARMCANZ. 2@)0 The amelioration
treatments were successful in reducing metal cdratgons for all the above metals
and some to below the reporting level limits. Thesimeffective treatment was
RCOCI, but none of the three amelioration treatmeatiuced all the dissolved and

total concentrations of metals to below the guidelalues.

After treatment with RCOCI| and RCOGIGhe dissolved concentration of Cd, Ca
and Cu increased slightly, possibly due to meteisnd oxidized and consequently
reducing the pH of the water to below pH 7. Therefdhe slight change towards
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acidity may have caused some calcium dissolutianitnum solubility at pH = 9.3)
from deposits in the RCO from previous experimentaik. The concentration of Cd
remaining in treatment RCOC}Qvas above that found in the untreated WO5H mine
pit lake water, which may have occurred throughttBatment and filtration process.
Chlorine dioxide is a more powerful oxidant thandison hypochlorite and
subsequently could cause corrosion of metal comgsn&he release of cadmium in
RCOCIQ is most probably from the metallic ball valves dise the experimental
RCO. Metals are known to have an additive effetbxicity and could therefore still
exhibit some toxicity to the aquatic environmenttiell 2002). With knowledge of
how sensitive the entire system becomes when dgaiih trace element removal at
the pg/L level, modification to the RCO to avoid contaaiion is currently being
conducted. This will allow for a more consistendagffective removal of metal

toxicants.

The hardness measured in the treated waters wasdretl00 and 180 mg/L. High
hardness has the potential to reduce toxicity afaiq toxicants (Gensemet al.

2002). The hardness concentration was the loweshdanwater treated with only
NaOH. This indicates that treating this pit laketevavith NaOH actually reduced

the dissolved concentration of Ca in the minegkelwater.

The only site specific water quality adjustmentrently used with the guidelines is a
hardness algorithm (Markicdt al. 2001). By adjusting the guideline values to pet t
HMGYV some of the concentrations of metals preserthée treated WO5H pit lake
water were then below these values. This indictitas the toxicity from the RCO
treated water should be quite low. Treatment witiON did reduce the dissolved
concentration of Ni but not the total Mn and Ni centrations to below the HMGV.
This indicates that toxicity (that is generally cected to free ion concentrations)
would not be likely at these metal concentratid?saikall & Burger 2003). However,
some metals that are not dissolved can still cdaseity to aquatic organisms,
especially fish through smothering of gills (Pokt@l. 1997). The only other metal
concentration remaining above the HMGYV in the #dadVO5H pit lake water was
the total and dissolved Cd concentrations in theéOR({D, treatment. Nonetheless,

the bioavailability of Cd has been shown to de@eash pH from 7.5-6.0 to water
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flea, amphipod and fish (Markic&t al. 2001). That is because the increase in H
concentration can competitively inhibit the bindiafjthe free metal ion at the cell

membrane surface reducing metal bioavailabilityo(@r & Markich 2000).

5.5.1 Bioassay responses to treated and untreated W  O5H acidic
pit lake water

5.5.1.1 Chlorella protothecoides bioassay tests
Unicellular algae are the foundation of most aquédod chains, are sensitive to a

wide range of toxicants and are highly represerdgatif freshwater environments,
therefore making them useful for direct toxicitytiag (Franklinet al. 1998). The
growth rate inhibition 72 h Efg for C. protothecoides was 28% WOS5H pit lake
water indicating a high toxicity towards. protothecoides even with the naturally
high hardness present in the mine pit lake watee. tbtal concentration of Al at the
28% (72 h EGp) dilution of WO5H mine pit lake water would havedn ~320Qug/L

at a pH of 6, which is more than three orders ofjmtade higher than the 72 h &C
for C. pyrenoidosa at the same pH (Parent & Campbell 1994). The auragon of
3200ug Al/L should have shown a higher toxicity effeatG. protothecoides but the
high proportion of solid Al to free Al would haveduced toxicity. Furthermore, the
addition of KHPO, as a nutrient in the test is known to bind withnddking it non-
bioavailable (Kopacelet al. 2000; Ulrich & P&thig 2000; Lychie-Solheiret al.
2001). Although not measured, dissolved organictandDOM) is also known to
reduce the toxicity from aluminium to aquatic origams and could have been a
contributing factor to the reduced toxicity respofi®m C. protothecoides (Markich

et al. 2001; Gundersen & Steinnes 2003).

The concentration of Cu at the 72 h (28%) dilution of WO5H pit lake water
would have been approximatelyu@/L at a pH of 6, which is similar to the Ef

Cu found by Frankliret al. (2000) of 1.4.g/L at pH 6.5 and 3hg/L at pH 5.7.
However, the study by Franklet al. (2000) was conducted in soft water with a total
hardness of ~40 mg CaG@ whereas in this study the hardness was ~90

mg CaCQ/L, indicating that the higher hardness was notifgaa significant effect
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in reducing the toxicity from the Cu at pH of 6. eTlhigh toxicity shown byC.
protothecoides in the presence of the 90 mg CaflOtotal hardness could be
attributed to the low alkalinity (<10 mg/L) presantthe WO5H pit lake water not
assisting in buffering of the toxicity (Markicd al. 2001).

A lower growth rate folC. protothecoides was exhibited in treatment RCOGIOn
the WOS5H pit lake water than that of the synthetantrol (SSW) indicating
remaining toxicity in the treated WOS5H pit lake wmat Treatment RCOCIOD
contained Cd and Cu concentrations that may ham&ribated to the lower growth
rate. Although the concentration of Cu was aboweghideline value its not likely
that it would be toxic to the algae on its own adawgy to the HMGV. Adverse
effects in fish and other wildlife are probable wheoncentrations of Cd exceed
3ug/L (Peakall & Burger 2003). Therefore, the dissolvCd concentration
(22 pug/L), that was still above the HMGV probably cohtried to the reduced
growth rate in WO5H pit lake water treated by RCOLITreatment RCOCI had
similar concentrations of metals with the exceptminCd and a similar pH to
RCOCIQ, but displayed a similar algal growth rate to tdomtrol SSW. Therefore,
the concentration of Cd was probably causing tleeedsed growth rate in treatment
RCOCIQ. Franklinet al. (1998) has noted that the end point of growtk rsitmore
sensitive than that of photosynthesis and respmatn many freshwater algae
species. Therefore, if another endpoint other tirawth rate was used a toxic effect
may not have been displayed in treatment RCQCAQhough the Cd concentration
may be contributing to toxicity, with modificationo the RCO to remove

components containing Cd, toxicity may no longeplesent.

Algal growth rate in the NaOH treatment was similarthat in SSW even with
elevated concentrations of total Al, Cu, Ni andsfill being present. The simil&s.
protothecoides growth rate displayed in the control (SSW) as timathe NaOH
treatment could be attributed to the small propartf free metal ions present at the
neutral pH. The neutral pH exhibited in the NaO¢atment would mean most of the
total metal concentrations would be non-bioavadald the algae and would
therefore not exhibit a toxic effect (Peakall & Bar 2003).
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5.5.1.2 Ceriodaphnia cf dubia tests
The WOG5H pit lake water caused complete mortalityCt cf dubia even at 50%

dilution with HHC. The HHC as a diluent was ablestmw the high toxicity of this
water withC. cf dubia. The toxicity toC. cf dubia exhibited at the calculated 48 h
ECso dilution value of 11.4% WOS5H pit lake water waslpably from the dissolved
concentrations of metals remaining at this dilutibhe calculated total concentration
of Al (1400pug/L) in 11.4% WOS5H pit lake water dilution is in @ss of 20 times
the guideline value for Al. However, the pH at tB€s, dilution of 11.4% would
have been approximately 7 and Al exists as 90%idial solid at this pH (Peakall &
Burger 2003). When HHC was added to the WO5H waterhite precipitate was
observed which would have been mainly solid Al(@Barent & Campbell 1994;
Lychie-Solheimet al. 2001). Therefore the Al concentration may not haeen
bioavailable but may have been able cause toxibityugh smothering of th€. cf
dubia gills (Alstadet al. 2005).

Calculated total Cd, Cu and Ni concentrations tfir 48 h EG, were 2, 3, and
19 ug/L respectively and were above the guideline valuehe Cd, Cu and Ni
concentrations would probably have contributed he €. cf dubia 48 h EGp
toxicity. TheC. cf dubia 48 h EG, for Cu was found to be 18)/L by Hyneet al.
(2005) which is lower than that estimated from t@e cf dubia EGy Cu
concentration in WO5H pit lake water. The toxiceetf of Cu has been found to
decrease as pH increases indicating that Cu mayawe had a toxic effect at the
neutral pH. Nevertheless, Zn has been shown teaser its toxicity tcC. cf dubia
concurrent with an increase in pH from 6.5 to 7i8hw8 h EG, values of 413 and
200pg/L respectively (Hynet al. 2005). Calculated total Zn concentration for @e
cf dubia 48 h EGo would have been approximately 11g/L at pH 7, and may have
contributed most of the toxicity t&. cf dubia. The toxicity increasing trend
exhibited by Zn with increasing pH values can beilatted to a decrease in
competition between Hons with Zrf* ions for the receptor binding sites described
in the biotic ligand model (Heijerickt al. 2002b). Furthermore even if Zn wasn't
causing toxicity it is known to bio-accumulate acwuld be a serious problem to
higher organisms with long term exposure (ANZECCMEANZ. 2000a).
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Calculated total Zn and Al concentrations for @ef dubia 48 h NOEC were above
the aquatic ecosystem guideline values. Howeverpth of 7 and the total hardness
of 120 mg/L would have made the effective toxicitgm these metals very low
(Markich et al. 2001). Raising the pH to neutral removes mosicityxfrom the
aquatic environment by precipitation (Peakall & gar2003) further indicating that
Al would not have been contributing greatly to wi at pH 7 (Sauvardt al. 2000).

The three treatments on the WO5H pit lake watewslgdolowerC. cf dubia survival
than the two controls. This finding indicated ttaticity still remained in the treated
waters. The total concentrations of Al, Cd, Cu,aNd Zn in WO5H pit lake water
treated only with NaOH were all above the HMGV. Tiid of the NaOH treated
WOS5H pit lake water was approximately 7.2 indicgtthat Zn would have been the
only toxicant remaining in the sample (ANZECC/ARMNA. 2000a). TheC. cf
dubia three brood test gave similar results to the 4&ute test except for the total
mean brood produced in NaOH and RCOCI treated W@bkhke water not being
different to that in the Collie River control. Hower, brood production in treatment
RCOCI did not meet the required mean 15 brood pelicate (ASTM 2002).
Therefore, it can be concluded from tBecf dubia three brood test that all three
treated waters still exhibited toxicity ©. cf dubia. The C. cf dubia 3 brood IRNI
was lower in the NaOH treatment than that in thetrwds, and RCOCI® IRNI was
not calculable due to total mortality before dapr8bably due to the concentration
of Cd and Zn remaining in that treatment. Hower¢f dubia IRNI calculated in
treatment RCOCI was similar to the controls, themefshowing that the use of IRNI
as an endpoint may not be as sensitive as thattalf ibrood produced. Although
toxicity is reduced and concentrations of metats @most all decreased to below
HMGV by the three treatments they are not effectitecompletely removing

toxicity to C. cf dubia.

The background concentration of Cu present in thiieCRiver water was above the
guideline trigger value and may have had an adwdfeet on the reproduction @f.

cf dubia in the chronic three brood test. Previous coltewtiof Collie River water in
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winter did not contain detectable levels (g@/L) of Cu. However, the sample
utilised as a control foC. cf dubia in the current experiments was collected in
summer. Johnson & Wright (2003) have noted advehseges in the water quality
of the Collie River from seasonal fluctuations. §imdicates that the Collie River
water may be naturally toxic to sensitive spectesoae times of the year. However,
the biota currently living within the Collie Rivanay have adapted to chemical
changes over time and would therefore not showctm$ponses to the river waters
seasonal effects (Kilhat al. 1998). The Collie River water was successful as a
representative control for th@ cf dubia in the present testing even with the elevated
concentration of Cu. However, the number of broamipced in the three brood test
was lower than that in the HHC indicating the restlitecundity of theC. cf dubia.

Ceriodaphnia cf dubia reproductive success in Collie River water for 3hgrood test
was different to that in the HHC medium. Reprodeetsuccess is essential for
species success and is therefore an important erdfo monitor with lower
reproduction indicating toxicity (Mahar & Watzin @8). The results from th€. cf
dubia three brood test were within the parameters fuaessful test (ASTM 2002),
but the number of brood produced was significalalyer than that produced in the
HHC medium. However, there was no significant ageezffect (mortality) seen in
the C. cf dubia 48 h acute serial dilution test in the CRW contiidlese observations

indicate that both controls are suitable @rcf dubia toxicity testing.

The Collie River water hardness measured in sunwer almost twice that of the
winter sample. The total hardness and alkalinitpcemtrations may have had an
effect in reducing the toxicity from the elevatezhcentration of Cu. However, even
when the HMGV was used, the total concentratio@win CRW was still high. The
HMGYV does not take into account the alkalinity whimould also buffer some of the
Cu toxicity (Markichet al. 2001). The IRNI calculated in the control CRWIrfr the
three Brood Test was similar to that in the HHC medsuggesting that there was
no toxicity exhibited from the CRW. The DOM conaetion may also have played
a part in reducing toxicity from the elevated Cumoentration. The toxicity of Cu is

reduced linearly by the addition of natural DOM Iswas fluvic acid (Hyneet al.
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2005). However, the DOM was not measured in thislysso no conclusion on its

effect to Cu toxicity can be concluded. De Schangsre & Janssen (2004) have

noted that, in general, too little is known aboawhwater chemistry affects chronic

copper toxicity to cladocerans.

Many different mediums are currently employed iri¢ity testing, both synthetic
and natural (with many chemically undefined) addingrariability and uncertainty
of results (Baeket al. 1999). Use of de-chlorinated tap water, mineraler, ground
water and USEPA synthetic water (medium hardneg$)ndt provide sufficient
reproduction and survival for culturing. After exjmeentation showing no difference
in survival forC. cf dubia in HHC to that in CRW and demonstration of threeod
test acceptability for HHC ASTM (2002) it was demidto use HHC as a
control/diluent for culturing and toxicity testirgf C. dubia. The use of HHC for a
culture medium and a diluent in toxicity testingynteave an effect on the resulting
toxicity displayed compared to other synthetic ¢ayi control mediums. However,
the culturing of test animals in media lacking asgrttrace elements/metals could
give rise to animals that are unnaturally sensitivethose same metals during
toxicity tests (Muyssen & Janssen 2002). Using H&#Ca culture medium, which
contains trace metals necessary for most freshveddeie and zooplankton growth
and reproduction could reduce unwanted sensitiijham et al. 1998). Several
internationally recommended culture and test méati@laphnids contain only a few
salts and it may be questioned if their composit®oadequate to meet the animal’s

nutrient requirements (Muyssen & Janssen 2002).

Test solutions used in a toxicity test should havaminimal effect to the chemical
characteristics of the effluent (Tevlin 1978) sattwater toxicity due to low pH as
against that due to other contaminants can beidis@ated (Lopeset al. 1999).
EDTA (ethylene diamine tetra-acetic acid) is pdrtttee HHC medium known to
form complexes with almost every metal ion, inchglcadmium (Tevlin 1978). By
removing the chelating agent EDTA from HHC it caiert be employed in diluent
testing of toxicants or effluents containing heawstals (Baeet al. 1999).
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5.5.1.3 Tetrahymena thermophila tests
Tetrahymena thermophila are a eukaryote but are cultured both easily and

economically, just like the prokaryotic bacteriaaking them highly suitable for
toxicity testing (Pauli & Berger 2000). Shortertgethan the 24 h growth test used in
this research are also possible but may not pravidesensitivity needed for toxicity
testing on samples with very low concentrationsoaicants as found in the treated
pit lake water (Sauvangt al. 2000). The calculated. thermophila 24 h EGo
(15.6%) WOS5H pit lake water dilution meant that tb&al concentrations of Al, Cu,
Ni and Zn would still be above the guideline valu€ke concentrations at the 24 h
ECso dilution of Al and Zn especially, were elevatedoa® the guidelines.
Aluminium is not expected to cause toxicity at arcemn-neutral pH
(ANZECC/ARMCANZ. 2000a; Sauvardt al. 2000), indicating that Zn may be the
major contributor to toxicity from the WO5H pit lekvater. Nevertheless, Gallegio
al. (2007) found the 24 h Lfgfor Zn at a pH of 6.8 was 358@/L showing thaiT.
thermophila has a naturally high resilience to Zn. At the LOB225%) WO5H pit
lake water dilution, calculated total concentrasiasf Zn and Al would have still
been above the guideline values and may still ltardributed toxicity towardd.

thermophila.

The only treatment on the WO5H pit lake water thibi remaining toxicity toT.
thermophila was treatment with NaOH only. This correspondshvifte numerous
metals still remaining above the guideline valussaell as the HMGV. However,
the high remaining Cd in treatment RCOgould have been expected to cause
toxicity, as Cd is known to adversely aff8ctthermophila at low concentrations (24
h LCs of 195ug/L) (Gallegoet al. 2007). The chronic 24 T thermophila bioassay
showed that there was no toxicity in the RCOLI&nd therefore risk tor.
thermophila was removed in both the treatments RCOCI and RCQCI

5.5.1.4 Bioassay toxicity response comparison
Short term sublethal algal tests have been foure t6-10 times more sensitive than

acute lethality tests with animals (Staubeal. 1994). Nevertheless, in this research
the relative sensitivity (highest to lowest sendy) of the three test species
bioassays to the WO5H pit lake water w@s cf dubia ( 48 h EGy 11%), T.
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thermophila (24 h EGp 15%) andC. protothecoides (72 h EGy 28%). The toxicity
exhibited from the WOS5H pit lake water was lessntredditive for the total
concentrations of metals remaining for all threecsgps (Mahar & Watzin 2005).
Although this is the least common effect to be ldigpd from complex mixtures of
chemicals ii has been reported on several otheasimas (Mitchell 2002). The less
than additive mixture toxicity result indicates tthie total hardness, DOM, and pH
were playing a significant buffering role withinetidiluted WO5H pit lake water that
allowed for only a small portion to be bioavailaldethe three species. The circum-
neutral pH exhibited could also indicate competitmf H+ with the other metals
reduced bioavailability and hence toxicity (Markithal. 2001).

After treating the WO5H pit lake water with eachtbé three treatments, toxicity
remaining was highest in treatment RCOEIOr C. protothecoides, similar in all
treatments foC. cf dubia and highest in the NaOH treatment Tothermophila. The
different results demonstrate the different respenand sensitivity expressed to
chemical mixtures from different species and tropHevels as noted by
(Manusadzianast al. 2003). Furthermore, the different results betwtenspecies
indicates the difference in sensitivity and therefasefulness in using species from
different trophic levels (Mitchell 2002). The gualive assessment of the responses
to the treated WO5H pit lake water indicates that48 hC. cf dubia test may be the
most sensitive of the three tests used. If dhlghermophila or C. protothecoides
were used for toxicity assessment, water from tiviiv® treatments would have been
shown to be non toxic. By using a battery of spedievas possible to demonstrate
residual toxicity following treatment. Due to thidferent toxic responses seen from
the different treatments all three tests would keommended to be used in

conjunction with each other for future testing.

Models (FIAM and BLM) designed to predict bioavaildy of metals don’t take

into account a deficiency of trace elements thay st in an aquatic ecosystem.
This can be a natural phenomenon or the resuleattions with anthropogenic
contaminants. Essential trace metals are oftemyhrggulated in aquatic organisms

in order to avoid situations of trace metal deficig or overload (Wormet al. 2006)
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but in the case of a prolonged shortage of traemehts adverse effects may still
occur. The chronic deficiency of common ions canasedetrimental to aquatic
organisms as excessive ions (SETAC 2004). The nesasis of RCOCI and
RCOCIOG, may have removed trace metals necessary for grosgioduction and
survival in the 3 test species. Toxicity was exetiin these two treatments that
cannot be completely explained by the measurablecerdrations of metals
remaining and may be due to a deficiency of tradements from the

filtration/amelioration treatment.

5.5.2 RCO: Neutralising, oxidising and filtration

The RCO process was originally developed to treatindwater to drinking water
quality. The aim was to remove metal contaminamttuding Fe, Mn, Al, As using
low cost oxidants and high energy efficiency sa tha could apply this process in
the rural areas of developing countries. Practical cost effective pH treatment of
mine pit lake water would have been achieved usirflyidized limestone reactor

(FLR) or another limestone derived treatment.

The RCO filtration removed most but not all toxycto the three bioassay species.
Therefore, indicating that modification to the traant would need to be done if
water were to be released to the environment. Nehets, treated water may be able
to be utilised for other end uses such as indwsidy horticulture. Mn in the pit lake
water is a problematic metal due to the brown d@gation it can leave and may
adversely affect its use in industry. In freshwasgistems the speciation and
solubility of manganese is highly pH dependent dods not readily form sulfidic
minerals and requires elevated pH (~8) for abiokation of Mn (II) to insoluble
Mn (IV) (Peakall & Burger 2003; Hallberg & Johns@005). Wetland and other
passive treatments can remove amounts of Mn frenatfected water but the speed
and variation at which the process occurs detfaats the usefulness of the process.
Variation due to seasons can greatly affect and pwvevent the removal of Mn from
solution (Hallberg & Johnson 2005). Seasons whevkdical activity is reduced

(winter, southern Australia) due to temperature amdtosynthetic rate usually
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coincide with high rainfall times where acid leadjican be increased. Therefore,
when the highest rate of Mn removal is needed #te of removal will be at its
lowest (Hallberg & Johnson 2005). The use of algsttasand filter increases the
speed and effectiveness of Mn removal comparednwentional wetland or anoxic
limestone drain methods without having to raisephieto above neutral and with a
relatively small retention time. The remaining centation of Mn in the WO5H pit
lake water treated with RCOCI and RCOg¢as less than fig/L at a pH of 6.6
and 6.8 respectively. The filtration results indéca that the RCO
filtration/amelioration treatment may be effectie# removing Mn from water

contaminated with higher concentrations.

Utilising free chlorine (CI-) can leave residuakitity to aquatic organisms that may
still be acceptable in drinking water for human simption (Kimet al. 2002).
Utilising CIO, does not leave residual toxicity from halogenatgeptmducts and
would allow for the use of the treated water tadterned to the natural environment
or for use in aquaculture (Juri al. 2001). Therefore it would be preferable to use
CIO; instead of ClI- for oxidation prior to filtratiorAlthough the cost of CI@ is
higher than that of CI-, but the oxidation effeetiess is greater from CiOBefore
release to the environment or use in aquacultur® Ri&red water would have to be
passed through a shallow pond with vegetation wkiokild have allowed further
reduction of contaminants and in particular residealorine and chlorine
compounds. Further research in collaboration whik government department
Conservation and Land Management (now Departmewrbo$ervation (DEC)) on
the RCO has shown that with the use of air as Xmising agent toxicity to aquatic
organisms is completely removed from treated watersonal communication
Gheorghe Duta (2007).

Further research into what applications the firaimay be used for and the quantity
and cost of different oxidising agents and newgnadj agents all need to be assessed
to quantify the cost effectiveness of the filtratiechnique. This research is currently

being undertaken by Advanced Water Technologies.
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5.6 Conclusion

The acute 48 IC. cf dubia mortality bioassay was the most sensitive testtlier
untreated pit lake water followed by the 24Ththermophila test of population
inhibition and theC. protothecoides 72 h growth rate inhibition. The results from the
48 hC. cf dubia bioassays indicate that there is still an amo@ineésidual toxicity in
the treated WO5H pit lake water. Even after apgyime HMGV water treated with
NaOH alone still contained several metals above HMGYV. The bioassays did
differentiate between toxicity in the three treattseindicating that the RCOCI was
most effective. Therefore, the bioassay resultslioed with the metals analysis
indicate that there is still an element of risk ttee aquatic environment after
treatment with any of the three treatments on tH@5W pit lake water. The three
Australian representative bioassays species usedbined with chemical analysis
was considered effective at assessing the remagmugonmental toxicity/risk in the

treated WO5H mine pit lake water.

The use of chemical analysis alone has some wellvkrlimitations, especially the
inability to account for the bioavailability of th&oxicants and to predict the
interactive effects in complex mixtures (Manusadamet al. 2003). Complex
models designed to account for bioavailability @etsequent responses of aquatic
organisms are becoming better at predicting toxitWorms et al. 2006).
Furthermore, not all authors are in agreeancethi®knowledge of mode of toxic
action is required in order to predict toxicity sassfully (Mitchell 2002). Ultimately
biological measurement will provide absolute canftion of toxicity from chemical
measurements (Markicd al. 2001).
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CHEMICAL AND PHYSICAL ANALYSIS OF
PIT LAKE WATER TREATED IN
MESOCOSMS WITH LIMESTONE AND

PHOSPHORUS
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6 Chemical and physical analysis of pit lake water
treated in mesocosms with limestone and

phosphorus

6.1 Abstract

Lake Kepwatri is a rapid filled abandoned mine @kd with a moderately low pH 4.8
and is contaminated with high metal concentratidradke Kepwari is proposed for
use as a recreational lake but does not meet guedefor this use. A mesocosm
approach was used to apply three ameliorationntrexats to the lake water in order
to permanently raise pH and reduce metal concémmat The treatments were
limestone, phosphorus and limestone and phosphaluhree treatments raised the
pH to neutral and reduced metal concentrations @mwp guidelines with the

exception of Zn over the eight month trial. Limestoaddition alone was the

quickest in increasing pH and reducing metal cottaéions by month 2.

6.2 Introduction

Mine pit lake end uses are influenced by physiodl @hemical parameters within the
lake and from adjacent terrestrial sources. Theewguality in mine lakes, in
particular acidity, salinity, hardness and metahposition differ depending on the
geology, hydrology and geochemistry of the locadl aurrounding areas. One or
more remediation techniques are generally requaredhustralian coal mine lakes,
given that water quality in these lakes rarely rme&tlZECC/ARMCANZ (2000b)

water quality guidelines for many end uses.

Acidity produced in these pit lakes from oxidatioh pyrite (Fe%) in adjacent
overburden and pit lake walls mobilises metalsaxia concern including, Al, As,
Co, Cr, Cu, Fe, Ni, Mg, Mn, Pb and Zn. Continuatdibance of pyritic rocks and

soils, leaching of overburden from precipitationeets and pit lake water level
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changes also result in acidic water leaching ssluieto adjacent aquatic
environments. Acidification itself not only causesvere toxicity through lowered
pH but also causes further toxicity through iteet on the increased speciation, and
therefore bioavailability, of other toxicants, peutarly heavy metals (Lopest al.
1999).

Metals in natural waters are found in equilibriustveeen different forms such as
dissolved, complexed, or associated phases witloidsl and particles. The
distribution between these physicochemical formdemeines potential metal
bioavailability (Hyneet al. 2005). Acid pit lakes are prevalent with the dtinds
necessary for increasing metal bioavailability @énerefore toxicity and need to be
remediated to a level where end uses can be realise

Acidic mine lakes found in the Collie Basin in Warst Australia contain a number
of metals especially Al, Mn, and Zn in concentratio that exceed
ANZECC/ARMCANZ (2000b) toxicant guidelines for tipeotection of fresh water
aquaculture species and (Sapgtaél. 2000). These acidic pit lakes occur through
exposure of pyrite and other sulphide minerals @aged with coal seams to water

and oxygen (DeNicola & Stapleton 2002).

Aluminium is mainly responsible for buffering anaxicity (directly or indirectly)
for these acidic lakes, due to the low alkalinifien less than 20mg/L. Elevated Al
concentrations in acidified lakes affect biota andrient cycling, through reducing
bioavailability of phosphorus, thus causing, phaspk nutrient limitation (Bittlet

al. 2001; Lychie-Solheinet al. 2001). Kopacelet. al. (2000) gave evidence that Al
disturbs in-lake phosphorus cycling therefore difecnatural remediation processes
within acidified pit lakes. Consequently aquati@sps colonization in aluminium-
buffered lakes is complex and mostly controlledtiy sensitivity of the organisms

towards both protons and to inorganic reactive alium species (Nixdorf 2003).
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Manganese and Zn also play a role in toxicity toadig biota within these pit lakes.
Soluble manganese adds to the acidity in coal pinkakes and is usually found to
be elevated when compared to natural waters (Hallkelohnson 2005). Toxicity of
Mn to aquatic organisms is not fully understood ien water high in dissolved
Mn is used for human consumption, agriculture atistry, problems with Mn (1V)
precipitates occur. The removal of manganese franteke water can be difficult
due to the high pH (>8) required for precipitationt co precipitation with other
metals such as Al and Fe does occur at lower pEldelLeeet al. 2002). Aquatic
toxicity from Zn is better understood than Mn anelMdocumented for many species
(Barron & Albeke 2000; Duaset al. 2001; Heijericket al. 2002a). Although like
most metals, concentrations of Zn are not the palsameter dictating toxicity but
are reliant on other factors such as pH, alkaljritgrdness and dissolved organic
matter (Muyssen & Janssen 2002). Within coalgkeb mainly acidity hardness and

pH drive this toxicity through their influence opeiation.

Potential impacts of acidification and metal contation on aquatic environments
are often studied using mesocosms (Fyataat. 1998; Woelflet al. 2000; Tostchet

al. 2003; Koschorreclet al. 2007). These can be used to assess water remediati
techniques, conduct toxicity studies of effluentsd ao study other aspects or
parameters of aquatic environmental effects (Bhowa et al. 2001). Mesocosms
allow for a large-scale measurement of remediatiechniqgues and are easily
replicated, an approach that is sometimes diffimubtichieve in the field. Mesocosms
have particular application in the assessment gicity of water and sediments
collected from mine lakes and in studies of potdnti-lake remediation approaches
(Koschorreclet al. 2007).

Rapid filling of mine lakes can be a quick soluttonthe reduction or prevention of
further oxidation of pit lake walls. This technigbas been used worldwide with
varied success (Trettiet al. 2007). The accelerated filling also helps redgicaind

water infiltration, from water that may have commoi contact with oxidised
geologies causing low pH and containing high cotre¢ions of metals and salts
(McCullough & Lund 2007a). The pit lake water usedhis trial was obtained from
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a rapid filled open cut mine pit lake in Collie, Wkake Kepwari. After rapid filling
by diversion of the Collie River, Lake Kepwari btitaintains a low and reducing pH
(pH 4.8), and elevated Al, Mn and Zn total concatidns of 1 130, 260 and 450
ug/L respectively.

The Collie Coal Basin is a site of significant @ovimental acidification. Abandoned
voids with pH levels of 4 are found throughout the region, the result foxer 100
years of coal mining operations. The aim of thigdgt was to evaluate, using
mesocosms, three different water treatment appesadbr mine lake water -
limestone chip (L), phosphorus (P) and limestong imosphorus (L&P) additions.
These studies are aimed at remediation of lakerv@tecity through reducing metal
solubility at increased pH and through bacteriad gfanktonic growth stimulation.
Limestone was utilised to increase pH to levelgafle for biotic growth and
survival through reducing dissolved metal and otbentaminant concentrations.
Mine lake water was phosphorus amended as it isvkrio be a limiting nutrient
within freshwater systems, especially those affidte acidic conditions (Parent &
Campbell 1994; Kopacedt al. 2000; Bittlet al. 2001).

6.3 Materials and Methods

6.3.1 Study site

Sediment and water used in this study were collettan a mine lake located in the
Collie Coal Basin in the south west of Western Aalg (Latitude 3321 S
Longitude 11609’ E) and transported to Edith Cowen UniversitgrtR, WA. Lake
Kepwatri, originally an open cut coal mine, is betd®yeloped as a recreational lake
(Lund 2001).
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Figure 25.Location of Lake Kepwari in Collie, Western AustaalCollie town site encompassed by

box with a broken line and Lake Kepwari encompadseldox with unbroken line.

Lake Kepwari is a mine lake developed from a fimahe void at the Premier Coal
mine site located in Collie, Western Australia. Mopwas ceased at Lake Kepwari
in the 1990s (Figure 25). Overburden dumps and seghcoal seams were covered,
battered and revegetated with endemic flora byctliseeding. In order to further
reduce wall exposure and rates of consequent aoduption, the lake was rapid-
filled by a diversion from the South Branch of tBellie River over three winters
until 2005. The volume of Lake Kepwari is 24 GLthva maximum depth of 65 m
and surface area of 10 ha. A proposal to develedake as a recreational resource
has received strong community support. This devatny is predicated on the lake
being relinquished by the mining company to theeSta scenario that is presently
under consideration. Due to the accelerated filfniogn the river diversion the Lake
pH is approximately 4.8 and contains elevated kvef dissolved metal
concentrations, in particular Al, Mn and Zn thag &ower than lakes in the same area
(Johnson & Wright 2003). The lake straddles thginal watercourse of the Collie

River, which is being diverted around the lake tigio a diversion channel most of
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the year. Lake Kepwari is an iridescent blue, nyodtle to the high aluminium

concentration which may be a tourist attractiothtolake (Plate 5).

Plate 5.Lake Kepwari after filling by diversion of the Ci@IRiver. (original source unknown)

6.3.2 Mesocosm treatments

Using water and sediment collected from Lake Kepwamesocosms were

established at Edith Cowan University, in Augus020Each mesocosm contained
1200 L of mine pit lake water along with sedimetgo collected from the lake

littoral benthos. The sediment was collected usirgludge pump and transported in
a steel tank.

During the course of the trial precipitation evedid not exceed evaporation and
therefore with the freeboard at the top of the sanlater did not overflow at any
time. However, the mesocosm tanks were topped up deionised water to
compensate for evaporation therefore, removing readsing from possible

evapoconcentration of chemicals within the mesososm
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The 12 mesocosms contained three treatments andteeated pit lake control, each

replicated three times. The twelve mesocosms weanged in a 4 x 3 randomised
block design (Plate 6).

vt

Plate 6.Mesocosm setup at Edith Cowan University (sourceCMIough 2006)

Samples from the mesocosms were collected for ad#nainalysis prior to the
commencement of the trial (Month 0) and at bimonthtervals thereafter (Months
2, 4, 6 and 8 respectively). Control mesocosms (Rt@)tained intact Lake Kepwari
water while treated mesocosms contained: 1) Lakewe water, amended with
limestone chips, to pH neutral (L); 2) the additioihdi-potassium orthophosphate
(K,HPOy) at a maintained soluble reactive phosphorus (S®Rgentration of 10-
20 pg/L (P); and 3) a combination of both limest@rel phosphorus treatments
(L&P). Further phosphorus additions utilised in ntaining a stable phosphorus
level were made 3 days after Month 2 sampling, Batd 33 days after Month 4

sampling and 12 and 27 days after month 6 sampling.

6.3.3 Water quality analysis
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Water quality parameters of each mesocosm were urethon November 2005

(month 2) and at bi-monthly intervals thereaftaanuary 2006 (month 4), March
2006 (month 6) and May 2006 (month 8).

Water samples collected from mesocosms for analysie immediately filtered to
0.5um and stored in acid washed high-density polyetig/lbottles at <5°C before
analysis. Measurements for temperature, pH, dissolwygen (% saturation and
mg/L), specific conductance, and ORP (platinumreziee electrode) were collected
in situ with a Hydrolab Datasonde 4a. A filtered mesocosater sample was
analysed for S@and Cl on an ion chromatograph (Metrohm model JS9&hmonia,
NOx and filterable reactive phosphate (FRP) werdysed on a Skalar Autoanalyser
after APHA (1998). The remaining filtered sampleswithen acidified with reagent
grade HCI and selected metals analysed by Indugti@eupled Plasma Atomic
Emission Spectrophotometry (ICP-AES) for Al, As, B, Be, Ca, Cd, Cr, Co, Cu,
Fe, K, Mg, Mo, M, Na, Ni, Sb, Se, Sn and V. Unfitd samples were digested using
a persulfate digestion and then analysed as per &RP NOx on a Skalar
Autoanalyser to determine total P and total N reSpely according to APHA
(1998).

6.3.4 Data Analysis

Statistical analysis of water quality data was @ened using the statistical program
SPSS. Normality was assessed by the Shapiro-Wilk tésP=0.05 and if met,
homogeneity (variance) was tested using the Lewtatestic P>0.05. A parametric
one-way analysis of variance (ANOVA) or repeatedasuges ANOVA was
performed to demonstrate if significant differendedween treatments or samples
existed. When significant differences were showrthiey ANOVA (P<0.05), a post-
hoc test was performed to show where the differermzurred. Theost-hoc test
used when variances were not equal was the patianfemhane Test. When
variances were shown to be equal fhst-hoc Student-Newman-Keuls (S-N-K)
Range Test was performed to show homogeneity sisb-8¢hen data was not
normally distributed the non-parametric ANOVA KrasiVallis H Test was used to
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find median differences. T-Tests were used for-pése comparisons, between test

treatments, between individual mesocosms and betsemples.

Data presented in the results section for waterlityugparameters is mean
concentration (mg/L)+ standard error, unless otherwise stated. Sigmifica

differences found from statistical tests are athatP<0.05 level.

6.4 Results

6.4.1 Mesocosm Physical Parameters

Initial results (month 0) for the physical paramstevere taken from mesocosms
before the initialisation of treatment regimes,haihe first sample collected after
treatments implementation occurring at month 2. gemature in the mesocosms was
relatively constant between 24 to 27°C over the kiring and summer period of
sample Months 2, 4 and 6 with no variation betwiedividual mesocosm replicates.
Temperatures for the mesocosms during early spignth 0) and late autumn
(Month 8) were similar to each other (15-17°C) kugre significantly lower than
those for Months 2, 4 and 6 (Table 20).

At the commencement of the trial, pH measurementyewall below the

recommended pH guideline range of 5-9 for freshivaguaculture species
(ANZECC/ARMCANZ. 2000b). The Mesocosm Control (M@nd treatment P

exhibited increases in pH over the 8 month trialqek with both rising from 4.6 to

6.4 and 6.7 respectively. Treatments L and L&P eased the pH through
neutralisation (as per treatment regime) of thelgke water, with pH remaining
significantly higher than that of MC and treatménhfrom month 2 onwards. A pH
close to neutral was maintained in treatment Lllananths while that of treatment
L&P showed a significant fall from Months 2 to 4thwas constant thereafter. By
Month 8 pH in all treatments were all circum neljtbat were also all significantly

different from each other.
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The oxidation-reduction potential (ORP) values (memaV + standard error) at
months 2, 4 and 6 were lower in treatments L and®Li&an those of MC and
treatment P. ORP values for MC and P decreasedtibeesampling period from 190
and 192 to 143 and 125 respectively. Treatmentad_L&P showed no significant
changes from month 2 onwards with one excepti@igaificantly lower ORP value
observed in treatment L&P in the month 6 sampleer&hwas no significant

difference between MC or any of the treatment ORIBas at month 8 (Table 20).

Table 20Physical parameters for treatments from all sammaths. Mean values + standard error.
Different superscript letters indicate significaifferences within a treatment between months.
Different superscript numbers indicate significdifferences between treatments within a sample
month.

Treatment Month O Month 2 Month 4 Month 6 Month 8
Temp (T)

MC '15.6 +0.1° '244+02° '248+02° '268x0° 116.2+0.4°
L '15.6 +0.1° 246+01° '249+01° '269+01° '16.4+0.6°
P '15.5 +0.2° 1246+02° '251+02° '269+01° '16.6+0.7°
L&P 115.7+0.1° '249+02° '251+01° '26.820.1° '16.7+0.4?
pH

MC 4.6 +0.0° 5.2 +0.1° '5.3+0.1° 6.0 +0.1% '6.4+0.1°
L 4.7 +0.0% 27.4+0.4° %6.9+0.1° 27.0+0.1% °73+0.1°
P 4.6 +0.0° '5.1+0.1% 5.6 +0.2% 6.4 +0.2° %.7+0°
L&P '4.9+0.4° 27.4+0.1° %6.6+0.1° 6.9 +0.1" *70+0.1°
ORP (mV)

MC 1100.7+3.9°  '192.0+4.9° '187.7+4.9*° '126.3+3.8" '142.7+9.8"
L '190.0+3.2*  %114.7+14.7* 21333%7.4*° 213+6.3*° '120.3+7.2°
P '192.3+4.4*  '203.0+95° '178.0+55" °110.0+2.0° '1253+2.7"
L&P 1185.3+10.2° %122.3+10.3*° “141.3+4.3% %91.0+26° '126.3+4.4°

6.4.2 Mesocosm Water Chemistry

At the commencement of the mesocosm trial, conagalrs of several metals (Al,
Mn and Zn) in the Kepwari pit lake water exceedegidant guidelines for the
protection of freshwater aquaculture species (ANZEKRMCANZ. 2000b). The

measured Al concentration of Lake Kepwari watereexied the guidelines for pH

less than 6.5 (sample pH 4.8) by two orders of ntade. Similarly the Zn
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concentration was elevated by almost two ordersagnitude. Manganese was more

than 25 times the recommended guideline conceotrgfrigure 26). Al and Zn
Concentrations were also elevated when using theeljes for the protection of

aquatic ecosystems but Mn was not.

Figure 26. Lake Kepwari dissolved metal concentratiopg/(), that exceed ANZECC/ARMCANZ
(2000) guidelines for the protection of freshwatgquaculture species or aquatic ecosystems.

Metal Aguaculture Aguatic Measured
ecosystems concentration
aluminium 10 (pH <6.5) 55 1125
manganese 10 1900 265
zinc 5 8 450

The Al, Mn and Zn concentrations showed decreasestbe 8 month period in all
mesocosm treatments (L, P and L&P) as well as in KFQure 27). The
concentrations of these three metals in L and LE&#\&d sharp decreases by month
2. The Al, Mn and Zn concentrations in MC and P evéigher than those of
treatments L and L&P at all sampling months, wité exception of Al after month 4
and Mn levels in P at month 8. The Mn concentraitoMC and Zn concentration in
all treatments exceeded aquaculture guideline deselthe completion of the trial
while the Al concentration fell to below the guithel in MC and all treatments after
month 6.
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Figure 27.Mean concentrations + standard error for metaleesing ANZECC/ARMCANZ (2000)
toxicant guidelines for the protection of freshwatquaculture species. Horizontal broken line

indicates guideline concentration level.
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Metal concentrations at month 0 of Al, Mn and Znl a@&xceeded the

ANZECC/ARMCANZ (2000) freshwater aquaculture guidek in all mesocosms.
By month 8 all treatments and including the MC hediuced the concentration of Al

to below guideline values for a pH >6.5. Mangan&as reduced to below guideline
levels in all treatments but remained elevated i@. Mihe concentration of Zn was
not reduced to below the guideline value by angtiment or by MC by the end of
the 8 month trial (Table 21).

Table 21 Month 0 and 8 mean metal concentrations + SE exegdNZECC/ARMCANZ (2000)
toxicant guidelines for the protection of freshwatquaculture species. Bolded concentrations are
significantly (P<0.05) elevated above guidelineuesl.

Metal Treatment Aquaculture Aquatic Month 8 mean

ecosystems concentration £ SE

Al MC 10 (pH <6.5) 17+0
L 30 (pH >6.5) 55 (pH >6.5) 4320
P 20+10
L&P 43 +20

Mn MC 10 1900 133 +30
L <10
P <10
L&P <10

Zn MC 5 8 257 £50
L 81+30
P 227 +£20
L&P 100 + 40

Physico-chemical parameters and metal concentsatimeasured in the mesocosms
over the 8 month trial are shown in Figure 28 ABand D. Variations in the three
metals exceeding guidelines Al, Mn and Zn haveaalyebeen discussed. With
respect to the other water chemistry componengsctimcentrations of the elements
B, Ca, Cr, Cu, K, Mg, Na, Pb and S, and of the wajeality parameters total
nitrogen (TN), free reactive phosphorus (FRP),Itpteosphorus (TP), sulphate and
chloride showed no significant differences eith@tween treatments or within
treatments over the 8 month trial period. Decreasiends were observed in Co, Fe

and Ni concentrations, as well as significant dases in the levels of NOXx.
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The reduction in concentration of the elementsE&oand Ni in the MC tended to be

similar to that seen in the treatment mesocosmaar@orFe concentrations decreased
over the 8 months in all treatments with a diffgripattern of decrease for the two
elements. The Mesocosm Control Co concentratiowsti@ decreasing trend with a
significant concentration decrease by month 8 f6firto 20ug/L, while Fe showed
a significant decrease after 6 months from 1800tpdZL. In contrast, both elements
displayed a significant decrease of concentratioineéatments L and L&P by month
2 to 70 and 5@g/L respectively for Fe and 1@/L for Co. The Co concentration in
treatments L and L&P showed no further significd@trease from month 2 to month
8, while the Fe concentration in treatment L ordignificantly declined again by
month 4 to 1Qug/L. In treatment P, the Co concentration decreaggmficantly by
month 8 to <1Qug/L, while Fe levels showed a significant decrelagemonth 6 to
10 ug/L. Ni concentrations fell significantly over tl8months in treatments L and
L&P to <10ug/L but were unchanged in treatment P. A decreasorgentration
trend for Co, Ni and Fe was displayed in MC butael Ni did not decrease until
months 6 and 8, falling to levels of 20 and (&L respectively. The Co
concentration was significantly reduced in MC bymtio2 to 30ug/L.

The only other significant reduction in a physidemical concentration was that of
NOXx. The concentration of this parameter showeig@fecant decrease in MC with
a similar decrease in all three treatments. NOxcentration in MC decreased from
1000 to 29ug/L by month two and treatments L and L&P reactédilarly
decreasing to 46 andu@/L respectively. There were no further changeN®@x for
treatments L and L&P or MC after Month 2. TreatmBrgehowed a decreasing trend
with a decrease in concentration by Month 2 to gl and again by Month 4 to
37 pglL.

When comparing the effect of different treatmentsnoetal concentrations in the
mesocosm samples several differences were obseFedimestone and limestone
plus phosphorus treatments (treatments L and L&Peetively) produced a greater
reduction in metal concentrations compared to #wtieved with the phosphorus

treatment (P) alone. Overall, there was little etéince after 8 months between the
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reduction in concentrations observed with the litmes and phosphorus compared to

the limestone alone. However, when additional phosgs was added after month 6

a further reduction in some metals was observed.
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Figure 28.Mean chemical concentrations * standard error fesdtosm Control (MC) (A),
treatment L (B), treatment P (C), and for treatme®® (D). Y-axis is a log scale. Data missing from
Month O for any parameter was not collected. Dhtavs as O for any other month was below the

detection limit except for TP, sulphate and chlenichich were not measured at months 6 and 8.

6.5 Discussion

The aim of this study was to evaluate Lake Kepwaeaiter toxicity relating to
chemical changes from implementation of treatmeos the Lake water in
mesocosms over an 8 month period. The three diffevater treatment approaches
used on the mine lake water were; limestone chiypsphorus and limestone chip
plus phosphorus additions which were monitored cwer8 month period. The
limestone addition was utilised with the intent iotreasing pH and therefore
removing metal bioavailability. Phosphorus additiras utilised to stimulate
phytoplankton growth, owing to the low presencepbbsphorus generally being a
limiting factor in freshwater lakes (Kopacekal. 2000; Lychie-Solheinet al. 2001)

and its effect in increasing alkalinity throughhstilated biological nitrate uptake.
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The mesocosm trial lasted 8 months over which fime&ided spring, summer and

autumn seasonal temperatures and daylight duratimsse seasonal changes no
doubt have had an effect upon the treatments usé¢ldeoLake Kepwari water, firstly
by having a low temperature at the beginning of thal, slowing biological
processes especially affecting treatment P whildsren biological uptake of nitrate
to produce alkalinity. This in turn would have afied the rate of amelioration from
these natural biological processes and could exptertly the initial sluggish
response of treatment P in reducing toxicity. Sdbpthe shorter light duration due
to cloud and daylight hours occurring in early sgricould have also slowed the
biological processes, especially phytoplankton dhowequired for amelioration.
This effect may not have been as pronounced inirtiesstone treatments due to the
limestone not relying on biological activity for pldmediation.

Several physical and chemical parameters in thee Likkpwari water exceeded
(ANZECC/ARMCANZ. 2000b) freshwater aquaculture @lide values at the
commencement of the mesocosm trial month 0. Lakpw&e pH measured at
month 0 before treatment was outside the guidetinge of pH 5-9. Aluminium, Mn
and Zn concentrations all exceeded the freshwatguaaulture guideline
concentrations (ANZECC/ARMCANZ. 2000b) indicatindpet need for further
assessment of the pit lake water. Lake Kepwari dugshave a low pH when
compared to other mine lakes in the Collie CoaliBg8VO5H pH ~3, Chicken
Creek pH ~3) but the toxicity to aquatic life idlgirevalent (Lundet al. 2006). The
amelioration regimes utilised on the pit lake waiélL and L&P increased to and
maintained a circum-neutral pH for the duratiortred 8 month trial, indicating that
limestone addition alone is suitable as a pH reatexnfi strategy for this water.
Treatment P did not exhibit a quick pH response rognth 2 but pH did
progressively increase during the 8 month trialato acceptable level for use in
aquaculture. The pH measured in the Mesocosm Qaanticb treatment P were not
significantly different from each other over then®nths, indicating that the pH may
increase over time due to other natural processeaim dilution effects without P
addition. The increase in pH from limestone additwas also probably responsible
for the decrease in Al, Mn and Zn concentrationgseatments L and L&P by month

2. Al, Mn and Zn will precipitate or co-precipita& pH levels between 6 and 8 by
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adsorption, cluster formation, homogenous solidutsah, heterogeneous solid

solution or a combination of these processes awrshyy Leeet al. (2002) and
Jackson & Bistricki (1995).

Concentrations of the three metals exceeding tha@dture guidelines reduced in
the three treatments and MC, with limestone addisieowing the quickest reduction
in these metals. The concentrations of metals istmeaters are controlled by
adsorption and coprecipitation processes with whinkstone can play a significant
role (Leeet al. 2002). The mean Al concentration in treatmentand L&P was
reduced to below the guideline value by month 2 anig fluctuated slightly over
the following 6 months showing that limestone additalone effectively reduced the
concentration of Al from this pit lake water. By ntbh 8 mean Al concentrations had
reduced from 112pg/L to <50ug/L for all treatments. The Al concentrations in
treatments MC and P were reduced to below the n@eoncentration but were not
significantly lower than that of Treatments L anflR.indicating that the Al present
in L and L&P may no longer be influencing toxicithluminium in the aquatic
environment is found mostly in the free ion*Aform from pH 4.5 to 5.5 and forms
solid Al(OH); precipitates between the pH range of 5.2-6.5 (&atet al. 2000). By
Month 4 the pH for all treatments and control hackréased to above the pH of 5.2
required for AI(OH) precipitation reactions to occur resulting in @ndicant
decrease of mean Al concentrations. Al once pretga, is no longer in a bio-
available form and therefore reduces toxicity taatgs biota. However, if solid
Al(OH); precipitates onto gills asphyxiation and adveedéioteractions may occur,
especially in fish (Clevelangt al. 1991; Buckleet al. 1995).

Manganese is frequently present at elevated coratemts in waters draining from
and within coal mine lakes (Hallberg & Johnson 20Qvhich is the case in Lake
Kepwari. The mean concentrations of Mn within treants L, P and L&P all

reduced from 265 pg/L (>25 times aquaculture ginds) to below the aquaculture
guideline concentration of 10 pg/L by Month 8. Timean concentration of Mn
within Treatment | was 132 pg/L at Month 8 whichswsiill more than one order of

magnitude higher than the aquaculture guidelinecentration. Mn is present as the
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Mn?* species below pH 8, but can co-precipitate with ¢ and Zn at pH levels

below 8 (Leeet al. 2002). Limestone addition increased the pH toval%.5 for L

and L&P and Mn was removed effectively possibly preeipitating with other
metals (Leeet al. 2002). Phosphorus addition also removed Mn eaffelgt
indicating that phosphorus also has an effect daaieg the Mn present in this pH
range of 4.8 to 7.

Mean Zn concentrations decreased in all treatmentts treatments L and L&P
having significantly lower concentrations than M@daP at Month 8. This showed
that the addition of limestone alone could sigaifity reduce zinc concentrations
from the Kepwari lake water. According to (Hyee al. 2005) Zn toxicity can
increase as a function of increasing pH (6.5-7TBe Zn concentration exceeding
the aquaculture guidelines in treatments L and L&Ryefore, may be capable of
toxicity to aquaculture species. Zn is also knowmeadily bioaccumulate in aquatic
animals and may be a cause for concern if aquaeulsito take place in the
limestone treated water (ANZECC/ARMCANZ. 2000a).

Although chemical analysis can give a picture obttoxicants may cause toxicity
within an aquatic system, the complex nature olim@tsystems means that this
analysis does not always provide accurate conclagibahret al. 2003). Even with
the comparison of chemical data to the guidelirfes requirement of biological

assessment is necessary for absolute confirmatitmxigity (Mitchell 2002).

6.6 Conclusion

All three treatments reduced metal concentrationsiacreased pH with L and L&P
being the most effective in the initial months o&2d 4. Limestone treatment alone
is effective in increasing the pH to neutral andu@ng metals significantly and to
below aquaculture guidelines with the exceptioZfand therefore, stands as being
the most successful remediation regime. TreatmernwaB not as effective in

removing metals from the Kepwari pit lake wateLdsut may still be an option as a
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remediation technique with further study. Evenutio metal concentrations have
been reduced, bioaccumulation of metals could Istila problem to humans if fish,
crustaceans and or molluscs farmed in this watet@be consumed (other option;
ornamental species) (ANZECC/ARMCANZ. 2000a; St@@05).

As long as any terrestrial sources of pyrite-bepaverburden and the void walls are
kept from being further oxidized, limestone treatitnef the Kepwari pit lake water
may be effective in removing toxicity through inastng pH and consequent

precipitation of metals

Results show that the addition of phosphorus toKiewari water does not make a
significant difference to metal results when conggawith no P addition, with the
exception of Mn. Adding of L&P to the Kepwari wateompared with just adding
limestone also showed no difference in physico-dbahresults. This could be
explained three possible ways, abiotic AljP@teractions in the extracellular
environment, Al inhibition of P@ uptake and interference with intracellular
phosphorus metabolism (Parent & Campbell 1994)thkée of these pathways for P
removal or interference can affect not only remeaiieof water quality by micro-
organisms, but also bioassay results when usinga®@ nutrient for algal growth
(Kopaceket al. 2000).

Using chemical data and water quality trigger valireassessing toxicity to aquatic
biota can be restrictive and may require extrapoiaand site specific modifications
(Markich et al. 2001). As stated within the guidelines they aréy drigger values
and when exceeded require the use of further gskssment with the decision tree
(ANZECC/ARMCANZ 2000). These guidelines are gengralerprotective due to
the complex nature of natural systems reducingotlezall chance of a toxic agent
being able to have a direct affect to an organiSavertheless, being over protective
of our natural aquatic environments is appropnateinservative. When complexes
of many different chemicals together combine taease a toxic effect these trigger

values may not be protective enough. By incorpogatimetal speciation,
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bioavailability and ecological host factors intoidplines a more accurate guide can
be realised (Peakall & Burger 2003).
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BIOASSAY TOXICITY ASSESSMENT OF
MINING PIT LAKE WATER REMEDIATED
WITH LIMESTONE AND PHOSPHORUS.
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7 Bioassay toxicity assessment of mining pit lake

water remediated with limestone and phosphorus.

7.1 Abstract

Pit lakes are a common legacy worldwide and aregowicreasingly recognised for
their potential to provide benefits to local comntieés. Toxicity of many pit lake
waters may require remediation before some beéfend uses can be realised.
Three treatments to remediate acidic (pH 4.8) gielwater containing elevated
concentrations of Al and Zn from Collie, Westernsfralia were tested in replicated
1200L mesocosms. The treatments were: a) limestomaralisation (L), b)
phosphorus amendment (P), and c¢) combined limestoastralisation and
phosphorus amendment (L&P). Bioassays usiegodaphnia c.f. dubia, Chlorella
protothecoides and Tetrahymena thermophila were utilised to assess treatment
remediation success. Limestone alone was founddaease pH and remove heavy
metal concentrations, thereby removing toxicitytle three test species within 2
months of treatment. Phosphorus addition alone venhotoxicity to the test
organisms after 6 months of treatment. Adding phosys to liming failed to reduce
toxicity more than liming alone. Low concentratioofs nutrients also appeared to

limit phytoplankton population growth in all treatmts.

7.2 Introduction

Mining pit voids are a common legacy of open cuhimg worldwide (Castro &
Moore 1997). Unless backfilled, many of these vaudseventually fill with ground
and surface water to create a pit lake. The watelity in pit lakes, in particular
acidity, salinity, hardness and metal compositidfeddepending on the hydrology
and geochemistry of the local and surrounding afbhker et al. 1996). Pit lakes
have the post-mining potential to be used for geavf beneficial end uses including
recreation, biodiversity conservation, stock andanpl irrigation, aquaculture,

extraction of industrial chemicals and as sourdepotable and/or industrial water
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(Doupé & Lymbery 2005; McCullough & Lund 2006). Tlead use is generally
restricted by poor water quality in the pit lakeri@ewald & Uhlmann 2004).

For example, geological acidification is a commaobtem in pit lakes by mining
activities enhancing weathering of ore bed geokgend consequently rates of
oxidation and hydrolysis of pyritic (FeSrocks. These processes produce acid,
which then dissolves a range of solutes creating AMine Drainage (AMD) (Geller

et al. 1998). This acidification may cause toxicity tauatjc biota not only through
lowered pH, but also through increased bioavailghilf other toxicants, particularly
heavy metals (Lopest al. 1999). Until recently acid pit lakes have receiVitite

attention for remediation for future end uses (Kmscecket al. 2007).

Due to toxicity, remediation of pit lake water gtals required to allow the water to
be used for a range of beneficial end uses (Doup§r&bery 2005; McCullough &
Lund 2006). Sulphate reduction is one such commoséd approach via stimulation
of naturally occurring microbial processes in lakgth high sulphate concentrations
(Fréommichenet al. 2003). Combinations of organic carbon material bara cheap
effective means to increase alkalinity and thenedaluce heavy metal concentrations
(Frommicheret al. 2004; Bozatet al. 2007).

However, the low sulphur content in many moderagaidified water bodies (e.g.,
the mine pit lakes of South-Western Australia (dmmé& Wright 2003; Lundkt al.
2006)), restrict this remediation technique (Lurtl al. 2006). Limestone
neutralisation is a common remediation method tmhsmoderately acidic waters,
by increasing pH to levels suitable for biotic gtbvand survival and by reducing
dissolved metal and other contaminant concentrat{@uavottalll & Trahan 1999;
Maree et al. 1999; Coleet al. 2001; Kalin 2004; Watteret al. 2005). Passive
remediation techniques usimg-situ, biologically-based treatment approaches have
also been suggested as practical techniques fardiation of moderately acidic pit
lake water quality (Woelfét al. 2000; 2003; Lunct al. 2006; Totschet al. 2006).
Phosphorus amendment has been used to overcomghptmdimitation (Parent &
Campbell 1994; Kopacekt al. 2000; Bittl et al. 2001) and has been shown to
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remediate low pH by stimulating phytoplankton ailkiy production through nitrate
assimilation (Davisoret al. 1995). Addition of P to moderately affected aa#tds
only requires a small amount of P addition for gn#icant increase in pH to be
made. Addition of 4-19g/L P has been shown to increase pH from 4.9-5.2,
corresponding to a 50% increase in H+ -equivalémmis 12—6ueq/L due to algal
uptake of H when assimilating N@ (Lychie-Solheimet al. 2001). Furthermore,
labile Al concentrations reduced from 150-1@fL, possibly due to the increased
pH and probably due to the precipitation with phadp (Lychie-Solheinet al.
2001).

Aluminium is the most abundant metallic elementhia lithosphere, but has little or
no known biological function (Gensemer & Playle @R9Aluminium is thought to
be responsible for pH buffering and toxicity (ditgcor indirectly) in moderately
low pH lakes (pH 3-5) (Stephens & Ingram 2006) asmdfound in moderate
concentrations within many moderately acidic pkels. Elevated Al concentrations
in acidified lakes may affect biota both throughedt toxicity and by disruption of
in-lake phosphorus cycling (Kopacekal. 2000), resulting in phosphorus limitation
of phytoplankton (Bittkt al. 2001). Consequently aquatic community colonizaiion
aluminium-buffered lakes is limited by sensitivitpwards protons, phosphorus
limitation, and toxicity from inorganic reactive uamhinium and heavy metals
(Nixdorf 2003).

Even at moderate pH, heavy metal concentrations stilyexceed environmental
protection guidelines (Rothenhdtferal. 2000; Markichet al. 2001). The potential
impacts of these toxicants on aquatic environmemts often studied using
microcosms and mesocosms (Tang 1993; Fgsah 1998; Frémmichest al. 2003;
Collins et al. 2005). Replicated mesocosms allow for a larger mode complex-
scale measurement of biotic effects than labordttays and avoid issues associated
with replication at a field scale (Odum 1984).

This study aims to evaluate the efficacy of thre#egknt in-situ remediation

treatments for reducing toxicity in moderately acita. pH 4.8) acid pit lake water
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at field scales after McCullough & Lund (2007a).€e$h treatments were; a)

limestone neutralisation (L), b) phosphorus amemdm@), and c) combined

limestone neutralisation and phosphorus amendné&ft)(

Toxicity of these remediated pit lake waters waseased using laboratory-based
acute and chronic toxicity test protocols for thespiatic organisms from different
taxonomic and trophic levels, the water fl@éeriodaphnia c.f. dubia, the microalga
Chlorella protothecoides and the ciliated protozoaietranymena thermophila.
Bioassays are used as sensitive indicators of taolluoxicity, since they are rapid,
inexpensive, applicable to a number of toxicant$ @fow several acute and chronic
endpoints to be assessed simultaneously (Calevral. 1999). The chemical
modelling program PHREEQC (Parkhurst & Appelo 1998k also used to assess
the proportion of each species of Al and Zn at @éasting month. PHREEQC is used
for a wide variety of low-temperature aqueous geaahal calculations and is based

on an ion-association aqueous model.

7.3 Materials and Methods

7.3.1 Study site

The pit lake water used in the mesocosm trial waeaed from Lake Kepwari a
rapid-filled mine pit lake located in the Collie &oBasin in the South West of
Western Australia (33.36° S, 116.15° E) (Figure.ZBhe Collie Coal Basin of
South-Western Australia is a site of significantiesnmental acidification, resulting
from over 100 years of coal mining in pyrite-begrigeologies (Ashton & Evans
2005). However, even after rapid filling by divensiof the Collie River over several
winter seasons, the 24 GL Lake Kepwari has a loavdetlining pH ofca. 4.8, and
has elevated metal concentrations of Al and Zn (MimDgh & Lund 2007a;
McCullough & Lund 2007b).
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Figure 29.Location of Lake Kepwari (indicated with a®’) in the south-western lobe of the Collie

Coal Basin, Western Australia. Figure modified frbond et. al. (2006)

7.3.2 Mesocosm treatments

Using water and sediment collected from Lake Kepwarelve 1 200 L pit lake
mesocosms had been established at Edith Cowan fdityvePerth, in August 2005.
Each mesocosm contained sediment and lake watiexctsl from the lake. Three
treatments and an untreated control were replictitegk times and arranged in a
randomised block design (McCullough & Lund 2007a).

Representative control water samples of Collie Rivater (CRW) were collected
upstream from the Collie River diversion site. TMesocosm Control (MC)
contained intact Lake Kepwari water while treatedsotosms contained: 1) Lake
Kepwari water pH amended with limestone chips torgdtral (L), 2) di-potassium
orthophosphate (IPO;) to an initial soluble reactive phosphorus (SRP)
concentration achievable at a field scale of ara2m@g/L (P), and 3) a combination

of both the limestone and phosphorus treatmentsP{L& urther phosphorus
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additions of 10 pg/L P were required to maintaingghorus levels and were made 3
days after month 2 sampling, 8, 19 and 33 days aftsmith 4 sampling and 12 and
27 days after month 6 sampling. The P concentratimsen is a logistically feasible
concentration that could be achieved in a largeenpih lake (Lychie-Solheinet al.
2001). This P addition also reflects an adequataeceatration for primary
productivity stimulation without leading to lake teaphication. Mesocosm water
levels were initially maintained by roof-collectadinwater to accommodate for
evaporation. However, rainwater use was discontinafter it was found to be
contaminated with P (total contribution of. 2 pug/L total P to each mesocosm
shortly before month 2) Water level maintenance thas made by regular additions

of deionised water.

7.3.3 Water quality analysis

Water quality parameters of each mesocosm wereurezhat bi-monthly intervals
of November 2005 (month 2), January 2006 (monthvigrch 2006 (month 6) and
May 2006 (month 8).

Measurements for temperature, pH, Dissolved Oxy@@®) (% saturation and
mg/L), specific conductance, chlorophgliconcentrations and Oxidation Reduction
Potential (ORP) (platinum reference electrode) weeeformed bi-weeklyin situ
with a Hydrolab Datasonde 4a. On each bi-monthigdang occasion, three surface
water samples from each mesocosm were collectedw®re immediately filtered
through 0.5um glassfibre filterpaper (PALL ‘Metrigard’) and tmemainder was left
unfiltered. All samples were stored frozen in as@shed high-density polyethylene
bottles prior to chemical analysis. Filtered sarapleere analysed for Filterable
Reactive Phosphate (FRP) on a Skalar Autoanalysar APHA (1998). Remaining
filtered mesocosm water sample was acidified wita fieagent grade HCI and
selected metals analysed by Inductively Coupledsm$a Atomic Emission
Spectrophotometry (ICP-AES) for As, Al, Ca, Cd, Cn, Cu, Fe, Hg, Mg, Mn, Ni,
Pb, Se and Zn.
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7.3.4 Water toxicity testing

Water samples were also collected on each sampliogsion for toxicity testing.
The samples were tested for toxicity using thres t@ganisms; the water flea
Ceriodaphnia c.f. dubia, the microalgaChlorella protothecoides and the ciliated
protozoanTetrahymena thermophila. All mesocosm water samples were filtered to
0.5um glassfibre filterpaper (PALL ‘Metrigard’) and seal frozen for less than 7
days before conducting the toxicity bioassays. Watanples were placed into an
incubator 24 h before testing to bring their terapene to within 1C of that of the
test organism’s culture water. A Cr (VI) referenmst was used to asse€s

protothecoides, C. cf dubia andT. thermophila health and sensitvity changes.

7.3.5 Ceriodaphnia c.f. dubia bioassay

7.35.1 Test samples
Two bioassay controls were prepared from naturdli€CRiver water (CRW); as a

representative of Collie Basin surface waters) andynthetic medium High-
Hardness COMBO (HHC). HHC is a synthetic mediumeadieped for use in toxicity
testing and culturing of multiple species and isoramended for inter-laboratory
comparisons of test results (Kilhaeh al. 1998; Baeret al. 1999). The chelating
agent EDTA was left out of the HHC medium, to remabhe possibility of it
modifying toxicity of the metals in the treatmef(t®vlin 1978). A 48 h static acute
toxicity test for C.c.f.dubia was conducted on five sub-replicates from each

mesocosm as well as CRW and HHC waters.

7.3.5.2 Culture of test organism
Test organism culturing was based on procedures floe New South Wales

Environmental Protection Authority (NSW EPA) (NSWPE 2004). Stock cultures
of C. c.f. dubia were cultured in HHC medium, made up using desdilivater as a
diluent. Ceriodaphnia c.f. dubia cultures were fednkistrodesmus sp. algae daily at
a density of 100x1®@ells/mL. The feeding regime was altered from thigioal

procedure after (Hynet al. 2005) as it was found that there was no significan
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difference (Student T-test, n=5, P>0.05) in theimsic rate of natural increase
(IRNI) of C. c.f. dubia when two algaePseudokirchneriella subcapitata and
Ankistrodesmus sp., were used as compared to use of a single &igek cultures of

the alga were sourced from the NSW EPA laboratory.

7.3.5.3 Test protocol
The Ceriodaphnia c.f. dubia acute toxicity test protocol of Orr and FosterqZpwas

used. Neonates were individually transferred tetmaest wells, with each test well
containing 10 mL of control or treatment water dfidneonates. The test plates were
placed into an incubator at 265°C with a daily photoperiod of 16:8 h light:dark.
Mortality was assessed after 24 h and 48 h withdmtgased animals being removed
at the 24 h mortality count. As recommended by Hghal. (2005), there was no
feeding of the neonates during the 48 h test period

7.3.6 Chlorella protothecoides bioassay

7.3.6.1 Test samples

A 72 h chronic static toxicity test was conductedneesocosm water samples using
C. protothecoides. Two bioassay controls were also tested, a syinotiseft water
(SW) with nutrients added after Staubatral. (1994), and neutralised (N) Lake
Kepwari mesocosm control water. The N treated wabtes neutralised by drop wise
addition of 0.1 M sodium hydroxide solution untietpH reacheda. 7 and was then
left for 24 h to stabilise before use. Three sytlicates were tested from each
mesocosm and bioassay control. All mesocosm waters filtered to 0.21m before
testing to remove all suspended particles including acidophilic algae or bacteria

that could alter th€. protothecoides growth results (Parent & Campbell 1994).

Two C. protothecoides trials were conducted on each sample; in trial (saps
nutrients) nutrients were only added to the symtheontrol; in trial two (with
nutrients) sodium nitrate (NaNDand di-potassium orthophosphateKiRO,) were
added to all test samples and to the control. Byguthis approach it was possible to

differentiate between reduced growth rate resulfiogn the presence of toxicants,
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and reduced growth rate resulting from a lack ofrients. Furthermore the
interaction of P with Al could reduce the effectikeconcentration altering toxicity
of the sample (Parent & Campbell 1994). Therefteayving KHPO, out would
remove the possibility of this occurring.

7.3.6.2 Test protocol
A stock culture of C. protothecoides, sourced from the CSIRO Marine and

Atmospheric Research Microalgae Supply ServicemBasa, was used as the test
alga. The 72 I€. protothecoides chronic test protocol followed Staubetral. (1994),
with the exception of the absence of nutrient aoldito mesocosm samples in trial
one. Test vessels were 150 mL conical glass flask&ining 50 mL of test solution
and algae inoculant. The density@fprotothecoides at the beginning of the test was
approximately 7x1ftells/mL in all flasks. Cell densities in all flaskere measured
at 0, 24, 48 and 72 h using a Shimadzu UV-1201tegatotometer at a wavelength
of 750 nm.

7.3.7 Tetrahymena thermophila bioassay

7.3.7.1 Test samples
A 24 h chronic static toxicity test was conductedsamples from each mesocosm

and a bioassay control using the ciliated protozoan thermophila. The
T. thermophila bioassay is a chronic toxicity test completed shart period of time
(24 h) due to the fast reproductive rate of thiscégs. The bioassaly. thermophila
control (TTC) water used was a combination of atedy grade water and a food
substrate consisting of proteose peptone and yaasict (PPY). Analytical grade
PPY after Gerson (1995) was added to all samplegprtmmote growth and

reproduction of thd. thermophila.

7.3.7.2 Test protocol
A stock culture ofT. thermophila was sourced from a PROTOXKIT ™ test kit.

Tetrahymena thermophila were cultured in slanted 10 mL plastic test tuhesng
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analytical grade water with the addition of 2xPP¥$ per (Gerson 1995). The
concentration used in bioassays was 0.5xPPY. Theiah of PPY decreased the
likelihood of reducing, masking or increasing tatiof the mesocosm samplesTo

thermophila.

T. thermophila in the stock culture were counted prior to inotiola of test samples
using a haemocytometer and a compound microscop@Oatimes magnification. A
minimum of 200 ciliates were counted to determime density of the stock culture.
Tetrahymena thermophila were diluted with Milli Q water to a density of 200"

T. thermophila/mL. Test containers consisted of 4 mL clear ptastivettes. Each
test cuvette contained 1.8 mL of mesocosm or cbmtater with 0.1 mL inoculation
of ciliates added and 0.1 mL 10xPPY added to makerkentration of 0.5xPPY
totalling 2 mL. A final density of 1xT0T. thermophila/mL was achieved at the
commencement of the test. Three sub-replicatesaoh enesocosm and treatment
were used in toxicity assessment (n=36). All clesetivere covered with a lid and
placed into an incubator for 24 h at 30°C in thkkd&here was no mixing or shaking
of the test containers during this time except dor23 h when each cuvette was
gently agitated. At the end of the incubation perioiliate population growth was

estimated by counting of ciliates as described abov

7.3.8 Data analysis

Statistical analysis of all bioassay and water iualata was performed using the
statistical program SPSS (2000). Normality was kbdaising the Shapiro-Wilk test
(Shapiro & Wilk 1965). Non-normal data was then aite®l for homogeneity of
variances using Levene’s test (Levene 1960). Samt differences found from

statistical tests were all at the P < 0.05 level.

Results for mortality ofC. c.f. dubia bioassays were arcsine transformed before
statistical analysis. Wheg. c.f. dubia data were still not normally distributed
(P<0.05), data were transformed to rankits (Pereiea al. 2000).
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Chlorella protothecoides absorbency data were transformed by natural |l@agheve

a linear relationship (LN of absorbance at 750ntherefore algae density units are
represented by LN absorbance (750nm). Growth taf@ & (day 3) were estimated
from the slope of this transformed data. Growthibition compared to that of

controls was calculated using the formula:

G; = 100x (1-G/G.)

Where G is the growth inhibition, Gis the growth rate for the treatment andi&

the growth rate for the control.

When the assumption of normality was met, a pamamet repeated measures one-
way analysis of variance (ANOVA) was performed whappropriate to explore for
significant differences between treatments and rotmt When data were not
normally distributed the non-parametric Kruskal-WgaH Test was used to find
median differences between treatments and contdlen significant differences
were found, a pair-wisgost-hoc test was performed to identify where the diffeesic
occurred. The parametric Tamhane Tst-hoc test was used when variances were
not equal and the Student-Newman-Keuls (S-N-K) Rahgst when variances were

equal.

An assessment of which water quality variables madt influence on test species
response was determined using the “BEST” routinarké & Ainsworth 1993) in
Primer software (PRIMER-E Ltd 2006). This program8pearman Rank correlates

test species biotic responses with environmentabies.

To enable an inter-species comparison of sengititot treatments test species
responses were standardised against their higbpktate response using PRIMER
software (standardised response). Percent mortakgs converted to ‘%

survivorship’ (100%-mortality%) to enable a compan with positive growth rates

reported from the other bioassaysTothermophila andC. protothecoides.
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Hardness Modified Guideline Values (HMGV) for aquigre and aquatic
ecosystem protection were calculated after ANZEGRYKCANZ (2000b). HMGV
take into account site specific hardness, theredtiosving for the toxicity buffering
capacity of Ca (Markiclet al. 2001). Speciation was determined for Al at each
sample month by the computer program PHREEQC (¥er2i13.07) (Parkhurst &
Appelo 1999).

7.4 Results

7.4.1 Water quality changes

Mesocosm Control pH rose from around 5 at montaa®4, to around 6 at months
6 and 8 (Table 22). Following lime neutralisatipi] of both limed treatments was
>7 for month 2 and circum-neutral for later testingnths. P treatment pH showed a
similar trend to control pH, albeit consistentlynalst %2 a pH unit higher in test
months after month 2. Electrical conductivity of tabatments was similar at around
2.50 mS/cm for all treatments and sample monthgld@ion-reduction-potential was
highest in the MC at testing months 2 and 4 atradl®0 mV, decreasing to around
125 and 145 mV in months 6 and 8. P treatment sticaveimilar pattern, with a
decrease from an initial high of around 200 mV iomf 2, to only 180 mV in
month 4, 110 mV in month 6 and increasing agait2® mV in month 8. Both limed
treatments showed similar ORP results with 120 myhonth 2, 130 in month 4, 90
in month 6 and 120 mV in month 8, although L&P OR&s around 6% higher in all
but month 6.

Many metals were below their detection limits (ergntheses) in all treatments and
testing months, including As (1@y/L), Cd (0.6ug/L), Hg (20ug/L), Pb (10ug/L)
and Se (2Qug/L). Alkalinity was negligible in all mesocosms r=istent with the
moderately low pH and low hardness. Ca concentratio un-neutralised treatments
were moderately hard 30 mg/L (total hardness 79.mag CaCQ), and for
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neutralised treatments were only slightly hardearaund 35 mg/L. Al, Cu, Co, Fe,
Mn, Ni, and Zn all showed a similar pattern betweemntrol and P, with
concentrations lower at later months, albeit evewel in P. However, liming
treatments showed lower concentrations of thesalmethich were then even lower
in later testing months. Cr was slightly higherdiosed treatments compared to the
control for months 2 and 4. However at month 6 Ileweere generally the same or
lower than the control. P had substantially redudedand Co compared to the MC.
Liming had higher concentrations of Al in month 8jthough this higher
concentration was also at a higher pH (Table 22sd¢om treatments with liming
also had lower levels of Zn compared to control Bnd@reatment FRP varied little in
MC near the limit-of-detection of @g/L. FRP was generally higher in limed and P
treatments at 5-1j0g/L, and was highest in P in month 8 ati2fiL.
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Table 22Physico-chemistry of mesocosm at toxicity testimgnths 2, 4, 6 and 8. Values are means
(standard error).

Month Treatment pH EC ORP
(mS/cm) (mV)
MC 5.2(0.1) 2.54 (0.03) 192 (3.5)
) L 7.4 (0.3) 2.51(0.02) 115 (10)
L&P 7.4(0.1) 2.55 (0.02) 122 (8)
P 5.1(0.1) 2.57(0.01) 203 (7)
MC 5.3(0.1) 2.45(0.02) 188 (4)
4 L 6.9 (0.1) 2.44 (0.03) 133 (5)
L&P 6.6 (0.1) 2.46 (0.01) 141 (3)
P 5.6 (0.1) 2.47 (0.01) 178 (4)
MC 6.0 (0.1) 2.52(0.01) 126 (3)
. L 7.0 (0.1) 2.47 (0.01) 91 (5)
L&P 6.9 (0.1) 2.50 (0.04) 91 (2)
P 6.4 (0.1) 2.47 (0.1) 110 (1)
MC 6.4 (0.1) 2.47(0.02) 143 (7)
8 L 7.3(0.1) 2.49 (0.03) 120 (5)
L&P 7.0 (0.1) 2.50 (0.03) 126 (3)
P 6.7 (0.0) 2.45(0.01) 125 (2)
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Month 0, Al, Mn and Zn concentrations exceeded agiiare guidelines and Zn
exceeded aquatic ecosystem protection guidelineghanuntreated MC. Mean Al
concentration in the MC and treated mesocosms w@isced to below aquaculture
guidelines by month 8. The Mn concentration remaiaelevated above aquaculture
guidelines in the MC but not the treated mesocoskiean Zn concentration
remained elevated above both guidelines at montAHMGV allow the buffering
capacity of Ca to be incorporated into guidelinesr fsome metals
(ANZECC/ARMCANZ. 2000b). Of the three elevated niet&lIMGV are only
available for Zn with the HMGV for aquaculture dfiod aquatic ecosystems, /L
and 14ug/L respectively for Zn. All Zn concentrations abnth 8 were still above

the HMGYV indicating the possibility of toxicity fro Zn.

7.4.2 Speciation modelling

The computer program PHREEQC was used to deterthindl speciation at each
sample month in each treatment and control (Figd)e The proportion of free Al

at month 0 was approximately 53%, which decreaseidl the treatments to less than
1% by month 8. The Af in MC and P was no longer dominant by month 4 wher
AI(OH)," had the highest proportion which continued in Mé@tigh to month 8. By
month 6 speciation in P was dominated by Al(@Hyith a small remaining
proportion of Al which continued through to month 8. The speciatiemd was
similar in both L and L&P with AI(OH) dominating from month 2-8. The
speciation of Zn was also calculated from PHREEQ@Q iawas found that the Zh
ion was the dominant species with greater than §Bésent at all months in all

mesocosms.
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Figure 31.Speciation (%) of Al in A) mesocosm control, B) éstone treatment, C) Phosphorus
treatment and C) limestone and Phosphorus treatimentPHREEQC.

7.4.3 Ceriodaphnia c.f. dubia acute testing

7.4.3.1 Influence of treatment and duration on toxicity
Bioassay controls CRW and HHC both showed low ntibyté<10%) over the 8

month trial period with the exception of month A.this month the mortality in H
was 16% but this was not significantly higheg (§~0.06, P=0.98) than that of CRW
(Figure 32).

Ceriodaphnia c.f. dubia mortality did not differ between the bioassay colst and
treatments L and L&P at any month over the 8 monésocosm trial with mortality
always <20% for both controls and treatments (Fg2). In contrasiC. c.f. dubia
mortality in MC and P was higher than that of ti@alssay controls and treatments L
and L&P at every sampling occasion. Mortality in Mictuated, increasing
markedly from months 2 to 4 and decreasing fromtim®6 to 8. Mortality in MC at
month 8 did not differ from mortality displayedrabnth 2 indicating that toxicity to
C. c.f. dubia within MC had not decreased over the period ofttia¢ Mortality of C.

200



CHAPTER SEVEN

c.f. dubia in P was similar to MC at months 2 and 4, but mddyt in P decreased
from then on with month 8 mortality lower than tlehtmonth 2 mortality, indicating
some reduction of toxicity teC. c.f. dubia. Some variation between mesocosm
replicates was indicated from large standard emars the increase and decrease in

mean mortality from month to month (Figure 32).
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Figure 32.Ceriodaphnia c.f. dubia 48 h mean % mortality + standard error for corstrarhd
treatments at sample months 2—-8. Different lowerdaisers indicate significant differences for a
control or treatment between sample months. Differeimbers indicate significant differences

between treatments within a particular sample month

7.4.4 Chlorella protothecoides chronic testing

The growth rate for the synthetic soft water (SSMhtrol was consistent at all
months during the 8 month test period. Trials oné &vo were run simultaneously
after month 2 with only one control for both tri@s each month (Figure 33 A, B).
Both trials exhibited growth rates in MC and P lowan that of control C and all
other treatments at months 2 and 4. Trial onertreat growth rates were lower than

trial two growth rates at every sample month. Glovates for all treatments in trial
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one showed a distinct increase at month 6. Groatésrfor L&P reduced in both

trials at month 8.

As anticipated, trial onesgns nutrients) displayed a higher mean growth ratéhén
control than all treatments at all sample monthgyuife 33). Nil growth was
displayed in treatments N, L and L&P at months & 4nbut MC and P displayed an
algicidal effect at these months. Treatments froial bne all displayed positive
growth rates at months 6 and 8 with the growth mat®C lower than in all other
treatments at month 6. All treatments except N ldigd reduced growth rates at
month 8 compared to month 6. All treatments disgdalgigher growth rates at month
8 than at month 2.

Trial two growth rates in the control and treatnseNt L and L&P were higher than
in MC and P at each sample month except for montihé&e P was no longer lower
(Figure 33 A). Control and treatments N, L and L& not differ from each other at
any sample month. Trial two growth rates for MC &decreased from months 2 to

4 but did show an increasing trend from month gtmth 8.
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Figure 33. Chlorella protothecoides mean growth rate (slope) * standard error at #2 krial 1

(sans nutrients) (A), and trial 2 (nutrients added) (B), months 2-8. Different lowercase letters

indicate significant differences for a control mratment between sample months. Different numbers

indicate significant differences between a contrdireatment within a sample month.

7441 Month?2

The two trials of no-nutrient and nutrient additibm treatments showed similar

growth rate trends at month 2 clearly indicatintpaer growth response from MC
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and P. Treatments N, L and L&P displayed signifisahigher growth rates than the
MC and P in both trials. The main difference digplh between the two trials was a
significantly higher growth rate for all treatmem¢aind in trial 2 (nutrient addition)
(Figure 34).

>

Mean LN absorbance
(750nm)

oy}

72 h LN absorbance
(750nm)
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0 24 . 48 72
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Figure 34. Chlorella protothecoides mean LN absorbance * standard error for contreltdal one
(A), and trial two (B), at month 2. Legend abbrdiza expansions C1 is synthetic control 1, C2 is
synthetic control 2, N is NaOH neutralised lakeaval is limestone treated lake water, P is

phosphorus treated lake water and L&P is limestorephosphorus treated lake water. Different
lowercase letters next to treatment abbreviatindicate significant differences between treatmants
72 hours.
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Replicates of MC and P showed significant variatioioth trials at month 2. The
large variation in growth rate for MC and P waswhdy the high coefficient of
variance (Table 23). When the outliers were remabedmean growth rates in MC
and P increased, but were still markedly lower ttieat of the other treatments and
C. Nutrient addition to the treatments N, L and L&P trial two removed the

difference between C and these treatments in groatéls displayed in trial one.

Table 23.Month 2C. protothecoides growth rate and inhibition summary for controlgldreatments.
S.E. = standard error. CV = % coefficient of vadanDifferent superscript lowercase letters indicat
significant differences between treatment mean&.3Nnhot applicable.

Trial one (sans nutrients) Trial two (with nutrient s)

Treatment  Growth CV Difference Toxicity Growth CV Difference  Toxicity

rate (%) to control, effect rate (%) to control, effect
mean =+ (%) mean =+ (%)
S.E. S.E.
Ssw 0.606£0.01° 5 N/A N/A 0.606£0.01° 6 N/A N/A
N 0.126+0.02" 44  -80 Inhibiton ~ 0.5820.01* 7 -5 None
MC 0.222+0.04° 54  -136 Algicidal 0.388+0.08" 59  -37 Inhibition
L 0.172+0.00° 6 -72 Inhibiton ~ 0.609x0.01* 4 -1 None
P -0.34610.1° 91  -156 Algicidal 0.295+0.10° 105 -52 Inhibition
L&P 0.181£0.01" 9 71 Inhibiton ~ 0.620:0.01* 5 1 None

7.4.5 Tetrahymena thermophila chronic testing

The T. thermophila control (TTC) showed a consistent finalthermophila density
(FTD) for the 24 h chronic test at each sample imowith a mean FTD of
7.1x1dciliates/mL. A similar FTD was also exhibited ireatments L and L&P
across each month, both with a mean of 7.¢oiliites/mL over the 8 month period.
An increasing FTD trend was shown in MC over them8nth trial with large
increases occurring at months 6 and 8. HoweverFiHe for MC was lower than
that of TTC, L and L&P at all months. TreatmentdRdwed a similar trend to MC
with an increase of FTD at month 6 and again attm8nwith all FTD’s lower than
those of T and treatments L and L&P. FTD’s in tneat P were lower than those of
MC at months 2 and 4 but were higher at monthsde8affrigure 35).
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Figure 35.Final mean density of. thermophila after 24 hours of incubation. Different lowercase
letters indicate significant differences withingtments (between sample months). Different numbers

indicate significant differences between treatmexitkin a particular sample month.

7.4.6 Bioassay parameter relationships

7.4.6.1 Bioassay response to physico-chemical parameters
Toxicity bioassays displayed good correlations withnumber of chemical and

physical parameters measured during the trial @a#d). TheC. c.f. dubia bioassay
responded at both 24 h and 48 h to NOx with a higgative correlatiorp0.8) and

a positive correlation to Ca. Calcium (true watardmess) has been shown to reduce
toxicity and bioavailability through competition thi other divalent metals
(Gensemeret al. 2002). There was also a high positive correlatorpH and a
negative correlation to Zn and Mn/Co concentratigr0.8) but their relationship

was not as strong as between NOx and Ca.

The C. protothecoides bioassay showed a distinctly different correlati@ween the

two bioassay trials of with and without nutrientSable 24). Trial one sans
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nutrients) growth response exhibited a strong tatiom of p>0.8 to pH and a
negative correlation to Mn/Co and Ni concentrationgal 2 (with nutrients) growth
increase response was more closely correlated,t®,CZn and Mg concentrations.
Nonetheless, the growth response of trial two dit strongly correlate with these
parameters with p<0.5.

The T. thermophila bioassay population response was similar tadhef. dubia 24

and 48 h bioassays with a strong positive cor@tatf p>0.85 to pH and the Ca
concentration. Thd. thermophila bioassay population response showed a strong
negative correlation to Zn and NOx concentratidreb(e 24).
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Table 24 Correlation of test species responses at monthptiysiochemical parameters with X
indicating which parameter the bioassay is coreelabo.

Bioassay o] pH Cr B Zn NOx Ca Cu Mn/Co Ni EC Mg
Variable
C. dubia (24 h)
2 0.86 X X
3 083 X X X
3 0383 X X X
3 0383 X X X
3 083 X X X
C. dubia (48 h)
2 090 X X
3 091 X X X
3 090 X X X
3 0.89 X X X
4 0.92 X X X X
C. protothecoides trial two (with nutrients)
1 081 X
2 082 X X
2 081 X X
3 082 X X X
4 082 X X X X
C. protothecoides trial one (sans nutrients)
4 0.40 X X X
4 0.39 X X
4 0.38 X X X
4 037 X X X
5 042 X X X X
T. thermophila 24 h
2 088 X X
3 092 X X X
3 090 X X X
3 0.89 X X X
4 0.93 X X X X
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7.4.6.2 Comparison of tolerances of test species to mesocosm treatments
The standardised response of the bioassays to éseamsm control and treatments

are illustrated in Figure 36. The bioassay respoodbe MC was similar to that of
treatment P with the exception of a markedly lovesponse of th€. c.f. dubia 48 h
bioassay to the MC. The MC displayed higher adveesponses across all the
bioassays when compared to those of the remediaatments L and L&P. Similar
bioassay responses to treatments L and L&P werenadxs; excluding the response
of C. protothecoides in trial one §ans nutrients) to treatment L&P which was
markedly lower than that of treatment L. The res@oaf theC. protothecoides trial
one bioassay to treatment P was higher than tha&8f but similar to L and the
MC. Bioassay responses to Treatment P were allridkan those to treatments L

and L&P with the exception @. protothecoides in trial one.

100

80 - {
60
<. dubia (24)
<. dubia (48)
= C. protothecoides {nutriants)
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Figure 36.Standardised responses for toxicity bioassays &fteonths of treatment. from left to right

within a treatment
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7.5 Discussion

7.5.1 Water quality changes an improvements

The pH €a. 4.8) at the commencement of the mesocosm trias wer than the
aquaculture and aquatic ecosystem guideline rahdge-® but increased to within
this range in all treatments and the mesocosm @ldoyrmonth 8. The pH 4.8 found
at Lake Kepwari is common among natural fresh serfavaters affected by
deposition (Vyhnalec 1994; Polebal. 1997; Lychie-Solheingt al. 2001; Johnson
& Hallberg 2005a) suggesting that pH would not eatrsxicity on its own. The
microalgaC. pyrenoidosa has previously shown no significant change in ghorate
over the pH range of 4.5-6.0 (Parent & Campbel4)3howing that pH alone may
not cause toxicity in that range. However, pH iswn to influence metal speciation,
with a reduction of pH from neutral commonly coificig with a dissociation of
some inorganic and organic metal complexes (Marldctal. 2001). Therefore,
increasing the pH may not directly reduce toxiciyt rather increases the non-

bioavailable proportion of the metal to aquaticssems.

Saturation indices indicate the thermodynamic tangeof a particular solution to
precipitate or dissolve a mineral (Nordstrom andoeks, 1999; Alpers and
Nordstrom, 1999). Negative Sl values indicate urskguration with respect to a
given mineral and a tendency for the solution tesdive that mineral, whereas
positive Sl values indicate that the mineral isljkto precipitate. Geochemical
modelling of aqueous solutions is limited by awailidy of appropriate
thermodynamic data, underlying assumptions of gemital equilibrium that may
or may not apply, availability of complete watereahistry data for the solution to be
modelled, and quality of the data (Hammarsteb@. 2005).

The uptake and toxicity of aluminium in freshwateganisms generally decreases
with increasing water hardness under acidic, neatrd alkaline conditions (Folsom
et al. 1986, Playleet al. 1989, Reid & McDonald 1991, Gundersenal. 1994).

Nevertheless, to date there has not been a hardeessidant algorithm developed
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for Al and incorporated into the ANZECC/ARMCANZ glglines. While generally
being over protective, chemical trigger values pmieva sound precautionary

approach for protection of the ecology of the aiguatvironment.

The dissolved Al concentration decreased signiflgam the treatments and
mesocosm control by month 2, but was still above dghidelines in the mesocosm
control and Phosphorus treatment. Aluminium in dlogatic environment is found
mostly in the free ion (AP) form from pH 4.5-5.5 and solid Al(Okiprecipitates
between the pH range of 5.2-6.5 (Sauwetral. 2000). Therefore, the pH exhibited
in the pit lake water (4.8) would mean that a hgbportion of the Al present would
be AI”* which would be the main cause of toxicity at thid. The results from
PHREEQC supported the existence of a high propor(8%) of AI® in the
Kepwari pit lake water at the pH 4.8. By Month @ thH for all treatments and the
control (pH>6) had increased to above the pH of Eefuired for Al(OH}
precipitation reactions to occur resulting in angigant decrease of dissolved Al

concentration.

The inorganic single unit Al(OH) complex is a very toxic form of Al (Driscott

al. 1980) and was present as a high proportion ofAhe both the mesocosm
control and the Phosphorus treatment in months ahdb8. Unexpected toxicity of
Al at pH 6.4 has been seen3almo trutta, showing that even with increases in pH
close to neutral if concentrations of Al are higdl,can still exhibit toxic effects
(Witters et al. 1990). Toxicity above pH 6.4 was seen in thisingsin the MC at
month 8 where the proportion of Al(OHwas still high.

Zn commonly co-precipitates with other metals at palues lower than that
achieved in the treatments and the mesocosm cohtromonth 8 (Jackson &
Bistricki 1995; Leeet al. 2002). However, the Zn concentration remained ag&zV/
above the guidelines and the HMGV for the entiral tperiod. Furthermore, and
contrary to most metals, the toxicity of Zn@ocf dubia has been shown to increase
with an increase in pH from 5.5-8.4 (Hyeeal. 2005). This is attributed to the
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decrease in competition from'kbns. Therefore, Z& may continue to contribute to

toxicity when AI(OH)" decreases.

Cr has been shown to be highly toxic to aquatienaits (Calevraet al. 1999). The
cause of the increase in Cr at month 4 is not kndwhis possibly due to sediment

release, and more so in the Phosphorus treatmssilyhpodue to ionic displacement
by PQ,.

Limestone remediation of the Lake Kepwari water weesonly treatment to quickly
reduce toxicity for all three test species. Limenegliation is known to decrease
acidity and reduce metal bioavailability (Kakhal. 2005; Koschorreckt al. 2007).

Additions of nutrients (P) can stimulate primaryoguctivity which can produce
alkalinity and biogenic metal scavenging (Davisbral. 1995). The treatment of P
addition was used to stimulate primary productivigégulting in passive alkalinity
production. The P treatment had less impact onaiaguoxicity to the test species
than the limestone treatments. Adding P to thenigrfailed to reduce toxicity more

than liming alone.

The toxicity results from th€. cf dubia bioassay showed that mean mortality over
the 8 month trial in treatments L (10.7%) and L&P06) was similar. Furthermore,
these mean mortalities were not significantly ddfg from the bioassay controls
CRW (5.0%) and HHC (8.5%) indicating toxicity @ c.f. dubia had been removed
from the Kepwari pit lake water in these treatmenisxicity to C. c.f. dubia from
the pit lake water was not exhibited at month 2aay month thereafter in the
limestone treatments, indicating that limestoneitaaid(L) alone could significantly
reduce or completely remove toxicity without theeddor phosphorus addition. The
absence oC. cf dubia mortality corresponded with the high proportionAd¢OH)4
and low proportion of AP and AI(OH)" present in the limestone treatments.
Nevertheless, to encourage future primary proditgfiyphosphorus addition may
still need to be considered for continued passili@liaity production from

phytoplankton.
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The mesocosm control and the Phosphorus treatneambrastrated equally high but
variable mortality (>40%) ofC. cf dubia from month to month showing poor
removal of toxicity toC. cf dubia up until month 6. Toxicity from the mesocosm
control from month 2 to 6 corresponded with thehhgroportion of AI(OH)"
indicating that this complex was possibly contribgtto toxicity. At month 8 the
increase of AI(OH) and decrease of Al(OH)corresponded to decreased toxicity
to C. cf dubia. At month 8, treatment P displayed lower mean alitytthan previous
months and lower mortality than the MC, indicatihgt the Phosphorus treatment
had decreased toxicity 10. c.f. dubia from the pit lake water. The reduced toxicity
from the Phosphorus treatment was most likely duihé decrease in Al(OK)and
the increase in Al(OH). The remaining toxicity from the mesocosm contm[C.
c.f. dubia at month 8 may have been due to remaining Al(OHhat was removed in
the limestone treatments. Further toxicity may heseilted in the mesocosm control
from reduced competition of hvith the elevated Zn concentration allowing thé%Zn

to become more bioavailable to tBecf dubia (Hyneet al. 2005).

Variation in C. c.f. dubia mortality was exhibited between mesocosm replgcate

the MC and treatment P. This was probably due tallsmetal concentration
differences between replicates of the mesocosmraomtnd the Phosphorus
treatment. Blooms of phytoplankton and colonisat@nmacroinvertebrates were
occasionally observed in mesocosm replicates irigalhh variable manner. The
variation in metal concentration between replicatas be partly attributed to this
random colonisation, including founder effects (Fma 1998), of bacteria,
phytoplankton and zooplankton as well as randonorgsation by aquatic biota
flying or blown into the mesocosms. Further quattie analysis of

macroinvertebrate, phytoplankton, zooplankton aedttic algae communities will
also be performed (McCullough & Lund 2007a). Phidagton and benthic algae
particularly, have the capability to directly madifvater quality through the
transformation and assimilation of carbon, varioustals and other chemical
compounds from the water and sediments (Lychie<oilet al. 2001). However,

whether this biological variation is comparablehwihe larger scale of pit lakes is

not known.
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7.5.2 Chlorella protothecoides 72 h chronic bioassa vy

The microalgaC. protothecoides is commonly used as a ‘sensitive’ test species for
toxicity studies (Staubeet al. 1994; Franklinet al. 1998; Franklinet al. 2000).
Chlorella protothecoides was effective in differentiating the toxicity frothe three
remediation treatments applied to Kepwari pit lakater. Tests without nutrient
addition (trial one) and with nutrient addition tceatments (trial 2) in theC.
protothecoides bioassay were used to differentiate between aegtedn toxicity that
may eventuate from the addition of nutrients. Tlee wof trial one removed the
possible interference to toxicity from Phosphatditah. Another way of removing
error from nutrient addition has been suggestealtyir utilising the luxury uptake of
Phosphorus exhibited by algae, allowing continuéghlagrowth without extra
addition of Phosphorus to experiments (Hellinetllal. 1983; Parent & Campbell
1994). However, the use of trial one gives theasilvantage of also not adding

nitrate which can modify toxicity.

Chlorella protothecoides test results indicated that both trials were divecin
differentiating toxicity from the treatment apprbas with limestone addition most
effective in removing toxicity. Nevertheless, finmlean growth rate was lower in
trial one than trial two, most likely due to nutriedeficiency. Trial one could
therefore be used to identify the availability efidiency of nutrients from a pit lake,
hence indicating whether or not nutrients wouldlibgting in the full recovery of
that lake.

FurthermoreC. protothecoides trial one displayed common growth rate trendsitd t

two. The mesocosm control and the Phosphorus tesdtdiisplayed a decrease in
growth rate from month 2 to 4 and an increase fdotm 6. The growth rate decrease
from month 2 to 4 from the mesocosm control and Bi@sphorus treatment
corresponded with an increases in Al(@Hindicating that this Al form may be

causing toxicity. A significant difference occurrbéétween the mesocosm control
and the Phosphorus treatment at month 6 which waslated with the increase of

Al(OH), and the decrease of AI(OR)in the Phosphorus treatment allowing a
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higher growth rate. Trial one growth rate in thesomsm control at month 8 was
similar to that of the treated mesocosms which pradably due to the increase in
Al(OH),4 and decrease of Al(Ok)

Mean growth results fo€. protothecoides trial two (with nutrients) were similar for
the control C and treatments L and L&P at all mentidicating removal of toxicity
by these two treatments. The growth rate exhidieedhe limestone treatments can
be attributed to the reduction in toxicity by tharrhation of Al(OH)". Therefore,
indicating limestone addition alone to be suffitidar toxicity removal. TheC.
protothecoides result was comparable to the result from @ec.f. dubia bioassay,
indicating again that the limestone treatment of #tidified pit lake water alone was
sufficient in remediating water toxicity 0. protothecoides and that the phosphorus

additions had very little influence in the earleonths of 2 and 4.

The growth rate from the Phosphorus treatment amtmé& was similar to the
limestone treatments in both trials indicating thié pit lake water had been
remediated. The high growth rate in P correlatetth @wn increase in the formation of
Al(OH), and a decrease in Al(OFl) The significantly lower growth rate in MC
again indicated that by month 6 phosphorus additimere having an effect in
reducing toxicity toC. protothecoides. However this remediation effect was not
pronounced at month 8 in trial two when mean groratls in the bioassay for both
MC and P reduced and were again lower than thestone treatments. This further
displays evidence that the dosing regimen of phagghused for treatments P and
L&P did not make a lasting difference in reducimxitity. Therefore remaining
toxicity is probably due to the elevated conceirabf Zn at month 8. Furthermore,
the concentration of Al(OH) at month 8 may have also contributed to the redluce
growth rate. Therefore, phosphorus addition maydnteebe continued to become

permanently effective.

The main removal mechanism for FRP is thought tocaeorption to aluminium
species (Kopaceét al. 2000; Ulrich & P6thig 2000; Dessoudtial. 2005) which can

furthermore influence toxicity by removing metalximants from bioavailability
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(Yang et al. 2001). Water column nitrate concentrations can réduced by
ammonification (mineralization) and ammonia volaétion, denitrification and
mineral sorption (Yanget al. 2001). Algae tests which use treatments with and
without nutrient addition can be applied to othér lpke water bioassays where
nutrient limitation (especially P) is suspectedpih lake water or where P may

influence metal toxicity (Parent & Campbell 1994).

Addition of K;HPQ, as a nutrient will only increase phytoplanktonwgtto if added
in excess to P precipitation with Al. The toxicftpm Al should therefore decrease
as Al is removed from the water column to the seditn although alkalinity
increases from phytoplankton will only occur witlrther addition of P to the water
(Fysonet al. 1998). Amendment with P will also serve to redAt¢oxicity through
precipitation (Lund et al. 2006). The proposed role of phytoplankton in
bioremediation is to adsorb and absorb metals anididrease pH through nitrate
assimilation which produces alkalinity (Daviseinal. 1995). A secondary role is to
maintain a supply of organic carbon and nutrieattuel the growth and activity of
sediment-based alkalinity generating bacteria (gt and iron reducers) (Fyseh
al. 2003; Dessouket al. 2005). The addition of phosphorus in this treatmeas
used to increase phytoplankton production in the lpke water leading to a
remediation effect. This effect was pronouncedha tesults of theC. c.f. dubia
bioassay by month 8, suggesting a higher sengitifor this species to this

remediation regime.

7.5.3 Tetrahymena thermophila 24 h chronic bioassay

The chronic test using the ciliate thermophila, was performed in a short period of
time (24 h) with a small water sample volume, it@ssary allowing for the use of
increased replication and quick test repeatabiliijpe T. thermophila toxicity
bioassay results were consistent with that of tle®ipus two bioassays. That is, the
bioassay control presented a consistent FTD ower8tmonth trial similar to the
limestone treatments. The Mesocosm Control andPihesphorus treatment gave

consistently lower FTD’s than the other treatmentscating that treatment L alone

216



CHAPTER SEVEN

was effective in reducing toxicity t®. thermophila. The increasing trend in FTD
from the Mesocosm Control still showed that ovenetithe acidic pit lake water
toxicity was reducing without treatment, throughtumal alkalinity producing
processes and without further inputs from surrowmgdacidity producing areas
(Totscheet al. 2006). How long this would take in the actuallpke is not known,

as contributions from acid producing sources remauuantified.

The FTD from the Mesocosm Control increased froomtim® 6 to 8 corresponding
with a decrease in Al(OH) and an increase in Al(OH) indicating that Al(OHY"
was possibly contributing to the toxicity td. thermophila. FTD from the
Phosphorus treatment was slightly lower but sigaiiily lower than that of the
Mesocosm Control at months 2 and 4. Toxicity frame tPhosphorus treatment
corresponded to a higher®Alproportion at month 2 and a higher Al(QH)at month
4 indicating that, not only was Al(Ob)driving toxicity to T. thermophila but also
Al®" at the lower pH. This significantly higher toxicifrom the Phosphorus
treatment at months 2 and 4 was not seen in ther otpecies bioassays.
Nevertheless, from month 6 to 8 the FTD from theodpimorus treatment was
significantly higher than that of the Mesocosm @ohtFTD increase in the
Phosphorus treatment corresponded to an increagd(@H), and a decrease in
AI(OH),". Therefore, showing that toxicity may have beeused by the Al(OH)
complex at the pH range 5 to 6.5.

The slow effect of the Phosphorus treatment in rengptoxicity could be due to the

low ambient temperature and light levels presemtany spring when the mesocosm
experiment began. These physical factors couldyehave slowed phytoplankton,

bacteria and benthic algae population growth ang ttne biochemical processes
required to remove toxicity during these cooler thenThe delayed amelioration of
toxicity may also have been due to the removaheflimiting nutrient phosphorus

by Al, inturn, restricting growth of phytoplanktoand benthic algae populations
(Parent & Campbell 1994).
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7.5.4 Comparison of bioassay responses to physioche mical
parameters

Correlation of test species responses to physieoaatal parameters can support
assessment of potential toxicity factors influegcihat bioassay’s results. The main
physico-chemical parameter combinations influendimgC. c.f. dubia bioassay at
both 24 h and 48 h were negative correlation to ld@c a positive correlation to Ca
(p>0.8) found in all five computed results. A positicorrelation to pH, and a
negative correlation to Zn and Mn/Co was also foufite T. thermophila bioassay
population response was similar to tBec.f. dubia bioassays with a strong negative
correlation of p>0.85 to NOx and positive correlation to Ca, buthwpH and
concentrations of Zn found in four and three coragutesults respectively. The
correlation with NOx indicates a possible relatimps with alkalinity forming
reactions through phytoplankton assimilation of N@kich may not be pronounced
in the C. protothecoides bioassay trial two (nutrients added) (Parent & Qhetl
1994; Lychie-Solheinet al. 2001).

As anticipated by using the two different trials with and sans nutrients to the
treatments, the&. protothecoides bioassays showed distinctly different correlations
to the physico-chemical parameters. Trial osang nutrients) growth response
exhibited a good positive correlation 0.8 to pH and a negative correlation to
Mn/Co and Ni concentrations. Trial two (with nutrie) growth increase response
showed a negative correlatigrQ.5) to Cr, B, Zn and Mg concentrations. However,
the growth response of trial two did not have ahhigrrelation value with these
particular variables. This distinctly different sdivity to different parameters
demonstrates the necessity of a battery of tesiespéo be used as well as nutrient-
adjusted and unadjusted algae trials to completgbyain toxicity from acid pit lake

water.

7.5.5 Comparison of bioassay responses to mesocosm
treatments
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The standardised response is an indication of hitferent test species responded to
different treatments relative to other test specdidisthese standardised test species
responses therefore demonstrate a battery respadispéaying an overall treatment

effect as a way of determining a possible overatenof ecological response to the

treatments.

The mesocosm control (MC) displayed a lower respdbst still positive) than the
three pit lake water treatments when comparingbibassay responses to the water
guality improvement. All treatments on the pit lakater had a positive response to
improving water quality of the acidic pit lake watdlthough there were generally
small differences between bioassay responses wdhineatment, there was no
corresponding trend of a single bioassay respowse al treatments which would
have indicated a single more sensitive bioassag. 48hC. c.f. dubia bioassay
presented a lower response than all other bioassdlge MC but only continued the
trend in treatment P suggesting remaining toxioityhe pit lake water in both. The
C. protothecoides trial two (with nutrients) showed a lower respomsereatment
L&P to the water quality improvement in direct c@st to theC. protothecoides trial
one results, possibly indicating trial two to benare sensitive test to this treatment
regimen. There were no other notable differencesbfoassay responses within
treatments, but by using the battery response & msrghtful evaluation of acid pit

lake water toxicity was made.

Responses shown by the bioassays indicated thatrieedment of P to acid pit lake
water was not as effective in removing toxicity@o c.f. dubia as it was in other
bioassays, suggesting this species was more sengitithis treatment of acid pit
lake water. Amendment of the acid pit lake watdiofaing limestone neutralisation
and P addition compared with just adding limesttiae no significant effect to
bioassay results. This could be explained by timessible modes, abiotic Al-RO
interactions in the extracellular environment, Alhibition of P uptake and
interference with intracellular phosphorus metatli(Parent & Campbell 1994).

All three of these pathways for P removal or irdeghce can affect not only
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remediation of water quality by micro-organismst lalso bioassay results when

using P as a nutrient for phytoplankton growth.

7.6 Conclusion and Recommendations

All remediation treatments had a positive effect removing toxicity to test
organisms in the 8 month period, with L and L&P thest effective in the earlier
sample months 2 and 4. Limestone neutralisationealaf the pit lake water was
effective in increasing the pH to neutral and redgienetals significantly by month
2. Treatment P was effective in removing some foxito C. c.f. dubia, C.
protothecoides and T. thermophila from the Kepwari pit lake water, but did not
remove toxicity as quickly as limestone neutrai@atalone. Although Zn was still
elevated in L and L&P it did not exhibit toxicity teither of the test organisms in
treatments with limestone neutralisation. Even ¢fiouoxicity is not always
pronounced from bioassays in these treatments, ctuoaulation of metals
(ANZECC/ARMCANZ. 2000a; Barron & Albeke 2000) andhger term effects on
reproduction and other critical responses may Istilan issue for natural ecosystems

to develop in pit lakes.

Each of the three species used to assess thetyosidiibited in this pit lake water
displayed a similar response to each of the treatsnevith a toxic response to MC
and P and a significantly lowered toxicity fromamments L and L&P. The toxicity
to all three test species correlated with the pribmo of the AI(OH)" complex, with

an increase in proportion corresponding with inseeh toxicity. As AI(OH)
increased toxicity reduced indicating that Al(QHVas not toxic, and may have
competed for binding sites of the organisms whe(OAl)," was present thereby
buffering toxicity. Finally ZA? may have contributed to toxicity in the mesocosm
control at month 8 due to the decrease in compatitivith H increasing

bioavailability.
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In conclusion by using this battery of differensttespecies, an understanding of
toxicity that may remain in an acid pit lake witmdawithout remediation was
achieved. It is recommended that a battery of sinmulti-species and multi-trophic
level bioassays be used in further assessment idfpiic lake water remediation
effectiveness. Further assessment on these remoedméthods is required to find if
they are to be successful at a full-field scalebbing able to mitigate toxicity of this

acid pit lake to a standard to allow for a nate@system to develop.

7.7 Contribution of others

The bioassay experiments, analysis of resultsudsgon and conclusions were all
designed, implemented and written by the Thesisautuke Neil. The author
acknowledges the Co-authors for the journal ar(igleCullough, C., Lund, M.,
Tsvetnenko, Y., Evans, L.) have contributed todiseussion and conclusion
including editing of this chapter. Also the empalicneasurements of mesocosm

water chemistry at each month were supplied byt®licCullough and Mark Lund.

A similar but revised version of this chapter hastsubmitted to the journal of

Ecotoxicology and Environmental Safety.
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CONCLUSIONS

222



CHAPTER EIGHT

8 General discussion and conclusions

8.1 Research questions

Five questions were developed to guide this rekeamcmine pit lake water toxicity
assessment. All five questions were addressed d@nrekearch and are discussed
below.

8.1.1 Question one

Do any of the pit lake water treatment modalitieduce metal concentrations to

below current guideline parameters for aquacukpexies and aquatic ecosystems?

While none of the treatments reduced all metal eotrations to below the
guidelines for either protection of aquaculture cspg or for protection of aquatic
ecosystems each treatment was effective in redugoge of the metal
concentrations. A summary of the mine pit lake metncentration data and

guidelines are presented in Table 25.

The RCO system was the most effective treatmenmiea, in that all but two of

the dissolved metal concentrations were reducedetow both sets of guidelines.
Furthermore, if the Cd concentration is not tak&o iaccount, due to the source of
the Cd most likely coming from the RCO itself, thenly the Cu concentration

slightly exceeded the guidelines. When the HMG\pplied, the Cu concentration
is below this value. Therefore, it can be considetteat the RCO was the most
effective in reducing metal concentrations to betbe guidelines for the protection

of aquaculture species and aquatic ecosystems.
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The most persistent metal remaining after appbeatf treatment modalities other
than the RCO was Zn (Table 25). After applicatidralb treatments to the pit lake
water, with the exception of the RCO and NaOH radis@ition, the Zn concentration
always remained above both aquaculture and ageatsystem guidelines. Even
though toxicity was not expressed in Chicken Creselter treated with>1 g/L
limestone, Zn is known to be bio-accumulative amthierefore considered a risk to
most aquacultured and other higher trophic levehats. It should be noted that the
Zn concentration displayed a decreasing trend twereight months of the Lake
Kepwari mesocosm trial within water treated wittndistone, suggesting that natural
processes in mine lakes may ameliorate elevatedwats over time after limestone
addition.

8.1.2 Question two

Do any of the treatment modalities completely eliaté toxicity from mine pit lake
water as shown by bioassay results when comparétetbioassay control? If not,

which treatment was most effective in reducing ¢y

All of the treatment modalities to the mine pit éakater removed some toxicity as
indicated by bioassay results when compared tobtbassay controls (Table 26).
However, only treatment with limestone>f g/L completely removed toxicity from
mine pit lake water, as evidenced by the Chickeze&study withC. cf dubia andT.
thermophila bioassays and the early life stage bioassaysBvitidyanus. Treatment
with the RCOCI system showed complete removal wicity to all bioassays with
the exception of the 48 B. cf dubia test. All bioassays also showed complete
removal of toxicity from limestone alone and limms & phosphorus treated Lake
Kepwari water in the mesocosm trial. It can be twed that limestone addition can
completely remove toxicity from mine pit lake wateas shown by bioassay

responses in treatment and controls not beingfgigntly different.
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The RCOCI system was also effective in reducingctoxin mine pit lake water
although the 48I&. cf dubia bioassay showed some residual toxicity which wiis s
present following treatment. Although the 48X cf dubia bioassay showed a
significantly lower survival in the treated waterthe controls, the survival was still
>80% indicating that toxicity removal was relatiyeffective in the RCO treatment
to WO5H mine pit lake water. Taking into accourd thgh survival in the 48 G. cf
dubia bioassay, and the possibility that the lower resps found in theC.
protothecoides andC. cf dubia three brood tests from RCOCI®eated water were
due to Cd being released from the RCO system,pibssible that this system did, in
fact, remove all toxic elements from the mine akd water. The company marketing
this system have conducted modifications aimedravgnting Cd being released
during treatment. A further assessment of the t@ffecess of the modified RCO

system in removing toxicity from mine pit lake wai® warranted.

8.1.3 Question three

Do any of the bioassays consistently confirm tayiom water samples when metal
concentrations exceed guideline trigger valuespfotection of aquaculture species
and aquatic environments? Conversely, do any obib&ssays consistently confirm

a lack of toxicity when all metal concentrations below guideline trigger values?

None of the bioassays consistently confirmed tboxigthen metal concentrations
exceeded guidelines for the protection of aquareiépecies and aquatic ecosystems
(Table 25). Nevertheless, toxicity was confirmedaimumber of bioassays with
elevated concentrations of Zn, Mn and Ni, the nmuestsistent metals remaining
above guidelines following treatment. For exampleyiodaphnia cf dubia 48 h
mortality and three brood and 24Th thermophila bioassays confirmed toxicity in
LT3 treated Chicken Creek water which containedrakd Cd, Mn, Ni and Zn
concentrations. The same three bioassays confitmecity with NaOH addition to
WOS5H water which contained elevated Mn and Ni cotegions. The 72 h
Chlorella protothecoides andC. cf dubia 48 h and three brood bioassays confirmed
toxicity in RCOCIQ treated WO5H water which had an elevated Cd cdrectém.
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Similarly, the Chlorella protothecoides 72 h, C. cf dubia 48 h andT. thermophila
24 h bioassays confirmed toxicity in P treated LKlepwari water which contained

elevated Cu, Ni and Zn concentrations.

No treatment method reduced all metal concentratiorbelow guideline levels, so a
comparison of bioassay results obtained with atriveat in which no metals

exceeded guideline levels was not possible.

8.1.4 Question four

Do bioassays increase the robustness of resulisneltfrom mesocosm assessment

of mine pit lake water treatment modalities?

The results obtained in the bioassay studies itelitaat additional information is
obtained when this type of assessment is perfoimaddition to chemical analysis.
Chemical analysis following limestone treatmentsafld L&P) showed that Al and
Zn concentrations exceeded guidelines for bottpthéection of aquaculture species
and for aquatic ecosystem at the completion of ntfesocosm trial. Specifically,
without the application of bioassays to assessluasitoxicity from the mesocosm
treated Lake Kepwari water the treatments usingestone would have been
considered unsuccessful in removing toxicity whempared with the guidelines
(Table 25). Furthermore, the use of three testrosgas with both acute and chronic
endpoints broadens the assessment of toxicantdilahility to species at different
trophic levels within the aquatic food web, therelolging confidence to the accuracy

of the prediction of likely adverse effects to #guatic environment.

8.1.5 Question five

DoesB. bidyanus meet criteria to be a good bioassay candidatadsessing toxicity

from limestone treated mine pit lake water for #ved use of aquaculture? The
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selected criteria were; survival in control cormmly >80%, small variation
(standard error) between replicates of controldreatments (i.e. similar growth,
hatching and survival in replicates), no cannilalend normal growth and survival

in the control.

Bidyanus bidyanus did meet the criteria chosen for a good bioassaydiclate.

Survival was >80% in the Collie River water contanld the High-Hardness Combo
medium control throughout the testing (Table 27he Tvariation measured by
standard error was small between replicates witb@s2or hatchability, <10% for

survival and <15% for any growth parameter. Canigsbawas not observed in the
testing, and with the high survival (>80%) in thentrols and in some treatments it
was unlikely to have occurred. Survival and groimtthe controls was similar to that

recorded from hatchery productionBfbidyanus (Thurstan & Rowland 1994).
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Table 25.Metal concentrations in mine pit lake water befane after treatmenpu§/L) except for Ca and Mg which are mg/L).

Treatment Al Ca Cd Co Cr Cu Fe Mg Mn Ni Pb Zn
Chicken Creek pit

lake water 180 18 2 170 <10 19 11 63 770 200 30 990
Limestone 1.4 g/L 80 140 0.8 130 <10 2 <2 75 640 140 <10 100
Limestone 1.0 g/L 40 140 0.8 150 <10 2 <2 78 680 160 <10 170
Limestone 0.6 g/L <10 110 1.2 160 <10 1 <2 76 680 170 <10 440
WO5H pit lake

water 1100 17 1.3 130 7 25 2100 22 960 170 <10 200
NaOH

neutralisation 10 14 <0.6 14 <10 <1 <2 17 670 190 <10 <2
Cl"and RCO <10 21 <0.6 <2 <10 2 <2 25 <1 <4 <10 <2
ClO, and RCO <10 20 22 <2 <10 2 <2 25 <1 <4 <10 <2

Lake Kepwari

water 1125 29 - 61 10 10 180 - 265 60 6 450
MC 17 29 <0.6 20 <10 8 8 72 133 24 <10 257
L 43 35 <0.6 <2 <10 <1 13 71 <10 <4 <10 81
P 20 30 <0.6 <2 <10 7 15 72 6 27 <10 227
L&P 43 35 <0.6 <2 <10 <1 18 72 <10 <4 <10 100
*Aquaculture

guidelines 30 - 0.2-1.8 - 20 5 10 15000 10 100 1-7 5
*Aquatic

ecosystems

guidelines 55 - 0.2 - 1 1.4 - - 1900 11 3.4 8

* ANZECC/ARMCANZ guidelines for the protection ofjaaculture species and aquatic ecosystems.
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Table 26.Bioassay results from treated mine pit lake watat tvere not significantly lower than that of tletrol. Yes indicates a result equal to or betiant
the control. No indicates a significantly lowerukdgo the control

Mine pit lake Treatment C. protothecoides C. cfdubia C. cf dubia T. thermophila
assessed modality (with nutrients) (48 h) (3 brood test) (24 h)
Chicken Creek Limestone 1.4 g/L - YES YES YES
Limestone 1.0 g/L - YES YES YES
Limestone 0.6 g/L - NO NO NO
WO5H NaOH YES NO NO NO
neutralisation
Cl- and RCO YES NO YES YES
ClO2- and RCO NO NO NO YES
Lake Kepwari  Limestone YES YES - YES
Phosphorus NO NO - NO
Limestone and YES YES - YES
phosphorus
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Table 27.Comparison of results from treated Chicken Createnpit lake water to the controls. YES indicatest the result was the same or greater than that of
the controls. NO indicates the result to be lovmantthat of the control. Life stages followed bg) @e growth rate only.

Treatment to Life stage tested  Survival Hatch  Hatchability Léngt Width Height Gape Yolk sac
Chicken Creek pit diameter
lake water
_ Egg YES YES YES - - - - -
Limestone 1.4 g/L
Sac-fry YES - - YES YES YES YES YES
Sac-fry (gr) - - - NO YES YES YES YES
Post sac-fry YES - - YES YES YES YES -
Post sac-fry (gr) - - - YES YES YES YES YES
_ Egg YES YES YES - - - - -
Limestone 1.0 g/L
Sac-fry YES - - YES YES YES YES YES
Sac-fry (gr) - - - YES YES YES YES YES
Post sac-fry YES - - YES YES YES YES -
Post sac-fry (gr) - - - YES YES YES YES
_ Egg YES YES NO - - - - -
Limestone 0.6 g/L
Sac-fry NO - - NO YES NO YES NO
Sac-fry (gr) - - - NO YES YES YES NO
Post sac-fry NO - - NO NO NO YES -
Post sac-fry (gr) - - - NO YES NO YES YES
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8.2 General Discussion

Comparisons of the efficacy of different treatmembdalities on acidified, metal
contaminated mine lake water using an ecotoxicolaggroach was made through
this study. Water from three acid mine pit lakeshi@ Collie Basin were treated with
different amelioration modalities, which were indivally assessed for efficacy in
reducing toxicity to aquaculture species and aquatosystems with both biological

and chemical analysis.

Based on the bioassay and chemical findings onk€hi€reek and Lake Kepwari
water, the direct risk to aquaculture species &edaquatic environment could be
considered to be minimal following limestone treat The results obtained in the
RCO treatment studies suggest that the directtasquaculture species and the
aquatic environment are small following this treaitry particularly if the modified

RCO system is used.

The amelioration treatments used on the pit lakes e categorised into ‘in-lake
treatments’ and ‘off-take treatments’. In-lake treants are those in which treatment
occurs within the lake and off-take treatment iewhvater is removed from the lake
and then treated. The laboratory trials on limestiveatment of Chicken Creek mine
pit lake water was used to investigate whether offfetake treatment system
operating at the mine site, a Fluidised Limestoead®r, would remove toxicity to
aquaculture species. The RCO is also an off-tad@&rirent system. The mesocosm
approach using limestone and phosphorus addition, ttee other hand, is
representative of an in-lake treatment modality. mBeal of toxicity was
demonstrated with both the off-take and the sinedlam-lake system. Mine pit lakes
vary in many aspects including hydrogeology, igotat climate and ecology.
Therefore, choosing a treatment modality is likelyoe done on a case by case basis,
depending on the end use targeted (Kalin 2004;stoh& Hallberg 2005a).
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Studies performed in this research have enableash®arison to be made between
the application of bioassays based on invertebspiecies and those based on
observation of adverse effects on early life stagfefssh in the assessment of mine
lake water treatments. All the responsesiay/L limestone treated Chicken creek
pit lake water, with the exception of length in gee-fry growth test, gave the same
response a<C. dubia and T. thermophila, in that the>1 g/L limestone treated

Chicken Creek pit lake water did not exhibit a tosesponse in either the bioassays

or in the early life stages & bidyanus (Table 26, 28).

Both theC. cf dubia andT. thermophila bioassays an8. bidyanus early life stage
tests showed that 0.6 g/l limestone treatment didremove all toxicity from the
Chicken Creek mine pit lake water. All three bi@ssgave a definite response of
toxicity although only the growth parameter of lénghowed a consistent adverse
affect in theB. bidyanus assays. The results obtained udadidyanus fry length as
the toxicity endpoint were similar to those obtaingith the C. cf dubia and T.
thermophila bioassays. This observation suggests that trer litbassays, which are
guicker and easier to perform that the early Itkge tests, could be substituted for

theB. bidyanus early life stage test if desired.

Good survival and growth were achieved>ihg/L limestone treatments to Chicken
Creek mine pit lake water even with Al, Mn, Ni afid concentrations present above
guideline values for the protection of aquaculgpecies. Co levels were also high in
this mine pit lake. Co does not have a guidelimggér value for the protection of
aquaculture species, therefore, the low reliabifigure for protection of aquatic
ecosystems of 1.4g/L was used in its place. The Co concentration elasated
above the low reliability figure of 1.4g/L by two orders of magnitude. Therefore, in
this case using the guidelines alone would be pvatective to the early life stages
of B. bidyanus, and would limit the aquaculture 8 bidyanus from the limestone
treated water.

Earlier work on another mine pit lake in Eneabba ¥hdwed similar results to that

in this research (Tsvetnenko 2003). This study stbwhat several metal
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concentrations were elevated above aquaculture eljoed despiteChlorella
protothecoides, Daphnia magna and Brachionus calyciflorus bioassays
demonstrating no toxicity from the water. In agreemwith a similar report
(Markich et al. 2001) it was concluded that the elevated conceotis of metals
were not bioavailable to the species tested. Sysrargnd antagonism of toxicants in
complex mixtures indicate that comparison of chaindata with guidelines will
rarely accurately characterise toxicity and arey driggers for further investigation
(Peakall & Burger 2003; Peijnenburg & Jager 20@ipassay assessment with
sensitive organisms, broadly relevant species amdl mints, as shown in this
research, have the ability to demonstrate diretécef from complex mixtures
(Mitchell 2002). Therefore, bioassay assessmere@aemmended to be included in
the future planning of mine lake assessment forethé uses of aquaculture and

biodiversity conservation.

Although a complete removal of toxicity to aquabiganisms following limestone
treatment was demonstrated in bioassay assessibothooff-take and simulated
in-lake treatment systems, the lack of toxicityatbioassay species cannot be used to
assess the threat to human health that could rért consumption of fish
cultivated in treated mine lake water. As some tadtgoaccumulate, cultured fish
may have concentrations of metals that don't diyeaffect their health but may be
problematic to humans when consumed over a pefitidhe and chemical analysis
of fish cultured in off-take mine lake water shoblel performed prior to approval for
human consumption. Bioaccumulation could be redubeough in-lake treatment
modalities. Further studies on the efficacy ofakd treatment systems in reducing
dissolved metal levels and bioaccumulation of theedals in aquatic organisms

growing in the lakes should be performed.

It is recommended that guidelines for mine closndude assessment for possible
end uses of the final pit lake. If end uses arenqa for, and these include the
application of amelioration treatment regimes amulogical toxicity assessment,

mine pit lakes may then become a legacy attribtieloeneficial outcomes and not

environmental disasters.
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8.3 Conclusions

Mining operations, farming practices, damming rivand the changing climate are
all depleting and/or contaminating freshwater reses (Johnson & Wright 2003).
Mine pit lakes offer a large freshwater resour@ thmanaged correctly may sustain
significant environmental, social and economic Wé&nefor local and regional

communities.

Assessment of mine pit lake physico-chemical patars and metal concentrations
as well as possible implementation of ameliorationdalities, may be required
before end uses are instigated. Bioassays can atayimportant role in the
assessment of the effectiveness of proposed dff-dakl in-situ mine lake treatment
approaches and in the interpretation of the bialagisignificance of metal

concentrations that exceed recommended guidelusisle

The major finding from this study was that chemasdéessment should be combined
with biological analysis to achieve an accuratedibxassessment of treated mine pit
lake water. The three temperate Australian spewed in the study were found to be
suitable for use as bioassay species in the assassiihmine pit water toxicity and
in the efficacy of treatment systems in removingidity. Bidyanus bidyanus was
shown to be a suitable Australian representativelidate for toxicity assessment for

the mine pit lake end use of aquaculture.

The direct risk to aquaculture species and thetagaavironment was shown to be
minimal from limestone treated Chicken Creek andel&epwari mine pit lake
water, based on the bioassay results and chemssalssment. The direct risk to
aquaculture species and the aquatic environmenaisasshown to be minimal from
the RCO treated WO5H mine pit lake water. The phosys treated Lake Kepwari
water did show a reduction in toxicity in the bisag tests and also showed a
decreasing metal concentration trend, suggestiagvtith more time, toxicity may

be removed and that the metal concentrations maredieced to below guideline
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levels using this treatment approach. Even if phoggs treatment alone proves to be
in-effective, the small addition of phosphorus cameld with limestone may decrease
the recovery time of the aquatic environment throvegduced toxicity and increased

nutrients for primary productivity.

The three species used in the bioassays were@bentonstrate different responses
to different toxicants within the complex mixtureteeated mine pit lake water. The
selected species covered primary producers, zoktolarand single celled animals
which are essential components of most food websking them highly
representative of the aquatic environment. Usirgydiiferent trophic levels allows
for a broader, more sensitive toxicity assessmanbdth aquaculture species and for
the aquatic environment than one species can aldmerefore, the geographically
and ecologically representative freshwater speciesen for this research may be
applicable for assessment of other mine pit lakdersafor aquaculture and

biodiversity conservation.

Until now there has not been a freshwater, Austnalnative and commercially
relevant aquaculture fish species used in toxiaggessment of waters for use in
aquacultureBidyanus bidyanus met criteria for a good toxicity test species amaly

be useful in future assessment of freshwatersdaaeulture. Further assessment of
B. bidyanus as a representative toxicity test species for agtare should be made.
Research should include; reference toxicity tessing toxicity responses to common
metals and toxicants in Australian temperate fregbve. Furthermore, research into
toxicity assessment witB. bidyanus will provide information for further improving
freshwater aquaculture guidelines, thereby progdiatakeholders a higher
confidence when administering guidelines for asegsthe potential of freshwater

bodies for aquaculture.
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8.4 Recommendations and future research

Currently guidelines for OCM closure do not requttee pit lake water to be
remediated for end uses (Johnson & Wright 2003Yitkah of protocol designed to
plan for end uses of pit lakes needs to be devdlgpel implemented. Two major
components of the protocol need to be choice elvegit end uses that are decided on
by relevant current and future stakeholders, amdage water assessment for the
chosen end uses. If the end use involves interaaiiothe pit lake water with
adjacent aquatic environments, both chemical aolbdical assessment of risk must
be implemented (Deanovie al. 1999; Viadero Jr & Tierney 2003). If biological
assessment is to be used on temperate mine pis,ldke three specie€.
protothecoides, C. cf dubia and T. thermophila are recommended for assessment.
Through the development and implementation of aengit lake closure protocol,
addressing pit lake end uses, realisation of enmiental, social and commercial

benefits to stakeholders will be made.

Research on hardness effects to Al toxicity usingstfalian representative species
should be made. Al is major element of environmeotancern in fresh water
environments, especially affected by acidity. Inying the reliability of the Al
guideline with a hardness algorithm would allow @stigators greater confidence

when considering risk from Al concentrations to #ugiatic environment.

Future research needs to be mad@oainidyanus to develop a protocol for its use in
assessment of not only mine pit lake water, buttedhperate fresh waters for
aquaculture. This will create a standard bioassagcily relevant to Australian
waters and aquaculture that can determine accyrégeb freshwater source is

suitable for aquaculture.

Field scale mesocosm assessment of limestone gaatm Lake Kepwari needs to
be trialled to assess the in-situ response toneatt Biological analysis using the
three species from this research could then be usednjunction with chemical

analysis to assess residual toxicity, therefordimomg remediation effectiveness.
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10 Appendices

10.1 Reference testing

Reference testing was completed for all three sigeasing potassium dichromate
(GPR™ 99% pure ¥Cr,0O;) as the toxicant. The use of,®,O; as a reference
toxicant is common among toxicity testing and isréfore useful for intra and inter-
laboratory comparisons. Concentrations of Cr (VY8 ased for the EC calculations.
The three bioassays used for toxicity testing aaddroth chronic and acute tests and
were acute 48 IC. cf dubia mortality bioassay, chronic 72 @. protothecoides
growth rate bioassay and 24Ththermophila final density bioassay. The end point
used for C. cf dubia was mortality, cell division rate (growth rate)rfd.
protothecoides and final density forT. thermophila. However, for ease of
presentation, LC, and IC values are presented ggESIx tests were completed for

each species over the duration of the experimeetabdd.

A summary of the reference toxicity tests forthliee species is presented in Table
28. No significant difference was found within any the six independent tests
conducted for each species. The sensitivity oftlinee species to Cr (VI) varies by
more than two orders of magnitude. The meary&Qn order of sensitivity were
24 ug/L for 48 hC. cf dubia, 135ug/L for 72 hC. protothecoides and 703Qug/L for

T. thermophila. The large difference in sensitivity gives furttseipport to the use of
multi specie bioassay batteries, to cover the afiyularge variation of sensitivity to
different toxicants in the natural aquatic ecosystdNevertheless, the variation
between tests within each bioassay was not high aitoefficient of variation of
<10%. This is a good indication that test organisaltin was not changing over the

test period, therefore showing that the bioassstypeecision was acceptable.
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Table 28.Summary of reference toxicity tests

Test species Test E& (ng Cr (VI) /L) 95% ClI
Chlorella protothecoides 1 14CG 114 - 173
72 h chronic test 2 144 118 - 180
3 130° 103 - 167
4 1197 99 - 143
5 128 108 - 154
6 150° 119 -194
Mean 135
SD 12
CV% 9
Ceriodaphnia cf dubia 1 252 21 -30
48 h acute test 2 25 19 - 33
3 212 16 - 28
4 228 18 - 26
5 232 18 - 29
6 282 23-34
Mean 24
SD 3
CV% 10
Tetrahymena thermophila 1 6709 5470 - 8170
24 h chronic test 2 7220 5805 - 8918
3 7266 5740 - 9120
4 724717 6318 - 8276
5 7015 5690 - 8596
6 6728 5816 - 7758
Mean 7030
SD 257
CV% 4
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