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Abstract

The roasting of goldbearing arsenopyrite at Gianima (Northwest Territories) between
1949 and 1999 released approximately 20,000 tonnes of toxic absaming aerosols in the local
aerial environment. Detailed examination of lake sediments, sediment porewaters, satéase w
and lake hydrologysampledfrom three lakes of differing limnological characteristics was
conducted in summer and winter conditioamples weranalyzed for solid and dissolved
elemental concentrations, speciation and mineraldbg three lakeare located less than 5km
from the mine roaster, and downwind, based on predominant wind direction. The olgEtiive
studywas to assess the controls on the mobility and fate of arsenic in these-iropatged
subarctic lacustrine environments.

Results show that the occurrence of arsenic trioxide in lake sediments coincides with the
regional onset of industrial activities. Thelk of arsenic in sediments is contained in the form of
secondary sulphide precipitates, with iron oxides hosting amalramaint of arsenic near the
surfacewater interface. The presence of geogenic arsenic is likely contained as dilute impurities
in common rockforming minerals, and is not believed to be a significant source of arsenic to
sediments, porewaters or laketera. Furthermordahe well correlated depiprofiles ofarsenic,
antimony and gold in sedimentgyhelp reveal roaster impact

The soluble arsenic trioxide particles contained in sediments act as the primary source of
arsenic into porewaters. Dissolvegenic in reducing porewaters both precipitate as secondary
sulphides in situand diffuse upwards into the overlying lake waters. Arsenic diffusion out of
porewaters, combined withwatercoursariven residence time, are estimated to be the
predominant mdwanisms controlling arsenic concentrations in overlying lake waters. The

sequestration of arsenic from porewaters as sulphide precipitatibe study lakesis not an



effective process ikeeping lakewater arsenic concentrations below guidelines ferpttotection
of the freshwater environment and drinking water.

Seasonal impaston lake geochemistry derive frace coveing lake waters, cutting them
off from of atmospheric oxygemlong with theexclusion ofsolutes from the ice Such effects are
limited in deep lakes but are che an important factor controlling arsenic precipitation and

mobility in ponds



Acknowl edgment s

| could never thank enough Dr. Heather Jamieson for the endless support, guidance and
patience offered to me throughouttheryesa o f  myl owd &es dll the b@autiful and exciting
experiences and opportunities that have come tadommgmy t i me at Queends
Similarly, it is hard to imagine this projecdming together the way it did withoMti k e Pal mer 0
courageas and tireless work, even in the most frigid conditions.

Special thanks need to go to the Paleoecological Environmental Assessment Research
Laboratory (PEARL.  Qu e e n 0 s), pattculavlye Johs iSingl, Brian Cumming, Kathleen
Ruhland, Adam Jeziorski ardhris Grooms for the ceaseless help and supportallitthings
paleolimnological. Equally, Jules Blais, Josh Thienpont, Jennifer Korosi, Kathryn Hargan
(University of Ottawa) and Hendrick Falck (Northwest Territories Geoscience Office) all deserve
specidrecognition for their insights, interest and many fruitful conversations.

This research projechas also been made possible with the gracious support and
collaboration of the Natural Sciences and Engineering Research Council and Taiga Environmental

Labaratory, of which Bruce Stuart desenaesdistinctacknowledgement



Tabl e of Content s

Y 011 7= V! USSP il
ACKNOWIEAGMENTS. ...ttt e e e e e e e e e e e eeees s s s e e e e e eeeaeeeeeeeassesnnneaeeeeesenessnnnnnnns v
L= L o] (S0 @] 121 o1 SRR V.
LIST Of FIQUIES......eeiiiiiiieee ettt e et e e e e e e e e e e e e s X
[ 0 1= o] =P U PP PPPPPPPPPPPPPRR Xiv
List Of ADDIEVIALIONS........ceeeeeee e rrne e e e e e e e e eees XV
Chapter 1: Introduction and Background...................eeeiieeeiiiiiiiiiiiiieee e 1
1.1. Introduction and ODJECLIVES...........ooevviiiiii e e e e e e 1
O == Tod (o | (o 10 o o AP TP UTPPPP PPN 5
1.2.1.  GEOlOGTAI SEIING ... .uuuueriiiiiiiiiiiiie e eeeee ettt e e e e e e e rmmne e e e e eeeeas 5
I = 01V T 0T | = o] N PP 7
1.2.3.  Early Yellowknife RISTOrY............uuuiiiiiiiiiiiiieeeiiieiieeee e 8
1.2.4. HisStory Of GIant MINE...........uuuuiiiiiiiiiiii ettt 9.
1.2.4.1. OWNErship NISTOMY.......cccooiiiiiiie e 9.
1.24.2. MiNING NISTOMY....coiiiiiiiiiiit it e e eeeer e e e e e e e e e e e eeaeeeean 10
1.2.4.3. Ore processing NiStOIY.........ooiiiiiiiiiiiieeee e 11
1.2.4.4. ROASIEI NISTOMY....cceiiiiiiiiiiee et e e e eeeei e e e e e e e e e e e e aeeeaaanee 12
1.2.4.5. Arsenic Trioxide waste management............ccoeevvvvvvimemeeeeeeeeeeeeeeeennnnnnns 15
1.2.4.6. Tailings and calcines management............ccoooeuiiimmmneeeesieiiiiieeeeeee s 15
1.2.5. Giant remediation Plan..............uueiiiiii e 18
1.2.6. Impact of roastederived aeroSOIS............ceiiiiiiiiiiceeeiicee e eeee 18
1.3, ThESIS OrganiZatiONL........cccuuuuiiiiiiiieieeeiiiiiiiiee et e e e e e e e e e eeeme e e e e e e e e e e e e e e e e e e e s s s s ammneeeeas 22
Chapter 2: Literature REVIEW...........uuuuiiiiiii e et iis e e s e e e e e e e e e s seeeia s e e e e e e e e e e e e e aeeeaaessannneaes 23
2.1. Global sources, sinks and occurrences of arSeniC............cooevvvviccceeeeeeee s 23
2.2, ATISEIIC SPECIES. ... iiiiiiii it eeea sttt et eeet e bbb bbb et e e e ettt e e e e e e e e e e e e e aeeas 24
2.3. Mobility of arsenic in the biosphere............coooiiiiiieeen e, 26
2.3.1.  Chemical eNVIFONMENTS.........cooiiiiiiiiiiiiiireee ettt 26
2.3.2. Seasonal constraints of SUDArCtIC regions...........coovvviiiiiicccee e 32
2.3.3.  DIffUSIVE EffECTS.. ..o 33
2.4, ArSENIC iN MINE WASTES......oiiiiiiiiiiiiiitie ettt e e e e e e e e e e eenas 34
Chapter 3: Arsenic Mobility and Characterization in Lakes Impacted by Gold Ore Roasting,
Yellowknife, NWT, CaANAUEA.......ccooiiiieeiiiiiiiiiieeee ettt smeneees 36
TNt O o ] 1 - (o SO 36



3.2. Introduction and DA@OUN..............ooviiiiiiiiiiiee e 37
G TR T |V = 1 o o £ PP PP UUPPPPUPPPP 38
G0 700 I ¥ 2 1 o1 o PSSR 39
3.3.1. 1. SUACE WALEIS.....cciiiieiieeeiiiieiii ettt e ee s e e e e e e e e e e e e eaan 39

3.3. 1.2, SEAIMENT COMBS...ciiiiiiiiiieee e bbb eeeen 40
3.3.1.3.  POTEWALEIS......eieeiieie ettt e et rnme e e e e e e e e e e ennne e 40
3.3.2. ALY SES. ittt 41
3.3.2.1. Elemental Spectrometry...........cccovvvvvrriiivimemeeeeeeeeeeeeeeeviiissmmmeeeeeeeenennnn 41
3.3.2.2. Chromatography..........ccccovviiiiiiiiiimeme e A
3.3.2.3. OrganiC CarbOM.........cooiiiiit e 41
3.32.4. Radiometric dating...........ccoiiiiiiiiiiiiiieeee e 42
3.3.2.5. Scanning electron microprobe and mineral liberation analysis............. 42
3.3.2.6. Electron micreprobe analysis...........ccccccviiiiiiiieemiiiiiiieeeeeeeeesieee . A3
3.3.2.7. Synchrotrorbased Xray absorption SPectrosCopy..........cccceeeeeeeeeeeeennnn.. 43

i, RESUILS. ..ttt e e e err et a e e e e e e e e e e e e e e e ammr e e e e e e e e e e e e e n e 44
3.4.1.  Surfacewater ChEMISIIY.........coiiiiiiiiiiiiitieee e e e e 44
3.4.2. Porewater Chemistry..........ccoeeiiiiiiiiiieiee e A
3.4.3.  Porewater diffuSION..........ccuuiiiiiiiiiiii e 45
34.4.  Sediment CREMISIIY .......coiiiiiie e 46
3.4.5. Arsenic mineralogy and SPECIALION...........uuuuuurimriiiieeeiiirrrreeeee e eeeeeeeeeeeeeeeeees 46
3.4.5. 1. ArSENIC tHOXIAE ... ..uuiiiiiiiiiiiiiiiiiteceeetieiee et e e e e e e e e e e e s rmme e e e e e e e e e e e e e e e annees 46
34.5.2. ArseniC SUIPhIAES..........ccoiiiiiiiiiiieeeeiiiiiii e e e e T
3.4.5.3. Ferric oxideS and @PAtILE...........eeeiiiiiiiiiiieeeiieiie ettt 47

T T (ST ot U 11 o] PO PP UPPPPPR 48
3.5.1. Arsenic trioxide and arSeNOPYIe..........ccuvvveeiiiiiiiccceeeeeeeeeeeeeeeeeee . A8
3.5.2. Arsenic remobilization and precipitation...............cccuveeiieeeiiiiiiiiiieiieeeeeee.. . 48
3.5.3. Impacted sediment geOChEMISIIY.........uuuuiiiiiei e eeeee e 50
3.5.4. GEOQENIC ArSENIC NOSLS........uuiiiiiiiiiiiiii ettt e e e e e 51
3.5.5. Diffusion and Nydrology..........coooeuiuiiiiiiiiieeeiiiie e 51
3.6, CONCIUSIONS ... ..ottt oottt et e e e e e e e e e e e e e anens s e e e e e aeaaeaeas 52
3.7, ACKNOWIEAGEMENTS .....oiiiiiiiiiiiie e e 53
TS T (Y (=] (=] [ =SS 55
3.9, FIQUIES& tabIES......coiiiii e ere e e 62
3.10. Supplementary MAaterial............cooiiiiiiiiiirrer e a e e e e e e ean 68

Vi



Chapter 4: Methods for Soils, Seasonal and Aqueous Speciation Studies..................... 77

ot o 1= [0 R o ] ¢ PRSP PPPPRPPPR {7
4.1.1. Samping lOCALIONS........uiiiiieiii e e ceeee e emme e e e e e 77
4.1.2. Lake sediment SampPling..........coooiiiiiiiiiiiiem s 77
4.1.3. Porewater SAMPIING.........uuuuuiiiiiiie s e e e e e e e e eneers s e e e e e e e e eeeareeannen 79

4.1.3.1. DIaAlYSIS AITAYS......cceeiiiiieeeieeieiiitemme e et e et eme e b e e e e e e aeeean 79
A4.13.2.  CeNUMUGE ..ot e e e e e annn s 79
O S Yo | ES3 ST Va1 o] 1T o USSP 80

4.2. Analytical MEtNOAS...........ooiieie e e e e e e e e aneer e 80

4.21.  SOIlS aNd SEAIMENLS.........uuuuuriiiiiiis e ettt e e e e e e e e e s ennesas s s e e e e eeeaeeeeeeeeeenne 80
4.2.1.1. Organic CarbOmn............ccooiiiiiiieeee e 81
4.2.1.2. RadiomMetriC datiNg...........ccevuuiiiuiiiiiimee e e e emrnrn e e e e e e e e 81
4.2.1.1. Scanning electron microprobe and Mineral Liberation Analysis........... 81
4.2.1.2. Synchrotrorbased Xray Absorption SpectroSCOpY...............cvvvvvvvnnumenen.. 81

4.2.2. WALETS. ...ttt ee e e et e e ae e e e e e e nn s 81
4.2.2.1. Elemental analySeS.........cooooiiiiiiiiiiiicce e 81
4.2.2.2. Water VariabIeS........couuiiiiiiii e 81
4.2.2.3. AQUEOUS arSeniC SPECIALIAN........uiiiieieeeeeeerceeeiieie e e e e eene e e 82

Chapter 5: Results of Soils, Seasonal and Aqueous Speciation Studies...............cccu.... 83

5.1. Lower Martin LaKe........cccoeii i eeee e e e ennnned 33
5.1.1. Lake and pore water geochemical profiles...........ccccoeeiiiiiiceeiiiiiiiiiie e 33
5.1.2. Sediment geochemical Profiles.............uuueiiiiiiiieeciiiiii e 86
5.1.3.  RaAIOMELNIC dAtING......uuuuuiiiiiiiiiiiiiii ettt e e e e e e e e e e e e e 87
5.1.4. Mineral liberation analySiS.............oouuiiiiiiiiccreeeeeee e 89
5.1.5. SynchrotroRbased eXPerimentS.........ccouuieiiiiiiiiiccc e 91

I o P T | (= = 1= 92
5.2.1. Lake and porewater geochemical profiles............cccoooiiiiieeeiiiiiiii 92
5.2.2. Sediment geochemical Profiles...........uuueeiiiiiiiieeciiiiiiiiee e 95
5.2.3.  RaAiOMELNIC dAtiNG.......uuuuuiiiiiiiiiiiiii ettt e e e e e e e e e e e e 96
5.2.4. Mineral liberation analySiS..........ccouiuiiiiiiiiiieiee e 98
5.2.5.  EIectron MiCreprobe............oouiiiii e 100

5.2.5.1. Framboidal PYIite.......cccuuuiiiiiiiiieiiiieeeiiiitiiie et 100
T A o - 11| (= PRSP 103
5.2.6. SynchrotroRbased exXperimentS........ccceveeiriiiiiiiccce e 104

vii



5.3 B0 ittt s 106

5.3.1. Lake andoorewater geochemical profileS...........cccceeeiiiiiieeciiii e, 106
5.3.2.  Sediment geochemical ProfileS.............uuuuuuiiiiiccceeiicer e eeee 109
SRS IR I ¥ To [0 4 T=] (g oo Fo1 1] o o TR PP PPPPPPPPPPPPPPPR 110
5.3.4. Mineral liberation analySiS.............ouuuuuuiiiiiccreeeicr e eersr e 111
5.3.5.  EIeCtron miCroprobe............uvuiiieiiiiiie e rreer e 114
5.3.5.1. Framboidal PYIite.......cccccuuiiiiiiiiiiiiieeeiiieiiei et 114
5.3.5.2.  APALIE ..ceiiiiiiie et a e 115
5.3.6. Syrchrotronbased eXperiments...............oevuuvuuiiicreeeeeeeeeiiieee e erenenens 117
Chapter 6: Detailed Discussion on Selected TQPICS.........cooviiiiiiiiicmee e 119
6.1. SOlid ArSENIC NOSIS.....uiiiiiiiiiiiiie e enenanees 119
6.1.1.  ArSENIC tHOXIAC. .....ceeeeeeee i eeee e eees bbbt e e e e e e e e e e eeanes 119
6.12. Arsenicbearing SUIPhides...........oooiiiiiiiee e 121
B.1.2.1.  AISENOPYIILE ..ceeeeiiiiieeiiies e e e e e e eeee s e s e e e e e e e e e e e e e e eeees e e e e e aeeeeeeeaeeeeeanannene 121
6.1.2.2. Iron-arsenic SUlPhides........cccooeeiiiii i 121
6.1.2.3.  ArSeniC SUIPNIAE........coooi i 122
6.1.2.4. Framboidal PYrite.........ooevimiiiiiiiiii i errn e 122
6.1.2.5. Sulphide and organic matter...............covviviiieeee e 123
G0 IR T | {0 o 0 )T [o = 125
G0 IR Tt R {0 = ] (T 0 (o = URSP 125
6.1.3.2. Secondary PreCipitate........cccoeeeiiieeeeiiiceeeecee e 126
6.1.4.  OrganiC MAEN........eeiiiiiiiiiiiee et enenees 127
B.1.5.  APALITE. ...ttt 129
I o [V T=To U= Y= o o 130
6.2.1. Arsenic remobilization and preCipitation.............cccccoiiiiieemiiiiiee 130
6.2.2. AS SpPeciation iN POrEWALELS..........ceiiiiiiiiiitieees st e e e eners e e eeees 134
6.3. Comparative MethOdS..........uuiiiiiii e eeee e e 139
6.4. Porewater diffuUSION..........ccooiiiiiii e eeeeeeee e 142
6.5. Seasonal INfIUBNCES........coiiii e 144
6.5.1.  AQUEOUS MEAIA.......uuiiiiiiiiiiiii e ceeer et errer e e e e e e e e e e 145
6.5.2. SOl MEIA........coiieieeeeie e ann e 151
B.6.  SOIIS....eiiiiiiiiiiieie e ————————————————— 154
Chapter 7: CONCIUSIONS. ... ...ouiiiie e e e e e e e e et e e e 157
7.1. Cycling of arsenic in roast@mpacted subarctic lacustrine enviments................. 157

viii



7.1.1. Origin of arsenic in lake sedimentS..........cccoeviiiiiiiicceeiiiiiii e 157

7.1.2. Sinks and sources of arsenic to lake water................cccccimeniiiiiiicciiinnnnnee, 157
7.1.3.  LIMNologicalinflUENCES...........ccoiviiieiiieeeme e 159
7.2. Characterization tOO0IS .........uuu i eeerree e e e e e e e e e e eeeeeeeananes 160
7.2.1. MLA @nd XANES. ... ..ottt e e ettt e e e e e e e e e e aaeaaeeean 160
7.2.2.  AQUEOUS SPECIES......ceevvireieuuiiiesimeesesetanaaaaaeeaeeeesamassaassaassaaaaaaaaaeeeeessmnnns 161
7.2.3.  POrewWater @XIraCHON. ... ....uuuuiiiiee e e e e eeeeites e e e e e e e e e e e e eeearnea e e e e eeeeeeeeeeeeeennees 161
7.3. Future reComMmeENationsS..........cooeeiiiiiiiiiiicce e ne e 162
7.3.1.  POrewater ChEMISIIY......uu i i e e e e e e e e eeeeis et eeee e e e e e e e e e e e 162
7.3.2. ArSENIC MINEIAIOGY . .ciiiiiiieieeeiie e e e 162
7.3.3. Statistically representative analySeS...............uuvuuuiiccrereeeeeiiiiiiiiesee e e e eeenens 164
7.3.4.  Lake Nydrology.........eciiiiiiiie et s 164

] (=] €= o =P 167
Appendix A: Sediment ChEMISLY...........iiiiiii e e e e e 177
Appendix B: SOil CNEMISIIY.........uuiiiii i ereer e nnne s 188
Appendix C: Porewater CREMISIIY. ........uuuuiiiiiiiiiii et 190
Appendix D: Lake water CheMUSILY...........vuuiiiiiiiii i ereers e e e e e e e 203
Appendix E:21PDb radiometric age datifg............coueiveeivriieemieeeeeeessee e eeesrseesre e sree e 205
Appendix F: Bulk XANES ... e e e e e eeeeee e 211
APPENAIX G: MLA .. e 226
Appendix H: Additional mass transfer calculations in Lower Martin Lake..................... 236



Li st of Figures

Figure 1.1: Giant mine, the three study lakes and the city of Yellowknife, NT................... 2
Figure 1.2: Arsenic concentrations in lake sediments in the Yellowknife area (Galloway et al.,
72 0 1) T EPP S PPPRTPRRR 3
Figure 1.3: Arsenic concentrations in lake waters within a 30 km radius around Giant mine
(Palmer €t al., 2015) .. ..o ————————————— 4
Figure 1.4: Geology of Giant mine and area (Hubbard et al., 2006).................cuvvvieemneenne. 6

Figure 1.5: Average wind speed and directions at Yellowknife airport (INAC, 2010)........ 8
Figure 1.6: Annual gold production from Giant mine over its lifetime (Canam, 2006).....11
Figure 1.7: Average annual ore grade over the Giant mine lifetime (Canam, 2006)........ 11
Figure 1.8: Roasting and arsenic fumes management att@ne post 1963 (SRK, 2002).14
Figure 1.9: Aerial picture photo of Giant mine, showing surface waste disposal structures

(modified from Bromstad, 2010)......ccooiiiiiiiiiiiiiiiime e 17
Figure 2.1: Schematic of global cycles of arsenic (Bowell et al., 2014).............ccceeeennnee. 24
Figure 2.2: Stability fields of arsenate and arsenite in a sulkgoar system (left) and a sulphur
rich system (right). Activity of arsenic is 2™, sulphur is 1M (Brookins, 1988)................ 25
Figure 2.3:Inorganic and organic species of arsenic (Nearing et al., 2014).................. 26

Figure 2.4: Adsorption patterns of arsenic as a function of speciation, nature of sorption site, pH
and concentration. HFO = Hydrous Ferricif®s (modified from Dixit & Hering, 2003).....28

Figure 2.5: Sorption of arsenic as a function of speciation and Fe:As molar ratio.-akis y

indicates unsorbed arsenic remaining in solution (Bowell & Craw, 2014)....................... 29

Figure 2.6: Biogeochemical model of common arsenic adsorptiigsolutionprecipitation

reactions. Open arrows indicate adsorption reactions, filled arrows indicate dissolution
precipitation reactions, curved arrows indicatecbioe mi cal acti vi t.y...3006 Day
Figure 2.7: Stability diagram for the system A%=-S-O-H as a function of Eh and aaty of

H>S at 25°C and pH = 7. Reaction paths foiriel system (path A, solid red arrow), and Fe

poor system (path B, dashed blue arrow) are shown in inset (O'Day et al.,.2004)......... 31
Figure 3.1: Location of the Giant minesite boundary, historical roaster and the three study lakes.
WiNd rose from INAC, 2010, .. ...uiieiiiiiei et eeeee e e e e e e e e eeeme e e e sa e e et eseaessnn s enmnanss 62

Figure 3.2: Predominant arsenigearing mineral phases in sediments with SEDNS spectra

and EMRWDS elemental analyses. Arsenic trioxide in-B@ 1cm deep (A), Authigenic iren
arseniesulphide precipitates in B€0, 10cm deep (B), geogenic arsenopyrite in Handke La

5cm deep (C), Abearing framboidal pyrite in Handle Lake, 12cm deep (D), authigenic arsenic
sulphide precipitate in Handle Lake, 5cm deep (E) and arbeaiing pyrite associated with
organic matter in Handle Lake, 5¢m deep (F)....ccooorrriiiiiiiiiieee e 63
Figure 3.3Sediment, surface water and porewater profiles for the three study.lakes.....64
Figure 3.4Bulk XANES and MLA results for relative mass distribution of arsenic phases in
CS1=T0 110 0= ] TSR 66
Figure 3.5Conceptual diagram outlining the processes controlling arsenic cycling in lakes
impacted by roaster emissions. Aerially transported arsenic aerosols settle in the lake sediments
and slowly dissolve duringurial. The elevated concentrations of arsenic in reducing porewaters
leads to both the isitu precipitation of arsenisearing sulphides and the diffusion of arsenic to
lake waters. Arsenic in oxic surfaeeaters oxidizes and sorbs onto available padegteumatter

(such as ferric oxides), then precipitate to the suwfeater interface (SWI). Particulatmund
arsenic undergoes reductive dissolution during burial and remobilize in porewaters. Arsenic
sulphide precipitates, as well as geogenic arsenis,hare considered stable in anoxic



sediments. Surfaewater inflows and outflows, by controlling residence time, can act as a major
control on arsenic concentrationsinlakat er s by Afl ushing outo ar se

L0 = LT PP 67
Figure 4.1: CRREL drill for frozen sediments in B€0. Auger sitting in the snow (in the top
DACKGIOUN)......ueiiiiieiiei e s 78
Figure 4.2: Dialysis array (peeper) assemily........ccccoovviiiieiiiiieeeiii e, 79

Figure 5.1: Porewater and lake water profiles for Lower Martin Lake. Dissolved elements for
July 2014 (A). Arsenic species for July 2014 (B). Dissolved elements for April 2015.(C85
Figure 5.2: Lake sediment profiles in Lower Martin Lake sediment cores. July 2014 core (A),
FN 01| B2 0 1 R R oo £ S (= ) P SPPPR 87
Figure 5.3: Total 2!%Pb,2Pb,?1“Bi and**'Cs activity for Lower Martin Lake July 2014 core (A)
o Lo [N o | B2 O R oo S = ) P 88
Figure 5.4:Relative arsenic mass distribution from SBMA analysis in soils near Lower

1Y = U] = TR 90
Figure 5.5: SEM-BSE and EDS images of arsenic trioxide in LM2 $A) and organics with
arsenic in LML $S1 (B) hosts in soils near Lower Martin Lake..............cccoovvvivieeenieeeeeell 91
Figure 5.6: Relative arsenic species abundance from bulk XANES for soils nearby Lower
Y= U] T = 1 TR 92
Figure 5.7: Porewater and lake water profiles for Handle Lake. Dissolved elements for July
2014 (A). Arsenic species for July 2014 (B). Dissolved elemen&dal 2015 (C)............... 94
Figure 5.8: Lake sediment profiles in Handle Lake sediment cores. July 2014 core (A), April
pZ O oo T (= (=) T PSSP 96
Figure 5.9: Total ?1%Pb,?14Pb,?1Bi and**'Cs activity for Handle Lake July 2014 core (A) and

F Y o] |24 R T oo T £ (= ) T 97
Figure 5.10:Relative As mass distribution from SEMLA analysis in soils near Handle Lake.

Figure 5.11:SEM-BSE and EDS images of arsenic trioxide in HIL $A) iron oxides

containing arsenic in HL-& (B) and organics hosting arsenic in Hi2 $C) hats in soils near

[ P2 U0 1= = TSR 100
Figure 5.12: EMP-BSE images of iron sulphide targets for arsenic content in Handle Lake
sediments, including framboidal pyrite, 12cm depth (A), geogenic pyrrhotite, 5cm depth (B) and
pyrite contained in organic matter, 5cm depth (C)........ooooriiiiiiiie e 102
Figure 5.13:EMP-BSE images of apatite grain targets (A&B) for arsenic content analyses in
Handle Lake sediments, 5Cm depth...........oooiiiiiiiiiiie e 104
Figure 5.14:Relative As species abundance from bulk XANES for Handle Lake sediments,
Y o1 B2 0 T PP PUPUPUPRPPR 105
Figure 5.15:Relative As species abundance from bulk XANES for soils nearby Handle Lake.

Figure 5.16:Porewater and lake water profiles for 0. Dissolved elements for July 2014

(A). Arsenic species for July 2014 (B). Dissolved elements for April 2015.(C).............. 108
Figure 5.17:Lake sediment profiles in B€0 sediment cores. July 2014 core (A), April 2015

Figure 5.19:SEM-BSE and EDS images of arsenic trioxide in-BCS1 (A) an arsenic
bearing RO in B0 S2(B) and organic matter hosting arsenic in-BCLS2 (C)................. 113

Xi



Figure 5.20: EMP-BSE images of iron sulphide targets for arsenic content 2@B€ediments,
including framboidal pyrite, 4cm depth (A) and geogenic pyrrhatitey depth (B)............. 115
Figure 5.21:EMP-BSE images of apatite grain targets for arsenic content analyses2f BC
SEdimeENtS 4CM AEPIh. ... ——————— 116
Figure 5.22:Relative As pecies abundance from bulk XANES for B0 sediments, April

Figure 5.23:Relative arsenic species abundance from bullNES for soils nearby BQ0..118
Figure 6.1: Positive identification of arsenic trioxide grains from Baker Pond via &3 (A
& B), SEM-EDS (D), and synchrotrebased pXRF and uXRD (C, E & F). Modified from Nash

240 1 PP PPPPPOPRTN 120
Figure 6.2: Arsenic trioxide grain, as identified in in HL-B5by SEMBSE (A) and EDS (B).
....................................................................................................................................... 120

Figure 6.3: SEM-BSE and EDS images of the siaglikely arsenopyrite grain ever found in
Handle Lake, 5cm deep (A), unidentified irarsenic sulphide grain in B0, 10cm deep (B),
typical and common arsenic sulphide (likely realgar or orpiment) in Handle Lake, 5cm deep (C),
EMP-BSE image and WDS tmof framboidal pyrite containing arsenic in Handle Lake, 5cm
deep (D), and pyrite containing calcium and arsenic, associated with organic matte2@ BC
4cm deep (E) & Handle Lake, 4cm deep (F)-..oooooeeiiiiiiiieeeeeee e 124
Figure 6.4: Reflectedlight photomicrograph of an RO from Giant mine calcine dust, with
arsenic mass% determined by EMADS (A), modified from Walker et al. (2005). SERSE
and EDSmages of an RO in soilsBnearby BC20 (B)..........cooviiiiiiiiiiiiiieeeiiiiiiieeee 125
Figure 6.5: SEM-BSE and EDS image of Asearing iron oxide particles embeddeaiganic
matter in Handle Lake sediments (5¢m depth).............cooiiiiieeniiieeve 127
Figure 6.6: SEM-BSE and EDS images of Asaring particles of organic materials in soH& S
nearby BG20 (A) and S2 nearby Lower Martin Lake (B).........ccveviiiiiiiiiiieeniiiiieeeeeen 128
Figure 6.7: Bulk XANES profile for Handle Lake, clearly showing the relative importance of
As(V) at depth (A), which is not hosted in apatite grains, 12cm depth.(B).................... 130
Figure 6.8: Dissolved arsenic and pH profiles in porewaters of July 2014 for Lower Martin Lake
(A), Handle Lake (B) and BQRO (C)...ceuieieieeiieiiiieiieeeee et eeea e 131
Figure 6.9: Dissolved arsenic and Eh profiles in porewaters of April 2015 for Lower Martin
Lake (A), Handle Lake (B) and B0 (C).....cceeeiiiiiiiiiiiiiiiiiieeee s 132
Figure 6.10:Pourbaix diagram of A®-H (A) and AsS-O-H (B) environments, showing
surface and porewater fields for the three studied lakes. Modified from Brookins (198834
Figure 6.11:Arsenic speciation analyses (via i), compared to total arsenic (via IBFS)

in porewaters of July 2014 for laer Martin Lake (A), Handle Lake (B) and (©)-......136
Figure 6.12: Comparison of bulk XANES and MLA results for relative arsetigtribution with

Figure 6.13:Comparison of major parameters controlling the impact of porewatera@arseni
diffusion to lakewater arsenic concentrations, including sediment porosity (A), lakewater
residence time (B), porewater arsenic concentration gradient (C) and diffusion coefficient for
different aqueous arsenic species (D). Ranges of values for A, B arelbased on empirical
measurements from this study and from Environment Canada (2015)................c...cc... 143
Figure 6.14:Porewateelementatoncentrations of Lower Martin Lake in July 2014 (A) and
April 2015 (B). July 2014 porewaters were collectediin with peepers installed down to 42cm
depth, whereas April 2015 porewaters were centrifuged from a 25cm deep sediment core.
Sulphate deteCtiolimit IS IMQ/L......cooouiiiii e eanes 146

Xii



Figure 6.15:Porewateelemental concentrations of Handle Lake in July 2014 (A) and April

2015 (B). July 204 porewaters were collectedsitu with peepers installed down to 43cm

depth, whereas April 2015 porewaters were centrifuged from a 30cm deep sediment core.
Sulphate detection liMitiS IMQ/L.........ccooriiiiiiiieee s 147
Figure 6.16:Porewateelemental concentrations of Lower B0 in July 2014 (A) and April

2015 (B). July 2014 porewaters were collectediin with peepers installed down to 41cm

depth, vhereas April 2015 porewaters were extracted from frozen and unfrozen sediments (with
a CRREL drill), and later filtered after thawing, all in a nitrodgdled glove box, thus avoiding

the CeNIITUGING PrOCESS......ci e eeee ettt eeea bbb e e e e e e e e e eeesesee e e 150
Figure 6.17:Sedimenelemental concentrations afidPb chronology of Lower Martin Lake in
July 2014 (36cm core) (A) and April 2015 (24¢m €Ore) (B)-.....uuvvveeriiiiiiiiiieeeiiiiiieennn 152
Figure 6.18:Sedimentlemental concentrations afidPb chronology of Handle Lake in July
2014 (42cm core) (A) and April 2015 (28cm core 2HBb chronology) (B)..........cccvee..... 153
Figure 6.19: Sedimentelemental concentrations afidPb chronology of B0 in July 2014
(43cm core) (A) and April 2015 (17cm CRREL drill core,Z24®b chronology) (B)............ 154
Figure 6.20:Gold and antimony elemental concentrations as a means of inferring roaster
emissions age and persistence in soils. Modified from Bromstad (2011)..................... 156

Xiii



Li st of Tabl es
Table 1.1:Arsenic trioxide emissions from the Giant mine roaster over time (modified from
LTSI 010 ) T PP 13
Table 1.2:Record of S@and arsenic emissions from Giant mine roaster (GNWT, 1993p1
Table 3.1:Arsenic concentrations in dilute mineral phases from quantitative electronmicro

PrODE @NAIYSES. ....ccieeieeeiiit e e e e e e e s eme e e e e e e e e e e e e et et ————————aaaaaataeeaea——rra———_ 65
Table 4.1:S0il SAMPIES IOCALIONS........ccoiiiiiieieiie e 80
Table 5.1:Water variables for Lower Martin LaKe..............oooviiviiiiiieemeiieeeeeecee e 83
Table 5.2:Elemental concentrations in soils near Lower Martin Lake...............ccoeeevieeeees 87
Table 5.3:CRS modeled ages and associated year for both Lower Martin Lake core déj&ths.
Table 5.4:Water variables for Handle LaKe...........coouiiiiiiiiieeeee e eeeme e 92
Table 5.5:Elemental oncentrations in soils near Handle Lake.............ccccoovviviieemeivnneennnn, 96

Table 5.6:CRS modeled ages and associated year for Handle Lake, July 2014.care....98
Table 5.7:EMP-WDS quantitative analyses of arsenic contained in different iron sulphides in

Handle Lake. DL = DeteCtion LIMt.........ccoeeeiiiiiieiiiiieeee e 101
Table 5.8:EMP-WDS quantitative elemental analyses of detrital iron sulphides in Handle Lake
for mineral iIdentifiCatION...........ooiiiiieiee e e e e e e e e e e e ennnnn s 102
Table 5.9:EMP-WDS quantitative analysis of arsenic contained in apatite grains in Handle
Lake sediments. DL = DeteCtion LIMit...........uuuueiiiiiieesceeeiiiicneee e e e e ee e e eeeens s e e e e e e eeees 103
Table 5.10:Water variables for B0...........cuuuiiiiiiiiiiiiiiieieeee e 106
Table 5.11:Elemental concentrations in soils near-B................cccovveveviiiemee e eeieeeeeeiens 110
Table 5.12:CRS modeled ages and associated year fee@BQuly 2014 core.................... 111
Table 5.13:EMP-WDS quantitative analyses of arsenic contained in different iron sulphide
minerals in BC20. DL = DeteCtion LiMit........cccuuuuiiiiiiiiiiiieeeiiiiiiiieeeeeee e e e e e eae e e 114
Table 5.14:EMP-WDS quantitative elemental analyses of a geogenic iron sulphide-20BaQr
mineral identification as PYIMhOtIte..........ccooei i 114
Table 5.15:EMP-WDS quantitative analysis of arsenic contained in apatite grains420BC
sediments. DL = DeteCtion LiMiL...........uuiiiiiiiiiiii e 116
Table 6.1: Average grain size of arsenic trioxide in lake sediments with depth, quantified using
SEMEM L A i ettt et ettt e ann—ttt et ettt taaaaaaeaaaaaeean 121
Table 6.2:Quality assurance on porewater arsenic analyses, comparihgdRd ICRMS

1S PP OPPORRT 138

Xiv



AANDC

APS

ASU

BSE

CCME

CRREL

CRS

DDW

DIAND

DL

DMAs

DO

DOC

EDS

EMP

ESP

EXAFS

GNWT

GYML

HDPE

HFA

HFO

Li st of Abbrevi

Aboriginal Affairs and Northern Development Canada
Advanced Photon Source

Analytical services Unit

Back-Scatter Electron

Canadian Council of Ministers of the Environment
Cold RegiongResearch and Engineering Laboratory
Constant Rate of Supply

Distilled Deionized Water

Department of India@ffairs and Northern Development
Detection Limit

Dimethyl Arsenic

DissolvedOxygen

DissolvedOrganicCarbon

Energy Dspersive Spectrometer

Electron MicreProbe

Electrostatigrecipitator

Extended XRay Absorption Fine Structure
Government of the Northwest Territories

Giant Yellowknife Gold Mines Ltd.

High Density Polyethylene

Hydrous Feric Arsenate

HydrousFerric oxides

XV

at

ons



HL

HPLC

ICP-MS

ICP-OES

LCF

LML

MLA

MMAs

NWT

ORP

PEARL

RMC

RO

SEM

SWI

WDS

XANES

XAS

XRD

XRF

Handle Lake

High Performance Liquid Chromamphy

Inductively Coupled Plasmdass Spectromete

Inductively Coupled Plasm@ptical Emission Spectroscopy
Linear Combination Fitting

Lower Martin Lake

Mineral Liberation Analysis

Monomethyl Arsenic

Northwest Territories

OxidationReduction Potential

Pakoecological Environmental Assessment Research Laboratory
Royal Military College of Canada

RoastelOxide

Scanning Electron Microscope

SurfaceWaterlnterface

Wavelength Dispersive Spectrometry

X-ray Absorption NeaEdge Structure

X-ray AbsorptionSpectroscopy

X-Ray Diffraction

X-Ray Fluorescence

XVi



Chapter1:1 nt r odaircd i Banc kgr ound

1.1.Introduction and objectives

Arsenic contamination whether of natural or anthropogenic origipsesers a serious
public health risk in many parts of the warlrseniccan be found as a deletericaighstance in
all parts of the biosphere, though contaminated sitgeeatest conceto humans usually involve
surface vatersand groundwaterdor consumptionand irrigationpurposs, as well assoils in
inhabited and agriculturalareas (Smedley & Kinnirgh, 2002).Arsenic is a well known
carcinogen and chronic exposure is well linked to skin, bladder, kidney and liver ¢casoee|
as persistent skin lesions and major foetal developmrattiems Acute exposure can lead to
major organdysfunctionsud asrenal andhepaticfailure, effects oftenassociatedvith sudden
death (Bissen & Frimmel, 20033uch overt toxicological riskassociated with arsentan lead
to significantsocial concerns, especiallyhen contamination was brought about to a comtypun
as a resulof industrial practics, such asn the case ohistorical mining and particularly that of
historical mining activities nearbyYellowknife ( mai nl y Gi ant and Con

NorthwestTerritories(Figure 1.).
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Figure 1.1: Giant mine the three study lakesd the city of Yellowknife, NT

The ore aGiant minewas mainlyrefractory, and requireithe roasting of arsenopyripeior
to cyanidationa process that leads to the formation of arsenic trioxide, one of the most toxic forms
of arsenicsolid (Bromstad & Jamieson, 2012)/hile thebulk of arsenicaerosols (mainly arsenic
trioxide) ever produced during the 50 years of roastinGiant mine(19491999)was captured

by electrostatic precipitatorapproximately20,000 tonnes adrsenicaerosolsvasreleasedrom



the roaster stacks and spread aerially into the surrounding environ@&&atofthis during the
first 14 years obperationg19431963 Table 1.1 Wrye, 2008) The extent ananagnitude of
arsenic contaminatiofrom roaster emission@ithin the mine siteproperty boundarieshows
strong persistence of arsenic trioxide dust in smid sedimentéBromstad, 2011Nash, 2014
However, imited research has ba done so far on the extent of contamination from rpaste
emissions beyond the properyalloway et al. (20123tudied regional lake sedimera®ng an
eastwest transedi the Yellowknife aredFigure 1.2, showing elevated arsertoncentrations

nearbyand mainly to the wesb the historical roaster
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Figure 1.2: Arsenic concentrations in lalsediments in the Yellowknife area (Galloway et al.,
2012).
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Geochemicabkurvey of soilsandtills in an areaabout 10km around Giamtine showed
elevated arsenic, antimony and gotthcentrationswell aboveCanadian Council of Ministers of
the Environment (CCMEKerr, 2006) Stante (2014) havalsoshownarsenic concentratiornis
surfacewaters andedimentsdrom Lower Martin Lakeupper Baker @ek andTrapper Ceek(a
drainage area just outsitlee mine poperty)to beaboveCCME guidelinesy one to two orders
of magnitude. LastlyPalmer et al. (2015)and Houben et al. (2016have shown arsenic

concentration in lake waters within a few kilometers to the west and north of the Giant Mine



roasterto be several orders of magnitudrigher (exceeding the CCME and Heafftanada

guidelines for arsenid¢han those from lakes >ikf distance from the roastéFigure 1.3.
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Figure 1.3: Arsenic concentrations in lake watem;thln a 30 km radluaround Giant mine
(Palmer et al., 2015).
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These data can raise questions about the risks to local ecosystems and human populations
associated witkvidespreadirsenic contamination. In order to constrain such risks, it is important
to understand the behaviour of arsenicsubarctic lacustrine enwvonments,and the various
aqueous and solichemical forms arsenic can assume in the process. To this #ifegtesent
studyhas for purpose to determine
1. whether the arsenic in the lakes surrounding Giant mine is from anthropoggeagenic

origin;



2. whether lake sediments can act as a sink or a source atacstre overlying lake waters;

3. what influence different physical and chemical lake characteristics can have on arsenic
behaviour.

1.2.Background

1.2.1. Geological setting

Giant mine is situated within thrchean Yellowknife Supergroup greenstone belt, which
lies in the soutiwestern part of the Slave Structural Provin€he Yellowknife Supergroup
consists of a succession of steeply dipping mreteanic and metaedimentey rocks(~2.7 Ga)
intruded by granitoid®f the Western Plutonic Complex4.6 Ga;Siddorn, 2011) The gold
deposit at Giant mine is hosted in quasé&zbonate veins, which most commonly occur within the
Yellowknife Bay Formation in the Kam Group, alosigeply dipping shear zones that generally
trend northsouth. Most of the golds hosted within arsenopyrite though some native gold could
be foundin the orebodyMineralization at Giant mine is bound by the West Bay fault to the west,
the Akaitcho Bay falt to the north, and the Jackson Lake formaéilmmg the shore of Yellowknife
Bay (Figure 1.4 (Canam, 2006).

Like all quartzcarbonate deposits, mineralizatisrcontrolled by structurevhich at Giant
mine is marked by a protracted history of deformation and hydrothermal ackatly D1
extension resulted in the formation m@fractorygold mineralization within strongly deformed
zones and veins. D@&mpressiorilattened the Giant deposit, overprinted D1 mineralization and
created deep vertical zonation of fredling quartzcarbonate veins. The D2 flattening event is
the main control on ore plungg Giant mine. While D3 deformation is not associated with
mineralization, D4 regional scale Proterozoic faulting offset and segmented the mineralized area,

which includes the majorfiset bythe West Bay FaultHigure 1.4 (Siddorn, 2011).
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with pyrite and arsenopyrite, follow with sphalerite, chalcopyrite and pyrrhotite and end with lead
and antimony sulphides and sulphosalts. Typical ore zones cont&0%@uatz and 15%
sulphides/sulphosalts. Gold is primarily refractagntained within arsenopyrite, suggesting that
gold was deposited early in mineralizati@anam, 2006).

1.2.2. Physiography

The Yellowknife area wasinder the Laurentide ice sheentil the late Wsconsin
glaciation which in the area retreated about 10,000 years Bgang glacial retreat the region
was submerged under 80 meters of water from Glacial Lake McConnell, which covered an area
from the Great Bear, Great Slave and to the Athabasca Lakes/idenced by glaciolacustrine
sediments consistently found in ldwing areas However, the most prevalent sediments are
glacial tillswhich are discontinuous and less than 2 meters,tvith regional and local till motion
being predominatly from the northeast. The region is also punctuated by discontinuous
permafros{Kerr & Wilson, 2000 Kerr, 2006.

Mine property soils are typically circumneutral and vegetation varies with wind direction
and distance from roast@err, 2006) Winds are predominantly from the east and seait
(Figure 1.9. Climate patterns are cool and dry with an annual temperatu#55C and low

precipitations (INAC, 2007).
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Figure 1.5: Average wind speed and directions at Yellowknife airport (INAC, 2010).
1.2.3. Early Yellowknife history

The first known geological exploration in the Great Slave Lake region was done by the
Geological Survey of Canada in 1898 and 1899, finding promising concentrations of gold in some
areas. Despite this, the area did not receive much more attention udtibti®*0 6 s when avi
became a more viable means of transportalany exploration efforts were done in the region,
with the first accounts of gold findsthe Yellowkn i f e Ri ver in the early 1
decade, small mining operations stdrtguch as the NeguBrock, ThompsorLundmark mines,
amongothers)nearby the current location of Yellowknife, exploiting higtade narrow ribboned
guartz veins through trenches and shallow shafts.first gold brick poureah the territory came
from Con mine in 1938, later followed by thédmigan nme in 1942 ad the Negusine in 1943.

Con mne started operatingheir roaster in 194Zor a few monthdefore shutting it dowifior
several yearslue to waitime restrictions The escalation of the Secontorld War impactd
mining activitiesthroughout thérellowknife areaby causing labour shortages atuitting down

small operations h r o u g h o u tNeverthelesdh@ea<ingly promising reserve discoveries



around Baker Creek (later tmecome Giant me) and the Con me area, eventually led to
development of largecale hightonnage operations in the pasar years.Giant mine started
operations in 1948 and roasted arsenopyrite ore @49 until 1999, while Con mine reopened
its roaster in the 1950through to the 19703.he establishment of such operations with the
financial backing of large corporations was key in turning Yellowknife from an exploration camp
to anestablished community, providing lasting infrastructure to a growing mineral igdlvir
et al., 2006).

1.2.4. History of Giant Mine

In 1935the GiantMine site was staked. Mineedelopmert started in 1945 when the A
shaft was sunk, and production began in 1®i#ing the fivedecades of operations, Giant mine
produced over 7 million ounces of gold, thus ranking as one of the most productiveigesdn
Canadian history (Bullen & Robb, 2006

1.2.4.1. Ownership history

The original stake wamadein 1935by Burwash Yellowknife Mines imited. In 1937,
Giant Yellowknife Gold Mines Ltd. (GYML) was incorporated and acquired the assets of
Burwash.During the early 19400s, GYML and Frobi s/
exploration on the property. As a result of this work, Frobisiwaich was owned by Ventures
Ltd.) optioned their treasury share of GYML, and took over management control. Thence,
Ventures Ltd. remained owner of the property, when it merged with Falconbridge Nickel Mines
Ltd. in 1962 Twenty-four years laterPamour Inc bought Giant Yellowknife Gold Mines. Pamour
was bought out by Royal Oak Resources in 1990, which became Royal Oak Mines Inc. the

following year (INAC, 2007).



Royal Oak Mines Inc. operated the mine until 1999 when it went under receivership
Ownership wastransferred to the Department of Indian affairs and Northern Development
(DIANDY) by court ruling. Miramar Giant Mine Ltd. purchased the Giant mine from DIAND
an agreement that indemnified Miramar Giant Mine Ltd. of existing environmental liabilhits w
ensuring that operations remained in environmental complidicamar Giant Mine continued
to extract ore at a greatly reduced scale until 2004, though progesss done at the nearby Con
Mine. No furtherre processing took place at the Giant mamel the roaster never operated after
1999. A Northwest Territories (NWT) court assignétiramar Giant Mine Ltdto bankruptcy,
making GianMi ne fAor phaned and abandoned. 0 The miner
remediation is the responsibiliof DIAND and the federal governme(iNAC, 2007).

1.2.4.2. Mining history

Underground mining started in 1945 with the sinking of th&haft The B-shaft was sunk
in 1946 andore processingtartedn 1948. A year later Ghaft was sunk. Mining wdsst done
by a mix ofcut and fill, shrinkage and open stoping, though the latter two methods slowly gave
way to the former and by 1960, cut and fill was the only method used

The highest & grade and gold productiorievels were during the first 25 years of
operatims of the mine. By 1974 most of the highest quality blocks had been mined out, resulting
in dramatically reduced gold productiofidures 1.6 and1.7). Despite this, Gianthine was able
to remain in operation, due in | arge part to

end of the glal standard in the United Statésw-cost open pit operations started in 1974 and

The Department of Indian Affairs and Northern Development (DIAND) changed names to Indian and Northern
Affairs Canada (INAC) in the 2000s. That name changed to Aboriginal Affairs and Northern Development Canada
(AANDC) in 2011, and back to INAC (indigenoasd northern affairs Canada) in 2014, though INAC and AANDC

are often used interchangeably.
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further helped in keeping Giant Mine profitable despite the decreases in ore grade. Open pit
operatims ended in 1990 (Canam, 200@jor mining and ore processing operations continued
until 1999. Underground mining continued dbw& production rateintil 2004, with ore processing

being performed offsitat Con mingINAC, 2007).
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Figure 1.6: Annual gold production from Giant mine over its lifetime (Canam, 2006).
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Figure 1.7: Average annual ore grade over the Giant mine lifetime (Canam, 2006).

1.2.4.3. Ore processing history
Ore processing began 1948 with crushing, grinding and flotatioBome fee gold was
recovered by mercury amalgamation, a processing methodvdsatn operation until 1959
However, nost of the gold at Giant is refractorgn ore type thatequiresfloatation of oreto
separate host sulphides (mainly arsenopyritéjowed byoxidizing thesesulphidesvia roasting
before cyanidatiortan be take placdroasting started in 1949 with an Edwards type mukiple
hearthroaster. A mix of increasing mill tonnage and cosfigmational problems with the Edwards

type roaster led to the commissioning of a-stage fluesolids roaster (No. 1 Dorrco) in 1952

11



This new roaster technology improved gold recovery argtoned arsenic fumes management.
In 1954 the first Edwardsy/pe 0aster was close@®y 1959mill tonnagehadincreased again and
ore mineralization had become entirely refractory. To cope with this, a newsdlias roaster
(No. 2 Dorrco)was installed, replacing the No. 1 Dorrco. This new roaster proved to be very
efficient and reliable, and meained in operation until 1999
1.2.4.4. Roaster history

Disseminated gold aiant mine is deemed refracyobecause it cannot be extracted by
standard methods alone. Processigigactory orefirst involvesoxidizing arsenopyritéhroud
roastingor other methodso liberate encapsulated gold and make it extractable via cyanide
leaching(Walker et al., 2015)Thus, roasting produsearsenic trioxide, as described in equation
1.1:

2FeAsS + 5@ = FeOs + As:03 + 2SO (1.2)

Initially, the off-gases gasesd associated aerosalsGiant mingnamely sulphur dioxide
andarsenidrioxide) were vented directly into the atmosphere with no recovery mechanisms. This
resulted in the emission of over seven tonnes per day of arsenicd dustin the local

atmosphere during the firgw years of operationgéble 1.).
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Table 1.1: Arsenic trioxide emissions from the Giant mine roaster over time (modified from Wrye,
2008).

As:0; As,O; As0; As:0;
Emissions + EmissionsT Emissions t+ Emissions T
Year (tpd) (tonnes) Year (tpd) (tonnes)

1949-1951* 7.3 7963.6 1968 02 83.0
1952+ 5.5 1989.3 1969 0.3 109.5
1953* 5.5 1989.3 1970 0.2 80.5
1954 5.5 1990.9 1971 0.9 320.2
1955 29 10601.8 1972 0.4 1452
1956 2.7 995.5 1973 0.4 147.7
1957 3.0 1078.4 1974 0.2 80.5
1958+ 5 5475 1975-1992* 0.3 1698.9
1959 0.1 191 1991-1993* 0.1 548
1960 0.1 274 1994 0.01 3.6
1961-1963* 0.2 163.3 1995 0.01 3.5
1964 0.3 1145 1996 0.01 35
1965 0.0 0.0 1997 0.02 7.6
1966 0.2 88.8 1998 0.015 5.3
1967 0.1 47.3 1999 0.01 3.7
Total As203 Emissions (tonnes) 20,824

I n October 1951 an electrostatic precipita
was installed and the first largeale collection of arsenic triake dust began.However, the
efficiency of this ESP dropped dramatically the next year when the No.1 Dorrco roaster was
installed The new roaster overloaded the E®Ph calcines @xidized dust byproducts of
roasting) which resulted in significant lossesf gol d. To that effect, €
installed in February 1955 which coubgherateat temperatures above thoseapfenic trioxide
condensation, a new system that offesely limited successThis changed ten the No. 2 Dorrco
roaster was irtalled in 1958 A baghouse was installatbwnstreanto capture arsenic trioxide
dust, while the fAihoto ESP was | eft theorigipall ace t
Acol do ESP wasscomfiohnovtedr tuendi tt oa nad | theditst@ilhioeéBSP N p a
followed bythebaghouseAll captured roasting wastes were then stored permanently underground
in Giant mine stopes and chamb@tgyure 1.8. This system proved effective at capturing arsenic
trioxide and was theystem in use until the end of raasgt operations in 1999 hrough these

technological improvements, Giamine captted an estimated Z300 tonnes of arsenic trioxide
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dust, orabout92% of all arsenic trioxide ever emitted aerially by roasting. The renta8%, or

20,000 tonnes, werdispersed throughout the local atmosph&uelphur dioxideemissions

another deletasus byproduct of roastingwere however nevemanagedINAC, 2007; Wrye,

2008).
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Figure 1.8: Roasting and arsenic fumes management at Giantpostel 963 SRK, 2002).
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1.2.4.5. Arsenic Trioxidewaste management

The formation of arsenic trioxide dust and associaig$ were not considered during
initial development of the mine. WitnESP installed in 1951 mine management decidestiore
capturedarsenic trioxidedustin undergroundpermafroststorage chamber$o preventarsenic
leaching intogroundwater) In 1962 disposal switched to minemlit stopes inpurposebuilt
chamberdocatedoutside the permafrost area timaine officials emphasized werdry (INAC,

2007).

Eventually, concerns were raised whether permafrost was stable and would keep arsenic
trioxide waste frozen indefinitelyln 1966 DIAND requested the monitoring of rockwall
temperaturesotensure permafrost conditionis 1973, the Mining Inspect@resented evidence
of permafrost thawing in mine workings, aretcommended anew longterm rock temperature
monitoring program. Such a program was lelsgaedin the mid199Gs (INAC, 2007).

In an effort to decrease the need for waste storage and eafit &@m its wastes Giant
mine sold a fraction of their arsenic trioxide prodfgt pesticide manufacturingetween 1981
and 1986. The program was discontinued due to issueguiity. By the mid1l 9 8 Qndil she
end or roasting in 199%he presencef permafrostvas no longer a requisite for commissioning
storage chamber. Underground storage chambers hold an estimated total of 237,000 tonnes of
arsenic trioxide waste from roaster emissions (INAC, 2007).

1.2.4.6. Tailings and calcines management

Tailings dispaal started in 1948 with discharge directly into Back,Bayoutlet in Great
Slave Lake( i ndi cas$ edr ias hiddigute 119.an 1951 rcgcine and flotation
tailings were deposited in Bow Lake, where the North Pond currently is, with no established waste

management structure. The first tailings dam was built in 1955, and dams 2 and 3 followed in the
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1960s, to form the North Pond and #rea now called the Settling and Polishing Ponds. Dams 4
and 5 were built in the | ate 19Pbandscreataddhec!| os e
South Pond in 1984 and dams 21 and 22 created the Northwest Pond in 288ition to surface
tailings ponds, various mixes of calcine and flotation tailings were used for backfill between 1956
and 197INAC, 2007).

Treatment of tailings for removal of arseimcwatersbegan in 1957 when a precipitation
circuit was put ito service. In 1967 a new circuit was established, using lime to precipitate arsenic
from mill tailings stream before discharge to the active tailings p@gdsocess used until 1999)

In 1981,a new effluents treatment plant started operationsawke down cyanide, precipitated
arsenic with ferric iron and precipitated metals with lime. Wsggamped fromundergrounanine
waterswere also treated in thigant (prior to whichthey weredischarged directly into Baker
Creek;INAC, 2007).However, severalam breaches during turbulent spring melt and flow events
occurred, leading to significant tailings deposition in Baker creek, on togreiving untreated
mine waterduring earlier decades. ThuBaker Creekand Ponchave beerheavily impacted by
Giant mne activities makingthemsome of the most heavily contaminated water booidbe

Yellowknife region(Fawcett & Jamieson, 201Nash, 20131
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1.2.5. Giant remediation plan

The contamination legacy fronGiant mineincludesunremediated tailings and calcine
ponds, contaminated infrastructureaster emissions stored undergrogagout 237,000 tonnes)
and roaster emissions released into the surrounding aerial environment. Most of this legacy is
contained within the mine site property aadow the responsibility ahe federal government as
INAC. A remediation plan has been established which at the time of writing is underway. It is a
complex project which involveage in situ freezing of storage chambers containing arsenic trioxide
dust and mine wastes through the installation of cold puthpdreatmendbf undergroundand
surface waterwith a new treatment plant that can operate-y@ag, closing open pits, covering
tailings pondsrevegetating disturbed areasverting Baker Creek, remring contaminated soils,
removing contaminatedbuildings and infrastructureand monitoring and evaluatidior future
development$INAC, 2007).

Such efforts aremainly constrained to the Giant mis#ge area and do natonsider
potential contaminatiobeyond the mine propertidistoric releases of arsenliaden tailings in
Back Bayandaerial emissions of arsenaerosolsand sulphur dioxide from roasting cannot be
expected to be contained within the propeferefore, a weltleveloped understanding of
behaviour of arsenic in thiecal environmentis keyin order to planfor future land uses and
developments with minimal risktiolocal populations.

1.2.6. Impact of roasterderived aerosols

About 20,000 tons of arsenic trioxide were emitted aerially into the surrounding
environment from the roasting of ore at Giamne, theébulk of which were releasduetween 1949
and 1959 Table 1.). This arsenic trioxide, is proving to be particularly persisterihe uppe

horizons of mine site soils (Bromstad, 2011; Bromstad & Jamieson, 2012; Bromstad et al., 2015
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Wrye, 2008. This is further confirmed by comparing antimony to gold ratio in roaster dust in soils
with known roaster dust ratio of pi®64 emissions (befothe roaster complex was equipped
with two hot precipitators and a baghouse), confirming that the bulk of rafesieed arsenic
trioxide persistingn local soilspre-dates 1964 (Bromstad, 2011).

Other arsenibearing aerosols were also emitted as paithis process, identified as
roastergenerated irooxides (RO). These are porous grains of Fe(lll) oxides (namely maghemite
and hematite) containing up to 7 wt.% As, both as As(lIl) and As(V) (Walker et al., 2005). Such
grains havelsobeen found lingeng in local soils (Bromstad, 2011) and in Yellowknife Bay as
part of calcines residue deposited in Great Slave Lake, before tailing storage facilities were built
(19481951) Arsenic speciation in these ROs is affected by lacustrine environment, wh&sby R
contained in lake sedimemntgar the sedimemntater interface (SWIigontain mixtures of As(ll1)
and As(V), and ROs found in deeper, more anoxic lake sediments are composed almost entirely
of As(lll), while the ferric oxide themselves seem to resisteeade dissolution (Andrade, 2006).

True to its redoysensitive nature, arsenic has been shown to undergo reductive dissolution
in lake and stream sediments on Giant mine property and Yellowknife Bay, with As(lll)
dominating in reducing porewaters, ahs(V) dominating in oxic porewaters and surface waters.
The arsenic dissolved in porewaters diffuses upwards towards the SWI, a horizon at which a large
part will oxidize and sorb ontoydrous ferric oxideHFO9 (Andrade, 2006Andrade et al. 2030

Sud a process can be reinforced in water bodies that contain plants saghisetum
fluviatile (common horsetail),Typha latfolia & dominguensig(cattails) andSchoenoplectus
maritimus(bayonet grass), which are known to form iron root plaque that caastegarsenic to
concentrations of up to 1 wt.% (Nash, 2014; Fawcett et al., 2015). Nash (2014) however warns

that the ability of iron root plagu®rming plants to effectively sequester significant amounts of
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arsenic out of solution depends largely on tha&ss fraction that these plants represent in the
sedimentsThus he found thafin the cases of vegetated Baker creek and Baker)pthmaligh
iron root plaque did indeed effectively sorb arsenic, such a process could only account for a small
fraction ofthe total amount of arsenic contained in sediments. Furthermore, Andrade et al. (2010)
found that oxidative sequestration process via HFOs is particularly effective in Yellowknife Bay,
an area with no known iron root plaque formation. Arsenic diffusicesraut of porewaters
model l ed using Fickdés | aw would otherwise cau
orders of magnitude higher than what they were measured to be.

Repeated geochemical correlations have been identified between arsemonwarand
gold with roaster dust aerially impacted areas (Bromstad, 2011; Kerr, 2006), whereas areas
impacted by watershemansported tailings and calcines identify lead, copper and zinc correlating
with arsenic and antimony (Andrade, 2006). These addethlsncome less as a surprise
considering the sphalerite, galena and chalcopyrite enrichments associated to Giant ore mineralogy
(Coleman, 1953; Coleman, 1957). Such metals association can help in identifyingdeasest
vs. tailings-derived impacts

Though arsenic aerosol emissions from Giant roaster stacks hardly went unnoticed, another
emission product is sulphur dioxide (§@Qas. S@gas can oxidize and enrich waters with sulphate
(SQ?), which in turn causes acidification of waters and soithi&inger & Bernhardt, 2013).
SO emissions from Giant mine roaster are believed to be responsible for severe vegetation
degradation in areas within 1km of the roaster, and mild vegetation degradation within 25km
westward (down predominant winds) of tieaster (Hocking et al., 1978). The limited information

available on S@emissions are shown irable 1.2
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Table 1.2: Record of S@and arsenic emissions fro@iant mine roaster (GNWT, 1993).

Roaster stack emission surveys,
1975 to 1991.

DATE ARSENI S0, SOURCE
kg/day  t/day
Aug. 1975 76.1 - EPS
Aug. 1981 175 - EPS
Aug, 1981 178 . company
Dec. 1982 - 132 - company
July 1983 271 322 EPS
Nov. 1985 24.2 - company
Nov. 1986 - A3 - company
Sept. 1988 185.0" . company
Oct. 1988 2328 . company
Oct. 1989 264 - company
July 1990 . 35.0 Contract
. Aug. 1990 371 - company
July 1991 15.2 | - company
Aug. 1991 59.0 829 Contract
Oct. 1991 259 495 Contract

NOTE 1. High emission rates for arsenic measured by mine personne
in 1988 likely resulted from bag house operational difficultie:
being encountered during the testing periods.

Estimates of total S£Oemissions from roasting over the lifetime of Giant mine, nor any
other information on S©characterization are available. Bgiven the importance of sulphur
species in arsenic mobility and speciatibig(ires 2.2and?2.7), it is not unreasonable to suspect
that these emissions might have some potential influence on the fate of arsenic in lakes surrounding
Giant mine.

Thus, in lacustrine areéisat have beestudiedin the vicinity of Giant mine, arsenic seems

to be undergoing redecontrolled dissolutiofprecipitation/adsorption cycles across anoxic
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porewaters, SWI sediments and oxic surface waters and between a wide range of host phases. In
such a case, isimportant to get a good understanding of all arqgmasesn terms of mineralogy,
agueous chemistry, microbial activity aselasonal effects
1.3. Thesis organization

This thesis includes ichapter 3 a manuscript to be submitte@twironmental Pollution
co-authored by Martin Van Den Berghe, Heather Jamieson and Michael Palmer. It explores the
major controls on arsenic mobility and cycling in roastgpacted lakes near Giant mine (NWT).
Due to limits imposed by the journal, certain topics that are ilpagst in this thesis were not
included in the manuscript. These include the seasonal effects on arsenic mobility, arsenic
speciation analyses in porewaters, #r@lgeochemistry of impacted soils nearby the study lakes.
Theseaddedinvestigations involvdield and analytical methodbat are described in chapter 4,
and results described in chapter 5. Chapters 6 and 7 discuss in degtethe insights and
conclusionssuchaddeddatabring toa broadeunderstanding of arsenic mobility in the studied
lakes and soilRedundanciebetween the manuscript (chapter 3) and the following chaptses

minimized whereer possible
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Chapter2:Li t er ature Review

2.1.Global sources, sinks and occurrences of arsenic

The naturalintroductionof arsenicto the biosphereomesmainly from volcanic activity
(whether subaerial osubmaring and the weathering of crustal rockmpcesses estimated to
contributeseveral tens of thousands of tarfsarsenigper year Conversely, the sequestration of
arsenic from the biospheredonevia sedimentatiofollowed bysubduction of marine sediments,
subtractingarsenicin the same order of magnitu@€igure 2.}. Weathering andeslimenation
processeareoftenhinderedwith intermediary steps, inhibiting arsenic froapidly traveling from
its weathered geogenic sourcestidtlingin marine sednents,its final sequestering basbefore
subduction Such steps includgequestration and remobilization in and out of sediments via oxy
redox cycling;absorption by biomass and cycling through the pedosphere; cycling through the
atmosphere via wind erosion, sea spray or wildfires; and lastly anthropogenic emissions
throughoutall sectors of the biosphefEigure 2.1 Bowell et al., 2013

Primary occurrences ofeogenicarsenic arecommonlyin reduced formas part of
arsanides (e.g. l6llingite), sulpharsenidge.g. arsenopyrite) or substituted various other
sulphides (e.g. arsenian pyrité&xseniccan alsabe foundin hydrothermal systems sulphides
as the cationg(g.realgar and orpimenfokrovski et al., 1996 Arsenic carfurther be found
imbedded inthe mineral lattices ofommon rockiorming silicates as impurities (Alam et al.,
2014). Phosphatesich as apatitean also be a significant mineral hostoaddized arsenic, in
which arsenate can substituwigh phosphate anior(§&ianfagna et al., 2018ailloux et al., 2009;
Roeder et al., 1987

Common scondary occurrences of arsemahe biosphere includexidized forns such

asarsenatege.g. scoroditeyukonitg, or sorption or occluded phasesto metaloxy-hydroxides
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(commonly ferric or manganese oxides suchgasthite)as part of the global sediment load
(Bowell et al., 2014).In reducing surficial environmentsuch as wetlands, swamps and

groundwatersarsenic is also known fwrecipitate aseconday sulphides such as realg&igsen

& Frimmel, 2003;Drahota et al., 2013).
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Figure 2.1: Schematic of global cycles afsenic (Bowell et al., 2014).
2.2. Arsenic speces
The mobility of arsenic in the biosphere nginly controlled by redox geochestiy,
precipitationdissolution, adsorptiordesorption reactionand microbial influencesTherefore,
understanding its chemical form, and respective stability is crucial ierstashdingarsenic
mobility. Arsenic is a redosensitive element and can exist as an arsenate (V), arsenite (lIl), native

arsenic (0), arsenidel and arsine-{(ll) (Bissen & Frimmel, 2003)The most common species
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found in the biospherare arsenate drarsenitgas either aqueous eolid species), and various
sulphide or oxide precipitates. The stability of these species are highly dependéntumah iH,

as illustrated irFigure 2.2
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Figure 2.2: Stability fields of arsenate and arsenite in a suhgnar system (left) and a sulphur
rich system (right)Activity of arsenids 10°M, sulphur is 1M (Brookins, 1988).

Arsenic can also be methylated or as part of larger organic compdugdse(2.3, or part
of thiospecies (Plandfriedrich et al., 2015Methylated compounds, including volatile- dnd
trimethylarsine, are commonly formed by biologic processesatalyzed by As(lll) S
Adenosylmethionine Methyltransferase action in bacteria, and eukaryotes (Ajees & Rosen, 2015;
Campbell & Nordstrom, 2034Wang et al., 2012 In humans, the liver is predominantly
responsible fomethylation of arsenjand is believed to do so asdetoxifcation mechanism,
althoughsome methylated species (esp. monomethgbnous acid (MMAC(III) can be as toxic or

more toxic than inorganic specigtyblo et al., 2000).
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Thiospecies of arsenic, though difficult to analyze, barcentral to certaimicrobially
active systems, such as in Mono Lake, CA, in which a haloalkaliphile bactstraimvas found
to thrive on the redox disproportionation of monothioarseftea’S" 0s%), oxidizing sulphur to
S(0) and reducing arsenic to As(liBivena sutablechemical environment, such a process can
be sustained by the abiotiand spontaneous -mwupling of S(0) and arsenite to form
monothioarsenatélanerFriedrich et al., 2015)Thus, in the right circumstances, micrand

macrobiological processeanbecentraldeterminants imrsenic speciation
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Figure 2.3: Inorganic and mganic species of arsenic (Nearing et al., 2014
2.3. Mobility of arsenic in the biosphere
2.3.1. Chemical environments
Earthds surfi ci adn urstablei envocanmedion primarya geogene
arsenic.Arsenic is commonly found ithe geosphere isulphide form (e.g. arsenopyrite
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arsenian pyrite which canoxidize in oxicenvironments, releasirgjssolvedarsaiic and iron in
surface watergia oxidativedissolution It can also be released directly as arsenate from apatite
(where arsenatesubstitutesphosphate) through mubially-mediated dissolutiorior nutrient
(phosphoruspacquisition (Mailloux et al., 20Q91t can further be released from common rock
forming silicates (where arsenic is hosted as an impurity) if pH conditiorssifi@ently high to
dissolve the host silicat¢gH >10; Alam et al., 2014). All such processes lead to the dispersion of
geogeit arsenic into the hydrosphere.

Most surface waters ar@@mneutraland oxic,arsenicn solutionis likely to oxidize to
As(V). Common secondary precipitates that result from this reaction include arsenate minerals
such as scorodite (stable in awdters). However, such secondary precipitates tend to form only
in environments with very high dissolved arsenic conceatrasuch as contaminated si(€saw
& Bowell, 2014). In more dilute environments, aqueous arsenic will ligelp ontoferric and
manganeseoxy-hydroxides thus binding its mobility in theenvironment to that of these
particulates(Dixit & Hering, 2003) The effectiveness of thisrocessdepends ompH, arsenic
speciation and concentrations, and the nature of sorptiorasa#able The ability of ferric oxy

hydroxides tdhostadsorled As(V) decreases rapidgspH increases frond to 10 (Figure 2.5.
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Figure 2.4: Adsorption patterns of arseras a function of speciation, nature of sorption site, pH
and concentration. HFO = Hydrous Ferric Oxidesdified fromDixit & Hering, 2003).

Bowell & Craw (2014) also show that Fe:Amolar @atio isimportantin arsenicsorption
efficiency, mitigating to some extent the effectispH andimprovingsorption effectivenesshen
Fe:As molar ratio reach 1(rigure 2.5. Furthermore, amorphous hydrous ferric oxides (HFO)
offer better sorption properti¢ésancrystalline ferric oxides (such as goethite and magnetite),
in part to their higher surface aseand higher sorption site density (Dixit & Hering, 20Bgjure
2.4). Lafferty & Loeppert (2005) show that increasing methylatiodisgolvedAs (Il & V) leads
to rapid decreased ability of ferric cxydroxides to capture and retairseni¢ though following

similar pHsesitive patterns as inorganic arsenic
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Figure 2.5: Sorption of arseni@s a function of speciation and Fe:As molar rdfioe yaxis
indicates unsorbed arsenic remainimgolution(Bowell & Craw, 2014).

The As(lll) speciesds more mobilethan As(V)since its most common occurrence is in
zerovalent form (HAsQOs%; Figure 2.2. As(Ill) howeveris uncommon in surficial environents
since these tend to be oxidizirin the other handhe burial of sedimeriound As(V) irio anoxic
environmentgan lead to its (potentially microbialiyjediated) reduction to As(lllaé well aghe
potentialreductive dissolutiof particulateFe(lll) hoss to dissolvedFe(ll)), thus leading to the
redissolution and remobilization of arsemcgroundwatergFigure 2.9. Perhaps the best such
example ighe case oBangladesh, where the reductive releasarsénicout of sedimentinto
groundwates currentlyused for human consumptias one of the most important controls on
sedimerdbound arsenic remobilization, presentagonstant andery serious health risk for an

estimated 57 million people (Mitchell, 24).
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In reducing environmentarseniccanalsqg with significant of dissolved sulphidsuch as
in wetlands), precipitatt® produce arsenic sulphides suchesdgar or pararealgar (Drahota et al.,
2013), and thus significantly decreasingits mobility and risks to ecosystemsdn such
environments, As(lll) can however also sorb onto iron sulphides such as troilite and pyrite, and in
the process become further reduced, and incorporated into the mineral structuiegdsslike
phasé (Bostick & Fendorf 2003. The activity of sulphide might be key in determining whether
arseniaan precipitate as an A sulphide or become incorporated into arABeS sulphide. éry
sulphidic environments (>0.1mM:B) seem to prometAsS mineral precipitationyhereas less
sulphidic environments see very effective As sorption/incorporation into piBibstick &
Fendorf, 2003).

This idea issimilar toO6 Day et , whdpropose2haif gulphidic environments,
iron-rich systemsvill readily precipitatepyrite, thus decreasing the activity of dissolvelpiside,
shifting thesystemtowards the stability field of realgdred arrow,Figure 2.7. In iron-poor
systemslittle pyrite will precipitate,thus BS will not belost from solution, promoting the

precipitation oforpimentover that of realgablue arrow Figure 2.7.
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at 25°C and pH = 7Reaction paths for Fech system (path A, solid red arrow), andgeaor
system (path B, dashed blue arrow) are shown in {@Bay et al., 2004).

Additionally, pH would also be a kegpnsideratiobecauseinder acicconditions (pH$),

As(lll) can be removed from solution by the precipitatiorpbéses similar té\s,Ss (orpiment)
andAss&4 (realgar);and in neutral to alkaline conditions arsenic can be removed from solution by
sorption and precipitation of FeAdiRe phasegKim & Batchelor, 2009).

The role of microbial activity might also be determinant in the pretigitaf arsenic into
sulphides. One anaerobic, moderately thermophilie7&TC) bacterium strainQlostridiaceae
family) was found to be r ersgbgarrthsough Idetoxificasion t he
arsenate reductase activity (Ledbetter, 20@¢sulfotomaculum auripigmenturwas also
discovered to precipitate arsenic trisulphide @} as it can reduce Hotarsenic and sulphur
(Newman et al., 1997).astly, sorption ando-precipitation of arsenic in other sulphides may also

be of importanceas there ar&nown occurrences @rsenicincorporated into framboidal pyrite
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(Smedley & Kinninburg, 2002). Theetaled mechanisms involved in this process are still poorly
understood However, framboidal pyriteare well documented as secondary, authigenic and
microbially-mediated reprecipitation products, resulting from microbial activity (Maclean et al.,
2008; Kohn,1998 Mozer, 2010. Given the prevalence of microbiallpediated precipitation of
pyrite in reducing surficial environments, this process, might further account for a significant
mechanism for arsenic sequestration out of surface waters.

2.3.2. Seasonal constrants of subarctic regions

The redoxsensitive nature of arsenic makes it susceptibleh@anging geochemical
environments through time, includirsggasonal effects of ice coven water bodieduring the
wintertime.Even though there is limited literature arsenic specifically, it is well known thas a
water freezes, icexcludesolutes, affectingchemical gradients theunderlyingwaters(Lesak et
al., 1998) Furthermore, ice cover blocks liquid water from atmospheric oxygen and sunlight,
affecting pmmary producersand lake redoXWintertime fuctuationsof dissolved oxygen (DO) in
ice-covered lakesre known to occysrimarily at or near th&W]I, as a consequence of microbial
respiration a process active mainly in sediments ricloiiganic carbonasthese form the most
common electron donor in aerobic respiratidhus, thearctic lakes with pronouncetkecreases
in DO during the winteareshallow, organigich lakes witHarge amounts ahicrobial respiration
(Clilverd et al., 2009)

This is particlarly relevant to arsenic to the extent where DO levels might serve as a proxy
for redox potential, one might then expect the reductive dissolutibotbfarsenicand its host
ferric oxyhydroxide hosin sediments to be more pronounced in sud@ilsew organicrich lakes

particularly during the wintertimeCorollary to DO depletion concentrations of other oxidants
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(including sulphaté are likely to follow suit, leading to the formation dissolved sulphide and
creating a fertile ground for the precipitatioharseniebearingsulphides fFigure 2.7.

2.3.3. Diffusive effects

The remobilizationof metastablemeta(loid) solid phasesn sedimentscan be a very
important source of persistent contamination in the hydrosgBer&reau, 1999)'he impacf
diffusive fluxes out of sediment porewaters into overlying lake wit@ssbeen quantified using
Fi c k 0 WMlartih & Rederson (2002) were thoapable of estimting the relative contributions
of arsenicin a mineimpacted lakgBalmer Lake, ONfrom sediment porewater remobilization
vs.external loadings. Furthermore, they were able to compare these relative contributions between
1994 and 1999, and notice a langcrease of sedimebbundarseniaemobilization contribution
from 2-18% in 1994 to 3&H0% in 1999 paralleled by a two to thrdeld increase irarsenidake
waterconcentrations in the same time period (225ug/L in 1994 to 620ug/L in IB®®Ruthors
attribute this increase iarseniclake-water concentratiog, and sediment remobilization, to an
otherwise improvement in lakeater quality(with very significant reduced coppezinc and
nickel loadings since 1994aused by a decrease in mine wastpatgto the lakeleading to an
increase in primary productiandphytoplankton respiration. This has for consequensteeper
porewater redox gradignteading to increased reductive dissolution and remobilization of
sedimentbound arsenic

Andrade (200) also measured diffusive fluxes frorellowknife Bay (Gre&aSlave Lake),
near Giant mine, pointingut thatthe presence of ferric oxyydroxides in sediments (especially
in oxic sediments near the SWI) can captilm®ugh sorptiorsignificant amounts fodissolved
arsanic diffusing out of porewaters, thus potentially mitigating somevaraénic porewater

diffusion into lake waters oxic sedimentvater interfaces

33



2.4. Arsenic in mine wastes

A very large component adirsenic inmine wastes is in the form déilings, which
commonly expose crushed primary sulphides to surficial processes. Contact waters commonly
become saturated with various m@tatl)s as they travel through these wastes, leading to the
precipitation of secondary arsenate minerals (commsotyodite, although arsenic rich mine
wastes can produce a very wide range of, €a, Pb, Cu, Zn arsenate mineralslCfaw &

Bowell, 2014) Though it is stable in lowH conditions, scorodite (along with other ferric
arsenates$till has low solubility evenin circumneutralwaters(Bluteau & Demopoulos, 2007
Krause & Ettel, 1989%aktnuc & Bruggeman, 20LAdditionally, scoroditehasdissolution rates

3 to 5 orders of magnitude slower than those of pyrite and arsenopyrite (Paktnuc & Bruggeman,
2010) thus commonly leading such mines wastestedevo p a s c or o doithateanr i ¢ h
encapsulate, to some extent, potentially more soluble p({ias8ssto et al., 2011; Haffert & Craw,

2008)

Other mine wastes can includesenic trioxidgoftencharacterized by arsendistructure;
Bromstad& Jamieson, 201Haffert & Craw, 2008; Jamieson et al., 20Bs aby-product ¢
roasting golebearing arsenopyritéArsenic trioxideeither escapes a roaster stack and simply
spreads out in the surroundingiveéonment, or is captured witprecipitators and stored
accordingly. Previous studies have found #@rgenic trioxidas sparingly soluble in cold waters
(25°C) and moderately soluble in hot wat@@-(00°C) (Lide, 1993; Patnaik, 200®okrovski et
al.,1996. In surficial environments, dissolved As(lll) is likely to oxidize to As(V), and precipitate
as an arsenatgot uncommon found in contaminated industrial sjtes)sorb oto ferric or
manganesexy-hydroxides.Such solid arsenic phases are commonly stable only in a narrow range

of geochemical environments and can remobilize with changing pH oflt$.leads to the
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complex cycling of arsenic in amait of solution and creating buffers to its mobility and dispers
in the environmentThe historical Blackater gold mine in NeviZealand is a site where exposed
roasterderivedarsenic trioxidedissolvesand oxidizes in raiand runoffwaters. Thexidation of
arsenite is an acid producing reaction, leading to aedserin pH. Furthermore, tegaporation
of these waters leads to aragsaturationconditions promoting the precipitation s€orodite
This scoroditecreates an impermeable surface crust, encapsulatingritherlying arsenolite
wastes. Howeveryhen tis scorodite crust is exposedaxseniepoor, circumneutral raiwaters
again it slowly starts to dissohad liberatesarsenicback irto solution. Once the scorodite has
dissolved enough to expose arsenolite again, the same process begif@GranesBowell, 2014;
Haffert & Craw, 2008Paktnuc & Bruggeman, 2010

Occurrences of arsenic trioxide arery un@mmonin the environmenbther than in
anthropogenicoasterderived wastes. Ordocumented exceptian whichnaturally precipitating
arsenic trioxde can befound is in the weathering afsenierich concentrate from the abandoned
PSebuz mine (Czech Republic). THngemsudamd i ve w:
exposed concentrate leads to the precipitatiars#noliteasthe firstof several intermediate and
unstableproductswhich also includescorodite and kaatialaite (cementing the whole), ultimately

followed by the dispersion of arsenictirelocal watersed(Filippi, 2004).
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Chapter3:Ar seni c Mobility and Charac

| mpacted by Gold Ore Roasting, Y

3.1. Abstract

The roasting of goldbearing arsenopyrite at Giant Mine (Northwest Territories) between
1949 and 1999 released approximately 20,000 tonnes of toxic absaming aerosols to the
surrounding environment. Detailed examination of lake waters, lake sediments and sediment
porewaters from three lakes of differing limnological characteristics was conducted using mass
spectrometry, electron microscope analyses and synchizaised xray absorptia spectroscopy.

All three lakes were located within 5km of the historic roaster, and downwind, based on
predominant wind direction. The objective of the study was to assess the controls on the mobility
and fate of arsenic in these roastapacted subardatilakes.

Results show that the occurrence of arsenic trioxide in lake sediments coincides with the
regional onset of industrial activities. Thelk of arsenic in sediments is contained in the form of
secondary sulphide precipitates, with iron oxidesihgsat minimal amount of arsenic near the
surfacewater interface. The presence of geogenic arsenic is likely contained as dilute impurities
in common rockorming minerals, and is not believed to be a significant source of arsenic to
sediments, porewatersr lake waters. Furthermore, arsenic, antimony and gold profiles in
sediments are well correlated with depth and can help reveal roaptsted sediments.

The soluble arsenic trioxide particles contained within the lake sediments act as the primary
sour@ of arsenic into sediment porewaters. Dissolved arsenic in reducing porewaters both
precipitate as secondary sulphides in situ and diffuse upwards into the overlying lake waters.
Arsenic diffusion out of porewaters, combined withtercoursalrivenlake-water residence time,

are estimated to be the predominant mechanisms controlling arsenic concentrations in overlying
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lake waters. The sequestration of arsenic from porewaters as sulphide precipitates in the study
lakes is not an effective process in redgdiakewater arsenic concentrations below guidelines
for the protection of the freshwater environment and drinking water.

Keywords:
Giant mine,

Subarcticpalaeolimnology,

Arsenic mobility,

Arsenic speciation.

3.2.Introduction and background

Arsenic and itsyarious compounds, whether of natural or anthropogenic origins, presents
a serious public health risk in many parts of the world. The mobility of arsenic in the biosphere is
mainly controlled by redox geochemistry, precipitatthssolution, adsorpticdesrption
reactions and microbial influences. Therefore, understanding its chemical form, speciation, and
stability (in both solid and liquid phases) is crucial in order to understand rigablio health and
the environment (Smedley & Kinniburgh, 2002s8¢n & Frimmel, 2003).

The complex legacy of arsenic contamination surrounding Giant mine (Northwest
Territories, Canada) derives in large part from the roasting of arsenopyrite, a process that leads to
the formation of arsenic trioxidgdamieson, 2014pne of the most bioaccessible forms of solid
phase arsenic (&inlee & Morman, 2011 Approximately 20,000 tonnes of arsenic aerosols were
released out of the roaster stacks and spread aerially to the surrounding environment, 86% of which
was during the fits14 years of operations (194963) (Wrye, 2008). Roasteerived arsenic
trioxide has been shown to persist in soils of the Giant mine property for half a century (Wrye,
2008; Bromstad, 2011), a surprising occurrebheeausan other similar case studiearsenic

trioxide commonly dissolves or is transformed into other solid forms of arsenic (Yang & Donahoe,

2006; Haffert & Craw, 2008:itzmaurice et al., 2009). Another important and persistent reaster
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derived arsenic host is roastgnerated iron oxideshich have been characterized in detail by
Walker et al. (2005, 20)5and Bromstad (2011) as a mixture of As(lll) and Aslénring
maghemite and hematite, containing up to 7wt.% As. This phase was found in Giant tailings as
well as Yellowknife Bay sedinmgs (Great Slave Lake) and soils on the Giant property (Andrade

et al. 2010; Bromstad, 2011). Lastly, Bromstad (2011) has shown a strong correlations between
the occurrences of arsenic, antimony, gold contents in contaminated soils of the Giant mine
propety, suggesting their related sources as roattdarved emissions.

Limited research has been conducted on the extent of contamination from roaster emissions
beyond the Giant mine property. Several geochemical surveys repeatedly show elevated arsenic
concerrations in lake waters, lake sediments, streams, soils, tills and plants-it&rhCadius,
mainly to the west and noriliest (down predominant winds) of the Giant property (Kerr, 2006:
Galloway et al., 2012: Stantec, 2014; Palmer et al., 2015; Houlan 2016). Such results, half
a century after peak emissions, raise questions about the fate of-deasted contaminants, and
the associated risks to local ecosystems and local communities. The objectives of this study were
to determine: (1) whethehe arsenic in the lakes surrounding Giant mine is from anthropogenic
or geogenic origin; (2) whether lake sediments can act as a net sink or a source of arsenic to the
overlying lake waters; and (3) what influence different physical and chemical latezidestics
can have on arsenic behaviour.

3.3. Methods

A detailed characterization of arsenic phases in surface waters, lake sediments and
sediment porewaters was performed in the summer of 2014 in three lakes with different physical
and limnological charaetistics. All three lakes are located downwind of the predominant wind

directions (E, SE; INAC, 2007) and within 5km of the historic Giant mine rodstgure 3.).
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3.3.1. Sampling

The three lakes investigated were-BQ, Handle Lake, and Lower Martin LakEigure
3.1). BC-20 is a shallow (<1m deptbyganicrich pond(~20wt.% organic Crigure 3.3 (Wetzel,
2001) bound by macrophytes and peatdfreezes completelyp bottom sediments in wintéfhe
lake is connected to Baker Creek by a small ephemeral drainage area at the north end of the lake
and likely only discharges to Baker Creek during spfiaghet. Lower Martin Lake is a medium
sized lakethe deepest of this study (max. depth Zany is part of the Baker Creek systevhich
has perennial outflows (Environment Canada, 20T&g lake is roclbound and has a lower
organic content than B0 (<5wt.% organic CFigure 3.3 (Stantec, 2014)Handle Lake is a
mediumsized rockboundshallow lake (maxdepth3m) with variable organic contentd0-
40wt.% organic Clrigure 3.3 with a small temporary outflow streaffurther details on sampling
localities and measured laketer variables ane thesupplementarynformation, Table S5

3.3.1.1. Surface waters

In situ physical watevariables(turbidity, dissolved oxygen and pH) were measured with
a calibrated YSI multiprobe (model 556 MPA) at each sampling locgliable S5)prior to
sediment samplingrocedures. Surface waters were colletitstiat each lake at a depth of 0.15m,
at similar location of peepers and core sampling sites. A 1L high density polyethylene (HDPE)
grab sample bottle was triple rinsed with lake water, from which two 60mL &iguere taken
and filtered with 0.45um syringe tip filters: one for trace metals (preserved with 1.2mL of
concentrated nitric acid (16M) after filtering (Eaton et al., 1998)), the other for major ions (not
acidified). They were kept cool during transpasing ice packs, then kept in a dark cold room at

Taiga Environmental Laboratory until analysis3 months storage tine
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3.3.1.2. Sediment cores

Unconsolidated sediment cores{88cm) were collected imearshorewaters 0.51m deep
using a gravity corer (Glew at., 2001) with an internal diameter of 7.6¢@cations detailed in
Table S5) Extracted cores were kept cool with ice packs, kept away from sunlight, and kept
vertical at all times with minimized motion and brought to Taiga Environmental Laboratory
(Yellowknife, NT) within 2 hours for extrusion. Core extrusion was performed at 1cm intervals,
within a high purity (99.998%) nitrogefilled glove bag. Samples were then kept frozen in
nitrogenfiled Whirl-Pa k E bags for transpor tthertsubsa@plirge n 6 s
under highpurity nitrogenfilled glove bag. One set of subsamples (for total elements and age
dating analyses) were freededed in a Labconco freeze dryer at 1.0 Pa-&@dC. The other set
of subsamples (for electron microscopy anda) absorbance spectroscopy analyses) were dried
in a highpurity nitrogen filled glove bag to preserve arsenic speciation in sediment phases (Huang
& ligen, 2006).

3.3.1.3. Porewaters

In-situ high resolution sampling of dissolved elements in porewaters wasrpedarsing
diffusion-based dialysis arrays (a.k.a. peepers) in all three lakes. Details on peeper preparation,
transport and extrusion are explained in the supplementary material (Siy@esnated peepers
were manually placed into the lake sediments (wapth 0.51m) for 8 days to ensure
equilibration with surrounding porewaters and surface waters. Peepers were extracted and
transported to Taiga Laboratory for immediate extrusion and processing in a high purity nitrogen
filled glove bag. Porewaters veeextracted from cells at 1.5cm depth intervals, and transferred
into 8mL HDPE bottles. Three aliquots were extruded per depth horizon (trace metals, major ions

and porewater pH). Aliquots destined for trace metal analysis were preserved with 160uL of
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coneentrated nitric acid (Eaton et al., 1998). Porewater pH aliquots were measured immediately
after extraction within the glove bag. Trace metals and major ions aliquots were subsequently
placed in a dark cold room until analysis3 inonths storage time in @ld room).
3.3.2. Analyses
3.3.2.1. Elemental spectrometry
Freezedried lake sediment samples were analyzed at Analytical Services Unit (ASU) of
Qu e e Univessity for extractable metals, includingu, As and Sbyia aqua regia digestion
(90°C) followed by inductively coupled plasma mass spectromefiCP-MS, Agilent 7700x
model), following the United States Environmental Protection Agency (US EPA) method 200.7
(US EPA, 1994a). Au was analyzed immediately after digestion following the method described
in Wang & Brindle(2014). The ¢andard used was MESS ( Roj e, 201034%. wi t h
Sample duplicat e $%. Buaface &d mbieWafers wearenanayze® r metals,
including As, Fe and Mn with an Agilent 7500ce KUFS at Taiga Environmental Laboratory
following the US EPA method 200.8 (US EPA, 1994})e standard usedwas EUL-1 (SCP
Science), with % error O30 %.
3.3.2.2. Chromatography
Lake waters and porewaters were analyzed for major dissolved ions at Taiga Laboratory
using an ICS3000 ion chromatographer followintge Standard Method 4110 B (Eaton et al.,
1998).
3.3.2.3. Organic carbon

All lake sediment samples were analysed for totabaarby using a calibrated Leco®

TruspecC-N analyser(imodel number 63000100)at Queendés University.

acid fizz testsletermined that the sediments contained no significant amounts of carbonates. Other
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sources of inorganic carbon resilient to hydrochloric acid (such as graphite) were not considered
to be present in significant quantities. Thus total carbon was consiépredentative of organic
carbon.
3.3.2.4. Radiometric dating
Lake sedi ments w-ey?¥Pbasignatureg ® determine variotisisesliment
horizon dates (Appleby, 2001). TotdlCs,?'Bi, 21%b, and?**Pb (representing'®Pb supported
activity) were measured with an EG&G ORTEC german-crystal detector at the
Paeoecol ogi cal Environment al Assessment Resear
Age-depth relationships were calculated using the constant rate of supply (CRS) model (Appleby
& Oldfield, 1978), with background levels determined using the Binford rule (Binford, 1990).
Decay curves are included in the supplementary material (Figure S2).
3.3.2.5. Scanning electron microprobe and mineral liberation analysis
Ten nitrogerdried lakesediment samples were selected and mounted on polished,-carbon
coated epoxy mounts for scanning electron microscope (SEM) analyses. Samples were
investigated using mineral liberation analysis (MLA) to quantify relative abundances of arsenic
hosts with a Qanta Field Emission Gun (FEG) 650 SEM, with the bsckiter electron (BSE)
detector and energy dispersive spectrometer (EDS).-BIEMN settings used an accelerating
voltage of 25kV, beam current 2BnA, spot size 4:5.7nm, working distance 11IP.7mm,
brightness 83.84.0, contrast 28:83.1, magnification 278.906, and arAray acquisition time of

12ms. Arsenic mass distribution through mineral hosts was calculated using eguation

LoD zo 7 b
0§ B & ZPp T T (3.1)

Wherel |, is the fraction of As (by mass) contained in a given host piiase is the

surface area of the host phasgin um?), 0 is the projected thickness of a sample slice (here
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assumed to be 1um), is the density of the host mineral phaandd is the concentration of

arsenic contained in the host mineral phgsandB & is the total mass of As in all identified
host phases. Mineral densities used are defined in Schwertéa@arnell (2000). Further
information on samp preparation and the MLA librarpf arsenicis provided in the
supplementary information (S3).
3.3.2.6. Electron micro-probe analysis

Three nitrogerdried lake sediment samples were selected to undergo quantitative analysis
using arelectron micreprobe (EMP) wih wavelength dispersive spectrometry (WDS) to quantify
the concentratiaof arsenic in iron sulphide and apatjins. The EMP used was a JEOL JXA
8230. The samples were mounted onto thin sections, coated with activated carbon (2304). EMP
WDS settings dr iron sulphides include an accelerating voltage of 15kV, beam current 30nA,
focused beam <lum, with Pouchou & Pichoir (XPP) matrix correction and pulse amplitude
discrimination for & order reflection of Fé& U . Standards usedeiAB)cl ude
and a pyrite standard (Feand S:1A8), SK@& Wer e anal yzed for 120 s¢
and background. EM®VDS settings for apatite include an accelerating voltage of 15kV, beam
current 10nA, an unfocused beaofi 10um, XPP matrix correictn and pulse amplitude
discrimination for &' order reflection of Fk U . Standards used include
synthetic Cgpyrophosphate (Ca & P), Durango apatite (F) and tugtupite (Gl. Bs CKU & P
were analyzed for 120 seconds on badftiple and background. CI&EU wer e anal yzed
seconds on both particle and background.

3.3.2.7. Synchrotronbased Xray absorption spectroscopy
Synchrotrorbased Xray absorption spectroscopy (XAS) was performed at SectBM20

of the Advanced Photon Source (APS) of Argonne National Laboratory (Lemont, IL) usag X
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Absorption NeatEdge Structure (XANES) for isitu characterization of solid @&sic species in
lake sedimentsXANES analyses were performauside a cryostat chamber (653°K, to avoid
beaminduced changes in arsenic oxidation staiiff) a focused (500x500um) beam to maximize
fluorescence in samples with low 1B0mg/kg) arsenic concentrations. Four arsenic mineral
standards (arsenopyrite as As(S, realgar as As(Hp, arsenolite as As(IHpP and scorodite as
As(V)-0O, Figure 3.4 and two standardsf arsenic sorbed on ferric oxidés mixture of hematite,
maghemite and goethite as-6éAs(V), and FeO/As(lll), Figure 3.4 were used as linear
combination fitting (LCF) reference&urther information on beam characteristics, standards,
sample preparation and results are described in the supplementary information (S4).
3.4.Results

3.4.1. Surface-water chemistry

Surfacewaters in all three study lakes were well oxygenated (>97% dissolved oxygen),
with circumneutral pH (7-8.9) and low turbidity (<1.0 NTU). See supplementary Table S5 for
additionalvariables Dissolved arsenic concentrations were 615ug/L-@8; 145ugl (Handle
Lake) and 54pug/L (Lower Martin Lake). Dissolved elements such as iron, manganese and sulphate
show low concentrations (<8ug/L for Fe and Mn; <10mg/L for)3@LowerMartin and Handle
Lake, though can be up to an order of magnitude higher {2@BEigure 3.3.

3.4.2. Porewater chemistry

Sediment porewaters in the three lakes show peaks in arsenic concentrations (260
1,600ug/L) below the surface wem interface (SWI), with B0 showing the greatest
concentrations and gradient. Iron and manganese concentrations follow similar patterns with peak

concentration 48@3,500ug/L, while sulphate concentrations decrease with depth to near and
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below detection limit (1mgl/L), Porewater pH with depth stays fairly constantiazuimneutral
for the three lakedgure 3.3.
3.4.3. Porewater diffusion
The impact of the diffusion of arsenic out of porewaters to the overlying lake waters was

estimat ed usi ng 33 iomnéasduse diffuaive fluxes qui ad porewaters.

Where0 is the vertical flux of arsenic in the porewaters (ugsecl), O is the insitu

diffusion coefficient, assuming 100% arsenite’.gact), "Ois the average formation resistivity
factor,* is the average porosity of sediments over the concerirgtadient and- is the arsenic

concentration gradient (ug:fh Porosity ¢ ) was calculated by measuring the volume of total dry
sediments and subtracting it from the core cylinder volume over the depths of interest. The
concentration gradientas calculated from peeper concentration measurements. The formation
factor accounts for sedimentsé6é tortuosity, an
(from Ullman & Aller, 1982) wheréO ¢  for unlithified sandy sediments (1), and"O

o formudswheres 1. The relative contribution of arsenic to lake water concentrations can

be done using equati@3.

(3.3)

Where 0 i is the contribution of As to lake waters from porewater diffusion (fig.h
is the vertical flux of ions (ug.rasecy), 0 is the surface area of sediment surfac®,(tn is the
residence time of water in the study lake (sec.)@iglthe volume of the study lake (L). Such
calculations could only be done on Lower Maitake, where lake discharge rates, surface area

& volume have been documented by Environment Canada (2015), and Stantec (2014) respectively.
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Parameters used for these calculations are listed in the supplementary information (Table S6). The
results for LowemMartin Lake show that porewater diffusion accounts famegor part(98%) of
arsenic concentrations in lake waters.

3.4.4. Sediment chemistry

Concentrations of arsenic peak (30A00mg/kg) in sediments pedating 1949 (the onset
of Giant mine roasting), and aptually decrease below such depths. Lower Martin and Handle
Lake show a pronounced peak in arsenic concentration right above the 1949 depth horizon,
whereas B&0 shows a plateau from below the 1949 horizon to the SWI. Antimony and gold
profiles correlatavell with thatof arsenic for the three lakeEhe deepestediments for the three
study lakes have arsenic concentrations between 5 and 40mg/kg. Organic carbon contents go as
high as 41wt.% though fluctuate mainly around 20wt.%, and fall below 10wtl®é lower depths
of Lower Martin Lake (>5cm)Rigure 3.3.

3.4.5. Arsenic mineralogy and speciation

3.4.5.1. Arsenic trioxide

Arsenic oxide particles were identified in SENLA analyses of sediments from all three
lakes. These particles have an SEMS spectrum and texture that magottensive and detailed
previous studies, confirming these particles as arsenic triokidpré 3.2) (Wrye, 2008;
Bromstad, 2011; Bromstad & Jamieson, 2042sh 2014; Bromstad et al., 2015). Furthermore,
these arsenic trioxide particles appear in the sediment columns of all threediscgdent with
the onset of regional industrial mining (1942 at nearby Con mine & 1949 at Giant mine; Moir et

al., 2006) Eigure 3.3.
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3.4.5.2. Arsenic sulphices

A range of arsenic sulphides also host arsenic, the most important of which are ubiquitous
arsenic sulphide particles which are devoid of j@ways assume amorphous, anhedral textures
and defy identification via electron microscopygure 3.Z). MLA shows these particle®ntain
>70% sediment arsenic (by masimjoughout the sediment colusito depth predating industrial
mining activities. Bulk XANES show As(IBS species (realgatandard) also hosting 5%
arsenic for the same perioffigure 3.4. Additionally, framboid& pyrite also hostsarsenic,
contaning an estimated average of ppn As Table 3.}, though host <10% dbtal arsenic in
sedimentsKigure 3.4 MLA). Other authigenic sulphides hosting arsenic inclpyiete closely
associated with organic mattéigure 3.F), which have arsenic concentrations about two orders
of magnitude greater than framboidsble 3.). Another minor sulphide host includes undefined
iron-arsenic sulphides grains. These are have an amorphous texture, small grai2 s §fhd
SEM-EDS spectra that are quite different than those of arsenopyiggr¢ 3.B), though were
too small to identify under quantitative EMIDS analysis. Lastlya single grain in Handle Lake
sediments was found that can be described as arsendpigitiee 3.Z), with a texture and SEM
EDS spectrum matching that of previous studies of arsenopRigawerts et al., 2014).

3.4.5.3. Ferric oxides and apatite

Bulk XANES also identified ferric oxides as argehosts, particularly in the top 4cm of
Handle Lake and BQO (up to 40% of arsenic by mass). The importance of these hosts however
decrease below 4cm down to the 1949 horizon. MLA analyses show that ferric oxides are overall
but a minor host of arseni€igure 3.4. Additionally, anthropogenic roaster oxide particles have

not been identified as an arsenic host. As a potential source of solid plese arsediments,
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EMP-WDS analyses of apatite reveals no detectable levels of arsenic in these geogenic minerals
(Table 3.].
3.5.Discussion

3.5.1. Arsenic trioxide and arsenopyrite

Arsenic trioxide particles are present in lake sediment samples dating from the regional
onset of roasting activities onwards (1942 at nearby Con mine & 1949 at Giant mine; Moir et al.,
20006, consistent with an anthropogenic origi these particlesFurthermore,the natural
occurrenceof arsenic trioxides often limited to unstable and intermediate products of rapid
oxidative weathering of arsenic sulphideh rocks (such as mine tailings or hydrothermal
deposits; Filippi, 2004Ballirano, 2012). On the other hand, arsenopyrite, as the main host of gold
in the Giant ore mineralization, and thus obvious candidate host for geageamd Figure 3.Z0),
is not present in any significant quantity in lake sediments, as only one such particle has been
identified in MLA (Figure 3.3. The location of the three study lakes may explain this dimeg
overlie agranitic bedrocladjacent to the mineralized zooentainingno arsenopyriteandwith
arsenic concentrations approximately2mg/kg (Boyle, 1960Hubbard et aJ.2009. Similarly,
the discontinuous glaciécustrine till overlying thgraniticbedrock has arsenic concentrations
of 8-50mg/kgand is not known to host arsenopyfiterr, 2006).

3.5.2. Arsenic remobilization and precipitation

The consistent peaks in iron andriganese concentrations immediately below the SWiI
(Figure 3.3, correlate with decreases in sulphate concentrations, and indicate a sharp redox
gradien towards reducing conditioris the porewaters. Such waters would promote the reductive
dissolution of oxidized arsenic phases such as As(V) sorbed onto ferric oxides. Therefore, the

peaks of dissolved arsenic concentrations in porewaters below the $Wltbfee lakes may be
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explained by the added effects of the slow dissolution of soluble arsenic trioxide particles, and the
reductive dissolution of sedimehbund oxidized arsenic phases, both releasing more soluble
arsenic species into reducing poresvat Furthermore, the decreases in sulphate concentrations in
porewaters suggests the reduction of sulphate to sulphide, a process likely to provide the reduced
sulphur necessary for the precipitation of arséxaaring sulphides.

The texture and lack afon in the arsenic sulphide grains which constitute the predominant
arsenic hostRigure 3.E) strongly suggests that they are the product of auticigeprecipitation
of dissolved, reduced arsenic in sediment porewaters. Previous studies suggests that such particles
are likely to be realgar, pararealgar orpiment, precipitating through microbiailyediated
processes (Newman et al., 19%medey & Kinniburgh,2002 OobDay, 2004, Ki m &
2009; Root et al., 2009; Drahota et al., 2013; Craw & Bowell, 2014). Moreover, framboidal pyrite,
well known to be an authigenic precipitate directly relatednicrobial activity (Kohn, 1998;
Maclean et al.2008; Mozer, 2010) also host arsenialfle 3.). The adsorption of arsenic onto
iron sulphides and potentiahcorporation into their mineral structure has previously been
documented by Smedley & Kinniburgh (2002), Bostick & Fendorf (2@0@ Kim & Batchelor
(2009).As arganic carbon provides a substrate for microbial growth (Campbell & Nordstrom,
2014),its importance to the precipitation of authigenic arsdrg@aring sulphidess well illustrated
in Lower Martin Lake sediments, wheresanic concentrations decrease in concert with organic
carbon content (below 5cm deptlsyggesting arsenic precipitation may be in part driven by
microbial activity(Figure 3.3. Additionally, the higher concentrations of arsenic in pyrite bound
to organic matterHigure 3.F) further suggests the puortance anckffectiveness of microbial
activity andthe value of organic matter in the precipitatioiharsenic in authigenic pyrite

sediments. The presence of this arsenic in iron sulphide also correlates with the significant
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occurrence of As()-S (20-50% or arsenidrigure 3.4 XANES), suggesting that arsenic contained
in these authigeniéramboids are of the reduced A3(species. This is consistent with the
documented reduction of As(lll) during sorption and incorporation into iron sulphides (Bostick &
Fendaf, 2003). Furthermorehat but a single particle in this study was identifisdarsenopyrite
(a known host of As()) helps eliminate potential interference of Asfrom arsenopyrite. Such
reduces species of arsenic, hosted in sulphide precipitates are believed to remain stable in reducing
environments as found in the lake seditseof this study (Brookins, 1988; Henke, 2009).

Authigenic ferric oxide are also a welbcumented host of sorbed arsenic in the surficial
environment (Dixit & Hering, 2003; Bowell & Craw, 2014). XANES does reveal the relative
importance of As(V) and Ad() (up to 40% arsenic) associated with ferric oxides in the top 4cm
of sediments in Handle Lake and BO (Figure 3.4, which is consistent with thectiveoxidative
sorption of arsenic in oxic lake waters and shallow sedimentsddd¢reasetmportance of these
species with depth in impacted sedimdatther suggestactive reductive dissolutigmand arsenic
remobilization in the sediment columPheabsence of anthropogenic roaster oxide (ROs) particles
further supports this conclusion.

3.5.3. Impacted sediment geochemistry

While Lower Martin and Handle Lake sediments show a clear peak in arsenic
concentrations above the 1949el, BC-20 shows a concentran plateau up to the SWidsstinct
feature likely caused by sedimdmnbturbation, along with possible effects from fherturbation
from the yearly freeze/thaw cycles the upper sediments are subjEguoeS2 in supplementary
material). Lake sedient chemistry further reveal antimony and gold profissistently
matching those of arsenic in all three lakEgygre 3.3. Similar sediment pattes were also

identified in previous studies of Giampacted sediment sites that include Giant mine calcines
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(roaster waste) and tailings (Andrade et al., 2010; Bromstad, E@tLett et al., 2015). Though
these three elements have very different mgbgdtterns, such consistency in profiles outline a
potential, easily identifiable geochemical signature for roastpacted environments.

3.5.4. Geogenic arsenic hosts

Bulk XANES results further shothe increased relative importance of As(V) associated
with ferric oxides at sediment depths reaching background concentratid@mkg,Figure 3.3,
a result which is surprising since ferric oxides would not be considered to be stable in such
environments, and MLA scans have failed to identify such arsenic hosts at Beptre (3.4
MLA). Alternatively, this arsenate may be of geogenic origin, contained in a stable mineral form
undetected by MLA. Thaguch an arsenic form is present at depths at concentrations that may be
considered within theange of background concentratidps40mg/kg;Boyle, 1960; Hubbard et
al., 2006;Kerr, 2006)suggests that this may be geogenic occurrences of arsenic. While literature
highlights the ability for arsenate molecules to substitute with phosphate in aRagte( et al.,
1987; Mailloux et al., 2009; Gianfagna et al., 2014), mpmabe analyseshow that apatitgrains
in lake sediments from this study contain no detectable ardeafte(3.). Anotherpotential host
for this arsenate might be common rdokming silicates, in which arsenic would be present as
dilute impurity. If this is the case, such phases are considered stable in reducing and ctraimneu
porewaters and thus would not contribute to porewater arsenic concentrations (Alam et al., 2014).

3.5.5. Diffusion and hydrology

Peaks in porewater arsenic concentratiomsediately below the SWI causgs diffusive
release into the overlying lake wataagrocess which, in the case of Lower Martin Lake, accounts
for thebulk (98%) of arsenic concentratioms lake-waters. Such an effect can be explained in part

by the long lakewvater residence time (approx. 2.5a, Environment Canada, 200ugh
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hydrological data are missing for the other two lakes of this study, they are expected to have
residence times greater than that of Lower Martin Lake since neith€0Br Handle Lake are
connected to perennial drainage netwoFsthermore, water resdce timan these two lakes

likely mainly driven by meteorological precipitatiorand evaporation,the latter processes
promoting the intensifying rather than attenuating the accumulation of arsenic-imdes This

is consistent with tkir higherlakewater arsenic concentrations (Handle Lak#éh 143ug/Land

BC-20 with 615ug/L). Therefore, the diffusion of arsenic out morewaters, coupled with
watercoursalriven residence timenay be two of the most significant control®n lakewater

arsenic conentrations in these study lakésdure 3.9.

3.6.Conclusions

This study shows that elevated arsenic concentrations in lake sediments surrounding Giant
mine is a direct consequence of the roasting of -gelting arsenopyrite. These impacted
sediments have a distinct mineralogical assemblage, characterized mainly bydeaster
arsenic trioxide, and arsenic contained in authigenic sulphigepitates (mainly realgaror
orpiment, and framboidal pyrite). Other metastable arsenic hosts (such as ferric oxides) are also
presenin the top sediment layers, although do not constitute a major arsenic host. Roaster oxides
were not identified in lake sediments any depth. Geogenic arsenic phases could not be
characterized via electron microscopy, though it is suspected that common rock forming minerals
may host arsenic as dilute impurities. Such phases are considered stable in lake sediments and are
not expeted to contribute any signdant amounts of arsenic to lakaters.

The slow dissolution of arsenic trioxide particles contained in lake sediments, coupled with
the reductive dissolution of mestable sorption phases, likely act as a persisting sodrce o

dissolved arsenic in porewaters. This leads to the diffusion of dissolved arsenic from porewaters
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upwards and downwards through the sediment column. Upward diffusion causes the release of
arsenic into the overlying lake waters. Arsenic concentratiolekenwaters may then be largely
influenced bywatercourserivenr e si dence ti me, controlling a | a
constantly seeping out of its porewaters. Downward diffusion in a reducing environment leads to
the precipitation of authanic arsenidearing sulphides, which are expected to be stable in
reducinglake sedimentsHigure 3.9. This natural process is helpful in sequestering some of the
arsenic oubf solution into a stable form with low bioaccessibility (Meunier et al., 2010; Plumlee
& Morman, 2011), though it isot so effective as to reduce lalater arsenic concentrations
below federal water quality guidelines (10ug/L for human consumption and 5ug/L for the
protection of freshwater aquatic jféHealth Canada, 2014; CCME, 2002 herefore, while
roasterimpaded lake sediments may act simultaneously as a sink and a source for arsenic, their
effect in these study lakes, is that of a net source, contributing significantly to overlying lake water
arsenic concentrations. Lastly, despite the major differencemnological characteristics and
some differences in solid phase geochemical profiles, it is clear from the evidence that the three
study lakes undergo very similar processes controlling arsenic dissolution, precipitation, diffusion
and cycling.
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3.9.Figures & tables
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Figure 3.1: Location of the Giant minesite boundary, historical roaster and the three study lakes.
Wind rose from INAC, 2010
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Figure 3.2: Predominant arsenigearing mineral phases in sediments with SEDS spectra and
EMP-WDS elemental analyses. Arsenic trioxid®C-20, 1cm deefA), Authigenic irorarsenie
sulphide precipitatein BC-20, 10cm deegB), geogenic arsenopyrite Handle Lake5cm deep
(C), Asbearing framboidal pyriten Handle Lake, 12cm deg®), authigenic arsenic sulphide
precipitate in Handle Lakech deedE) and arsenibearing pyrite associated with organic matter
in Handle Lake, 5cm dedp).

63



Sediments Waters
wenadhaes Ag
wassdurns Ag rf .. Fe
—— Au Surface water - 0= Mn
— % =5b ——— S04 (units in mg/L)
Corg (units in wt.%) o * 0 + - pH
S ) S
Ty
(=)
< ~ mg/kg =§ T~ 5 Qﬁ::%s{ § § ug/L é)
Swi o=tz e e T |
- *(al( st - + %
3 [" 2 41"'"'&'* 1949: Giant 4 4 o%’o
10 roasting starts -_ L
pra } - 2t
Lower 15 vl s z o CPO
. - +
Martin =20 " I 2
= Fot Porewaters & o2
Lake 3525 = %
[T T ; .
=% %, 3 B
35 L3 LS & cF'5
o & .
40 > +y B g
45 T T T T 1 T T T 1
0 20 W% 40 60 80 100 4 6 pH g 10 12
+ Surface water
SWI | -5 |
P xgg 1
5 e .
10 ﬁ VP}* 1949: Giant
L roasting starts
Handle = 15 i,ek & B
Lake = 20 4
£
2 25 ; 4
(1]
o 30 %
35 & 3
o :
45 T T T T 1 T
0 20 W% 40 60 80 100 4 b
o a +
] Surface water
T ) S e
Swi B0 -
g | 3 1099: biant
54 roasting ends |
BC-20 10 6,
b 1949: Giant
2 20 roasting starts
£
8 25 - 1
8 30 - 2 A
*
35 Ft i
40 g
45 T T T T 1 T T T 1
0 20 wt.% 40 60 80 100 4 6 pH 8 10 12

Figure 3.3 Sediment, surface water and porewater profiles for the three study lakes
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Table 3.1: Arsenic concentrations iilute mineral phases from quantitative electron micro
probe analyses.

Particle Number of As concentration (wt.%)
analyses Average Standard Highest Lowest Detection Limit
Deviation (average)
Authigenic Framboidal 15 0.0570 0.0325 0.1340 0.0000 0.0213
pyrite
Pyrite in 1 1.4600 N/A N/A N/A 0.0213
organics
Geogenic Pyrrhotite 3 <DL N/A <DL <DL 0.0235
Apatite 22 <DL N/A <DL <DL 0.0484

DL = Detection Limit
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Figure 3.5 Conceptual diagram outlining the processes controlling arsenic cycling in lakes
impacted by roaster ensions Aerially transportedirsenic aerosols settle in the lake sediments

and slowly dissolve during burial. Tledevated concentrations of arseniaeducingporewates

leadsto boththein-situ precipitaton of arsenidearing sulphideand the diffusion of arsenic to
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3.10. Supplementary material

S1 Preparation, transport and extrusion of peepers

Prior to field installation, peepers were cleaned in successive ordefpatikleen® and
distilled deionized water (DDW) and a 0.5% ulpare nitric acid bath for 24 hours, then rinsed
three times with DDW. Peepers were then assembled with a polyethersulfone Sterlitech® 0.45um
poresized filter membrane (held pin place by aperefaceplate), while submerged in a DDW
bath. Peepers were then submerged in DDW in their cases, sealed, and the DDW was de
oxygenated with high purity nitrogen for two weekkpon extraction peepers were immediately
inserted in their nitrogepurged casg then placed in opaque bags, kept cool with ice packs and
then transported for immediate extrusion and Esiog in a higkpurity nitrogen filled glove bag.
Membrane surfaces were rinsed of residual sediments witixytgenated DDW and dried with
kimwipes®. Porewaters were then extracted from cells at 1.5cm depth intervals with a pipette, and

transferred into 8mL high density polyethylene (HDPE) bottles.
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Figure S2 21%p, 2¥Bi and®'Csactivity profiles for the three study lakes
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S3 Samplepreparation and mineral library for MLA analyses

Nitrogendried sediment samples prepared for MLA analyses were not ground, though
graphite powder (<325mesh) was added to epoxy mounts to limit particle agglomeration. Epoxy
mounts werg@olished down to <l finish with aluminium powder. The mineral reference library
used in this study was developed from recent and similar studies performed on the Giant mine
property (Bromstad et al., 2019)he minimum counts for mineral ID were set at 900, and EDS

spectrunmatch required was set at 90%.

Table S3 Arsenic host library for MLA analyses

MLA host Definiti Arsenlq Phase density
efinition concentrations
phase (Wt.9%) (g/cmd)
Arsenic trioxide Arsenic oxide. Arsenolite model 75.7 3.86
compound. (arsenolite) (arsenolite)
Arsenic Arsenic sulphide. Realgar model 70.0 3.56¢
sulphides compound. (realgar) (realgar)
Fe-As-S Iron arsenic sulphide. Arsenopyrite i 46.0 6.07
model compound. (arsenopyrite)  (arsenopyrite)
Organics w/As  Organic carbon particlesssociated 1.0 2.00
with arsenic.
Fe-Mn oxides Iron-manganese oxlydroxides 1.0 4.28
W/AS associated with arsenic. Goethite (goethite)
model compound.
Arsenic in Authigenic pyrite associated with 0.0570 5.00Y
pyrite arsenic. (pyrite)

" Arsenicconcentration dues assumed based on previous studies (Walker et al., 2005).
A Arsenic concentration valuesliue is determined fromhis study

TDensity value from Anthony et al. (1997).

Y Density values from Anthony et al. (1990).

€ Density value fronWakeham & Canuel (2015).

8 Density value from SchwertmaCornell (2000.
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S4 Sorption standards synthesis, samples preparation and beamline experiment setup for bulk

XANES analyses

Ferricoxide minerals used for standards were synthesized using the methods described by
Schwertmann & Cornell (2000) Arsenic was later sorbed onto them by mixing about 0.4g iron
oxide material into 20mL of 0.01M NaN@nd 133uM As(V), or As(lll), for 24 hourSample
slurries were then centrifuged (14,000rpm, 20min, 20°C). Afterwards the supernatant was
discarded, slurry was then rinsed with DDW. Centrifugation was repeated, and residue material
was dried, ground, then stored until mounted on kapton® tapésillll) sorption procedures
were performed in oxygen free environments with watemsxygenated with high purity nitrogen
for 48h prior to solute addition or rinsing. Sorption and drying procedures were performed in a
nitrogenfilled glove bag, and centrgation performed in nitrogefilled tubes.XANES spectra
for the different ferric oxide minerals were merged in ATHENA (Demeter 0.9.24) for As(V) and
As(lll), respectively (Tablé&4.]).

The X-raybeantine at sector 2BM at APSuses &i 111monochromator with Risoated
toroidal focusingmirror. Fluorescence measurements were done with-@el@ent Ge detector,
which was oriented at 90° to the incident beam. Samples were mounted in an aluminum holder,
and oriented 45° to the incident beam.

Nitrogendried sediment samples were hagrdund in a mortar and pestle, and mounted
on standard Kapton® tape in thin bands about 15mm wide-dnth3thick for XAS experiments.

Scans were divided into three sections: 1) theepige region was scanned from711.G
11847.0eV with a step size of 5.000eV and an integration time of 1sec.; 2) the edge region was
scanned from 11847-01897.0eV with a step size of 0.500eV and an integration time of 1sec.;

and 3)the postedge region was scanned from 1189120 75.0eM9Kk) with a step size of 0.050eV
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and an integration time of 1sec. Each analysis includes three duplicate runs. These scans were later

processed using ATHENA (Demeter, v.0.9.24). A gold foil standard was used to calibrate the first

derivative peak at 1198¥%. All arsenic standards and samples were aligned accordingly.

Normalization parameters had a4adge range of 1173911834.0eV and a poestdge range of

11889.012169.0eV. LCF fit range was between 1184#1999.0eV. LCF fits were selected on

the lowesR-factor values (considering both standard and derivative plots). The sum of all arsenic

relative mass distribution was forced to 1.00, and negative values were not permitted.

Figure S4 A stacked plot of arsenic standards for bulk XANES analyses
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Table S4.1 Mineral standards used for bulk XANES analyses, and their associated species
(Foster & Kim, 2014)

Mineral reference As species and association
Arsenopyrite As(-)-S
Realgar As(Il)-S
Arsenolite As(1IN-O
Maghemite, hematite, goethite Fe-O/As(l)
with sorbed As(lIl) As(lll) sorbed orferric oxides
Maghemite, hematite, goethite Fe-O/As(V)
with sorbed As(V) As(V) sorbed orferric oxides
Scorodite As(V)-O
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Table S4.2 Bulk XANES R-factor from LCF fits, comparei total sediment arsenic
concentrations in sediments

Depth
horigon I;ELS‘; R-Factor
(cm)
1 330  0.0062539
Lower 3 310  0.0048244
Martin 4 130  0.0028515
Lake 5 64  0.0030485
7 16  0.0224681
1 470  0.0014100
3 280  0.0065760
4 430  0.0024036
5 700  0.0031950
Hf;‘fe'e 7 350  0.0041846
9 260  0.0055071
12 230 0.0033706
15 120  0.0040440
18 64 0.0057508
1 720  0.0029406
2 750  0.0014264
3 930  0.0029104
4 1000  0.0026599
5 770  0.0039052
7 1100 0.0027042
9 880 00081511

12 1100 0.0026622
BG20 15 900 0.0030473
18 810 0.0017967
21 740 0.0023399
24 830 0.0021922
27 750 0.0026510
30 290 0.0029117
33 89 0.0038681
36 37 0.0134064
39 31 0.0488907
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Table S5 General lakevater parametersariablesand sampling locations

Lower Martin

Handle Lake BC-20
Lake
Maximum depth (m) 5 3 <1
Surface area (%) 9.28E5 2.14E% 2.32E8
Temperature (°C) 21.0 21.2 20.5
Conductivity (uS/cm) 132 276 409
Turbidity (NTU) -2.2 0.9 N/A
Dissolved (%) 118.0 106.0 97.8
Oxygen (mg/L) 10.4 9.4 8.83
pH 7.33 9.4 8.87
Hardness (mg/L CaCQ) 50.7 117 158
N 62A 3 N 62A 2¢ N 62A 3

Sampling location

W 114A -2 W 114A 2W 114A

Sampling depth (m) 0.75 1

0.5

Sampling environment Nearshore Nearshore

Nearshore

"Datum from Stantec (2014)
"Datumfrom GNWT (2016)
YDatum form GNWT (2016b)

Table S6 Variablesused for arsenic diffusion calculations out of Lower Martin Lake

porewaters, and impact to lake water concentrations

Diffusion coefficient of
As(ll) (@) (M2.56CY 1.16E3 Tanaka et al. (2013)
Porosity 0.795 This study
Concentratlor_14grad|ent 4175 This study
(Hg.m)
Formation factor 1.987 This study
Porewater flux .
(ng.m2.sec) 1.939E3 This study
Lele syrg%ce iz 9.26E5 Stantec (2014)
Lake(;g)'ume 2.236E6 Stantec (2014)
Lake residence time Environment Canada
(sec.) 6.61E7 (2015)
Impact to lake waters .
532 This stud
(ug/L) Y
Measured lake waters .
54.3 This stud
(ug/L) Y
Fraction from diffusion 98% This study
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Chapter4:Met hbds ,Semabandl Agueous Spec

Studi es

4.1.Field work

Details for field work, sampling and analytical methods for the July Z&b&on are
described in sectio.3. This section will focus othe methods not yet describedcluding
porewater speciation amghalyses o$oils (July 2014), as well as methods used for the April 2015
sampling ®ason.

4.1.1. Sampling locations

Sediments, porewaters and surface waters were collected for the two field seasons in the
same locations, within given GPS precision of 3 meters. Sampling localities are detRitpdeén
3.1(section3.9) andTable S5 (sectio3.10.

4.1.2. Lake sediment sampling

In the winter 2015 &lew corer with internal diameter of 6.2cm was used for Handle Lake
and Lower Martin Lake after drillinghtough the surficial ice with aice augerSediment cores
were handled, transported and extruded in the same way &dy 2014 cores, then centrifuged
for porewater extraction (see sectibiid.3.9 at Taiga Environmental Laboratompen frozer(2-

3 weeks)or later laboratory processing.

BC-20 however feezes to and below the SWiequiring a different sampling approach
Surface ice was drilled through with an auger andefnogediments were drilled with a 4.8cm
internal diameter Cold Regions Research and Engineering LabodatbidCRREL; Figure4.1)
down to the depthsf unfrozen sediments. Deeper unfrozen sediments frorf@B@ere not cored
further as thecore holediameter would at allow thewider Glew core tube to pass through.

Furthermore deeper,unfrozen sediments and porewafers st r at i gr aphitde i nt eg
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preserved as these spontaneowslyeup through the core hokhortly after drilling inducing

sediment and porewater mixing.

Figure 4.1: CRREL drill for frozen sedins in BQO. Agersitting in the snow(in thetop
backgroungl

The frozen core extracted from in the winter was subsampled at 5cm intervals in
the field. As CRREL drilling causes ice cores to expahiherresolutionsubsanpling proved
impractical Frozen and unfrozen sedimesitdsamples were kept at their respective temperatures
during transport until later laboratory processing at Taiga Environmental Labofatmtyon
4.1.3.2.All processedandr ozen sedi ment samples were broug
further subsampling under higiurity nitrogen filled glove bag. One set of subsamples were then
freezedried in a Labconco freeze dryer at P and-50°C for total elemental analyses and

radiometric age datingrhe other set of subsamples were dried in a-pigity nitrogen filled
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glove bag(in orderto preservesolid arsefic species) for synchrotremased Xray absorption
spectroscopyXAS) and SEMMLA (Huang & ligen, 2006).

4.1.3. Porewater sampling

4.1.3.1. Dialysis arrays

Dialysis arrays (a.k.a. peepdfsgure4.2) were usedh the summer 2014 for all three lakes
to collect porewaterdor dissolved arsenic speciation analyses, on top of porewater pH, trace
metals and major ionPeeper preparation asdmpling is described in sectio®8.1.3and3.10
Aliquots destined to dissolved arsenic speciation analyses peserved with 80uL of
concentratechydrochloric acid (Eaton et al., 1998), then kept in a dark cold room (approx. 3

weeks) until transfeto analytical laboratory at the Royal Military College of Canada (RMC).

Peeper body
Filter membrane

Peeper faceplate

LI

=
—
=
=

VAN~

YAV

Figure 4.2: Dialysis array (peeper) assembly.
4.1.3.2. Centrifuge
Due to field and time constraingseepers could not be used in the winter field season of
April 2015. Instead, porewaters from sediment cdoedHandle and Lower Martin lakesere

extruded with a centrifug@2,000rpm, 10 minutes, 25°@pllectedwith a pipette and filtered at
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0.45um wth a syringe tip filter. Frozen cadrom BG20 were thawed and filtere@.45um
syringe tip filter)in ahigh purity nitrogerfilled glove box before centrifuging. All water samples
wer e separ at eaiquotsfracemetals add rBajoriohsthenstored in a dark cold
room for three months awaitirgnalysisby Taiga Environmental Laboratorliquots destined
for trace metal analysis were preserved with 160pL of concentrated nitric acid (Eaton et al., 1998)
Major ions aliquots were not acidified.
4.1.4. Soils sampling
Two soil samplesvere takemeareachstudylake (Table 4.). Soil samples and location

were selected for their proximity tbeir respective study lakand for their situation atagnd near
the center ofexposed, unforestedock outcrops. Such soilgypically have higher arsenic
concentrations due to greatexposure to roaster emissio(Bromstad, 2011). Samples were
collectedby methods consistent with those of Bromstad (2014ijg a srall, clean trowel and
were dug dowrio the bedrock (approx.0t15cm depth then preserved in Ziploc® bagdnly
large organic material (such as twigs and branches), as well as-giiaclparticles (>10mm
width) were removedSamples were dry upon collection and were sutisampled for deptbr
horizonsas only bik soil elemental concentrationgere of interest.
Table 4.1: Soil samples locations.
Sample ID BC-20 Handle Lake Lower Martin Lake

s1 N 62A 30 N 62A 29 N 62A 30
W 114A 2 W 114A 2 W 114A 2

N 62A 29 N 62A 209 N 62A 30
W 114A 2 W 114A 2 W 114A 2

S2

4.2. Analytical methods
4.2.1. Soils and diments
Soils of the July 2014 field season, as well as frekes lake sediments from the April

2015 field season were analyzed for total elemental analyses as described irBs&etibn
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4.2.1.1. Organic carbon
Soils of the July 2014 field season, were analyzed for total carbon as representative of
organic carbon, as described in sec8dh2.3
4.2.1.2. Radiometric dating
Lake sediments of Lower Martin Lake and Handle Lake of the April 2015 field season,
were agedated, as described in sect®3.2.4
4.2.1.1. Scanning electron microprobe anllineral Liberation Analysis
Arsenic mass distribution in mineral phases for the soils afuhe2014 field season was
determined via SEMMLA as described in sectidh3.2.5
4.2.1.2. Synchroton-basedX-ray Absorpion Spectroscopy
Lake sediments of all three lakes of the April 2015, and soils from the July 2015 field
season were analyzed via synchrotb@sed XRay absorption spectroscopy (XAS) for relative
arsenic species abundance, as described in s&8dh7
4.2.2. Waters
4.2.2.1. Elemental analyses
Lake waterdelow the ice cover inower Martin Lake and Handle Lake of the April 2015,
were analyzed fodissolved ions and metal(loid)s ion chromatography andMSPas dscribed
in section3.3.2.1
4.2.2.2. Watervariables
Lake waters below the ice cover in Lower Martin Lake and Handle Lake of the April 2015,
were analyzed for major wateariablesas described in sectidh3.1.1 Lake water oxidation
reduction potential (ORP) was measured in April 2015 field season using a Fisher Scientific

accumet AP125 portable EiH-Temperature pitwe. Porewater ORP for Lower Martin and Handle
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lakes were measured during sediment core extrusion (within a nitfitigdrglove bagprior to
centrifuging the sediments), at Taiga Laboratory. The instrument ORP measurements were
corrected to Eh (meV) vadis by adding 200 to Ag/AgCI electrode readi(igaton et al., 1998)
4.2.2.3. Aqueous arsenic speciation

Selected porewater samples were analyzed f@tIAsAsS(V), monomethylAs (MMAS),
dimethylAs (DMAS) ard total arsenicspeciesusing high performance liquidhromatography
mass spectrometrfHPLC-ICP-MS) at the Royal Military College of CanadBRMC). Aliquots
were kept cool5°C) and in the darlfter extractionuntil transfer to RMC, where they were
further kept cool for 5 months, are/entuallyfrozen for 2-3 monthsdue todown time with
analyticalinstrumentsPreparation for analyses involved thawing the samples and filtering them
again at 0.45um.

The HRLC chromatographic system was a Petkimer pump with a Hamilton PRP
X100, 4.6x150mm, 10pum anion exeige columnusing two ammonium nitrate eluent solutions
ICP-MS analysegfor both individual arsenic species and total arsemere done with a Perkin

Elmer DRC Il mode(Caumette et al., 2011%tandards were analyzed every 10 samples.
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Chapter5:Re s wilft sSoi | s, Seasonal and

Studi es

Analytical results for sediment, porewaters and lake waters of the July 2014 field season
are described in sectid4. This section will focus on the methods not yet described, including
As speciation in porewateriike watervariables and soilsanalyses (July 2014), as well ak
results ofthe April 205 studies

5.1.Lower Martin Lake

5.1.1. Lake and pore watergeochemical profiles

Table5.1shows measured surface lake wasetablesor Lower Martin Lake inJuly 2014
and April 2015 April 2015 waters represent waters just belowcioceer

Table 5.1;: Watervariablesfor Lower Martin Lake.

Temperature | Conductivity | Turbidity DCI)SSOIVEd Eh . &5
. xygen pH thickness
(°C) (uS/cm) (NTU) %) | (mg/D) (meV) (cm)
July
2014 21.0 132 N/A 1180 | 104 | 7.33| N/A N/A
April
2015 0.3 212 2.2 8.1 1.15 | 7.48 | 248.5 57

Figure5.1A shows therofilesof pH andtotal dissolved AsSb,Fe, Mn and S®in Lower
Martin Lake waters and sediment porewaters in July 288 4hown irFigure3.3 and discussed
in section3.4.2 with antimony profile added\ntimony concentrations fluciate between 0.3 and
3ug/L at40 and 20cm depth, respectively

Figure 5.B shows the distribution ohs(lIl), As(V), mona and dimethyl and totalAs,
as analyzed during speciation analysis to a depth of 19cm below th& &@&/As concentrations
peak at about X3n depth at 120ug/LArseniqlll) concentrationgollow very closely the total As

trend and peak at 100ug/L.rgeniqV) concentrations fluctuate between 20 and 60ug/L
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MononethytAs concentrations fluctuate between 20 and Oug/L, whieelihylAs showbelow
DL or negligible values.

Figure 5. showsthe profiles of total dissolved AsSb,Fe, Mn and Eh in Lower Martin
Lake waters and sediment porewater April 2015.Concentrations oAs, Fe and Mn all increase,
albeitin avery erraticway, in porewaters from the SWI to 24cm deAptimony concentrations
increase from 10 to 124ug/L at 14cm depth, then decrease &gaioentrations ofFe and Mn
increase orders of magnitude between the SWI and surface waters, whilenéentrations
decrease slightl\eh valueplummet from oxic to reducingonditions in the 7cm below the SWI.
Concentrations ofs, Sh, Fe and Mn lake water match pooHgde nearest the SWIloo little
waters were extracted from centrifuging April 2015 cores to analyze for major ions (including

SQy).
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B.LML-As speciation, July 2014
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Figure 5.1: Porewater and lake water profiles for Lower Martin Ldkssolved elements for July
2014(A). Arsenicspecies for July 201¢B). Dissolved elements fakpril 2015 (C).
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5.1.2. Sedimentgeochemical profiles

Figure 5.2 shows As, Fe, Mn, Au, Sb, S and.igconcentratiorprofiles for Lower Martin
Lake sediment core of July 201ak shown ifrigure 3.3and discussed in secti@m.4 with added
Fe, Mn and SConcentrations o€org, AS, Au, Sb and S all peak in the tffcm Below the
saprolite horizon (32cm) &g and sulphur concentratiordecrease, while Agoncentrations
increase slightlylron and Mn show relatively stable profiles throughout the core, witharase
belowthe sprolite horizon.

Figure 5.8 shows AsFe, Mn, Au, Sb and frofiles for Lower Martin Lake sedimeobre
of April 2015.Arsenic Au and Sb all havelevated concentrations in the top 17cm with a peak at
13cm depthwith again, very similar profiledron, Mn and S show very stable profiles, marked
with a slight decrease in concentrations in the top 3cm, and a very gradual increase around 20cm

depth.
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B. LI\/ILEIementaI concentrationsn sediments, April 2015
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Figure 5.2: Lake sediment profiles in Loweévlartin Lake sediment coreduly 2014 corgA),
April 2015 core(B).

Table 5.2shows As, Fe, Mn, Au, Sb, S andd{neasurements for soil samples takear
Lower Martin Lake.

Table 5.2: Elemental concentrations in soilsamé_.ower Martin Lake.

As Fe Mn Au Sb S Corg
(mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (ma/kg) | (wt.%)

S1 580 17,000 93 0.059 19 190 4.8
S2 540 11,000 46 0.11 55 1,200 32.0

5.1.3. Radiometric dating

Figure 5.3shows thetotal activity for the tree radio isotoped%®b,?'4Pb,?14Bi and**'Cy
measured from Lower Martin Lakeores fromJuly 2014(A) and April 2015(B). Total 2*%Pb
activity in theJuly 2014 coe shows a&teepdecay curvewith top activity around 400 Bg/kg and

reaching background leveds5cm cepth. Total?1%Pb activty in the April 2015 core showsmuch
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shallower decay gradiemjth top activity around 80000 Bg/kg anaeachingoackground below

16cm depth.
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Figure 5.3: Total 22%Pb,?14Pb,?14Bi and*'Csactivity for Lower Martin Lake July 2014 core (A)
and April 2015 core (B).

Table 5.3shows the dates relating to interval depths, as modeled by ScienTasiMiee
Constant Rate of Supply modélased on activity fothe July 2014 core (A), arfdr the April

2015 core (B).
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Table 5.3: CRS modeled ages and associated year for both Lower Martin Lake core depths.

Midpoint | Total?!®Pb | Age Year Error
Depth Activity (CRS) (CRS) | (CRS)
[cm] [Ba/kg] [a] [a] [a]
A 0 0 0| 20145 0
2"5‘& 1 42552]  24.80| 1989.7 0.6
25 132.17|  51.47| 1963.0 2.9
3.5 46.81 75.99| 19385 7.1
4.5 44.33| 106.74| 1907.8 19.7
0 0 0| 2015.2 0
3 726.18 6.48| 2008.7 1.2
45 685.16|  10.59| 2004.6 1.4
5.5 886.96|  15.30| 1999.9 17
6.5 576.85|  20.98| 1994.2 2.0
7.5 558.55|  26.17| 1989.0 2.3
Asm 8.5 615.81| 31.89| 1983.3 2.8
2015 9.5 426.70|  38.74| 1976.5 2.9
10.5 373.83| 45.42| 1969.8 3.3
11.5 283.65| 52.87| 1962.3 4.0
12.5 262.01| 65.95| 1949.2 5.3
13.5 305.33| 86.83| 1928.4 8.6
14.5 85.75| 107.80| 1907.4 15.8
16 147.32| 189.21| 1826.0| 140.9

5.1.4. Mineral liberation analysis

Figure 3.4shows relative arsenic mass distribution pdtA -identified hosts in Lower
Martin Lake sedimentsndis discussed in sectioB4.5 Figure 5.4shows relative arsenic mass
distribution per MLAidentified hosts inwo bulk soil samplesnearby Lower MartirLake (see
Table 4.1for location) In both samples, the predominant arsenic host is arsenic trioxide. Very
small amounts (O

2 %) of ot her (FpNnaogides w/Agse r e

Organics wAs) here are assumed to contain 1wt.% As.

89

d



Fe-Mn oxide w/As

Organics w/ As

Fe-As-S

Arsenic sulphides

0.4%

2.0%

0.2%

0.0%

A.LML &l

Fe-Mn oxide w/As

Organics w/ As

Fe-As-S

Arsenic sulphides

0.1%

0.0%

0.0%

0.1%

B.LML &

Figure 5.4: Relative arsenic mass distribution from SENMLA analysis in soils near Lower

Martin Lake.

Figure 5.4shows SEM-BSE andEDS figuresof the predominanarsenichosts insoils

nearbyLower Martin Lake arsenidrioxide (A) and organics with AEB).
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Figure 5.5 SEM-BSE and EDS images of arsefrioxide in LML S-2 (A) and organics with
arsenidn LML S-1 (B) hosts in soils near Lower Martin Lake.

5.1.5. Synchrotron-based experiments

Figure 3.4shows bulk XANES results for selectédly 2014Lower Martin Lake sediment
samplesand is discussed in sectiBm.5 Figure 5.6shows bulk XANES results for selected soil
sample nearby Lower Martin Lakshowingelative solid arsenic species mass distributidre
predominant phases identified are As(¥)and As(V) sorbed onto ferric oxides. As{®) and

As(-1)-S were also detected in very low amounts and fall well with in LCF uncertainty.
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LML soils: relative species abundance

As(V)-O I ———— 4.3.5%
Fe-O/As(V) I 49.8%
As(lll)-O . 3.3%

Fe-O/As(lll)  0-0%
As(ll)-s  0.0%

As(-)-S W= 3.3%

Figure 5.6: Relativearsenicspecies abundance from bulk XANES for soils nearby Lower Martin
Lake.

5.2.Handle Lake
5.2.1. Lake and porewatergeochemical profiles
Table 5.4shows measured surface lake watiablesfor Handle Lake in July 2014 and
April 2015. April 2015 waters represent waters just below the ice

Table 5.4: Watervariablesfor Handle Lake.

Temperature | Conductivity | Turbidity Sl Eh _Ice
3 Oxygen pH thickness
(°C) (uS/cm) (NTU) %) | (mglL) (meV) (cm)
July
2014 21.2 276 N/A 1060 9.4 7.49| N/A N/A
April
2015 0.15 793 0.9 6.1 0.89 | 7.50| 268.1 58

Figure 5.A shows theprofilesof pH andtotal dissolved AsSb,Fe, Mn and S@in Handle
Lake waters and sediment porewaters in July 2@&1ghown irFigure 3.3and discusseith section
3.4.2 with antimony profile addedAntimony concentrations decrease unevenly from 8ug/L
below the SWI to 0.5ug/L at depth.

Figure 5. B shows the distribution of total dissolved As(I®s(V), monc and dimethyt
As, and total arsenic as analyzed during speciation anadysislepth of 10cm below the SWI

Total arsenic concentratioqmeak at about 2cm depttat 200ug/L Arseniglll) concentrations
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increasefrom 0 to 90ug/L up to 6cm deoth, then oscillate around 65ug/L ArsenidV)
concentrationpeak at 2.5cm, then stabilize around 35udfethyl-As species have below DL or
negligible values.

Figure 5.TC shows theprofiles of total dissolved AsSb, Fe, Mn and Eh irHandleLake
waters and sediment porewaters in April 20@&.and Mn all show relatively stablalbeit very
erratic, concentrations in porewaters from the $\h 4 to28cm deepArsenic concentrations
are the highest (850ug/L) 5cm below the SWI and decreaseahyorderof magnitudedown to
27cm. Asenic surface concentrations are also an order of magnitude below 5cm 8épth
concentrations show a very similar trend, though Vever valuesgh values plummet from oxic
to reducing conditions in the 7cm below the S¥Ad increase slightly to about 13meV at depth
Too little waters were extracted from centrifugimigApril 2015 cores to analyzanything inthe
top 4cm below the SWandfor major ionsbelow (including SQ).
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Figure 5.7: Porewater and lake water profiles for Handle Lake. Dissolved elements for July 2014
(A). Arsenicspecies for July 2014 (B). Dissolved elements for April 2015 (C)
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5.2.2. Sedimentgeochemical profiles

Figure 5.8\ show As, Fe, Mn, Au, Sb, S and organiggConcentration profiles fddandle
Lake sediment core of July 20X shown ifrigure 3.3and discussed in secti@m.4 with added
Fe, Mn and SConcentrations oAs, Au,Mn and Stareelevated in the top 15cr&old shows two
peaks above detection limits at depth (21 and 35&m). and sulphurhave relatively stable
profiles throughout the cor€org, increases slightly with depth up to 25cm, then remains fairly
constant.

Figure 5.8 shows As, Fe, Mn, Au, Sb and S profiles for Handle Lake sediment core of
April 2015.Arsenic Sb and Au have elevated concentratiorteétop 15cmshowing again, very

similar profiles Iron, Mn and S have relatively stable profiles throughout the core
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B.HL-Elemental concentrationgn sediments, April 2015
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Figure 5.8: Lake sediment profiles in Handle Lake sediment cores. July 2014 coreg#)2015
core (B).
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Table 5.5shows As, Fe, Mn, Au, Sb, S anddneasurements for soil samples takear

Handle Lake.

Table 5.5: Elemental concentrations in soils near Hlan_ake.

As Fe Mn Au Sb S Corg

(mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (ma/kg) | (wt.%)
S1 740 23,000 80 0.058 22 370 7.0
S2 830 17,000 2,400 0.17 76 700 8.4

5.2.3. Radiometric dating

Figure 5.9shows the total activity for the tree radio isotopes (210Pb,P21214Bi and
137C3$ measured from Handle Lake cores from July 2014 (A) and April 2015T(B3l 2*°Pb
activity in the July 204 coe shows a decay curwath top activity around 430 Bg/kg améaching
background levelsf 7cm deepTotal 21%Pb activty in the April 2015 core showsxtremely low

activity levels which hardly exceed backgrowadivity( O1 00 .Bq/ k g)
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Figure 5.9: Total 2!%b, 2*4Pb, ?4Bi and '*'Cs activity for Handle Lake July 2014 core (A) and
April 2015 core (B).

Table 5.6shows the dates relating to interval depths, as model&gdibpTissiMeand the
Constant Rate of Supply modbhsed on activity fothe July 2014 core. Age dating for the April

2015 core wasot modeled due to extremely low activity levdtsglure 5.B).
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Table 5.6: CRS modeled ages and associated yeaf&mdle Lake, July 2014 care

July
2014

Midpoint | Total?®Pb | Age Year Error
Depth Activity (CRS) (CRS) | (CRS)
[cm] [Ba/kg] [a] [a] [a]
0 0 0| 20145 0
1 429.68 12.16| 2002.3 0.1
2.5 188.09 23.32| 1991.2 0.4
3.5 231.67 33.99| 1980.5 0.7
4.5 175.95 50.20| 1964.3 15
55 133.81 72.05| 1942.5 3.3
6.5 114.26 112.14| 1902.4 13.6

5.2.4. Mineral liberation analysis

Figure 3.4shows relative arsenic mass distribution per MbdAantified hosts irHandle

Lake sediments, and is discussed in sec8adh5 Figure 5.10shows relative arsenic mass

distribution per MLAidentified hosts in two bulk soil samples neatbdgndle Lake In both

samples, the predominant arsenic host is arseoiide. Very small amm u n t $6) qf Gherl

phases were identified. Sorption ho@ts-Mn oxides w/As, Organics Wk) here are assumed to

contain 1wt.% As.
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Figure 5.10: Relative As mass distribution from SEMLA analysis in soils near Handle Lake.

Figure 5.11shows SEM-EDS figuresof the predominanarsenichosts insoils nearby

HandleLake: arsenictrioxide (A), Fe-Mn oxides w/As(B) andarsenicassociatedavith organics

(©).
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Figure 5.11: SEM-BSE and EDS imeifé]es of arsetmioxidein HL S-1 (A) iron oxides containing
arsenidn HL S-1 (B) and organics hosting arsemmcHL S-2 (C) hosts in soils near Handle Lake.

5.2.5. Electron micro-probe
5.2.5.1. Framboidal pyrite
Two nitrogenrdriedsediment sample$ @nd 12cm deep) were analyaedler EMPWDS

for quantifiedarseniccontents in ion sulphided mainly authigenic framboidal pyritbut also
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geogenic pyrrhotiteTable 5.7showselemental distribution of FéAs and S in framboidal pye

as well as geogenic pyrrhotite grains and pyrite associated with organic meg&rcAalues
range between 39 to 14,600ppm As. The detection limit is however around 200akimy three
analyses below DLTwo of these three analyses include botloggmic pyrrhotite grains.
Additionally, the highesarseniccontents (14,600ppm) are in the pyrite grain contained within a
wood particle. Framboidal pyrite graiosntain between 300 and 900ppm As, wistone sample
below DL, for a totahverage of 48@m As.Analyses with adtal element weight% <100 might
be caused by the presence of other umtetdeclements, and tiperous naturef framboids.

Table 5.7. EMP-WDS quantitative analyses of arsenic contdiie different iron sulphides in
Handle LakeDL = Detection limit.

3-sigma lower
Mineral element weight % limit of detection
(Wt%)
Fe S As Total As
framboid 1 4577| 52.81| 0.0747| 98.65 0.021558
framboid 2 4593 52.66| 0.0373] 9863 0.02162
Hscnrg'zeﬁ‘e framboid 3 4568 53.56| 0.0345] 99.27 0.020974
framboid 4 4557 5249| 00710| 9813 0.021819
framboid 5 4552| 5229| <DL| 97.83 0.02073
framboid 6 4651| 52.82| 0.0928] 99.42 0.022004
framboid 7 46.14| 5251| 0.0512| 98.70 0.021378
Fl";r;f:e dti‘;e framboid 8 4597 53.10| 0.0394] 99.11 0.021313
framboid 9 46.53| 53.15| 0.0460| 99.73 0.021767
framboid 10 | 46.36| 52.98| 0.0328| 99.37 0.021638
Average 0.0480
Geogenic | gq 46| 3974 <pL| 98.80 0.02372
pyrrhotite 1
H;‘C”rg'ze":;‘e p;fﬁgti’;"; 58.36| 3925 <pDL| 9761 0.023749
P\mts " 3722| 46.42| 1.4600| 85.10 0.021304

Table 5.8 shows the normalized elemental molefér quantified mineralogical

identification.
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Table 5.8: EMP-WDS quantitativeelementabnalyses ofletritaliron sulphides in Handle Lake
for mineral identification

Mineral element mole % S:Fe ratio
Handle Fe S As Total
Lake | Geogenic pyrrhotite| 46.04| 53.96 <DL| 100.00 1.17
Scm deep| Geogenic pyrrhotite|  46.05|  53.95 <DL| 100.00 1.17

Pyrite inwood 31.23| 67.86 <DL| 100.00 2.17

Figure 5.12shows EMP-BSE images ofthe different kinds of iron sulphide grains

analyzed, including tighgl packed authigenic framboidal pyrite, geaic pyrrhotite and pyrite

included in a wood particle.

’Figure 5.122 EMP-BSE images of iron sulphide targets for arsenic content in Handle Lake
sediments, including framboidal pyrit#2cm depti{A), geogenic pyrrhotie, 5cm depthB) and
pyrite contained imrganic matter, 5cm dep(le).
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5.2.5.2. Apatite
The samewo nitrogendried sediment sample$ (and 12cm deep) were analyzed under
EMP-WDS fo quantifiedarseniccontents in apatite crystals as a potential source of geogenic
arsenic into lake sediment§able 5.9shows elemental distribution of P, Cl, F, Calaks in
analyzed apatitgrairs. Solid phase arsenatd$0s) values all fall below the detection limit
(betweerdO0and 50@pm).

Table 5.9: EMP-WDS quantitative analysis of arsenic contained in apatitegminlandle Lake
sedimentsDL = Detection limit.

3-sigma
) ) element weight % gz Im_m
Mineral Point of detection
(Wt%)
CaO | P205| AsOs F Cl Total O=F | O=Cl| Total AsOs
apatite 01 1| 55.11| 42.99 <DL| 3.44| 0.0155| 101.56| 1.45| 0.00| 100.10| -----
2 | 55.75| 43.08 <DL| 3.67 | 0.0024| 102.50| 1.55| 0.00| 100.96| -----
Handle Lake apatite 02 3| 55.68 | 42.97 <DL| 3.74 | 0.0000| 102.39| 1.57| 0.00| 100.82] -----
5cm deep 4 | 56.02 | 43.44 <DL| 3.54 | 0.0000| 103.02| 1.49| 0.00| 101.53 0.047563
apatite 03 5 | 54.54 | 42.92 <DL| 4.05 | 0.0000| 101.52 1.71 0.00| 99.82 0.048379
apatite 04 6 | 53.30 | 42.24 <DL| 3.52| 0.0009| 99.06 1.48| 0.00| 97.58| -----
apatite 01 7 | 54.54 | 42.43 <DL| 3.80 | 0.0055| 100.79 1.60 0.00| 99.19 0.04843
Handle Lake -
12¢m deep apatite 02 8 | 53.34| 42.74 <DL| 3.73| 0.0211| 99.83 157| 0.00| 98.26| -----
apatite 03 9 | 55.09 | 42.37 <DL| 3.47| 0.0000| 100.94| 1.46| 0.00| 99.48 0.049013

Apatite grains present are almost piluerapatitecontaining no detectable arserftigure

5.13shows BSE images of selected apatite, and location of the beam.
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Figure 5.13: EMP-BSE images of apatite grain targets (Bifor arsenic content analyses in
Handle Lake sedimentScm depth

5.2.6. Synchrotron-based experiments

Figure 3.4shows bulk XANES results for selected yJ@014 Handle Lake sediment
samples, and is discussed in secBof5 Figure 5.14shows bulk XANES results for selected
April 2015 Handle Lake sediment samples, showing relatobd arsenic speciesnass

distribution. Arsenid(ll)-S has increasing relative mass distributioom 50 to 65%, while Fe
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O/As(V) shows a decreasing trend from 38 to 28%. Other species are <10% and within LCF

uncertainty

HL.: relative As species abundance, April 2015
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Figure 5.14: Relative As species abundance from bulk XANES for Handle Lakenseds, April
2015.

Figure 5.15shows bulk XANES results for selected soil sample nearby Handle Lake,
showingrelative solid arsenic species mass distributidme predominant phases identified are
As(V)-O andAs(V) sorbedonto ferric oxides. Aseniqlll) -O and As{l)-S were also detected in

very low amounts and fall well with in LCF uncertainty.

105



HL soils: relative species abundance
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Figure 5.15: Relative As species abundance from bulk XANES for soils nearbgleldiake.

5.3.BC-20
5.3.1. Lake and porewatergeochemical profiles
Table 5.10shows measured surface lake wasmiablesfor Handle Lake in July 2014nd
April 2015. April 2015 variableswere not measured since the lake was frozen to the sediments.

Table 5.10: Water variablefor BC-20.

Temperature | Conductivity | Turbidity D(IJSXSOhé(:]d H Eh thi Ilge
(°C) uSlcm) | (NTU) Y9 PR 1 (mev) | thiCkness
(%) | (mg/L) (cm)
July
2014 20.5 409 N/A 97.8| 8.83 |8.87| N/A N/A
April To
2015 N/A N/A N/A N/A | N/A | NA| NA sedimentd

Figure 5.1& shows theprofilesof pH andtotal dissolved AsSb, Fe Mn and SQin BC-
20 lake waters and sediment porewaters in July 2884hown irFigure 3.3and discusseth
section3.4.2 with antimony profile addedAntimony concentrations in porewatease relatively
stabk from the SWI down to about &%, thendecreas@otably(not unlikeSQy).

Figure 5.18 shows the distribution of total dissolved As(lll), As(Mjhonc and di
methylated As, and totéls, as analyzed during speciation analgisvn to 10cm below the SWI

Total arsenic concentian are at their highest just below the SWI at 660ug/L, then decrease

106



sharply to about 240ug/lArseni(lll) concentrationsncreaseup to 6¢cm degh, then oscillateip
to 10Qug/L. ArseniqV) concentrationgollow very closely those dfotal arseni¢ thaugh slightly
less so with deptiMethyl-As species have below DL or negligible values.

Figure 5.1€ shows theprofiles of total dissolved AsSb,Fe, Mn SOy and Eh inBC-20
frozenlake waters, as well as frozand unfrozersediment porewatersr April 2015. Arsenic
Sh, Fe and Mn all showery low concentrations in the top frozen lake waters, increasing with
depth, close to three orders of magnituderupeachingSWI depth. Porewaterconcentrations
continue increasing rapidlgelow the SWlup to aboutl3cm depth, where they stabilize at an
equilibrium with underlying unfrozen porewatgexcept for Sb, which concentrations peak at
about 8cm below theV8I. Sulphateconcentration are below detection limit (1mgith.xhe frozen
lake waters, rise sharply to 20mg/L near the SWI and decrease rapidly again to 2mg/LEbelow.

value of unfrozen porewateisat-102meV.

A.BC20-Dissolved elements, July 2014
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-25

B.BCG20-As speciation, July 2014
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Figure 5.16:. Porewater and lake water profiles for 2G. Dissolved elements for July 2014 (A).
Arsenicspecies for July 2014 (B). Dissolved elements for April 2015 (C)
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5.3.2. Sedimentgeochemical profiles

Figure 5.1°A show As, Fe, Mn, Au, Sb, S and organigg€oncentration profiles faBC-
20 sediment core of July 201ds shown irFigure 3.3and discussed in secti@¥.4 with added
Fe, Mn and SArsenic Au andSb allshow steady, elevated concentrations in the top 29cm, below
which concentrations decrease, then remain stable at about 37cnGig#gthas two local peaks,
at 4 and 28 cnOrganic G Fe, Mnand Sprofiles remain stable throughout the entire depth of the
profile, with Mn showing a slight decrease of concentrations in the top 2 cm.

Figure 5.1B shows As, Fe, Mn, Au, Sb and S profiles B-20 frozen and unfrozen
sedimensample®f April 2015.All elements show very steadgncentrationghroughout théow

resolutioncoreprofile.

A. BG20-Elemental concentrationgn sediments, July 2014
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B.BCG20-Elemental concentrations sediments, April 2015
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Figure 5.17: Lake sediment profiles in BE0 sediment cores. July 2014 core (A), April 2015 core
(B).

Table 5.11shows As, Fe, Mn, Au, Sb, S aned{neasurements fdrulk soil samples taken

near BG20.
Table 5.11: Elemental concentrations in soils near-BC
As Fe Mn Au Sb S Corg
(mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (wt.%)
S1 840 25,000 140 0.085 28 240 5.4
S2 560 20,000 79 0.14 37 240 4.9

5.3.3. Radiometric dating
Figure S2 (sectioB.10 shows theotal activity for the tree radio isotop&d®Pb,?*Pb and
2148j) measured from HanelLake cores from July 201Activities for the April 2015 core were
not measured for BQO as the frozen sediment core could not be subsampled at sufficient

resolution (see sectighl.?.
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Table 5.1X%hows the dates relating to interval depths, as mobgldte software R sed
on activityfrom the July 2014 core.

Table 5.122 CRS modeled ages and associated year feR@BQuly 2014 core.

Interval Total?’®Ph | Date
Midpoint | Activity Midpoint
(cm) (Ba/kg) (CRS)
0.5 113.79 2013.6
15 119.18 2010.7
2.5 177.89 2005.5
3.5 96.31 2001.0
4.5 95.14 1997.9
55 81.45 1993.7
6.5 56.18 1989.8
7.5 47.24 1986.5
8.5 55.69 1982.5
July 9.5 36.82 1979.2
2014 10.5 55.24 1977.3
115 55.35 1973.5
12.5 47.49 1969.3
135 47.88 1966.5
14.5 36.88 1962.9
16 30.40 1958.2
18 48.07 1951.8
20 47.35 1941.5
22 31.89 1931.6
24 37.17 1919.1
26 28.72 1904.1
28 17.43 1892.5

5.3.4. Mineral liberation analysis

Figure 3.4shows relative arsenic mass distribution per MbAntified hosts irHandle
Lake sediments, and is discussed in sec8adh5 Figure 5.18shows relative arsenic mass
distribution per MLAidentified hostsn two bulk soil samples nearby BID. In both samples, the
predominant arsenic host is arsehic i o x i de. Ve r Y%)ohothér Iphasesweeren t s
identified. Sorption hostde-Mn oxides w/As, Organics W5s) here are assumed to contain 1wt.%
As.
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- A.BC20 S1
Fe-Mn oxide w/As| 1.8%

Organics w/ As| 1.5%

Fe-As-S| 0.0%

Arsenic sulphides| 0.0%

. B.BCG20 S2
Fe-Mn oxide w/As | 0.7%

Organics w/ As| 0.7%

Fe-As-S| 0.4%

Arsenic sulphides| 0.0%

peseic vioce N ;2%

Figure 5.18: Relative As mass distribution from SEMLA analysis in soils near BQO.

Figure 5.19shonvs SEM-EDS imagesof the main arsenichosts in soils nearbBC-20:

arsenidrioxide (A), an arsenidearing roaster oxid@), and organics w/As (C).
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1/6/2016 HV  [spot| det WD / HV spot| det [mag O 50 pm
4:37:52 PM [25.00 kV| 5.7 | BSED [11.7 mm Quanta 650 2500 kV|[ 50 BSED|1511x Quanta 650
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Figure 5.19: SEM-BSE and EDS irﬁéges of arsenic trioxiddBC-20 S1 (A) an arsenidearing
ROin BC-20 S2(B) and organienatterhosting arsenian BC-20 S2 (C).
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5.3.5. Electron micro-probe
5.3.5.1. Framboidal pyrite

One nitrogendried sedimentsamples 4cm deep) were analyzed under EMDS for
quantified arseniccontents in iron sulphidésmainly authigenic framboidal pyrite but also
geogenic pyrrhotiteTable 5.13shows elemental distribution of Fe, As and S in framboidal the
two different grain types. enic values range between 0 to 1,340ppm. The detection limit is
however around 200ppm, making one analysis below DL (the geogenic pyjrhanideanother
analysis with no detectealsenic therefoe having no DL Framboidal pyritegrains contain an
average of 638ppm As. Total element weight% <100 might be caused by the prdsetines
unexpectecelementsand the porous nature fohmboids.

Table 5.13: EMP-WDS quantitative analyses of arsenic contained in different iron sulphide
minerak in BG20.DL = Detection Limit.

3-sigma lower limit
Mineral element weight % of detection (wt%
element)
Fe S As Total | As
framboid 1 45.18| 52.42| 0.0736| 97.67 0.021221
framboid 2 45.47 52.17| 0.0657| 97.71 0.021214
G20 framboid 3 4511 52.34 <DL 9745, -
4cm deep _
framboid 4 45.04| 51.68| 0.1340| 96.85 0.020743
framboid 5 45.52 52.49| 0.0456| 98.06 0.020446
Average 0.0638
BG20 Geogenic 58.24| 39.56| <DL| 97.81 0.022907
4cm deep pyrrhotite

Table 5.14shows the normalized elemental mole% of the geogenic pyrritB€-20
samplefor positivemineralogical identification.

Table 5.14: EMP-WDS gquantitative elemental analysesagfeogenidron sulphide in B&O0 for
mineral identificatioras pyrrhotite

element mole % .
BCG20 F S A Total S:Fe ratio
4cm deep =2 as ~old

45.80 54.20 <DL| 100.00 1.18
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Figure 5.20 shows EMPBSE images of the different kinds of iron sulphide grains

analyzed, including tightly packed authigenic framboidal pyrite and geogenic pyrrhotite.

Figure 5.20: EMP-BSE images of iron sulphide targets for arsenic conteBO#20 sediments,
including framboidal pyritedcm depti{A) and geogenic pyrrhotitélcm depth(B).

5.3.5.2. Apatite
One nitrogendried sediment sample4t¢m deep)was analyzed under EMMVDS for
guantifiedarseniacontents in in apatiteineralsas a potential source of geogenic arsenic into lake
sedimentsTable 5.15shows elemental distribution of P, Cl, F, Ca and As in analyzed apatite

grairs. Arsenate As2Os) values all fall below the detection lim#@0-500ppm).
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Table 5.15. EMP-WDS quantitative analysis of arsenic contained in apatite grains {20BC
sedimentsDL = Detection Limit

3-sigma
. lower limit of
Mineral | Point element weight % detection
(wWt%)
CaO | P205| AsOs F Cl Total O=F| O=ClI| Total AsOs
apatite 10 | 54.60| 42.33| <DL | 291| 0.0276| 99.91| 1.23 0.01| 98.68 0.047713
01 11 | 54.66| 42.42| <DL | 2.97| 0.0146| 100.06| 1.25 0.00| 98.81| -----
apatite 12 | 55.03| 43.09| <DL | 3.48| 0.0252| 101.63| 1.47 0.01| 100.16 0.049102
BG20 02 13| 54.60| 4291| <DL | 3.55| 0.0298| 101.09| 1.49 0.01| 99.59]| -----
Ao apatite 14 | 55.22| 43.17| <DL | 3.93| 0.0213| 102.34| 1.65 0.00| 100.68| -----
deep 03 15| 55.44| 42.83| <DL | 4.07| 0.0047| 102.34| 1.71 0.00| 100.63| -----
apatite 16 | 56.04 | 43.04| <DL | 3.43| 0.0617| 102.58| 1.44 0.01| 101.12 0.048045
04 17 | 56.08 | 43.03| <DL | 3.56| 0.0640| 102.73| 1.50 0.01| 101.22| -----
apgé'te 18| 55.21| 42.67| <DL | 3.16| 0.1040| 101.14| 1.33| 0.02| 99.79|

Apatite grains present are almost piluerapatite containing no detectable arserigure

5.21showsa BSE imagef selected apatite, and location of the beam.

Figure 5.21: EMP-BSE images of apatite grain targets for arsenic content analyses20 BC

sedimentgicm depth
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5.3.6. Synchrotron-based experiments

Figure 3.4shows bulk XANES results for selected July 2(1dndle Lake sediment
samples, and is discussed in secBoh5 Figure 5.22shows bulk XANES results for selected
April 2015 sediment sampleshowing relative solid arsenic species mdsstributionin both
frozen and unfrozen sediments. Relative distribution of As are stable throughout the corg profile
with notable amounts of As(H$ presen(55-77%, increasing with depthlRelative distribution of
Fe O/As(V) decreases with depth ¢im 25 to 15%). Other species remain constant <10%, with

As(1ll)-O at 0%

BCG20: relative As species abundance, April 2015
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Figure 5.22: Relative As species abundance from bulk XANES forZECsediments, April 2015.
Figure 5.23shows bulk XANES results for selected soil sample neB®y20, showing

relative solid arsenic species mass distributoxridized As(V)is the major speciedetected,
divided ketweenAs sorbed onto ferric oxidesd mineral arsenate phases(lll) bound to ferric

oxides and As() were also detected in very low amounts and fall well with in LCF uncertainty.

117



BC20 soils: relative species abundance

As(V)-O I 48.6%
Fe-O/As (V) — 47 .3%
As(lll)-0  0.0%
Fe-O/As(lll) ™= 1.9%
As(ll)-s  0.0%
As(-l)-S ™= 2.1%

Figure 5.23: Relative arsenispecies abundance from bulk XANES for soils nearby2BC
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Chapter6:Det abDil ®edusrda loendd idc s

This chapter will explore in greater detail the discussiosection3.5, as well as explore
the topics ofroasterimpacted soils nearby the study lakiedoratory and analyticgrocedures
and seasonal studies

6.1. Solid arsenic hosts

A discussion on tharseniebearing solid phases identified in the lakes of this study is
detailed in sectio3.5. Thefollowing section willcomplement&and explore in greater detdlie
above

6.1.1. Arsenic trioxide

Arsenic oxideparticles identifiedn sedimentand soilJFigure 3.2\) match the extensive
SEMdescriptiondrom previousstudies by grain siz&SEtexture EDS spectrandassociations
(Figures6.1and6.2) (Wrye, 2008 Bromstad, 2011; Bromstad & Jamieson, 2@@ymstacetal.,
2015;Nash, 2014)Accordingly, these arsenic oxide grains were recognized as@tseride in

SEM-MLA analyses
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Figure 6.1: Positive identification of arsenic trioxide grains from Baker Pond via B85 (A &
B), SEM-EDS (D), and synchrotrotraseduXRF anduXRD (C, E & F). Modified from Nash
(2014.
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Figure 6.2: Arsenic trioxide grain, as identifiad in HL S-1 by SEM-BSE (A) and EDSB).
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Thesearsenic trioxide particles do show a net trend to decrease in size withddeypth
lake sediment coréTable 6.). This trendsuggests that these roastierived arsenic trioxide
particles are indeed dissolving slowly and act as a net source of arsenic into the porewaters. The
scattered distribution gfarticle szes in BG20 can be attributet the inhomogeneouwkstribution
of such particlesne might expect in sheenvironments and limited sample size

Table 6.1: Average grain size of arsenic trioxidelake sediments with depth, quantified using
SEM-MLA.

Depth Averggee_arsenolite
grain size (urf)
Lower 3cm 26.9
Martin Lake | 5cm 0
5¢cm 42.1
Handle Lake | 7cm 24.9
12cm 0
4cm 111.2
BG20 10cm 12.8
16cm 109.2
25cm 10.1

6.1.2. Arsenic-bearing sulphides
6.1.2.1. Arsenopyrite
The three lakes from this study lie on top of the Quytabell granite, a granitic formation
whichis not includel in the Gant mineralization shear zoaad contains no arsenopyrite (Boyle,
1960; Hubbard et al., 20068pnly the soutkeastern arner of Handld_ake might overlie some of
the shear zond-{gure 1.4. Thus, the geogenic origin of arsenopyrite in lake sediments from the
natural wathering of bedrock seems unlikely.
6.1.2.2. Iron-arsenic sulphides
Iron-arsenic sulphidgrains were identifiedia SEM-MLA analysis though they show a
distincttexture, grain size, associations &8IM-EDS spectt that arequite different than thse

of arsenopyite (Figure 6.B8; Rieuwerts et al., 20)4Thoughthese irorarsenic sulphideninerals
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were too small to identify with certainty undgwanttative EMRWDS analysis, thegre likelya
mixture of reprecipitation phases suchaasenieenriched pyriteor Feenriched arsenic sulphide
grairs.Neverthelesshese irorarsenic sulphidparticlesrepresent only a small percentagéodél
arsenic masg@igure 3.4.
6.1.2.3. Arsenic sulphide

On the other handhe predominant MLAdentified arsenic sulphide host takes the form
of small AsS grains, devoidf iron (Figure 6.&), also too small to identify with certainty under
guantitative EMPWDS analysis. Howevethat these particles lack iroand ttat they always
assume amorphous, anhedeatturesstrongly suggests that they are the product of secondary,
authigenic reprecipitation of dissolved arsenic present in sediment porewdtersealgar
pararealgaror orpimenf a process that has beevell doamented inreducing surficial
environments (Drahota et al ., ShédeyxKinburghw & Bo"
2002 Root et al., 2000

6.1.2.4. Framboidal pyrite

Additionally, framboidalpyrite grainsalso hostsarsenic(Figure 6.®), contaning an
estimated average of 5310m As(Tables5.7and5.13. Though framboidal pyrite precipitation is
well known to be directly related to microbial activity (Mozer, 2010; Maclean et al., 2008; Kohn,
1998), the rol®f microbedn the adsorptiojabsorptioror co-precipitationof arsenic in framboids
is still poorly understoodWhile theseframboidscontan relativelylow concentrations of arsenic,
framboidal pyriteparticles are so ubiquitous and in such large quantiiedl sedimentshat they
still represent a significant host of arseimdake sedimenté~igure3.4).

There is a noticeable transfer of arsenic relative mass between arsenic sulphide and arsenic

in pyrite hostsin impacted sediments of Lower Martin and Handle lakes, predating Ea8d¢
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3.4). It is conceivable that the same phenomenon may be happeniagatiepths in BE0. The
change in relative importance of sulphide hosts with depth might be explained, as noted by Bostick
& Fendorf (2003), by a decreased availability of sulphide in deeper porewaters, corgstrainin
arsenic to ceprecipitate or sorb ontoauthigenic pyrite. Unfortunatelyporewatersulphide
concentrations could not be measured in this study
6.1.2.5. Sulphideand organic matter

Sulphide particles closely associated with organic matter were not uncom(faure
6.3E, B, andcontained about two orders of magnitude naysenicdhan framboid¢Figure 6.3,
F), evidencesuggesting the importance of organic matter facrobial growthand in situ

secondary precipitation of sulphid@neras.
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Figure 6.3: SEM-BSE and EDS images of tlengle, likely arsenopyrite grairever found in
Handle Lake, 5cm deefd\), unidentfied iron-arsenic sulphidgrainin BC-20, 10cm deeB),
typicaland commorarsenic sulphide (likely realgar or orpimemt)Handle Lake, 5cm ded),
EMP-BSEimageand WDS dataf framboidal pyrite containingrsenidn Handle Lake, 5cm deep
(D), and pyrite containingalcium andarseni¢ associated with organic matterBC-20, 4cm deep
(E) & Handle Lake, 4cm deep).
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6.1.3. Iron oxides

In the context of this study, arsenic sorbed onto iron oxidesbeativided between
anthropogenic ROs, and sedany, authigenic ferric oxiderecipitates.

6.1.3.1. Roaster aide

Roaster oxides are a unique product of roasting at Giant Mindarelleen studiedn
detail by Walker et ak2009 and Bromstad201). They typi cally have a s
are known to contaibetween <0.5 andp to 7wt.% As Figure 6.4. Such grains have been
characterized ViSEM-MLA as part of theFe-Mn oxide w/As phase andh this study,were

assumed to contain an average of 1wt.% As.

/ [spot] det [mag O 50 pm
v| 50 | BSED | 1511 x Quanta 650

-] As

Figure 6.4: Reflectedlight photomicrograph of an RO fro@iant mine calcine dust, with arsenic

mass% determined by EMRDS (A), modified from Walkeet al.(2005). SEMBSE and EDS
images of an RO in sois-1 nearby BG20 (B).

As

These texturally unique gains weia this study,only ever positively identified in soil
samples, never in lake sediments. This raises questions as to the stability of ROs in lake sediments.

Andrade (2006) has shown that ROs are stable in Great Slave Lake sediments, yet Bromstad et al.
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(2015) have failed to identify any ROs it2 samples oftream and lake sediments along upper
Baker Creek. Such a disparity likely explained by profound differences in limnologies and
sediment characteristics between Great Slave Lake and other streams and kaleeregion
challenging ROs to different stability regimesdalso becaus&ellowknife Bay (Great Slave
Lake) has been heavily impacted by mine tailings, which predominant arsenic host is ROs (as
opposed to roastemissions, Walker et al., 2015)
6.1.3.2. Secondaryprecipitate

Secondary iron oxidéosting sorbe@rsenichave beemwell identified insoilsvia SEM-
MLA , andto amuchlesser extents in lake sedimeriteesegrains havdeencharacterizeds Fe
Mn oxide w/As phasand, in this study, were assunteccontain an average of 1wt.% Asnlike
ROs, they typically assume amorphous textures and can be very inconspicuous undE8SEM
imagery.Bromstad (2011) has identified under synchrofoased pXRD some of these iron oxide
precipitatesn Giant Mine sds as a mixture between goethite and lepidocroditeey contain
concentrations of arsenic that can be difficult to detect by an-EBB] perhaps indicating that
current MLA analyses might be underestimating somewhat the amounts afxiden hosts
Despte this, iron oxides are hardly a major host of arsenic in lake sediments asdaiiss SEM
MLA can identify(Figure 3.4. These iron oxide precipitates aret uncommoly associated with

organic matteand commonly contain detectable amounts of cal¢kigure 6.5.
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Figure 6.5 SEM-BSE and EDSimageof As-bévaring iron oxide particlesmbedded in organic
matter inHandle Lake sedimen{Scm depth)

Thoughthe MLA library used in this study was set up in order to recognize manganese
oxide hosts, ngpecific manganesuineral phase containirayseniovereidentified in this study.

6.1.4. Organic matter

Organic mattercan contain arsenic bgncapsulatingore-existing arsenic solid host
particularly ferric oxides with sorbeatseniqCampbell & Nordstrom, 2014t is also suggested
to be capable of directly hosting sorbed arsahicugh the exact nature of the bonding between
organic matteand arsenic has not been studied in great detail (Meunier et al., 2011; Sadiq, 1997;
Wrye, 2008) Organic materials containing detectable levels of arsenic in-BEM have ben

characterized as OrganicsAg/and aike to otherunquantifiedsorption phass in this study, were
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assumed to contain an average of 1wt.% IASSEM-BSE, these grains had distinteixtures,

unigue to organic matter, resembling decaying panawit materia{Figure 6.6.

9/28/2015 HV spot| det |mag O 1/6/2016 HV spot| det 100 pm ————
4:54:56 PM 25.00 kV| 5.0 | BSED | 824 x Quanta 650 4.08:21 PM |25.00 kV, 5.7 | BSED Quanta 650
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:z:' | 5 | -+ !L & g8
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Figure 6.6: SEM-BSE and EDS imz:ges of Amearing particles of organic materialé in s&i8
nearby BC20 (A) andS-2 nearbyLower Martin Lake (B).

] adlla

Invariably, this phase contained noticeable amounts of iron, without showing clear
mineralogy under BSE imagery. This suggests that iron oxide minerals contained within the
organic matter would be the aatuhost of sorbed arsenic, while the organic materials may just be
providing a form of physical support to the whole

It mustfurtherbe noted thiathe SEMMLA phase Organics ws was alnost exclusively
found in soils, suggesting thatganic matter plays very different role in soils than ifake
sedimentsThis is supported by the aforementioned relationship of organic matter and -arsenic
bearing pyrite found ifeke sedimentsHgure 6.E, F. Thus, in reducing, agueogsvironments,
organic matter may act as a fertile environmentdalphate reduction (likely via biological

processes)promoting thencorpordion of arsenidnto sulphide precipitate On the other hand,
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in an oxic anddry environmen{such as soilsjrganic matter may simply act to contaxidized
arsenigphases (Wrye, 2008 both lake sediments and soils, however, organic maibertsins
only but a minute fraction of totarsenic masdgure 3.4.

6.1.5. Apatite

XANES results show consistentliegated-e-O/As(V) relative conterstatlower sediment
depths well below the 199 horizon in all three lakegFigures 3.4and6.7). That relative As(V)
contens would increase significantly at depth (in very reducing environments) suggests that this
arsenates contained in a stable mineral forrhus,apatite was analyzed for arsenic conteat
guantified electron microprobe analysi®rder to test whether the detected As{diild behosted
in commonphosphatesLiterature does highlight the ability for arsenate ions to substitute with
phosphate in apatitavhich concentrations can range betwel and 1,800ppm isomeapatite
minerals(Mailloux et al., 2009Roeder et al., 1987and up to 15wt.% the rims ofaltered apatite
grairs (Gianfagna et al 2014).

Micro-probe analyses have however consistently shown that apatite contained in the
sedments of Handle Lake and BZD are almost pure fluorapatite wittonsistentlyarsenic
concentrations below detectiimits (seeTables 5.9and5.15 Figure 67). There is no reason to
believe that Lower Martin Lake, overlying the same geological Uwgufe 1.4, would be

different in that regardlhence, the mineral host of this As(V) remaimsietermined.
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Figure 6.7: Bulk XANES profile for Handle Lake, clearly showing the relatingortance of
As(V) at depth (A), which is not hosted in apatite grairixm deptl{B).

Since XANES identified much of this As(V) as being associated with ferric oxides, it is
also possible that these arsenates aradtuiron oxides, even in very reduog conditions. If this
were the case one would wonder altbetimplications regarding the kinetics of arsenic reductive
dissolutionin reducing environmenté\lternatively, it is alsgossible that this arsenate is hosted
in dilute concentrations the crystal lattice otommon rockforming silicates. Sucbccurrences
have been documentedgranitic sedimentsimilar to those in this studlam et al., 2014)

6.2. Aqueous arsenic

A discussion on aqueous arsenic phases identified in the lakes of this study is detailed in
sections3.5.2and3.6. The following section will complement this secti@md will add on arsenic
speciation analyses.

6.2.1. Arsenic remobilization and precipitation

Poravater pH wasneasured in the July 28 season, and porewater Eh wasasuredn

the April 2015 seasorfF{gures 6.8and6.9, respectively). A sharp decrease in porewateb@&bw
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