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Abstract

The former Long La&289GohéedamMi 8edlfdOYw_s8 Ont ar
bearing tailingsitkasthlawed toev dw estclthiaordgteadc ® amsnadi n me
ox dat on of sulf de m nerals (ma nly pyr te
arsen ¢ (As) concentrat ons dddwrest rteiame, nerlowk
transparitdeondd svyxed asmd tdhse r déposned ansethimeat]|
mout h of nt Hedaetl9yetelkke O@Ont ar oomotvreruaotmedOa 3sand c
th tckk)stab | ze the ta | ngs surface and the s
prec p tat on ofh eseenteosntdeadr yl ary enrerhad ss .erfoded at
the tranepoditdefri ahewhhyesuruaoéf has become a
pol |tutthsemm r oendi nglhhmeanoth.] esotf ihv ess ewenntechh ar act er i z
t he matdurde stri buti onn tohfe cteamelnitnegds charaudsdiesh et a a d c
di agenetic transf ordmartiivwends axhiada taifofne cgr adaucltisn
sedi menvterdeélctaa. cores were collected from the
dried anaerobically, and polished thiEmDSsect i
EPMANd ( EDSEMESfevated concephmhtaset Aeng lo#tls wki @
wt . %), and S (2. 8&dwtca.a%e ridn ttrhaen-sspaonita tl eafy resr g Iri fo i

from the undlehd yminme rt ali d ginmgdsinoaltes éant \gatt idems ee s

sul-mi deorxaldati on in tddepttal laamd §6<e Dan/damr y mi n
tailings and the sdredaldiscsgratpanancli pabd/pyNass D r o
jarobEBtehall ow porewater is acidic (pH 4 T ¢

to 346 mg/ L), Fe (uw(up ot d 8M42, 0yl Lmg/ lAa)n.d TSOe ¢

porewater | ed t 6 e tahrescepraddeifp/aand ii toen toH at cemen
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particles and fofMimed d¢sme ntbe dmicmeursefls .sperceccn doa r
vari abl eciowmerhel saddng to a dihsattr iibsu tdbi oshchoonft ic

vertically @ahd hakeczosnatthamiimess ous fragments of ¢

—

he -imnmact e dnaskd omtuindadhe(@ompared to the cemented
in the tailings areasdi &€ $9@lswet .if 0 Tahgdmema rssto ikla ltsipd ra

scoroditeaacdinEeNadDut e t o oenlceevatread i aognuse eods As ,

—

he s enaitmneentjcnrteeartfiancge ¢ o n csd rhtart a tciaonn dgri avdei ednitf f

c

pward into the | ake water and d.ownmwaaampgartios c

—

he crusts i n t Heosttaeidl icrrgubsatst dheadvgeed®imE @It € at | 0

mpl gehgAddiepd .e hE om e pplnedt inoonb iolf i ZAast i l®epa Wdeusa | fer
arsenates proghédeswiamnmhly ass x § h y d gnonk irdoe Fileo € m
as the ma n d agdmet Bdeewonedrda ct hr o u g hnopuatc t teldl e

sedi,megmtm t he¢ os dmfpeedheandes s ffiodrierm esponse to su

-

eductsiudbmeaxniatx i ¢ chomadyhiydnex des exh b t d ver

(7))

omnceo nisnagft aggregptescrondcy sagalmsngread i n wipthler ul i
silica in the interstitialcosnptaaciens.a Trhiex tluverpe dom
Fe(ll), Mrieth d&epdriddDimat mi yeOalBoghearli fprptsa ods
control As concentrations in the tailings and
of remediRuttiuore pleanesli ati on efforts may benef.i
forms of As, and understandingeofvedprdelt bdson

di agenesis upon buri al in the | ake sedi ment.

AD



Acknowl edgement s

My interest t o dwovrekwdopnd deni wer kviasdg eisn an environ
My supervisor, Dr. Tom Al, provesear me am mpmpe
|l am indebted toanitimnfcor blait s ogubaodmgaea&ahnyiwil edly
in geochemistry and mineral ogy. Il would I i ke

my time at the University of Ottawa.

I would I|Iike to extend my thanks to Dr. Al "'s
Ottawa, and my committee a(r@mos DahoereltleiFors$upmj
I would I i ke to acknowltehdeg eNatthuer afl u nSdcii negn cpperso v
Research Counci l of Canada Strategic Partner

Environmentally Responsible R&ERREEELEe Extracti

Finally, |1 extend my appreciation to my fami/l.\



Tabl

e of Content s

St at emeanuUt NOOL. SCIOI. e A A

L o T T A SO = Y o ST PP P PP PPPRPPPI AAA
ACKNOWI € 0ug. BBt Sttt sttt et e s reeteereete e neeneeseenens 1]
Tabl € 0 f O B S DA
T S o T OO 0o I U I S - NSO OSSO PR SRR PSRPRTI BA AR
I S o T A =T O = - SO OOOORUOT TR E A
CHAPTER ..ONE e e e e e e e e e M

I NT RODU C T L QN ettt e e e e e e e et eere b e e e e eaeeeeeennnens M

R T A= W T O = SO P PO P TP PPUPRPPPPRN M

1. RMine wast e.We Al h el g H

1. Bineral ogical and ge.o.c.h.emi.c.al..char.acter.i.zation
1. Bong Lake..God d  Min e e y.

1. 60al s and..obj. B CliuV B S MM

R S T S~ 0 A G 1 Y o S U Y SO = PP PP PRPPP R PPPPPI M M
CHAP T ER T ittt e e e e e e e e e et btbbban s e e e e aeeeenenssend MYy

GEOCHEMI CAL AND MI NERALOGI CAL I NVESTI GATI ON OF

TAI LI NGS COVER AT
2.
2.
2.

1 I NT RQODMUCT. L ON ettt snee e M
2 SI TE DESCRLP.TILON e HH
3 MATERI ALS AND..METHQD.S. ..o H N
2.3.1. HY. 0 00,080 000 Y H N
2.3.2. Taili.ngs..gen.Chemi. .Sl ly .. H N
2.3.3. Agueouwu.s..g.ea.c.hemi. sy .. Hp
2.3.4. Geochemi.cal..model.i.ng. . ... HC
2.3.5. M A L 00 Y e H. C
2.3.5.1. Sample coal.l.ect.i.on..and..pr.ep.a.dt.athicon
2.3.5.2. Mi neur.al.a.g.i.c.al..anal.y.s.es. ... HT
N G S N I S 0 USRI HY
2.4.1. HY. 0L 0.9.6.0.0 0.0 ¥ HY
2.4.2. Taili.ngs..g.en0.Ch.emi. .Sl l Y .. H ¢
2.4.3. Aqueous..g.eoc.hemi. s ol Y, on

A

LONG LAKE GOLD..MIL.NE.,.....SUDBWRY,

CEI
CA



2. 4. 4. ) = T > T o T o Y AU RUUUURTURRR 0. n
2. 4. 4 -SlcalFa ed hds.8.h. M b0 e on

2.4.4. 2. Mi cr os.c.al.e...c.h.ar.ac.t.er.i.z.at.i.on....op

2.4.4.2..1.... LA QS op
2.4.4.2.2. Cement.ed..c.r.us.t.s...i.n..s.a.nd...c.o.voecr
2.4.4.2.3. Nat.wr.al..s.edi.ment. ... nH
2.4.4. 2. 4s c dNlasm oanled.rea.c.t.e.r.i..z.a.t.i.0.N s nH
2. DL S CUS SN e a e e e e eer e nn

2. 55 ull.fmii cheer al oxidation and pr.e.c.i.pi.t.at.i.omn of s ec

2. 5Ev2.l ution of cemen.t.ed..cr.ust.s..i.n..s.and..hayer

2. BONCL UGS LN S et e et e e e e e e e e e e e e e e e e e e e e e e s e e e s e s s aaa s nannes pn
CHAPTER THREE oot p o
DI AGENETI OXVYRYNROXI DES FORMED I N SUBOIXMEAQOEBNOXI
LAKE SEDI MENTS NEAR SUDBURY.,..ONTARL.O.. ... p o
S . ENTRODU CT L O N et e e e e eeeeeannean e c.n
3. 31 TE DESCRIL.PT.LLON e co
3. BIATERI ALS AND .MET . HQD. S e cp
3. 3Salmpl e col |l ect..a.n..and..pr.epar.al.i.Ql. ... cp
3. 3S5S€di ment g.e.0.CN e Ml S i .l Y e cc
3. 3AQRUEOUS gE.0.C. N e M Sl Y cT
3. 3Midner al ogi cal..c.har.ac.t.er.i.zat.i.on .. ... CT
B . B E S U L T S ettt e e e e et e e e e e e eeeearnaaa co
3. 4Seldi ment g.e.0.C.N e Ml St .l Yo co
3. 4AQRu.e0ouUS (ge.0.C.hemi Sl iy e L M
3. 4Mi3ner al ogi cal...c.har.act.er.i.zal. . 0D T O
3. 4 .SEM .aNal Y. S S eeeeeeeaaaaaaaaean DT
3. 4 .SAT.E2M @ Nl eSS T ¢
3. DL S CUS S LNttt yn
3.5EVIol uti on ..0f. .. .S PNl Ul S Yy
3. B ONCL US L N S et e e e e e e e e ettt e e e e e aaeeeeeene y
CHAPTER R O R e e e e e e dc
CONCL U S L N S et e e e e e e ee bt e e e e e e eeeeensnnannnd dc
AP P END L.CE Sttt en st n sttt en s ssen s by

BAA



Li st of Figures

Fi g.Malp 1showing the | ocation of the former Long Le
the studied area and a magni fied regi bhei moBt B8hoWw
I I = T O - T - T U M N

Fig. 2.1. (Left) Location of the former Long Lake
areas and the southern end of Leng Llaankde .t h(eRisaguhrtr)ou
T = - SRR H O

Fig. 2pBas&ofbedchemiscstayi opnofiLlL@3 &dwd LLO6. Aver af
indicated by the dashed | i.nes..i.n..t.he..s.t.r.atoingr aphi

Fig. 2.3. Depth profiles of groundwater geochemis
sampling episodes: December 2016 (1), duama 2017 (
O U T = O O I - SO (O O 1) B PP PPP P PPPPPPPRPPPN 0 M

Fig. 2.4. Depth profiles of saturation indp ces fo

and I correspond to groundwater sampl.ed..i..moJune 2

Fig. 2.5. Cemémnte@dAcrBytdiatomMmAi nuous crusts in t
eroded crusts on t.he..t.ai.l.i.ngs..s.ur.f.a.c.e..at..D2.

Fig. 2.6. Backscattered images illustrating textu
(Aspy) grains.diTshso liwmed ngu lufeindd ymi ner al s have secc
variable thickness, anfd-Afs@ ec amprd sniatnito mp.h aTshee chosnpsyi Sg

centre of panel B was invest..ga.t.ed..flur.t. herocwith (
Fig. 2.7. Mineralogy of the cemented crusts in th
Backscattered el ectron -s$ealges modplsolragi argl | vamril &
mi neral precipitates; oX1E®®SdaXalyspsesandilscc &tieo

spectra indicate that -AsDe a e-4pRES, s erse sapreec tciowvriepl oys. e dN uon
represent |l ocations for EMP analyses (see Table 2

dense precipitation of secondary mineral s. EDS ana
K, and Na are the principal component s. Numbers 1
for EMP anal ys.es..(.see..Tabl.e..2. .. 01) .. oo

Fig. 2.8. Mine#falidgygfsromttehd axaendand sand cover a
illustrate accumuheat alonpoécispictoaidiaiomg a bionteet hac s af
by a tHaskbedn the thihesecdeohyi ocomparkdngs. t EDS a
principaimi asecanhdphpshes® aeaodg ks Nasoft.eFe................. nm

BAAA



Fig. 2.9. An oxidized arsenopyttiatid i (nAgssp yi )ntgrrdianc el
was selectedcfadre mamkEdMmetneresti gati on at the | ocati
STE-MDS analyses on t heundad onrgddrhye MAispegr glr aswmr ( C) i
i s domi n-AsCed Dby, Hd ectron di ffraction patterns (E)

i mage intensity from the SAED..pat.t.er.ns..c.o.lnloected

Fig. 2.10. Conceptual diagram showing how a gradu
influences the capillary rise of porewater and de
seasons, when the wdathdrngtsal Ing eirefnatcreey cawodt rtteh es A di s
interface, secondary miner al precipitation occurs
|l eads to a reduction in pore size ateto This 8aus
gradual upward-emmitgrryatpiooinnti n(l GQ)heanadi rt he associ at ed

Lorgerm snilheirédé oxidation and capillarity contri bt
the sand asckboawnt enetl hel bat.r.o.n..mi.c.r.o.g.r.a.p.hndf D)

Fig. 2S.1. Uadi(Niewsl|l ao&angAnorth). The tailings a
eroded by the creek that flows thr.ough..t.hewmailin
Fig. 2S. 2. Backscattered i mages (A, B) of seconda
the tsediimgrt interface at LLO3. -Bhe fEOD® -§Xgctama i

sul fide (Y). The mat grimilnegward rsoursdidrogni tntaen.ppdHec d m

Fig 2S. 3mi MISercaolndmrreci pitate in the pore space of
nanonsectaelre STEM i nvestigation at the | ocation indi
il lustrate secondary manteircal (sC)wihahbifti.brTohues HIDBY sapne
fibrous particles (X in pa@ewi tBH mirreord oAs ,naannd yt hce
prismatic grai nsAsQJY..i.n..panel..C)..ar.e..Eée..... po

Fig. 3.1. Maps showing the | ocation of the former
(Il ower rightSaghkwwtda fR.te.dali.r,am2.0.2.3. ... cp

Fig. 3pBhas8&obedchemistry profiles for shallow and
core was | ost during core retriewelptand mpammleidng
sedi ment at both |l ocations is indicated..byrndashed
Fig. 3.3. Agueous geochemi sierxyc ecpan cfeorrt rad tkiad n np rt oyf
HCe kigh for shall ow and deaemacadreads .s eTldh enednetp taht tboo tnh
indicated by dashed | ines i.n..t.he..st.r.at.i.gr.aphi c co

Fig. 3. 4. Depth profilesoayhyarox-pdereeni KedNiaaaesd o
at the shall ow and..de.e.p..c.a.r.i.ng..l.oc.at.i.o.n.s... TO

Fig. 3.5. (Left) Photographs of the cores from th
gradati ons mpractleed miemde ment overlying the natur al
|l ocations where thin sechnieomal sgmplaés awat gsesl | ¢ Ri

AE



Backscaltéeeredn SEM i nmangpea cftreodm stehde meinnte at t he deep
fragment of cemented crust that has been transpor
commonly display variationsei mabreirght nsss rasnde mg

(B). EDS analyses of the seconda#fy sminm@ae¢mralisp i n th
Fig. 3. 6. -eBaeccktsrcoant tSeEEM di mages of theiCepmantdedheria
sedi méR)Y. (White rectangles represent magni fied re
the tailings areas)e saedi Beand. FTller 8EMsi maoens | @&
same operating conditions to compare morphol ogy a
panels C and F indicate that the crusts icmutshe t a
in the sediment that are porous and embayed. The
relatively | ow anehowareida lxlreu sités. @(;hAesn/ seed 2~-0n)Dnd30o mp ar e
crusts in the it9aidl;i mg.s.. . (UIA9. L. Fe..=..B..2 i, T C

Fig. 3. 7. Backscattered electron i fmangastehowierdg mae
(l ocations are indicated boexsyihdyed rwohxiitdee sr edd tsgn calye sd i
mor phol ogies incilEQdi mapadesdigiyméitcal (&l usters (F),
prismatic (G, H). The-sséct¢odeasyll fSiudddd,d &ro mer cd fu dweh i
precipitate in framboidal form (J). The EDS spect
crusti amhatienr panel A indicate that-Otwhkilsphtelhearlie¢sgicd
C O N A B0 B e e e e e e e e e TYy

Fig. 3.8. (As;el@)ctBankssamtgtessr schowi ng the | ocations
analysis. Yellow rectangles represent-Imagniwfiitend nr

fragment of crus2 {(8@8mete¢edl gasusploendled.. by.ythhe cru

Fig. 3. 9-ADFA) mabEMshowi ng t he-1b awndd d&rhy beaitrweoam ds g
STE-MDF i mage showi ngEDS caantailoynsse so,f isnTcHMidi ng a spot
mi crocrystadl amdmasphherllyeéei caphdemrwins'exctedge® mo ntewma
resi dual c FEUDsSt .an(aQ)ysSTSEMN t he microcr y&t adu i ndi c a
peak i s duer atyos sfpruorm ouhse X a EDISe amall dari.ca(lD)prO®TEM e ¢
transect shorwant e nt hBatd etmhoen sctcomposi ti on of tie mater
whil e the surroundiAs@Q. mBh & rrAayl Faoodnsti sitnst eonfs iRey r at
surrounding crust..r.ange..f.r.om..0..8..t.0..1..5.... y M

Fig. 3. 10ADRK A)me&SgeEM r om a2 piolrlt u otnr atf iss @ leswelu whr eydsrt aall |,
(B) SAIEAM i mage showi ng (DS lam@dtyitore ad f-ExSaSBEMt . (
anal yses demonstr adoenstihsaeit wdfh BF embme o 8li yshaldst he in
F il 1 ed-OWipthlR. S @ .S e e e e e e e e e e e Y. H

Fig. 3. 1LADK A)m&geEMs howi ng-2a gdBntiToe SAEDOpart tlee n
phase filling the interstitial spaces displays di
spacings determined fromah 66AEDeppbhadr.no.ofyeopi chocr

Fig. 3.12. (Left) STEM i mage showing the EELS mea
sphez.ul(ERi ght })s uba oglkagatdegdn dEeEd.rS spectrum showing the



wi ndows usedi/fFe.c Dlashlealt eankle sol i d | i Aleasw repr esent
background subtraction-l andsf baakgdatadf.okblyoowahg w

Li st of Tabl es

Table 1. 1. List of common second.ar.y..miner.aps foun
Table 2. 1. EMP analyses of secondary phas.eost from

Table 2.2. Il dentification of eAsOctphasedihfithetiser
mi ner al coatings surroundi.ng..ar.s.e.n.o.py.l.i.t.e.nnFig. 2

EA



CHAPTER ONE
| NTRODUCTI ON

1. Mi ne waste

Mi ne waste refers to uneconomird gmatadreisalf radims @
and further physical and chemical proeessing
metall i ferous ores (Szczepanska and Twar dowsk
only a small fractionratted| uavbhlod¢ ed drime d nmear@td r i
materi al i's rejected as processing amrdesnertal |
dami nes in developed countries operate -under

Fox and Lot 2&rldgse managing mine wastes and |
associated with resource extraction and ref |
(Perreault et al . ,-bearlisng mBipree ividsxtad d yeexgsad d d ¢
have the potential to gwineh @vcaotnecdeind rnaitni eo ndsr aoifr
met als (Ohl ander mdgathiffeclzyp 1828rowhstbmsabGray,

Harding, 2012).

Saf e elromgcont ai wanenheeiodf ont he main chall en
industry (Vriens et al ., 2020). Waste risck (w
typically stored in piles negaraitnheed miensiindgu es iftr
concentration process) are usually pumped to
swmberially or under water (Hottormeatrialg. t a20?2
installation of an engineerétdtbevembnssysbeamoaol
measures to control AMD. The cover system can



| ayers consisting of di fferentamdi e dmegmbsr,an
(Bussi re etsatate@io®€8)f o0t Mmtmredu ztaita mni n( dll
| i nbeggs,ul furi zation, wailar ge nasrnuslafsitdoebrf dsiedprna rtaht el
mi ne tmriillammgsqdq Bdngzpagablba edi sapwistah 2 &v@&)nal ¢ @ c k
passivation (e.gxyhypdecxpdéatoani ngs Fen the s
(Neculita etalal,; ,2@Mh®&T,0) R4AThkd eit, mRI0O&Re nt at i on o

has helped to decrease the occuetealk@l brfe BMOs

et al ., 2@Gabm)a.ndodonvweayv eni nneast, e awmiheelreef tweans tfeound dep
water <coulrwiersg oardasv cl ose to the mills (Wal k
has resulted in significant human and environr

2011; DesSi sflhoe etemdn. plo2@m®6i)ronment al risks of

still | ar e yept uarlk.n,o wh0 4 3) .
1. Mine waste weathering

Sul fbieche i ng minerad s ¢0&r ghxo)tPply,eidrésed rkcepSy r i t e [ |
targeted for recovery because of their |l ow ec
t hese mraecahtsaii lmiemlg svansatned rcoacnk ,under go oxi dat.
release metatc(WWoamndds |y et al ., 1996; Ri msti dt
overview of pyrite oxidation, which is a wid
informationi absutntvblevee@acan beAbfiooutnidc ionx iNdoartdi
pyrite oicturs ehgposed to oxidants such as di s:¢

reaction of pyrite with( Hgusastoilovnedl)o.xygen i s I

Fe3¢)-02+ BA Fé&™+ 2560 2H (1)



The?"el eased from pyritfien otxhe apiri @ne mxe dd fz esx d &
the consumption ofHy proltydips 0@EBiguBEi pnelj)pitat.ii
oxyhydroxides and "QEgeaties 3apddi ThenakveHall [
oxi dawitbnoxygen(Bguatni eoxidantt herefore, i nvol
oxygen and watoxrny htyadroaoai chef amdiEqguwlaft u,Bieé @&8¢ iadh d[

represents a vaaxyhwdrodxipbess]i bl e Fe

Fé+-0.+ 'K’ F2&+-H,0 (2)
Fé% g0H = FegEOBH (3)
Feps—0+-HOA Fe ( 9H) ZSHD (4)
Once fertji ci § rfoonr mjeFce, it b e cpoymeist & haet plroavwnaprH (o

i nt enwgictth reactive surface sites of sulfide mi
(Moses et al ., 1987).

Fe$s) 1¥FegOA 15Fe 250 1'6H)

Biloogi-madil guéedhi der al oxidation is accompl i ¢

prokalybbsee that obtain energy froMAt oxedatabd

condition, neutrophilic thiobacilli <tahesxindi :
(acidophilic) bacteria catalyze sNdrfdster oonx i adma
Sout a9 7 ahahnson an@OMHE) soaiFgi zeThHi dkeaaqi.l, | u

ferrooxidans, Lepjaomrdgoixdiidl{ leweAnosif, ehrobacdahss th
Thi omona}d hadadptrnédute to thenfdol fmat i epnracod wlcftass r
of their LmeteaMsoskei,d mz dgrept ©t,Ahi 0 me.plahsatspar e abl

surviv-eontnanmisnat ed micrminngadesmomlyrenmant i de o0Xxi



(Hudseodnwar ds e)tThaels.e, s2t0uld3 es i ndicatenethated he
sul-mideral oxidation is greater by many order
The reacti ois) (bEegtuvaed e m nssu blk i d exatnedn @ &ladl 1 g nd

to the formation of secondary minerals (Tabl e

spaamehgilings particles. Petr wmoincdidti oals. | (ea®
secondary mineral fortnhpebr ewate)y paéecarptiani en
ii) i ncongruendgi tdu stsrod rug fi ornmatnidon nof pri mary r
reactions. Precipitasdmni mgdorsteamtn draariyeemitnr eattat! &

ofmet(dalsi d drainagGer wat@mmpdiepi t-axybwndmodxiBkes pr
increased capacity for adsorption o f arseni
precipitation of such secondar y-oxmi chaetriad rs rcatne
' imiting oxygen diffusion tocathelafdi d® mihree dalve
of cemented crusts and hardpans (Bl owes et al
| n -AFsei ch t adrls emmjasteer Rhkee most commonly observed

precipisavesdi wkHO FdbAs@g the most prevalent (

Il n fact, scorodite is often a desired seconda
of arsenic in AMD (Fl emming et al., 2006). Ho\
with water, and thus, -tbemestabilcionhge(Bbubeau
2007) . Famn osxu kco xeincv i r on-medit 8t edni cedbcbhVe@f diss 8¢

can be the dominant mec hammiicsrnolt @esssendd esmhaurds tersa t( e\
et al ., 1998, Ni chol as Uatdeal anoXx0 @3 coRelveés ones
ful fill their reopidati om ©0équwinr ermhesrcttsy olmy d o n ¢

coupledetactiremi ofal el ect rAosn Vg c caenfd€ wFmes(i Islgis) h e ta
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(Cummi ngs et all. etad 9t9Me rEesd wheet

str-nouondaAs gyVvVanadnd hEef¢ kel epnset cofp Arsgwatier an

Toget hegt, udirhekssea tne-ARreh a&th t ai |l i ngs ,-b eoariidrag i o

ecgan sltelaed groecspcoantdaoppembhner dlesr-ac sanatnpat
ftehtad) sequasderS Ay, rleeanovi ng ,baemt hesen s beo
erals canugeéer desosbbhcordidiiissti mod at-ory mi

ucatnido ns ub sreeq ueeanstel yt hese el ementlsn adkK i cheao

uci ng dciosnsdiintiiloantso,r yc ao Icfulaa ret B eevdeuncidd gaen,d 1 9 9 7
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Gibbsite J|Al (®H)
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Epsomite Mg S40 7.6l

Angl esite |PbSO

1. Mineral ogi cal and geochemical charact

The extent of e nfvriomo n e nvtassit e i tndpegpmetesd a |l cogii ¢ al

geochemical composil toican afliiaviatsuie ec memmiec ala,l , bi o
physical processes (Nordstrom and Southam, 19
Al et al ., 1994; Bl owes et al ., 1995; Gierre
Seal et aéson20P@11JameSisto et al., 2016) in

characteri zati ove adfhemii mea wea itdencesstdii d att ¢d of  mi

t he | ocal environment al conditions, t he fat
i mpoundments, and associated environment ri sk

Jami eson et al . (2011) and Hammarstrom an
anal ytical met hods that have been commoayy us.
di ffraction (XRD), a bulk charactemictaoinopat ¢

from samples and matching t hem alghaei nnsots ta adbautnad

mi ner al s c awi tbhe ti dieshtonddivesdd, it can become dif
t hat make up | ess enhtainr ea sfaemp | pee racnedn tt hoabsr et hteh a
amor phous (Jami eson et al ., Z®X )i .n g | dne mteir fail
observation of textures (e.g., corroded bord

performed usi ng oHotwecvaelr , miscercoosncdoapr y mi ner al s t



are nmifeatemawxaog ystalline (Hochella et al., 1999),

posswibtlhe ptthhecal mi croscope. Scanning-debkeetsonnel
spectr EDBpyY have proven t o be dveanltuiafbilceat mo o i
char actteagd lzriteg.umms, Roussel et al ., 2000; Sal z ¢
Li ke Wi esemir omo pnraol byesMAs) (pgERvi des quantitami ve ch
scaslpeat i al resol ut iiodne nwh if yh ainsde accdredraaldyttoepen azsee s
recesit i ¢i ebse ghuanv dtiog leusscel ut i on | magi rrga ntsema hsrsii ¢punt

el ecmronmnoscopy ( TrEanMt) o tsoomesleecntd dryy phases (e. g.

1999; Petrunic and Al , 2005 ; PetScthn ind |l etr alnd,
2017 These and other similar studies have dem
can occur at vari ous scal es, -sacnadl et hmeirned roa leq,

measurements r-dmog-snmmgl é r 0 Blammedce sailt.ab lBORelr)st ar
di str amhrdetaicoonf vimti per al s.

Mi ne waste studies often combine mineral ogi
mi n ewaaler i nt leataet iroenssponsi bl e for di ssolutio
precipitation of secondary mineEawar d €. gt ,alB.l
Petrunic and Al , 20a%; fPaovedresdoa ck@ &) meK ho
useaor fdet er mi n-at e ooexnitedfea d maejfcerme nt s . It i's gene
el ements with high at o2milcd )n unkboerr d(ez ex 18 )nat Fio
nitrogen, angl ssaodmustcontienstrument wi4h an |
2000 analyzer; LECO Corporation I nc.) i's com
mu letliement analysis of aqueous andosplied pamapl

opa-emi ssion spexES)o et rignodiupdGé&Hdy epllyas ma mass s pe



MS) , whi |l e determinations of anions i n aqgue
chromatography (1C). Measurements of pH and
controlling the stability and fate dfl)mi mereal
c o n d udcutrei dnagq utehoeu s psraorgpfl & nmagd dgiuteioouns, gae oc he mi c al
using the geochemical equilibrium models, suc

the WATEQ4F database (Balal taenedre Nor dstaasemss 189

di stribution in porewater and calculate the
proven to be useful for understandi ngAmeochemi
et al ., 2015) , amidn etroa | pir parde caitip n s ¢éadt cars di anmyg S y mi

waste studies imaegrabhowmf omtnbketh@arsalssminer a

geochemical i nvestigations can l ead to a be
bi ogeochemtcahsi hhataoccur in mine waste envi
ri sk, and prepare for effective mine waste re

1. 8ong Lake Gol d Mine

The for merGoldodngMilnaek e( 46 U 186 19. 168 Nsahdc8t#&g
Eden Township, approxi mately 1G/o|kdm wsaocsu tdh wsecsotv e
1907 and consi shhear immag ng wr iotfe gaonldd ahrossetneodp yirm t

guartzite (TWentméme DbDP&Flated intermittently fr

ore zone was mined out in 1939 (Gordon et al
mill ed at a oggaddH2 Mo fHI18.L1, ¢/0tlaln . During the
163,60 tailings were discharged directly ont
The tailings areas consi 9t, ®faAn h-08BA ;Oiidiemrg onn

the | argé€Bleé nigdhi viemae) di scharged into | owland a



Ssubsequentt rearnosspioornd eaonidvteai siohgsls downstream in

a sedi ment del ta at the mouth of the creek.

Sul fide minerals (mainly pyrite and arsen
environment for nearly 30 year & hbheflvarse agp pd da red
1970 uvemetpa seixoind,atnido nt roafn stploeg tsul fi de mineral s |
However, concerns have been raised regarding
of the tailings. hlalBeniOnhot a ewlaotsegro Volwnes metrgtr e e k  ar
Long Lake, a2 t@e0ckdr alvg dcrrosmeoneinct r at i ons ranging
Og/ L, whi-athowe et weldui deline concentration of
( CCME, 1997 nal gk @wingbemaripsd re s -0flr srh oWAae Isewma tce d
most of the samples-Lat&8lton,62086p. OGhe)capNCI
tailings porewater has | ed t o ftolremmmrgd eidp ictr autsit
t he sandktlenesbhed | ayer has eroded at sever al
mat ewiisablr wacer runoff has become a secondary s

environment .



Sudbury, ON, : ¥, 4 Long Lake
Canada “u - B o
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City of 3“_-I'dbu'r_!!’r 21 tailings delta =
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tailings p
areas :

L TA-03

* TA-02

open
mine pit

Long Lake —

Fiyg. Map showing the | ocation of the former Lo
represents the studied area and a magni fied r

del ta at t he mouth of Luke Creek.



1. Boal s and objectives

The ovesodl It hg seelrtes eiamwenstwi gat e-mt her ak taendt daf i

secommdarey al acoumhleattioommgand kei dgenethiges tr ans/

affectdenmivedgesxi dati on products following but
The specific objectives required to accompl i s
l)condaucdet ai l ed ehacameerddber mehe thadcompoc

di strobuseoandar yt hmei neridlisngis, and in the sa
2)condaucdet ail ed ohat Gemgaioceadi csredi ment del t

di ageneti c storfamasfdemrmateiddat i on product s ar
formation of di agdnetic minerals
3)conduct geochemindahteaimeiasgs eemmpgaée¢thed ms i me

undertshemanmdat ure and reactivity of the solic

1. hesi s structure

This thesi s$ni $ oortharhdaafpleadchts etcht emae sn @awmud comes o
research. Chapter 1 introdondessebahlkerciomgtepeéac:

highlights the need for detaileddgreostchrdi ché

cont amif maitminoen wast e. Chapter 2 focuses on t he
oxidized tailings and precipitation of secondz:
cr uistthseai | i ngs an@hlapheanrs maeteen pPplhidl IJeshendal nof H

Materials ( SapkCohtaagpxteetni a8e s, d2 @ g 8 )sieth aicldiem g €dor |
mat efrolalldowirm@|s eidni.nednkie s ¢ h apputbel ri Pheesanibiceaeln Ge o |l o

(Sapkota an@i viln, ha2ptaZedr)s a2 eamdclBuded in the f



publications, their ¢tbetdescsi panhdsosnalwhmietaht enc
arneot descri bed separeeast etlhye n€ahianp tfeirn g msgusmroafr it
and -pbhsd gedabedi adli tEEDcShadlatSSEM r amdt héd et dialk

sedimeat were not i ncluded wirehincthbdenmhai n babe
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CHAPTER TWO

GEOCHEMI CAL AND MI NERALOGI CAL | NVE
CEMENTED CRUSTS I N THE TAI LI NGS CO
GOLD MI NE, SUDBURY, CANADA

'Reprinted with permission from Journal of Haz
Sapkot a, B. , Ver buyst, B. , Bai n, J. Pt acek,
mi neral ogi cal investigation of <cemented crust
Sudbury, Canada. Journal of Hazardous Materi a

Abstract

Il n mine tailings, precipitation of secondary

cemented crusts or hardpans. Hardpans typical
However, at the former Long Ilcekme nGeldd cMiursd sn d
a clean sand cover above the tailings. We app

investigate the formation of these cemented c
the sand cover ahéed wedeéeilcpingoras!|l fngs. tEI eva
(As) , iron (Fe), and sul fur (S) i n tnhienesraanld ¢
oxidation products. The shal |l bbn) paormrde wacteatra ionfs t
concentrations of As (up to 3406Gupmngt/d)12,F@0OQ ur
Mi neral ogi cal observations indicestueg falcat tpaini 1
di spl ay moderate to st raornsge nogxtaed@aanidoen , miamear sles
bot h i msutrhfeacneeatrai | i ngs and the smanmdercalveosxi da:
products | eads to the formation of cemented ¢
|l ohgrm sourcetbé epottounonngoenvironment.

Keywards ne tailings; Sulfide oxidation; Secon

My



2. IAINTRODUCTI ON

Met al mi ni ng gener at esbeacduwmgageorvloy uanes md | Imi fnree
economic value. The majority of mined and pro
and sl ag (Lottermoser, 2010) . Hi storically,
watercour seked aiAiny ilinopp aureas c¢cl ose to the mild]l :
were inexpensive and operationally easy disp
(Pedersen and Losher, 1988) . Tailings dispose
impacts, primarily from acid mine drainage (AM
Il n sthlhirdeg tailings, oxidation and hydroly

weat hering of sul fi deoxmidnaetriaons parngjd Uktotses( (Odd.)agt .|,
S@) (Nesbitt et al., 1995; Wunderly et al ., 1
Some of these oxidation products may represer
Their aqueous concentrationsrmdy shieg fatcteesn wat @

and coprecipitation with secondary minerals t

foll owing incongruent dissolutioWhef eecomadaygr
mi nerals cement the tailings, physically dens
(Bl owes et al ., 1991). Hardpans, generally c¢hg

conductivities complhmedt tal ini20h1) tacamngst (
infiltration and oxygen ingress, t hereby, red
(Gil bert et al ., 2003). Several studies (e.g.
2005; Al akangas and ¥hl ander, 2006; Graupner e
El ghalii et al ., 20109; Liu et al., 2019) have ¢

the surface of reactivanbai boogsdar gormmgieoyn at

M ¢



wastes. Hardpan formation generally involves

where oxygen is readily availabl e, downwar d
constituents, precipitation todi Isiec@an dmatye mi ale.
mi ne wastes, frequently repayhgdrogmdeti pgr ms
scorodi tag,searmd eFd Al akangas and ¥hl ander, 2006
al ., 2019).

Il n addition to downward transport, studi es |

driving upward migration of aqueous solutes, |
surface. For exampl e, Acerfo peytr iathe t 4 12100 g s sit mc
column experi meartisd sd amud iattii mmgs saurbd s howed t hat
the top surface of the columns at the end of
Font bote (200 1g)i csatlu dainedd gmiorcéhrearlicc al changes at
and unoxidi zedninendaiilmngsesppaeamd how climatic
transport pathways of oxidation productss,. The:

prol onged dry seasons can contribute to an up

mi nerals at the tailings surface. Similarly,

Pedretti et al ., 2015)calaver deendneasd rarn ek ds dlhwatt €
capillarity could promote the formatiowmwmc&f <ce
dumps.

Laboratory | eaching tests (Benzaazoua et al
hydrogeochemi cal assessments (Pabst et al .,

i mpact of capillarity in diffeaedtotrwetthargeseat i o
dry covers that wutilize the c-Apylkeracypyvear wi éh



composed -gorfai a e @l j-rneghaii ;snti inrge | ayer betgweanneadado
materials. THheabobpedomagemraets as a capillary
top |l ayer |l imits water | osmibgl evmpbbasibmireag, | &

to remaismtatr anhean and function as a barrier 8

tailings (Bussi re et al ., 2004 and reference
CBE have beenabsedneaet sstes to | imit sulfide o
example, Bussi re et al. (2006) monitored the
i mpoundment near Mal arti c, Queb®c, andngt hey f

oxygen diffusive flux reaching the underl yin
tailings by Al and Blowes (1999) demonstrated
t hi ck -staetnusriaothed zone (up ttoab3 et ovh@ crh) ldabove tt
unsaturated tailings and consequently reduces

At the former Long@l)lakeaGoSddMung, (Gmtgari o,

are precursors to hardpans, have developed in
was placed on the tailings in the early 1970s
remediadtt ieonp t intended to prevewmtchroaidmnngsd
surrounding environment, and to slow the rate
the capillary riildea gsf poamrtwamieratieed ttao t he pr e
t hat cemented the sand particles. Erosi on anc

runoff represent a risk to the surrounding en
is partly contingent on the chemical composit
Whereas previous studies focused on the rol e

solutes and the implications for tailings man



geochemical and mineral ogical processes contr
on tailings surfaces and in cover material s.

t he ext emi nefr ad ulofxii dea tmioad ramrde siegiotnaltairyn i n a
at Long Lake, specifically to characterize t he

cover in the context of environment al ri sk du

2. 2. TE DESCRI PTI ON

The former Long Lake Gold Mine is |l ocated appr

(Fi 1) The gold deposit was discover-edaininnd 9P@yr iz

and arsenopyrite in quartz .YVeenephbospetd andqu:
mi ne operated i nt ertrhiet tneantnl yh efareonnm gly9G 8 ewznotniel \
out and abandoned in 1939 (Gordon et al ., 19
milled at a grade of 8.1 g/tonnst{ Q2 MIdHLBERB, O

of t avielriengls schargedodrirapbtwytdkptesaddnsi onal
The tailings areas consi tl, eOf2Z At harhe8le A0ANtAbB B 6 0O N n
the | argest surface area (7.1 ha) podu ntdhmee ntthsr ¢
(Fi2ds @2nd)T.he transpodeti oédtaolidgsdownstream i
Creek, has formed a sedi medul foiecdda an@t mit her aros
tailings were exposed to the environment for
was applied in the early 1970s by th8i Goeet hi
cover placement, portions of the sand cover he
Surfacqualattey monitoring (1976 to 1989) by

aqueous As concentrations that exceed the Can



the protection of freshwater aquatic |life (C

performeHdabgl SNC(-D lie6dematti fTIAed exceedances of

The Long Lake area has a continental <c¢climate
seasonal -2antge 28 othC) . Precipitation occurs t
rainfall ranges between 523 aredi®P0d0 amim/oyne ara,n ga
660 and 1114 mm/ yr (dat a from Sudbury, (
http://climate. weather.gc. ca

Canada

tailings delta

Luke Creek

§ |
I S B Y TN
Long Lake | =
Gold Mine
N Sudbury|
T \,\w\rﬂ '

Legend

e piezometer nest
® Wwater table well

Round Lake o near-surface
samples
~. watercourse
1 km » 100 m
— open mine pit —

Figl ZLeft) Location of the former Long Lake
tailings areas and the southern eimd0lo,f damd gt he

surrounding area.


http://climate.weather.gc.ca/

2. MATERI ALS AND METHODS

2. 3Hyldr ogeol ogy

A network-pofn23pdreizoemet ers was installed in foc
at -OT)A (2Ri)g. Each nest contains five to six pie:
Five singletabkhal Welwl svaX)Piwdroe Pbseditgo defi ne
water table and determine the groundwater f 1 ¢

conducted eight times between June 2017 and J

2. 3Tlaz.l i ngs geochemistry

A set of wvertical cores (0.051 m diameter, ma
nested piezometlér wWasatiobbhectEidgin December 21
stratigraphic units: the sand cover, tailings,
for an assessment of the effect of vemndi cal

mi neral ogi cal evolution of the system. The <co
mi ni mal di s thuorbaatnocrey ttoo tphree dear ve spatial and s
solThe .cores werewspgpée; tone half WwWesguswed for n
and the second half was usefdorf oge ageherieam Ic ad n .
dried in air and pulverized using a mortar an:t
sand co4v)er t(amll9)ngsan(dn nat=aurr)alwesedisnuebndi d@ike d f o
anal yAetsi vt i on Laborartioa.i eBgwdeircads t ®a MpldOnd we
with sodium peroxide and the fusion cakes we

solutions were afalupded Py &bnmdwusdtpiny eSgpye-ct r os c



OES) . The tot al sul fur cont ent was deter mi ne

detector.

2. 3Agdu.eous geochemistry

Groundwater from the saturated zone was col |l ec
pump. Samples from the unsaturated zone wer €
extracting porewater from f ourr nveesrtt ilcoacla tcioorness.
(0. ™71 ameter, maxi mum depth of 1.3 m) were cC
barr el met hod described by Starr andiOlL A&l ent on
and squeezed using a hydraulic press to recov
met hod described by Moncur et al. (2013). The
upon collection for pH (Or8dpbh6BRNUWWP)UI tmradpH p
(Orion Platinum redox electrode; Model 9678BN!
redox electrode was <checked with ZoBell s so
referenced t o t he gitea n(dE&hr )d. hWadtreorg e 8 a nep leecst r &
measurements were filteacdt ather omegrhb rO0a nde5s Camn dc e
Hach Digital Titrator with O0.16 N-ncert hyyl 6 rNd:
indicator. SamphkesahalygiencwWwemecall lswl dsd t a&c etd
those for cation determinat.i-mptgakardee anciitdriifci ead
anal yzedEIBY ahGP I-Qadwpglte  ePyasma MaswS) Sp Anti rooam
concentrat ibbmB NOCINO £0O0 ang) SWer e deter mi ned

Chromatography (1C).



2. 3Gedo.c hemi cal model i ng

Agueous geochemical model ing was performed us
1999) with the WATEQ4F database (Ball and Nord
mi neral saturation indices (Sldenctyhdrebyni nalrlac
to precipitate or dissolve. Redox speciation
Results from the geochemical model ing were u.

secondarmrdbBesri ng mineral s.

2. 3Mibn.er al ogy

2.3.5.1.Sample collection and preparation

Thin cemented crusts wer e -dcsteirorre do fata tshter esaum f
area0lTTA the <crusts apparently formed from th

groundwater seepage occurs alvengamp®e)s| ¢gde of

coll ected on the sloping stream bank along w
cemented surRlxi aTogatnlder( Fwigt. h t he wvertical C
crust sampl es all owedrr caeamecnotnepda r ¢ rswsd rsh efeonr me
vertical transport (core samples) and crusts

The cores wused for m neériaéodogi oplar gnad e digagad
chamber to prevenitr o i amldea asroil nogf d i enrerroau ss . The
sampl es-dweed anrthe | aboratory at room temper
| owi scosity eploexKy 3rOelsi2nFL)EPAOWd petrographic tF

were prepared using kerosene for polishing.



2.3.5.2.Mineralogical analyses

Cr osscsal e mi neral ogi cal techniques weniemeuvuakd
oxidation, and the formation of secondary mi-t
sedi ment that underlies thewenel sampled@handaal

powderayXdi ffraction (XRD; University of Ottaw
cemented crudtne,r ad e cemokan gse nMerraet eod eusi ng an al
technique to detsaovhisec ovvedar yw ommilreecrteeld by si ev
powdered using a mortar and pestle. The diffr
CulBr adi ati on generatedmmtdid4We rkg/e mma <14i tmAwa A U
beam dmdaicdiifon patterns wedwi trhe csocradre ds pf ereodnts 100f
deg/ mi n. Mi ner al identification was conducted

Germany) and the Crystallography Oped/ Dat abas

Thin sections were examined by optical mi cr
interest, predomi nanmntnley at hgraxndi aed selcloindea
|l ocated by optical mi croscopgnm@ainugtBleactexami M

( SEMEOL ©66ddupyl)ed wDi bp eEmearygey SXect r oGxcfoopryd ( E
l nstrument ChemMCARI compositions of represent
cemented crusts were gquanti t823 Edleyxct dene rMmicm e
( EMP; Uni versity of Ottawa) . The EMP instr umi
di spersive spectrometers and was operated at

Na, K, Si, S, and T-to aweerde ppod rifsohrende ds eocnt i coanrsh. o nD

20 s for all el ement s amelakf)oronbaeiktghheoru ngi deo s«



position. The raw data were corrected for at
(ZAF) by th®&h#&ogdgrbrceduPbki (Armstrong, 1988) .

Four Transmission Electron Microscope (TEM)
directly from petrographic thin sections usi
|l ncorporated,AOIEQ@WAal) EMFn taarraloyt i c al Scanning
Mi croscope (STEM,; University offi etd aadraide |mrqiug t
detectors was wused for i maging and character
Sel extelect ron diffraction (a3ABb)al waRse sea@lr cwhc t(

Canada on a3 OEITEMteamer8at ed at 300 keV

2. RESULTS

2. 4Hyld.r ogeol ogy

The water table at P1 to P5, and in the shall
meters below ground surface (mbgs) between Oc:
taplosi ti ons reco-Ndedmbdar i agd OtThheeb kaovweersatg ei nw altue
positions were highest (242.82 meters above s
and | owest (239.56 masl) in the north, <c¢cl ose
toward Long Lakel.i cT hger avceire AOtcs8 [7r dinggdesda wfarrodn) t o
(average O0.02), suggesting a seasonal vari at
measurement periogsembhedpuynandlal gowawdr 8egr ad

November at al |l f our | ocati ons.

HY



2. 4T.ad.l i ngs geochemistry

Depprthofiles for the el ements contained in co
mi nerals areRlptamplkeds (Fr gm hleOdn caenndt rLalLtOi6o.n ST 0
and S in the tailings balidbwn@s7imtérface) bale
their concentrations gradually decrease with
example, at LLOS,dAcreaneehgmtiF-oI 6 otmo Bl 102 t wt
and S fromtS. 3 &imol @r 8%, wat LLO3, As concentr

w t%, Fe from &b, 12antdo S1.f0HbnMut7tIBN® s and. 6av at at

concentrations of As, Fe, and S are similar t
sl ight increase in Fe and S concentrations a
shall ow taililngsedilmentheoehawunae tailings, A

sharply %0 wherdaswtFe concentrations decrease
bet ween %. afded4dCewt and Mg concémtiatitbes sanea I
gpadual ly increase in the taicloinmesantamd i @rnes oifg
35.5 wt. %) and Al (3.75 to 6.67 wt. %) are ne
concentratiiOowt o%) Ki $¢0c8nstant through the san

up t o%~i2nwthe underlying sedi ment.

H ¢



As (wt % Fe (wt.%) S (Wt.%) Ca(wt%) Mg (wt%) K (wt.%) Al (wt % Si (wt.%)
LLO3 0 5 10 51 0 1.2 0 1 2 01 2 0 0 20 40
sand layer 0 0 0 0 —0 — 0 — 0 0 Y
tailings E1_ 1 14 1 A 1 14 14 14
_ £ 21 2 2 2 2 4 2 2 - 2 -
sediment ‘ﬂ;; 5 3 | 3 3 3] 3] 5] 5
4 4 4 4 4 4 4 4
As (Wt.%)  Fe (wt.%) 5 (wt % Ca (Wt%) Mg (wt%) K (wh%) Al (wt. % Si (wt.%)
LLO& 024 0 5 10 o1 2 0 1 2 o 1 2 04 0 20 40
sand layer 0 0 : ‘0 0 — 0 0 — 0 0 wa
tailings ‘517 14 19 14 1 A 1A 14 1 A
%2- 2 4 2 2 4 2 2 4 2 - 2
sediment g 3| 3 3 3 34 3 3 3 |
4 - 4 4 - 4 - 4 4 4 4 -
Fi g2 3phadge geochemistry profiles or
depths are indicat edt rbayt it chrea pdhaisch eado Il U mress
2. 4Aq3u.eous geochemistry
The aqueous geochemical depth profi2Bes Ther
pH values in the porewater from the
bet ween 4 and 6.7 at LLO6 but are near
measurements indicate rel afiacel y54xi diozi7r®89 m¥
148 to 303 mV at LLO6) and a decreasing
mV at LLO6). Al kal ilmittiwedondemtr nat itthres samaeal
(< 100 mgl/3L, aasndCalCiOg her in thmg/dl€a@@O.t aTheé ng:
concentr atainodn sdiosfs oSSy ed maj or (Al , As,
el ements show a trend of relatively high
gradual decrease with depth. For
2018 has Afc¢oRFeentnadt S@nnsd olf2,304060, n2g3/2L6,
mb g s, their respectivandod®®bt rmat/iLan sBedroev # .h&

on

rxlamp3 ei, n t hier

sand

ocat i

(i lne ftt

neutr

trend

Ca,

respec



2_ .
ands80Oncentrations range from < 1
respectivel y.

pH E, (mV) Alkalinity (mg/Las CaCO5) As (mgiL) 80, (mglL)
LLO3 0 5 10 0 500 1000 0 200 400 O 200 400 0 6000 12000
sand layer 0 ' 5 ! ; y
- 14 A 1 sg ;
tailings -
¢ E 24 4 Jr
sediment £ 34 1 b
o 4 4 ] ]
o 5 d
: ] | !
Fe (mglL) Ca (mg/L) Mg (mgL) Al (mglL) Si(mgl/L)
LLO3 0 1200 2400 O 300 600 0 250 500 0 500 1000 O 40 80
sand layer 0 ! . g - *
tailings 14
E 24
sediment £ 349
Q
o 4
o 5 1
5} GA'I
Na (mgiL) K (mglL) Cu (mg/L) Zn (mglL)
LLO3 100 0 15 30 0 15 30 o]
sand layer 0 . L
tailings 1 EVQ
g2 g
sediment E 3 4 [
g4 p
o g ] b
5 ! E
pH E, (mV) Alkalinity (mg/L as CaCO) As (mg/L) SO, (mglL)
LLOB o] 5 10 0 250 500 0 250 500 0 100 200 0 200 400
sand layer ———— 0 L L L t - .
1 GF
tailings 52 ] g
= d
sediment %3 1 i\
a, | \
5
Fe (mg/L) Ca (mg/L) Al (mg/L) Si (mglL)
LLOB 0 50 100 O 100 200 O 25 50 00 05 10 O 25 50
sand layer ——— 0 L L L L L
tailings 51 :Fo 1
52 E 1
sediment >3 g 4
[a] 4 -L ]
5
Cu (mg/L) Ni (mg/L) Zn (mg/L)
LLOB 00 05 1.0 00 05 10 00 05 1.0
sand layer ———— 0 L L 1 L
-- . | =
tailings £ > : 4
= [«
sediment '%3 b b
[a] 4 7L
5
Fi g3 Depth profiles of groundwater
sampling episodes December
and June 2018 (0O).

20Xp, (Npvedppe

15 mg/

geochemi st

20



Saturation indices of selected phases obtaine

t wo sampling episodes (June and Novemb2ir. 2017
The porewater in the sand cover at LLO3 is unc
except ©UBeOBH}ie The porewater in the tailing

supersaturated withxOs &Blpeas :Fo( OB r WATYEHQ4 R ed 4t
al urkKiA(eSs OF,) gt AHHiggH)and goethit e, and unders
scorodi ts.e2®] FeamsdO | af 8(iCke. [ Kbée call canhe fChci
[ CaMg)]CO t he porewater i \nn dtehres ag wa lalt @ewd -ait | ianp

equilibrium with respect to these phases at ¢



calcite dolomite Al-arsenate Ca-arsenate  alunite gibbsite

LLO3 4 2 0 2 105 0 5 -10-5 0 5 30-20-10 0 -10 0 10 20 -10-5 0 5 10
Sand |ayer 7777777777777 0 L ! L L L L DI L = L L L 1 L
tailings =2 ] | | |
sediment E
o 4 1 E 1 ]
L]
©
6 - ] 1 1 i
gypsum ferrihydrite goethite scorodite jarosite H,O-jarosite
LLO3 -4-2024 -8-30386 0 5 10 40 5 0 -20-10 0 10 -20 -10 0
sand layer ——= 0 +—— [ o —5 —3 —=z
tailings
g =2 i
sediment =
Q. 4 ]
L]
o
6 i
calcite dolomite  Al-arsenate Ca-arsenate  alunite gibbsite
LLOG 4 2 0 2 10 -5 0 4 -2 0 2 20 -10 0 0 5 101 0 2 4 6
sand layer 04— ' — ' — —
tailings —
g £, |
sediment £
Q.
RS |
6 - -
gypsum ferrihydrite goethite scorodite jarosite H;O-jarosite
LLO6 6 4 -2 0 20246 0 5 10 -10-5 0 5 -20-10 0 10 -30-20 -10 O
sand layer 0 — E— : — — —
tailings .
E 2- ]
sediment £
Q.
O 4+ -
©
6
Figd Depth profiles of saturation indices fo
Symbaoplasad I correspond to groundwater sampl ed

respectively.



2. 4Midn.er al ogy
2.4.4.1 Field-scale observation

Re-dr own t-or geggéownrrbs2ls dF-e ggresent in the san

tailing®1l.artBlhe T@5AsStB) (Fhagt are | ocated on t he
of the tailings where the sand cover -Baaladt [
and discontinuous. In the sloping areashat th

been eroded,25tChe forrustags (tkieg.sur f axealasem)d. are r

."-
-

'-L -
- -
- >

. “evidenceof *
L ccustero“s_ieg
¥, A T

Fi3gh CementedOtruéAs B} d@TAscontinuous crusts

partially eroded crusts on the tailings surfa



2.4.4.2 Microscale characterization

2.4.4.2.1Tailings

XRD analyses indicate that the tailings cont a

and albite as the domi niadrbt%) s ialnidciatiledo) mienoearSabli st.

the majority of the tailings samples while py
results represent samples collected from two
depth of the taili ngsshoautl de atchhe rleofcoartei orne p rTehsee rrte
composition of the tailings through time as t

mi neral ogy has been constant through ti me.

SEM analyses indoOcatm bdlaavialt helgespaimadt er f ac e,
mostly wunoxidized and the sulfide minerals sh
depth Dbelow the interface,eetsheoyf dails2®lyaaywi radd e
irregul ar and pititmadeauwutl! icroead i anrmgds . s Ad d rhdairgyh  n
anal yses indicate the presence of small amour

weat hering f eamiurhest htitcekn cpyartiitheg,s surrounding

secomdarey al precipitation in the shallow tail
due to incongruent oxidative dissolution to ¢
spce. The EDS analyses on the secondary miner g

has -AasOFeomposi26)on (Fig.



o~ T corroded grain
NN boundanfy, . ; completely o
) / obliterated Aspy incongruently 4
» dissolved Aspy grains A9 4

/78 coatings z
surrounding Aspy gr‘ainl; 7

SM coatings
surrounding highly
weathered Aspy grains:

- g

Fi g6 2Backscattered i mages il lustrating text.:!
arsenopyrite (Aspy)digsaohnsed Thel i ndenmgirnenal §
(SM) <coatings of wvariable thick-AsOs sc,o0ngmd itth e

The Aspy grain in bottom centre of panel B wa.

2.4.4.2.2 Cemented crusts in sandver

The solutes that result from the oxidative d
upward toward the sand cover or down to the ¢
that were transported to the esampgl ebelky i ll:q
space, forming cement s-Eb8twaahyshe gfatithse. c&m
the semiomemaaly precipitates have f-480, -pFs& nci pal
O, -FCK/ Na, -@ndi keiec apri ensge ntedor s@f a taerysreifn@art rei cs ul f
K/ Naar os i toex,y haynddr oFxei d e, 27e sapidc.t i-ed yndtFe gand |

mi nerals are the most commonday sebhateved| fat e



oxyhydroxide are |l ess commoR@l) Thhfe teksuseécomdart
in the cemented crust-ED8renalonséest eRo-EDRSX amp h
and EMP analyses indicate that the cementing
and S. Although trheem almofu%ito PP&# O ASwtvmmaliaers rfati os
0.99 and 1. 36, consiizdiognt Tvniet hansad oyrsedi toed (cHe
LLO3 suggest the pmedbenoeecoh()SHX ©Od]l) taedn df &ilRest is o c
anal og, nat §( SR OHEHE i twaOtthNeAlsent s rangi ng%.from O
The EMP analyses of the secondary md nreamdisng n

from ~ 11 to229 wt. %) (Tabl e

Tablle BMP analyses of secondary pharseepsth)ftreom c ¢

Locat KO S@ NaO AsOs Fegds CuO CaCTi20Si2CApPO: HXO Tote Mol e Mol ¢
Sampl Fel fFel
S2 1 0.010. 1.1 23.(21.:0.1 0.0 - 8. 718. 18. 101.1.3€1.0¢

2 0.04.50.038.!28..0.00.00.12.45.9 16. 97.€1.0£3. 11

3 0.01. 4 - 47.137. 0.0 - 0.00.60.2 15. 103.1.1212.¢

4 0.02.00.0 44..30. - - 0.00.80.5.16. 94.¢0.9¢7. 4.

5 0.02.7 - 44. 31. 0.1 0.00.00.70.8.16. 96.71.0C5. 7¢

*Mean 0O.02.7 0.0 43.!32.10.00.00.01.11.9 16.

*Std. 0.01.30.03.6.4.00.00.00.00.82.6 0.5
sS7 1 1.532. 2.0 0.3 44. - 0.0 - 0.00.7 11. 93.€¢173.0.6¢

2 1.131. 2.3 0.3:46. - 0.0 - 0.00.2 11. 93.1201.0.7:

3 2.231. 2.2 0.5'47. - 0.0 - 0.00.1 11. 96.:116.0. 7"

4 1.530. 2.3 0.4:i45. - 0.0 - 0.00.511. 93.1138.0. 7¢

5 1.732. 2.00.7:43. - 0.0 - 0.00.3 11. 92.¢487.10.6¢

*Mean 1.631. 2.1 0.5(45. - 0.0 - 0.00.3 11.

*Std. 0.40.6 0.1 0.1(1.5- 0.0 - 0.00.2 0.1
LLO3 1 6.330. 0.6 1.4!46.:0.0 0.0 - 0.00.3 10. 96.746.E50. 7¢

2 6.229. 0.5 1.6:45.10.00.00.00.00.1 10. 93.¢€39.Et0.7"

3 6.429. 0.7 1.4i45. 0.0 0.0 - 0.00.3 10. 95.(44.20. 7¢

4 6.330. 0.7 1.5 44, - 0.0 - 0.00.1 11. 94.¢40.¢0. 7¢

5 6.229. 0.6 1.7:43.:0.0 0.0 - 0.00.0 11. 92.:536.:20. 7

6 6.029. 0.7 1.6(43.° 0.0 0.0 - 0.00.0 11. 92.€39.20. 7"

*Mean 6.229. 0.6 1.5i44. ' 0.0 0.00.00.00.1 10.

*Std. 0.10.40.00.1(1.2'0.00.00.00.00.1.0.0
Note: ,FMraB2and St d. Dev. of oxides are calcul ated b,
he same phase. Std. Dev = standard deviati on.



The XRD results represent crust samples coll e
S7) t hat are separated on the surface by apj}
concentratnd nee@adndareyci pitatescti suiwhscinent ps
phases to obtain satisfactory XRD data. The X|
the primary silicateé2Mmbneamdisad Wwjati ew i(ytc hg unairnt ozr (

of scorodite (2%).and jarosite (5

oy
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The distributmionrerafl peccngparntmmt esal e wvarthbl ec
and at the cm scale in the sand cover, | eadin
vertically alnod umaodreirzsanatnadl ltyhe dev el otpanelnitn gosf
interface towat dSHBM @& nsawrifngceand EDS anal yses
sampl es froifmldda®t3h (rLdirDge 50 . mMbEys , i n thelr2sand c
depth ramge370.mMbyYs,-t aitl itnhges sianntder f ace r egi on)
accumul atiany pfesepbonhdtes are present in the
(FRgAC,i&), the distribution of secondary mine
tailings i280eE).acBhg FEQS anal yses indicate th
interface regreanabgsatrivhsatteeaBaend natr oijnartohsei t e

sand cover.
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2.4.4.2 .3Natural sediment

Bel ow t h-eediamdntngsnterfabearisrecomdaeyalssul Br ¢
di sseminat ed2Sp2ar tTihel essampHFiegg. contain tw8 princ
and-SAssuggesting the presence of secondary fe
amorphous equivalent, respectively. These su

fragmemf organic matter, l i kely indicating th

2.4.4.2. 4ANanometesscale characterization

The E&BMEM i maging and anal yseaem niemadil c ptrecti lpat al
sand cover is commonly obser vetdaialsi ncgesme nptr efcoirg
preseh)} @asatings surrodmndisomdg viellensiuld o dgrauearst |
di sseminated particles and clusters -minnerhal po
coatings (LLOZ1)o nadnadr yc |nuisnteerrasl opfr escei pi tati on (L
further characterized at the nanometer scale.
A s ec am dheerryal coating surrounding an a-rsenop
tailings inte2FAMA)cewass SdA1B)(nfeiag .fr-Femare a TEM
|l ayered appearance of the coatings surroundi ni
secondary coHBBh$iamgal WST&EM conducted across the
i ndicate theomm mmd ASOibymRBFgRs D) . SAED2PEB)X t er n:
coll ected on t he cfomde ngi igsplchwr dactoardi sdiifc
nanocrystalline material. The diffraction | in

f erarriscenat-esybhndr &ri.J2zes (Tabl e 2
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Tabl2e Rdentification of el ectr o-AsOd ipfhfarsaec tiino nt

secondary miner al coatings surrounding arseno
Di ffra
l i ne Measursepdacd ng Phase
q : dspaci
sspacin
range
1 4. 13 4. 04. 2 ' parascorodite?i
2 3.40 3.337. 4.f erariscenate hyd
3 2. 64 2.6X0. 6'f erariscenate hyd
4 2.41 2.32. 4. ferrihydrite
5 1.80 1.713.8:?7 (unidentifi el
6 1.43 1. 410. 4 ferrihydrite

An aggregation of secondary minerals that i
bel ow tthaed ldaamgds i nterface at LLO3) wazxS3¥)ecti o
This secondary infildl i's composed of nanocr )

(fibrous, elongated)-oagmpdydompoehessieenmad ,efsmar nty
2. bl SCUSSI ON

2. 5Sdl fmii e r al oxi dation and precipitation

Mi neral ogi cal anal yses i ndi endtnee rnad d eorxaitdea ttioor
m depth betawlthgssi2der Sadcdéi Ei ogxi dati on r eas
medi atedobyamim® (Bl owes et al ., 1995; Nor ds
and As oxidation reactions that | ead to for me
(Graupner; elti mlet, &10.0,7 2021). SpHftdel orgdaponp
t hat containstebersabbéd dicssoéd WEI®RE )F.e, ORisd a tainan
hydrolysis of aqueous Fe and As -Asspckefedasr i Ingad

secondary miner al 9 n( sEegeu ae x aomsl el rteoa cdt)i.on s



Fe(ll), AsnHeéadadthi eaxs dati on

Fé* 1,+0O'H ¥4 Ii0H (1)

2HAsHO 06 A O+ 2 H (2)

Hydrolysis and precipitation reactions

Fé% 20H = Feg@EOBH (3)
Feoxyhydrc

F&% MsO+ 20 Fe As ODHsy 2H (4)
scoro
3P& 'K 250 O KFH S OH )¢ts) 6 H (5)
K-j ar os

Among the secondary minerals,-arbBenmoets ¢p@mmnao
scorodite) and K/ Na jarosite. nmhreercalnc eant e al ¢
stoichiometric, suggesting -N&eOQ eanrde nseombiedr ss o
deficiencies in K and Na off s#®f kkhy tsthe wnub st ipt
st udiaensi eson et al ., 2005), Basoisame amcdePat sr .
amounts of As%( 0. ¥Bitbh WwWhé#Fcmpnesamtstd.s uReeOf or
oxyhydroxides are the | east common secondary
Al t hougahr sfeannadtiec ar osi te minerals are commonly
cover, satwuration indices obtained Z4r)o nd og enoocth
indicate saturation wiNah jraersopseictte.t oSusdo riondciotr
mi ner al ogi cal data and model predictions migh

mi neral ogi cal and geochemacphhadashmplf e 25382 ¢ Fc gl



are observed belowrehectaohi hgs owk e rcgaa SH&inb | e
beari ng natFuorratl ns eadnidmeBnetvidire d goag malt 9 dDh) of t hesce
attenuates Fe and As, which were released dur
At dept hs Réo-vwadIS& ami, ng secondary minerals
coatings surroundiimgolt vedi sabRépdeamidinysr &l s a( €
( Fiis .a289 , with | esser occurrences of small a
taili 8. (Kt gand-tabdviengtshe nstaenrdf ace, secondary
(Fe2y &@28d, and when the precipitation is suffi
crusts on the tail ifngshes usrtfraeccaem ablaonnkg ata thee )rseld oapt
those in the sand covereprandetdi@d$roeTliyaudiufsfké f
in the crust mor phol ogies can be attributed t
mec hanAllsoomsg. t he sl ope of the stream bank, sec
| at ediarld cyt ed hydraulic gradients cause ground:
the satur ®redi pat at agsform whteenr sardat esndaeanttr
evaporation, and oxidation of Fe(l 1) to Fe(l
concentrations of Fe(l1l1) and As (V) contribut
respect-and Rsegam)ilng smeeroanldsa.ry mi

The solutes can be transported upward to the

the water table is nearmprtesuser fgaaaei ent sluent
(di scussed®5i 2) . SetTheomwater table position 1is
measurements taken in October 2018 and July 2
to 1.17 mbgs at P65, respectively. Thedasteiasmonal
in shallow tailimfgssa@alndt ¢ hter anmecph@amti . smFor exam



high and the tailings are saturated, the rate

by upward hydraulic gradients. Il n contrast, w
shall ow tailings enhanaead tlwaeapoatei ok sohdide
transport of solutes by capillarity. Both tra
the sand cover, and the subsequent precipitat

cement edt ce usarsd imover.

2. 5E20l uti on of cemented crusts Iin sand | a

The rol es o f capidihadauicesi zpeod € walewtiipdan at no
devel opment of cemented crusts in the2lsland <co
During dry seasons, whentahbki wgserntabfaces h
occurs afoanuve yt lpdli@it)y (aFidg.pr omotes oxidation of
species (iIRQuatmi e¢me® Lnsaturated pores at the i

of the oxi dpeeride & e( Bapualthtasaodsss t30 t he precipitat

(e. g., kgcaarocsdittee,. Precipitation of secondary
infills po2l0 Bs)p.ackisvelnFitghat capillary pressur
reduction in pore size contributes to an incr

This causes an upwarntd ymipdli@@) . Flihgm mihgernatriyon
point atathengsnwhmiteh fiacxecl oser to the water

fast due to higher pressure head compared to
capillary bre@gaki hiedel ayarcoamase prevehtstwat e
reaction zone for oxidati onenthryydrpmpdiyrsti swo wlnd 3§
near t-thei Isiamgls i nterface, sl owlOg)t owawds et he

upward solute transponmnt ceondepeondent hah uwgdy



spatial and temporal variability in the sol ute
of partictesidit)esam@Gddrme aper @aot wuniform: Such
size results in spatsiuale waeriicahb iclaiutsye so fs pad p iall |

driven transport and precipitation of second:

hydrologic conditions and heterogeneity in p
di scontensowsthhay sand | ayer.

Regions with a continental climat e, such as
crusts or hardpans because intermittent wet a
porewater | osses and wupwar d cneoshi Ilinz aatbisoenn coef osf
break, cemented crusts will form in shall ow t &
devel op, they transfer the contaminants to sh

are susceptybsertacerwaien. b

Naturat hbaweeyel es, common in continental cl i
could also contribute to the physical weather:i
Recent studies (Ding et alrate@eé@&2thatitlkeée ashes
tailings decreases as -ahfawncycobprsof I nh&Sudbmib ¢
winter temperature (Nowvem®dbdArC,tdyMarcah, yi ndleu e

t haw cyclhetst pie/r/ yleiamat( A. maxti meam. gumbaercpydcl és e ¢

therefore the greatest susceptibility to eros
temper at u€e Gommiermed OwiAt h t he physical weakeni
thaw action, surface runoff and stream flow d

has contributed to erosion and tr@amspartommon

di spersal me c hanarsind irne gairoinds a(nBdl isgehmi, 2007) , i


http://climate.weather.gc.ca/
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2. GONCLUSI ONS

Thgeochemical and mineral ogical study -of the
term snuhnfeir adé¢ oxidati on has gener at ed aci di
concentratiaomds DA hAs pr Eetamidtbadtaironm gofsekkeondary
(fearsenat esMaHOl fjaatreossd-a Kg hydr oxi des) in the s
from upward transport of solutes from the oxi
facilitated by hydr aul ieca sgomaallriiegnlt Ise thyadr alreeg ida
thereby contributing to the formati oAs od di s
conseqhensandtcover that was placed as a prel
and transport o f t-baei al riinnggs , s encoown daa ryt aminnse rAasl s .
|l ocations has become a secondary dceodrktenoffi tAs

the cover.
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CHAPTERREE

DI AGENETI OXVYRUNMNROXI DES FORMED I N S
TO ANOXI Gl MAANETED LAKE SEDI MENTS NE
SUDBURY, ONTARI O

Reprinted witR@hpei mas:siGenl bgygm
Sapkoanad TB2042Di ageneaxiychyidroonxi des f or mmidne n su.
i mpacted | ake sediments near Sudbury, Ontario

Abstract

|l roryhydroxides are common in | ake sedi ments,
t he s enhitreenti nt erf ace-t alHdivilpgert,ed ns @ chiemem tn ed e | |

near Sudbury, O rotxayrhiyod,r odii a geres n satrfzeom xfikoer cmedo nd i t i

Geochemical and mi neral ogi cal techniques we
transformat-diemisved oxi danigen products foll owi |
sets of vertical momeas -wkakl clodod ®tcitend ,i mntehd
the | ake shore andwatheer oltohceat ifornoom aap pdeexp entat e

mouth of the actfivemchanmaed os @mniteio choerdfd ed .dl m
intervals wusing an anaerobic globe bag and p
anal yssiesconfdhecore fwam ecéricdd | acasmapi ceal-Ifyrarmsd
phase geochemical andagqueeusal ogncaht ambi gse sof
el evnaetaerd t hewasteedi mentter f ac eatatt hbeo tshh allhddcgast | ili annesa t k
to the | owest observed concentrations at dep
concentmagtei oennshanced dpryeduacdtieorni aadndSQameaee iABi t at
sul fwihdecsh wer e obser ved.Tihre nrninmpearcat!leodg i sceadliis masriad y

numer ous fragmeertisv eahfr § ecaeant eenntgesd crusts. Co mrg

p ¢



cemented crusts that occur i n-dtihse otlaitliiomg sf,e att
SEMEDS analyses demonstrate that stulgegyeshawng t
occur realcec toifdvies sfodd (Ww)ii rogn dD iaaggeedeeskiysb.y dr oxi des
t hroughouit mpgacet endi, nsderdd Imediitng zones Féadhrad- Asont a
sul fsuweresesti ng t heiyn mawabndoxxivee fcommed i ons. They
but separate from,sdteme vedagmeamrsts amfd tdaislpil my
i ncl wthiamg may be a prev ously unrexgrhtyad osplde
range n s ze from nm to Om but they mostly
autochthonous. Compared to the cemensmdl lIlcrus
amount sAnocafl yss .splodér ipinckkiccoommd epidocrocite micro
amor phounbli$i ®he interstitial spaces. Tamed mi cr

Fe(ll), HFiet h afpep(rlolxli)mat el y 0.8. We interpret t

from Beiplerrislat urated solution, with subsequent

Keywar dMi ne t atalrisreqiaa;t esH esrBipdmea-ud y Hy cr oFxei-d e s ; S

EELS Lepi docrocite

3. LNTRODUCTI ON

|l rorides, hydroxides, and oxyhgxybyxyddexsxi des]

common in | ake sediments, typically forming i
al ., 1993, Fortin and Langbkey mo2®@0%T;0omGounti yr e |
includeoxylreydriaxi des (e . 10.4,00)f erg o dbFioioHE ,[ [ F

|l epi doocFeoOOH]e) [awnal emaveeydiFyedr oxi des (Coey et a
1993; Fortin et al . ,. 1T9nh9e3y;, avraen fdoerrmeZde emaeitn lay .Db,
from Fe(ll)-candédioninfge(s$oll yti ons, -oxrydhydr dpxitda

cn



precursors, which involves the dissolution of

phases (e.g., ferrihydrite to goethite) (Cor |
precursor can be facilitatedndtyi omul tdc @mel| epxrao
reducti on. In | ake sedi ments, where anoxic ¢

centi meter s -watt etrhd ndedifrmert ( Daneids an e dl 9 @®Ju,ctn

been shown to be a hceo ndmnosns onteuchhiaonea rsenf sfFo& L bt | By

Cornell and Schwertmann, 2003; Bonneville et
Under anoxic conditions, microorganisms fulf
el ectron acceptors such as As (V) and Fe(l1l1)
Asr educi ng badcGteorsipaarniBtallcaishp gu.st 0 Macy et al ., 20C

Stolz, 2003) and edliuxs inmgi lbatSdreywiafee@ & datajsaptge. rt o
(Cummings et al ., 1999; Esther et al ., 2015)

and transfercedheomf tAs t¥h)enasnudlf Begh it tell iercd roamp c

such as humic substances (Lovliey et al ., 1996
of str-boutodaA$ V) and Fe(llIl) (Equation 1).
4Fe (30#) @QH + " HP& HLO 1,0H (1)

The reductive dmismseorlaultsi ornehdefaltsFeas(sl Hreld)ll a )i vel y r

conditions. I't can be tr amsapoerrt edntuepmaacdb éwohvea
supplied from the overlying water causing subs
of Fekyhlypdroxides. Thexygbawdyokodmed mbg( bkl pur

sedi mentation and under dgde medoxt icymr, et hans t @ my
anoxic inter f-aacned-r Evdhuecni nbgo tbha cAde e ii @ hc @ exdiiesnte nit n

studies (Nicholas et al ., 200 3; Campkdluktebna



preceded edec¢ti dn. -rModruecovieornsr ebdypi As HY) bacteri a
i ndependreendu cotfi ocne ( Das et al ., 2016) . I n each
As (1 11) whi ch i s relatively mbb) | evhi ah amaxyx.i
reprecipitateoxayshydroirdenor e Fe

Previ ou6Rebiuns £6s1987; Zhu and Mer kel , 2001
Paktunc and Bhaggemdmrs,0 2Cp®)ted abiogenic in
Fe(-ml hgrals in circumnebatbmalatfor gsiswailleuw sa& mad chid!
Mer k el (2001) and Bluteau and Demopoulos (200
Scor deiAtd AH , a ceFmmeoar iAtkg secondary miner al i
resul trselienasteheof vari‘o(FedFeF&JOHInNn d eAsg(.\V,) Fsepeci

H/As) HEYO as exEmphtfoed 2nand 3 (modified af

The aqueous Fe(l Il 1) -occxaynhyfdaoromi des as mempe efFer
Equati ondowewerd, 3abi ogenic incongruent dissol
conditonand smay owo't al ways reach equilibrium

Demopoulos (2007)neetpmoalt epHt hiahcangmeant di ss

st adbguweetosusconcentrations of 5.9 mg/L after 24
FeAd @8 +OH= Fe (+OMM)s O+ *H (pH:76~ 55 (2)
Fe Ad @B +HOH= Fe (+OH)AS+O 2H (pH: i406553)

Many studies have docaxmemydrdoxihdee sprreearn cteh eo f
For exampl e, Ferris et aolr.d e(r 1e96§ &)@ édirnebpea rrti ehdy dfr |
| esser amounts of goethite adndsendeimaentt es amp lseus
from seepage areas at i nactive mine 4 akkings

| epidocrocite particles, and s phiesr0i0c ad m)a nidn etl



upper 10 ¢cm of | ake sediments. Similarly, Cr o\
dominating the surface sedi ment stra(h< 1dCe rc m@)e eo fe
(2003) reported nanogoet Bitcen) (+ake smii mantsa
Noranda, Queobxeychy dwhoixliedeFse i n su-ahogi al beedidmer
freshwater | akes are wekl i@ b efuomiersattb daxniotcxo c our
condihtashohsbeen reported.

The objective of this study was to und-erstan
derived oxidation products following burial i
occurrence and-oxpyrhoypderra xiiedse deefrt hleda b diran aandi t i
including a unique spherulitic form. To the b

not been previously reported.

3.3I'TE DESCRIPTI ON

The former Long Lake Gold Mine (4340),18mcith.
operated from 1908 to 1939, is |l ocated in Ede
city of SwdalgurLyake hadermriewed vedl| itdad liimgstream
mi ne began in 1908. Sapkota et al . (2023) pr
current mine site condit ihanasi.lwidwgsi diigs d thaer g dh i
onto the ground sumafacenwat hmeheaerpPuaddhbt med
of t aielriioved solids resulted in the formati on
(Fidg) . Il n anmetf ohe ®oo0si ondernidvad ancslpiods iorft
Ontari o government constr uctH2dM aHldadnd Bddde e r |

oxidation of arsenopyritedthedf pyrm#@tse ed rnioritgh e



cemented crusts in the tailings and sand cove
to the | ake (Sapkota et al., 2023).

The Ontario government has been monitoring t
near the mouth of Luke Creek. The water qualit
of Energy, Northern Development eandsMicmeas enOn
(95 to 133 Og/L) that exceed the Canadian Co
guideline of 5 Og/L for the protection of fre

The study area is situated on the Canadi an
exper wanpguesmer s (average July temperature is 2
temper alt2urleC)i swi th approxi-hd8teéose8sdCal Thanqe
precipitation ranges between 660 anad2010101 4a n dnm/

201h2t,t p: / / cl i mate. weat her. gc. ca



http://climate.weather.gc.ca/

AN
.-_é:\\ “: -

Long Lake
o | Gold Mine
Yy ) cores from deeper-

J water location -

‘I ! //_W ..; - 't

/ 7 e / (  sediment delta
A - road_ S

) — cores from shallow- ~ ¥ -

NN . | e water location R

T LU Creek Luke Creek
openmine pit, -/ < tailings
1km and waste rock “=... greas 100 m
FigLb ®Maps showing the |l ocation of the for mer

the | ake (|l ower Sapglotr fmodifie@0R2Bom

3. MATERI ALS AND METHODS

3.3Sdmpl e collection and preparation

Il n October 2018, sediment cores (0.051 m diam
scudiavi ng from twowhbentli oonati anshaltl levea tseerdi me
|l ocati on, approximately 90 m(RiB&)h Duphmi ¢ htee
sampl es were obtained from eadarpalcacealt iscerd.i nmlemea

underlying natur al sedi ment



After cor ewa tagbmoiveev a lhavatsheadl i mebher f ace was dr a

were sealed to prevent oxidation or other <che

of cores, one each from the shallow and deep
analysis. Within a few hours, these were secti
gl ove bag-samgpl|l elke weule stored on ice during tr

they were r¥efCigatateddboatewdter extraction wa

duplicate set wavei ssepland idp uheallefd nlaeaagM m bi ¢ c

(7]

ubsequphaseofgedchemical and mineral ogical an

3.35€di ment geochemistry

The sedi ment-sampkesdwate2saim i ncrements. Two
n = 15; deep cor e, n = 33) were g¢gr opaordt iaonnd ohfo
eashhmple from the shall ow and deep cores was
for 12 hours. After the digestion, t he sampl

separated from the solids by tehtowédghyi onl ai
dei oni zed water. |Tuhtei orness uetrien ga nsaa nypzleed sfoor t ot
S, K, Na, Al , Ca, Mg , Cu, Mn , Ni , CeCoupt edzZn,
Pl as ma -EQmpitsisciaoln Spe-OEBpsabpyheél ORiIinvetrtsart yp orft iC
from eaovMassampelag ed with HCI at 80 UC for eigt
then was dried at 60 UC for 12 hours. 3JPhe dri
that acts as a c-ommbsessted att al galUyCAdm shbl emea
vario EL cube, -parmahg)li umiag al taarier, and &

nitrogen.



3.3ABueous geochemistry

The 0.1 m subsamples from the shallow and d
centrifuge tubes in an anaerobic chamber. The
was conducted by cent r2i1fMJ/ gea taito n2 OvQiOtON0 nan pBxes cf korhd
centrifugation, the samples were returned to
separated from the sedi ment. Measurements of
(Orion Platinum redox elettnotdyg; whModelpe® 638 mi
chamber. The performance of the redox el ectr oc
1977) and the values were referenced to the
measurements, poeeWwateersampbobbuybabe 4e mbr ance
titrated using a Hach Digital Titrator -with O
met hyl red indicator. Sampl es for engewmelhleuni csad
acetaaed those for cation deter mi nmé tgarha dweer e
nitric acid aO@O&Sanalytr@adwplye d ERPlyas ma Mass Spe

MS) .

Aqueous geochemical model | i n(gv3. w@Psdalr kehrufr csrt meadn
Appel o, 1999) with the WATEQ4F database (Bal/l
saturation i ndi ces and assess theexymotde mixii ale

scoroditg,areomd tk/.Na

3. 3Midner al ogi cal characterizati on

Selected samples from shall ow anandpdeépdcane

natural sediments, weéwseobmpye g plabky d3rOelis i 2nF L) & W C



petrographic thin sections (~ 100 Om thick) w
sections -weatedaamobniesamBned EIl ectron EMiLcr osc
6610¢c¥Upl ed whitshp eEEmrsminngeSpXect rOstopg [(EEOHSr ument
Un vers tylTweof s@tmpdwas) were selected for detail
Mi croscopy (TEM). aTnhael yssansp|l(ess ODomdniveer 80 pOmp =a
from petrographic thibeamc(Gansonssograefoaus
Ottawa, Ontar2d00R aBOLYUEMal Scanning Transt
( STEM; University of Ottawaf)i elqdi i girpoe dbdrwiidgeltite G &
was used forermbogngaandhmracterization of th
A Tal os F200X ( FEI Company,; Canadi an Centr
University) operated at -200r §¥ Wwassuspdctoosol
for defining ninkedFBeex whay cernacxei dens anar eea eclodclterc
di ffraction (SAED) patterns in support of min
order to reduce the probability of int&Oferen:t

nm) were ident i feaneedt gogys csop e cetcrtd a(gisn cplavadki)n g Tzheel

(7]

pectmages (47 x 17 pixels with a pixel size
conditions: cPB3 |l enctaidon babipl epuAreernergy di spe

eV/ channel , energy resolution = 1.3 eV, and

(7]

pectrum i mages were collected, the Gatan Micr
t he-epdge backagr o(uinndv eirnstee npsoiweiresl aw) . According
van Aken & Liebscher (200&2dgeandaclapmReo atd ad . s |
were further processed using a dedidpd ebaakdranuy

pricraltcal atiii mg efe ilt y3/FEFaet.i dTshea SAAEMe patterns we

cy



di

S P

D a

3.

3.

screte phases 1 n t hcea nsear napaljeasn gasfht ear gcoa ldi bsrtaatr
acings were compared against those avail abl
tabase (DOVaehbaaed BaAaDB) .

RESULTS

45Sddi ment geochemistry

The sedi ment geochemistry is presenmpdcasedel

S e

s h

r e

t h

N e

na

Th

r e

a

di ment and i-mitrmoi ntgh es endakt juernatl n-¢prbeg e neagi on wh
all ow core wad mpalchtedt ad,net hes miemeg t hin ( ~(
| atiealey glgd ggriviarveet ed envi ronment and net sedi
ere are ftehve smenm@elceée ®di mone and it i's not po

verthel ess, ointc eingd raagp amentoft Mat, daend SN aCrue

i gher i-inmpgéceet eed Nn2one than the natur al sedi me

ith the exception of Ca, Mg, and K, the conc:

i Aanpacted <sedd mentdefpth). Arsenic, Fdee,r i vredl S
mponents and their-i mpaceadraedioment nr amge mi
Z, wb t% &r0d wd. 2, t o especwiraslty. tlhrrmicomoncen
tural seditmedBt 0@ owii0k .D&8% v d 00 0036, wr espect i ve
e sample density in the micone ei hpzatednz amea
e nodb siexy ved f-ompamoséd méehements which is mani

| atively high concentrations between 1.75 al
ncentrations between 1.25 m amd tthhag 9 ur fdaooess

di stinct deep versus shall-ompaonadi nponef co

c o



Na (wt%) K (wt%) Ca (wt%) Mg (Wi%)  Sr(wi%) Ba (wt%) Al (Wt%)
shallow core 0 00501 0 005010 3 6 0 3 6 0 00050 0005001 0 1 2
----------- i mine-impacted 0 I % 1 J &‘:S\ J I J n J — n J il " ) 4 L J

sediment P . v %0 i Grg
T woe |
natural ﬁno's | % | o } i ' f
sediment o ’ ¢ ¢ <
1 J
Cr (wt%) Mn (wt%) Fe (wt%) Co (wt%) Ni wt% c:u (wt%
shallow core 0 0.0050 0.025005 0 30 0 00050 005 01 0 0.
+_ mine-impacted 0 == ! ' ' '
"""""" sediment ‘%ﬂ :,E 4
£ /
natural ‘%0‘5 % 1
sediment 8 ; ’
1
Zn (wi%) As (Wi%) S (Wt%) C (Wi%) P (wt%) N (wt%
shallow core 0 0025005 0 3 6 0 1 0 1020 0 0050 2
[ < mine-impacted 0 . ! = ! . d g e ! t !
”””””” sediment V}_:;’) } ?
é 4
£
natural 8054
sediment s}
14
Na (wt%) K wt%) Ca (Wt%) Mg (wl% r (Wi%) Ba (wt%) Al (Wt%)
deep core 0 005 01 005 0. 3 6 0 0005 0 0005001 0 1 2
0 . - . g \ . ;
mine- 05 %:
impacted T 14 f
sediment = &
%1.5 1 7 g
~nafurar o 24 &
sediment 25 J
Cr (Wt%) Mn(wi%)  Fe(wt%) Co (Wt%) Ni (Wi%) Cu (Wt%)
deep core 0 00050 00250050 15 30 0 00050 005 01 0 041 02
mine-
impacted 3
sediment p ;
[~ natural ~~ A
sediment
Zn (wt%) As (wl%) S (Wt%) C (Wt%) P (Wt%) N (wi%)
deep core 0 00250050 6 0 2 0 10 20 0 005 01 0 1 2
et bl 0 4 A - y . ;g . , . ; N
mine- _05 ? 0?
impacted E | &=, pe
sediment £ % %
815 .
a) -
[~ “nafural ~~ 2 1 %
sediment 25
2 Sphade geochemistry profiles for shallow
shall owmmscdrost during core retrieval and sampl
mi Aenpacted sedi ment at both | ocations is indi
on the I eft
TN



3.4AQueous geochemistry

The porewater geochemi stry analyses were C

i mpacted and natural sediment at the shall ow I
at the deep |l ocation was | ow a3B3d .i tT hvea sp omr cetw ap
is circumneutral (6.7 to 7.2) with little wvar
range2ftom309 mVv at the shallow | ocation, wit!l

mi Aenpact ed zone bfralpltowendcrieyasan t@ hi gher val.
sedi ment. At the deep | ocat tiorpawherde zalnle, d a& thae
fall within the6lnatror odv3 rmmVigwi tflr olmi ttl e wvari at
reporae meggugdCOdnmgpes 2. 17 to 10.96, with-1the hi
depth at both |l ocations. The concentraitpi ons o
near the sur¥rifmpae tied tsheedimemea , and at t he shal
with depth to mini mup Val ude (ha@ulal mmeld/i kng nt
Fe are approxi mathed y R2hi@mmadotde @ snendil h&kmt at b
they decline to the | oweste obateuvald sodicrmentr a
| ocati on. Thedipsrpolfayl erse Ifaotri vised. y5 hmipeol /nkegd u e 5 h €
surface and decrease with depth. Similar to A
pronounced in the natural sedi ment at the shal
concentrationsi nopfack eidn 6teldd mimiom é2p3 6 tnhneole/ kagr e
distinctive features in th@apr «f i ICas fMgr, tMme
Cl). Similarly, although Zn conceinmpadt ed ss eadien
compared to the natural sedi ment (dpm,,e@uh)t @0 , t

are gener «0l.10y3<0l.o00 0(2Z<a.nWO0 C wmmo |l / kg



pH Eh (mV) Alkalinity N K Ca Mg Al

shallow core 0 4 8 200 100 400 0 5 10 15 0 4 0 025 05 0 1 2 0 05 1 0 0005 0 0025 005
Y —mine- 0 ' — I ) | . ) ,
|mp§cted E 05 |
natural sediment £
sediment § 14
15 -
As SO, Fe Zn Cr Co
shallow core o 1 2 0 3 6 0 3 001 002 0 0025005 0 0.0002 O 0.0004 0
| Vo . , . \ ) . )
—___4—mine- 0
|mpe_=\cted éO.5 |
natural sediment =
sediment g’ 14 q 4
1.5 -
pH Eh (mV) Alkalinity Na K Ca Mg Sr Al
deep core 0 4 8 -200 100 4000 5 10 15 0 2 4 0 025 050 1 2 0 05 1 0 0.005 0 0.0250.05
0 L ) il J L L J 1 | Il I} L ] L I} J Il L ]
mine- EO0.5 A |
impacted e 1
sediment T 1 ]
0 1.5 1
------------- L, _natural 5]
sediment
As S0, Fe Mn Zn Cr Co Cl
deep core 0 1 2 0 3 6 0 3 6 0 0.010020 00250.050 0.0002 0 0.0004 O 2 4
0 \ , . ) . ) \ ) | ) ) ) , . ,
mine- —
impacted EO054 </} g >> <\ % %
sediment -.% 14 1
0 1.5 1 1
rrrrrrrrrrrrr k— natural 2 | |
sediment

3. AQqueous geochemistry gemcceempttr atoiromlpkradfiin
in megq/ KO f or shall ow and deiempp aotreeds . s elchiemedrety

|l ocations dashediktahed by the stratigraphic c

Geochemical model |l ing of porewatiearpadcdtea isrediim
i supersaturated with rseastpuercatteido nt oo rg oseutpheirtsea taunr
ferrihydristten [tdhse PATERMUAFI od.atkhovagsveelr , itrh et lpeor e

mi Aanpact edisseddmestturated withjaedgpgege t30 49cC



3.

Fe(OH); goethite K-jarosite Na-jarosite scorodite
shallow core 202 4 0 5 010 -5 0 5 151050 5 -10 -5 0
le_ mine-impacted O 4 . ! TR s

________ T N Y| S

natural
1.5 - J

o
w
I

sediment

Depth (m)

Fe(OH), goethite K-jarosite Na-jarosite scorodite
deep core 20 2 4 0 5 0 -10-5 0 5 -1510-50 5 -10 -5 0
0 ! | 1 1 | 1 1 ] L L 1 ] L ]
mine- — 054 i f B ]
impacted £
sediment ~
N 1 4 B 1 4 i
a
1)
o 15
------- natural
4_sedimenl 2

Fi 84 Depth profiles of s aotxuyrhaytdiroonx-jidnedsisc eksé Nfaoar

scorodite at the shallow and deep coring | oca
AMiB3ner al ogi cal characterization

The deptihmpdctmchesedi ment at each coring | oca

the shallow |l ocation and 4 mMpamtetd sketdeapiko

at the shallow | ocation, ssetthenmcoeealf ogmct@he

A visual examination of the deelprcwme Shamwsi tt]

to Idgrglyt to 0.9 m, medi um to dar k bhbetwile.edret we €
mand. 9 m, and tgor e2y. 2f rno 8 ¢lp.tIT h{ Ri gecti on sampl
from t-hempmched,t bedi méer f ace r eigmpoanc tbeedt wseeedni neh

the underlying B8aYur al sedi ment (Fig.



3.4.3.1. SEM analysis

The E&BPEM analysis indicates the pr edseernicvee dof

cemented cr uisnpsacitnedt hseeddmi,mmeéeni e (Fhwpgndance of wh

dept h. The secondary minerals that form the
composition iIsAsOpmsonggedtibygyg Fehey-amsenatoene Tl
f erarriscenat es cammdrelrye necxebsi hint bri ght ness in bac
35A B) , i ndicating variaablksencbompweieni dm.e A eaner
tailings and these fragments that have36been t

The seldosnemdg maeret g el atciovnep ayr epdo nmtood dt é) otaami dl | BNy
anal yses reveal t hat thlhhestAkd/ Ee ursdtsi amag ei 1 otwh ean

0.i.0; n = 20sciomptalh e dt a&iol9it. kg s n( ABH/MFBe ~ FG .g2



shallow core deep core
— 0.0 s
I B = . r
- ¢ g% Fig. 38(A, B) VB Fig. 35(A B); Fig. 3.7D
— 7 EERMME Fig.37a B _
— \ Fig. 36(D, E, F); Fig.3.7B
l— 04 ) Fig.38(C, D)
L 06 | Fig. 3.7F
5
o [ BB ER _
£ 3 |} Fo-37GH
=1 10 L
=1 2
Q @
[0} ; Fig. 3.7C
812 E‘ 7‘ g
— 14 é | Fig. 3.7l
a
4 c
— 16 Fig. 37E 3
&
L 18 \ 3
—_ Fig. 3.7J
L 20 55 e
L— 22 i

Fi 85 (Left) Phot ographs of the cores from th
colour gradat mpasted sbdi mene overlying the n;
indicate | ocations where thin s$eati amas gmelses
( A) Bac keslceactttreare dSEM i magqpadtred ¢$dedi mimte at t
|l ocation shows a fragment of cemented crust

cementing minerals comimghmltywedssplsaydemamnisatiad m
surrounding a quartz grain in (B). EDS anal ys

they aaesépatec



Fi g6 Bac k secl aetctterroend SEM i mages of theiCegpmamded

t he | ake isFedi nwhnitt e( D ectangles represent magni
C (crusts from the tailings arteas)T,heanSdkEM iamd
coll ected under the same operating conditions
the crusts. The I mages in panels C and F indic

compared to thethesis@dalmeatusthati are porous a
demonstrate that As/ Fe ratios ahestredactively

~ 0630; n = 20) compared to fifedrcrmstslbdbh the





































































