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ABSTRACT

The Mount Polley mine tailings embankment breach on Auglig044, in British Columbia,
Canada, is the second largest mine waste@pikcord. The mine operator responded swiftly by
removing significant quantities of tailings from the primary receiving watercourse, stabilizing the
river corridor and beginning construction of a new river channel. This presented a unique
opportunity to stug spatial patterns of element cycling in a partiadgtoredand alkalineriver
system. Overall, water quality impacts are considered low witla@uaito a lesser extent beging

the only elemerst of concern. However, the spatial pattern of stream Cuirlgasuggested
chemical (dominant at low flow) and physical (dominant at high flow) mobilizgir@cesses
operatingin differentparts of thewatershedChemical mobilization was hypothesized todue

to Cu sulfide(chalcopyrite)oxidationin riparian talings and reductive dissolution of Gaearing

Fe oxides intailings andstreambed sedimenighereas physical mobilization was due to erosion
and suspension of Gich stream sediments further downstre#&though elevated agueous Cu
was evident in Hazeltie Creek, thigs considered a relatively minor perturbation twatershed

with naturally elevated stream Cu concentratiofise alkaline nature of the tailings and the
receiving watercourse ensures most aqueous Cu is rapidly complexed with dissolvéd organ
matter or precipitates as secondary mineral phasasd&ahighlights how swift removal of
spilled tailings and river corridor stabilization can limit chemical impacts in affected watersheds
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but also how chemical mobilization (of Cu) can still occurew the spilled tailings and the
receiving environment are alkaling/e present a conceptual model of Cu cycling in the Hazeltine
Creek watershed.

1. Introduction

On August4™ 2014, a partiabmbankment breachf the Mount Polley tailingstorage
facility (TSP in British Columbia, Canadéed to thereleaseof approximately 25 Mrhof mine
tailings and supernatantvaterinto the Quesnel River Watersh@d/ISE, 2016 Petticrew et al.,
2015) Theembankmenbreached due to a geotedcal failure of a layer of giao-lacustrine clay
in the foundation materials below the d@imdependent Expert Engineering Inveatign and
Review Panel, 2015Yhe Mount Polley event was significant flour reasons. First, at the time
of the accident it was the largester documentedpill of mine tailing into the environment
(WISE, 2016) Secondamong tailings spillsthe MountPolley accident waunusualin that the
tailings are not acigieneratingand containgenerally low levels of trace nmad$ and metalloids
when compared ttypical tailings(Golder Associates Ltd, 2015; Kossoff et al., 20T4jrd, the
environmental cleanp operations were swijftvithin one year of the eventsignificantvolume
of the spilled tailingdad been removed from the major receiving watercourse and an extensive
river restoration scheme was under constructiopdependent Expert Engineering Investigation
and Review Panel, 2015Fourth, the Mount Polley spill highlighted the increasingiobal
environmental rislof suchevents,due to the growing number of mining operations and higher
waste to ore ratios, amtiie tothe growing vulnerability ofhese types of environments to extreme
hydro-meteorological eveni{dHudsonrEdwards, 2016)

Following theembankmenbreach, tailings materiatitially discharged north into Polley
Lake EHIRUH IR UP L(&da knows &XPdley Flats in Figthat blockedwater flowing
from Polley Lake. The tailings material subsequefitiwed southeast into Hazeltine Creelnd
then dischargedhto the West Basin of Quesnel LaKehe tailings material initiallyeroded the
existingvalley,both vertically and lateralligSNG-Lavalin Inc, 2015)Subsequentlythick deposis
of tailings (up to3.5m thick) occurred primarily near Polley Lake and in Lower Hazeltine Creek
with thinner layers occurring in other parts of the cr@allings were deposited within the riparian
zone up tal00m from Hazeltine Creek.

The ore body at Mount Polley is a typical alkgorphyry Cu-Au deposit withsupergene
enrichmentMcMillan, 1996) The dominantore mineral ischalcopyrite(CuFe&s;), but Cu also
occurs as other dude (bornite tCusFeS, covellite +CuS, digenitexCwSs), silicate (chrysocolla
+(Cu,Al)2H2Si0s5(0OH)4.nH20) and carbonate hydroxide minerals (malachit€uwCOs(OH),)
(Henry, 2009)Importantly, tke ore has low sulfide (0.1+0.3wt. %) andhigh calcite § £10wt.

%) contentgiving it a high neutralization potentialailings generated from the processing of
Mount Polley ore also hawgenerallylow metal concentrations (mg kpgAs, 8 #13; Cd, 0.1+0.3;

Cr, 8 £55; Cu, 65+1475; Pb, 4+12; Hg, <0.1+0.3; Ni, 6 £36.4; Se, 0.3t1.9; V, 86 +295; Zn,
40 £82) (SRK Consulting (Canada) Inc, 2015%ehen compared to other spilléailings (Bird et
al., 2008; Hudsoidwards et al., 2003)

Evidence fromwater sampling surveysarried at in Hazeltine Creelshortly after the
breach revealed elevated (above British Columbia Water Quality GuidetlB€¥VQG (British
Columbia Ministry of Environment (BCMoE), 20)7jltered concentrations ofeveral metals
(including Cu (maximum: 86ug LY and Se(maximum 33pug L?) that have decreased
substantially since the eveftolder Associates Ltd, 2015jollowing the breach, Mount Polley
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Mining Corporation implementednaon-going rehabilitation and remediation stratethat has
involved removing tailings from Lower and Upper Hazeltine Crae#t construction of a new
rock-lined channel and fish habitafMPMC, 2015) Early evidence from epchemical
investigationghumidty cell and column tests) sugge€is has limited environmerdl mobility
(predictedmaximumCu concentration of 2Qig L) due to the low acid generatingtgntial of the
tailings (SRK Consulting (Canada) Inc, 2015€)verall, thisresultsuggests the tailings may be
relativdy nonreactive thereby limiting the potential loatgrm chemical impacts of the spill.
However,column tests, while very useful, cannot entirely repli@teironmental conditions in
complex field sitesespecially at the interface between depositethggland the river corridor,
where temperature, dayligimjicrobial activity,redox potentiglpH and hydrologyare constantly
changing. Watersheescale investigations of trace metal dynamics are therefore required to
supplement existing laboratebasedmicrocosm data and to determine the environmental risk of
residual tailings in the stream corridor.

The Mount Polleytailings spill presents a unique opportunity to study water quality
impacts and watesediment interactions sreceiving watercoursehos valley morphology was
re-set by the spill event and whose channel has subsequently been modified and rezihgeed.
the eventthere have been several environmental impact stuchesiucted by consultants on
behalf of Mount Polley Mining CorporationfGolder Associates Ltd, 2015; Minnow
Environmental Inc, 2015; SNCavalin Inc, 2015; SRK Consulting (Canada) Inc, 2015aTbh¢
initial impactsof the spill on Quesnel Lake have alssehdocumentedPetticrew et al., 2015)
However this work represents the fingeerreviewedstudy of the chemical impacts of the tailings
spill on the primary receiving watercour€ar specific objetiveswere ta (1) establish the spatial
patternand sources of element loadi(gpecifically Cu)in Hazeltine Creek an{R) assess the
potentialfor residualalkalinetailings ina partiallyrestoredriver corridor to influenceshort to
long-termaqueos chemistry

2. Methods

2.1.Study site

Mount PolleyCu and Aumine is locatedapproximately 27%m southeastof Prince
George British Columbig CanadgFig. 1). Hazeltine Creeks the main outlet of PoleLake
draining an area of 112 Kmandflowing approximately 9.5%m into Quesnel LakeBedrock
geology in the catchmentdminated byesozoic (252+66 Ma)basalic and andesitic volcanic
assemblagesThe upper warshed sits partially withilate Triassic (235+201 Ma) alkalic
intrusions hat host the porphyry mineralizati@sicMillan, 1996)

Prior to the spill, thédazeltine Creekorridor was well forestedith an average bank full
width of 5 m and consisteaf riffle-pool sequences and a bmatl of predominantlycobbles and
gravel(SNG-Lavalin Inc, 2015)Following the spill, a thick deposit of tailingsygically 1 m deep
butin somelocations> 3.5 n) was deposited near the dam and in parts of upper Hazeltine Creek.
Mostof Upper Hazeltine Creek experienced rapid and steep erosion and eventually a thin layer of
tailings deposition(10 to 20 cm deep)At approximately 4800+4900 m andb600 £6600 m
downstreanof the TSF the spilled tailings wer&nneledthrough narrow canyons resulting in
incision to bedrock and the removal Ghe-grainedsediments from within the channel zone
Within Lower Hazeltine Creek, the floodplain was erqdmud tailings and native material were
depositedo depths from 0.15 to 1.5 rAverage bank fulchannelwidth after the breach was 18
m.
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2.2Water analysesand modelling
A synoptic samplingmass balance approaetas utilized to identify the spatial qttern of
constituent concentrations and loads in the Hazeltine Creek watershed and to study the main
hydrological and geochemical processes driving the observed patteersynoptic mass balance
methodology for management of mine pollution was develdpethe U.S. Geological Survey
(USGS)as part othe Abandoned Mine Lands Initiatiead isbased on synchronous water quality
and flow measurements made at multiple locations across a catchment that provide detailed spatial
assessments of pollutant sowcgKimball et al., 2002) Water sampling and discharge
measurements weeequiredunder low flow conditiongn 2015 and high flow conditions in 2016.
Low flow sampling was performealsing the velocityarea methodt 10 stream sites on August
292015 (GHQRWHG DV pRigMtfiavdrange wasH §0:25D L st and typical of long
term valus for August(based on 9ineasurementisken over spring, summer and autumn from
1995 to 2014Knight Piesold Ltd, 2014) At the time of samplingnuch of the tailings had been
removed in LoweHazeltine Creek antivo sedimentation ponds weoperatingto settle out
suspended particles prior to entry to Quesnel L&kg. (). Samples weralso collected atl2
locations where water wdkwing from riparian tailings into the credkom seeps odrainage
ditches GHQRWHG DV puLQ LRIz pdre Watkf shngpled wlere collec{@dm 10 cm
and 20 cm depthat threelocationsin Hazeltine Creek using a stainless steel piezonaatdr
peristaltic pumpFouradditionalwater chemistry and flomeasuremeni{@sing the tracer dilution
technique)werecollected in Hazeltine Cr&eunder high flow condition¢flow range was 600
680 L st and typical oflongterm spring freshet valuéinight Piesold Ltd, 2014)in July 2016
in order to investigate potentiahter quality impacts durinigll storm events or spring snowmelt
Measurements from four creeks in the Quesnel River Watetslatavere unaffecteé by the
tailings spill were also collected uly 2016in order to establish the magnitude of impact in
Hazeltine Creek comparedtiwe regional baseline

Total and filtered0.45um) cation(Al, Ca, K, Mg, Na, Sipnd trace element concentrations
(As, Cd, Cu, Cr, Fe, Mo, MnNi, Pb,Se,V, Zn) were determined byductively @upledplasma
toptical emissiorspectroscopy (Therm8cientific ICAP 6500 Dupand +massspectroscopy
(ThermoX-series }, respectivelyFilteredanion concentration&l, F, SQ) were determined by
ion chromatographyQionex ICS-2500. Speciatiorsolubility calculations, using the measured
agueous concentrations of the Hazeltine Creek watemélod/ samples, were carried out using
the PHREEQC code and the wateq4f.dat. thermadimdatabase distributed with the cd@all
and Nordstrom, 1991; Parkhurst and Appelo, 1988yitional information on thguality control
andsampling and analytical protocols can be found ireteetronicSupgementaryinformation.
As a result of thehysical impact®of the tailings spillin HazeltineCreek the streamwas not
considered to be fish habitat at the time of this study. However, even thowggte#ms currently
not significantly utilized by aquatic organisms, aquatic habitat is an intended futune tnee i
longer term. Therefore, water quality was assessed based on comparisonishcCBlumbia
Water Quality Guidelines (BCWQG)(British Columbia Ministry of Environment (BCMoE),
2017) The 0.45pP IUDFWLRQ LV GHILQHG DV pILOWHUHGYT LQ WKL
representative of the truly dissolved fraction.

2.3 Sediment analyses
The concentration o€u in within-channelsediments depositedat the channel margin
alongHazeltine Creekweremeasured in the fieldy portable Xray fluorescence (pXRFRNiton
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XLp 300) with an analysis time of 60 secon&slished blocks of selectednsples of tailings

deposited soon after the 2014 spill, and of sediments and ochres remaining in the floodplain in
206 GHQRWHG DV pW D Lvete@davhived whdky ldwQagliuin with the BSE detector

on the Mineral Liberation Analysis (MLA) 6F¢EG ESEMDW 4XHHQTV 8QLYHUVLW\ &L
MLA has previously been used in environmental mineralogical studies to characterize and quantify
mine waste metaland metalloiebearing phased@romstad et al., 2017; DeSisto et al., 20¥6)

Cu-bearing Fe oxidgohasewas added to the library of minerals included in the S¥MA

software, for which Fe oxides with c. >0.1 wt% Cu could be detected and mapped.

3. Resuts and discussion

3.1Water quality impacts

Stream pH valueweregenerally greater than 8.5 throughout the entire reachabgl
between a high d3.3in Upper Hazeltine Creek (HE) anda low of7.5in Lower Hazeltine Creek
just upstream of the sedimt@ation pondHC-9) (SupplementaryrableS1). Prior to the dam spill,
the mean pH of BHzeltineCreek wasreported as8.2 (Minnow Environmental Inc, 20Q9Diel
variation in stream pHSupplementaryig. S1) recorded opposite tHESF over a4-day period
(30" July to2"d August 2015) showedrange froni7.0 +8.7 before and on thday of the synoptic
sampling (29 August) Some variation on the day ojreoptic sampling may reflect enhanced
photosynthesiglue to clear skie§Gammons et al., 2015nd lower water levelslue tothe
operation ofa streamflow control device (a weir was installed to control flow during stream
reconstruction)The pH values of sampled inflowisange: 78 +8.7) were generally lower than
stream samplegrange: 7.5+9.3) (Supplementary Table Slparticularly at sitesn Upper
Hazeltine Creeksuggestinghattheinflow wateis pHs werebuffered by mixing with the stream
water The pHvalues of inflow and streanwateis weremore similar inLower Hazeltine Creek
suggesting mixing ofubsurface wateand stream water in this readhis resultmay explain the
spatial variation of stream ptith more buffering capacity existing in Upper Hazeltine Creek
The high buféring capacity of stream water (range: 1858 mg L CaCQ) in Hazeltine Creek,
combined with the high calcite and low sulfur content of the spilled taili§§ Consulting
(Canada) Inc, 2015p¢xplains the alkaline pH of the stream wa@uncentrations of most major
ions (iltered,mgL™: Ca 44 +357; K, 19 +117;Mg, 8 +77; Na, 8 +120, Si, 3 +11) werehighest
in inflows in Upper Hazeltine Creek, and gradually decreased in the downstream direction
(SupplementaryrableS1 andSupplementaryrable 2).

Total andfiltered (0.45 um) concentration®f Cd, Mo, Ni, Pb, Se and&n in Hazeltine
Creek stream water were found to bdess thanBritish ColumbiaWater Quality Guidelines
(BCWQGs =filtered concentrationgig L't Cd, 1; Mo, 500; Ni15G Pb,17G Se,2; Zn, 97).
FilteredAs (range: 7+8 ug L) andCr (range:2 +5 ug L) concentrationsvere slightly above
environmentastandard¢§BCWQGs +ug L% As, 5; Cr, ) butCr concentrations wegmparable
with pre-event concentrationgange: <1+4 ug L) (Golder Associates Ltd, 2015fe and Mn
(and Al) concentrations were within aquatic environmental standards and similardoeepte
concentrationg§Golder Associates Ltd, 2015FilteredV concentrationgrange: 7 +12 ug L7
were elevated compared to freent concentrationgnedian:1 pg L) (Golder Asociates Ltd,
2015) suggesting further investigation into the fate and behaviour of this element is warranted.
However, he main elemenwith elevated concentrationgs found to be Cuptal (range: 728
ug LY and filtered(range: 7 +23 pug L) concentrations were above environmental guidelines
(BCWQGs +ug L™ Cu, 6) throughout Hazeltine Creedndincreasd with distancedownstream
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(Supplementaryrable S1 andFig. 2d). In Upper Hazeltine Creelaroundthe are&known asthe
PolleyFlats(0 +3000 m below Polley Lake we)r Cu wa higher ininflows than in the stream
water(Fig. 2b). Thisresultsuggests that the inflowgerereceiving Cu fom residuatailings and
caugdan increase in stream Cu in this part of the waterdgtedever,inflow Cu concentrations
farther downstream (300&8500 mbelow Polley Lake wejrweremore similar to, ordwerthan,
stream wateconcentrationfn Lower Hazeltine Creelsuggestingurfaceinflow waterswere not
the onlysource of Cun the watershed.

3.2Sediment quality impacts

pXRF survey ofwithin channel sedimentalong the entire length of Hazeltine Creek
reveaed elevated Cu concentrations throughout the river coraddine timeof our sampling in
2015 (Fig. 3. Copperconcentrations in material ggent on the floodplain surface up to 50 m
distance from the channel ranged fr@®to 1020 mg kg!. These values exceeded both the
threshold effect level (TEL: 37.5 mg kpand predicted effect level (PEL: 197 mgYdor Cu
(British Columbia Ministry of Environment (BCMoE), 2015pnd also the mean Cu
concentrations of Hazeltine Creek sediments before the b{dichow Environmental Inc,
2015) The Cu concentrations reported were comparable to other rivers affected by tailings spills
(Bird et al., 2008; Hudsekdwards et al., 2003; Kossoff et al., 205H)d historical mining
operationgGilchrist et al., 2009; Macklin et al., 200&)u concentrations were elevated in both
silt-sized material, believed to reflect tailingsminated material (range 88419 mg kg') and
sandsized materialbelieved to refleanagnetiterich sands (range 72800 mg kg'). The highest
concentrations occurred in the magnetite sands in the seaogch between 5700 and 60 m

(Fig. 3.

3.3 Stream wpper loading and source aeas

Synoptic sampling of streamflow and stream Cu concentrations is used here to identify and
guantify sources of Cu to Hazeltine Creek under low flow conditiBltsv measurementare
presented in Supplementary Fig. Spatial profiles of filtered antbtal Cu loading show a general
increase downstream of ti®lley Lake weir(Fig. 2c); the maximum filtered463 g day?) and
total (549 g day') loads were recorded at HE The primary source ofotal (67%) and filtered
(68%) Cu loading in Hazeltine Creek was the reach from1HG HG6 (0O £4000 m) which
comprised residual tailings in Upper Hazeltine Creek (Fig. 2c; source arem #hijs reach,
filtered Cu loads increased consistly andthere was no difference between cumulatiitbe sum

of all loadings in the reaches where a positive change in loading was mg¢asutadeasured
filered Cu loads(Supplementary Fig. S3)uggesting there v&a no chemicalattenuation
(precipitation or adsorption) of Chere Total loads exhibit a similar profiléo filtered loads in
this reachaside from a slight decrease in load betweer3-H{td HCG4. The generalncrease in
Cu loadingthrough this reacls most likely due to inflow waters with elevated filtered and
particulateCu concentrationshat are draining the residual tailingsig. 2b). The increase in
filtered andtotal loads between HG and HG6 was probably due to surface and/or subsurface
inflows that were not sample@ihe seondary source dbtal (33%) and filered (326) Cu loading
was the reach from HG6 to HG10 which compriged the two bedrock canyonand Upper
Hazeltine Creek (Fig. 2c; source area #2)pper loading through this reach svenore variable
thanfurther ypstreanbuta notablencrease irtotal and filtered loadsccuredthrough Canyon 2
(HC-8) followed by similar magnitude decreases downstream of the canyon in Lower Hazeltine
Creek (HCG9). A slight increase in loads downstream of the sedimentation pdtxd @Hprior to



267 discharge into Quesnel Lake was probably due to elevated Cu concentrations in the sedimentation
268 pond (Fig. 2b). Considering stream Cu loading in the entire watersteedjfterences between

269 cumulativeand measured Gaads suggests ¥8and39% of theotaland filtered Curespectively,

270 added to Hazeltine Creeltong its course vgattenuategbrior to discharge into Quesnel Lake

271 (Supplementary Fig.3. Thealkaline stream water arniigh calcite and low sulfur content of the

272 Mount Polley tailings undoubtedly limitmobilization and transport @u and other trace metals

273 in Hazeltine CreeiNordstrom, 2011)Nevertheless, the gradual increase in Cu concentrations
274 and loads in the stream suggestseaqis andotal Cu phases we influencing stream chemistry

275 (Fig. 2).The following sections present results aimtussion aimed at elucidating the mechanisms

276 that may be responsible for the obserspdtial pattern o€u loading.

277
278 3.4 Copper mobilization and transport
279 The primary source of stream Cu loading identified in 2015 thasesidualtailings (0 *

280 4000 m)in Upper Hazeltine CreekVhilst ongoingremediation activities in Hazeltine Crelekve

281 removedmuch of the spilled tailings substantialvolumes remain in the river corridor (most
282 notablyin the Polley Flats arempposite the TSkn Upper Hazeltine Cregkintermixed with

283 natural materialsGroundwater seeps and drainage ditches in Upper Hazeltine Creek that were
284 connected to Hazeltine Creek in 2015 contained elevated concentrations of filtered (ug to 37

285 1) andtotal Cu (up to148pug LY (Fig. 2b, 4a)At the water pH values measuredhiese inflovs,

286 Cu is predicted tdhave been present principally a€u(ll) hydroxide (Cu(OH)), with Cu(ll)

287 carbonate (CuC¢) alsopresenin some sampleSpeciation modellingf inflow watersindicates

288 cuprite wassaturated (Sl =2 to +2) (Supplementary Table S8hd minor amounts of cuprite and

289 chrysocolla were identified in SEMILA, suggesting these minerals exera solubility control

290 over Cu in thee watersThe presence of elevatéittered Fe Up to 194ug L), Cu (up to 38ug

291 LY and SQ(up to 966mg L1) in these inflows (Figda, b, d) suggestweathering of chalcopyrite

292 (CuFeS) was occurringin the tailingsin source area ¥ (Fig. 2c). In addition, SEMMLA

293 investigations praide evidence of chalcopyritdtering directly to CtbearingFe oxidespossibly

294 ferrihydrite,in the tailings Fig. 5a, b;Supplementary Figure S4uch Cubearing Fe oxide is a

295 commonlyobserved product for alkaline oxidation of chalcopy(i¥@aughan and Coker, 2017;

296 Yin et al., 2000)Weathering of Mn rides was also indicated with elevated Mn (ug3d3ug L

297 1) and saturatiorof rhodocrositein inflow wates (Supplementary Table $3Oxidation of

298 chalcopyritein nearsurface tailingdollowed by rainfall and infiltration of rainwater into the

299 tailingswill dissolve the oxidatioproducts and produce leachate with elevatisdolvedCu, Fe

300 andSQu. This leachate could be transported through the tailongsoundwater seeps and drainage
301 ditchesthrough surfaceun-off andvia subsurfacdlow pathsalong the tailingd glacial till

302 interface.The hydraulic residence time of mobilized Cu leachate within the tailings will play an
303 important role in Cdransport to groundwater seeps anainage ditches andltimately, tostream

304 water(Fuller and Harvey, 2000; Gandy et al., 2Q0Hhe-grained material (such as the clay and
305 silt-VL]HG pJUH\YT WDLOLQJV ZLOO LQFUHDVH UHVLGHQFH WL
306 therebymaintainingCuin relaively insoluble formgGandy et al., 2007Evidence from column

307 and humidity celtests suggests mineral solubility contr@sg.ferrihydrite) will limit Cu leaching

308 in fine-grained tailings where flow paths are longer than half a njg#K Consulting (Canada)

309 Inc, 2015a)Shorter flow paths, such as those that characterize sediments in the riparian zone, are
310 more likely to remain oxic which could explain the elevated Cu measured in riparian groundwater
311 seeps andrainage ditches during this study.



312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

The impact of Cu weathering in the tailings is clearly evident in the increase in total and
filtered Cu concentrationgn drainage ditches and inflonandin the increase in stream @ads
between HEL and HCG6. Filtered Cuincreasd through this reach and the relative contribution of
filtered Cu to the overall Cu load increddeom 0.5(at HG3) to 0.9(at HG6). There aretiree
potential explanations for this. Firsthe increasecould have been due to high filtered
concentrations inubsurfacanflows that were not sampled in this study. The valley morphology
in Upper Hazeltine Creek was modified through erosibnatural materialsinddepositionof a
mixture of tailings and natural materials which buried many lemalbutary inflows to the main
river channellnflows from some of these inundated tributaries were evident as seeps in Upper
Hazeltine Creeln 2015 and 2016Secondcomplexation with dissolved organic carbon (DOC)
couldhaveincreasd the solubilityof Cu in this reach. Copper is well known to bind strongly with
DOC in aquatic environments, in the form of fulvic and humic acids, and Cu speciation is often
dominated by Cwrganic complexe¢Stumm and Morgan, 1996; Tipping et al., 2Q0&Milst
DOC concentrations were not measurethe present studfand therefore, not modellaging
PHREEQC in this study)a previous study found that elevated Cu concentrations in drainage
ditches and stream water in Upper Hazeltine Crbekeved to be due to drainage from a cedar
swamp coincided with elevated concentrations of DCBRK Consulting (Canada) Inc, 2016)
addition, peciation modelling suggested th&3% of dissolved Cu wacomplexed with organic
ligands (SRK Consulting (Canada) Inc, 201@)hird, kinetic constraintson mineral solubility
could have prevened Cu from precipitatingbetween HEL and HC6. Speciation mdelling
suggest stream watefrom HC-1 to HG6 was less saturated with respect to cuprite than inflow
watess (Supplementary Table S3h reality, it is probably a combination of these three processes
that accounts for the behavior of Cu through this reach. Weathericigatwfopyritein residual
tailings and erosion / suspension of particulate Cu phases in the stream coaithat elevated
total and filtered Cu concentrations in drainage ditches and surface and subsurface inflow waters.
Kinetic constraints in the stream wafesm HC-1 to HG6 could thenhaveprevened Cu from
precipitating in this scenario Cu was most likely complexed vilddC.

Whilst chalcopyriteweathering in riparian tailings madnyavebeenthe primary source of
Cu loading in Hazeltine Creek, evidence from this study suggests another potential source of
agueou<Cu throughout the stream corridatrthe time of samplind-iltered concentrations of Cu
were found to be elevatddange: 43+1017ug L) in sediment pore waters (relative to stream
watas) recovered through4situ sanpling (Fig. 4a and-ig. 69), suggeshg a mechanism of Cu
releasevasoperating inthe stream sedimentfelease of Cu in the streambed could be related to
eitheroxidation of chalcopyrite or reductive dissolution of-Bearing oxideswhilst Cu sulfides
can be oxidized in subaqueous environments if the waters contain sufficient ¢Xggeret al.,

2003) an increase i80Os in pore waters would have been expected to accompany the increase in
filtered Cu as evidence ofCsulfide weathering, and this saot evident in Haténe Creek pore
waters (Fig. 4dand Fig. 6l). A more plausible mechanism for Cu releagethe streamlgis
reductive dissolution of GbearingFe oxides given the elevated filtered concentrations of Fe
(range: 63+3510ug L) and Mn (18+1468ug L™?) found in sediment pore waters (relative to
stream waters) (Fig. 4band Fig. @,c). Filtered Fe and Mn was strongly and significantly
correlated with filtered Cin the streambed poreaters (Supplementary Figure)Sk addition,
sequential extraction testoonducted on Hazeltine Creek sedimericates that the reducible
geochemical phase is an importdmist for Cu(Minnow Environmental Inc, 2015; SRK
Consulting (Canada) Inc, 200)5nd several investigations have highlighted reductive dissolution
as a important mechanism driviregueousCu releasdn the streambedCalmano et al., 1993)
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Although positive ORP valuesvere recorded irpore watersn this study(Fig. 4f), potentally
suggesting an oxic systerm the absence of low pH (acidisjreambedoore waters, the only
mechanism capable of producitige high filtered Fe and Mn concerdtionsfoundin Hazeltine
Creekpore watersvas reductive dissolutiofiKimball et al., 2016)The highest pore wat&u and
Feconcentrations wergenerallyrecorded at 10 cm depth but then declined at 0 cm depth (surface
water) suggesting that diffusionf the released Cu to stream water was mediated by
(co)precipitation and / or sorption reactioff3g. 6). Cuprite wassaturated at the sedimenater
interface (0£10 cm) (Supplementary Table S3), hewer ferrihydrite vas supersaturated and
sorption of Cu(ll) ta~e oxidegs well documented in neutral aatkaline system&imball et al.,

2016; Koski et al.2008) Furthermore, eidence from SEMMLA analysisindicates the presence

of Cu-bearing Fe oxides in the stream sediméfits. 5c, d; Supplementary Figure S@xidation

of the tailings chalcopyrite to Gloearing Fe oxide could have occurred either before (in the TSF)
or after the 2014 tailings spill (iHazeltine Creek). However, textural evidence strongly suggests
that some of the Ghearing Fe oxides formed as discrete phases following deposition in Hazeltine
Creek; thigpatternis particularlyevidentin the Fe ochre sample collected from a seepway

down Haeltine Creek (Fig. & d). Also, the chalcopyrite: Gluearing Fe oxide ratio decreases
from 0.36 £0.57 in the 2014 deposited tailings, to 04®24 in the upper part of the Polley Flats,
and to 0.00£0.06 in the lower part of the Polley RHaand further down Hazeltine Creek
(Supplementary Table S4). This suggests that chalcopyrite oxidation and/or formation of discrete
Cu-bearing Fe oxides increased in Hazeltine Creek between 2014 and 2016 and with distance
downstream of the TSF.

The secondy source of Cu loading in Hazeltine Creegcurredfrom HC-6 to HG10.
Thehighest loadingvithin this reach appeared to Ganyon 2 (57066700 m) in Upper Hzeltine
Creek most likely as a consequence of high water velocities and turbulence that anabed
suspended streamside and streambed sediments with high Cu concentrationsI{figug. this
reach therewas a decrease in the relative contribution of filtered Cu to the overall Cu load from
0.9(at HG6) to 0.6(atHC-10), suggesting (co)preci@itionand / or sorptiowf filtered Cu species
may have occurredt appears that although Cu precipitation from-H@ HG6 was limited by
kinetic constraints, an approach towards thermodynamic equilibrium occurred fredrtdl8G
10. Evidence for thisan be seen in the shift from under saturation-(HG HG6) to saturation
(HC-6 to HG10) for cuprite (Supplementary Table S8)dcould reflect the reduced number of
inflows in the lower reach that could alter stream chemisywell as precipitationf secondary
Cu minerals, Cgorptionto particulate Fe phas@egrrihydrite)couldalso havéeenimportant for
removing filtered Cu(Fig. 5; Supplementary Table S@imball et al., 2016) Elevated Cu
concentrations in the sedimentation pond at the time of sampling probably caused the slight
increase in Cu loads between {3@nd HG10.

Consideration of the evidence presented in this study allows us to derive a conceptual
model of Cu cycling in the &keltine Creek watershed (Fig. ©xygen diffusion in streamside
tailings in Upper Hazeltine Creaiould drive oxidation of chalcopyriten nearsurface tailings
with reductive dissolutionf Cu-bearing Fe oxides potentially occurring in deeper, anoxic tailings
(Fig. 7a). Rainfall and infiltration in the tailinggould dissolve the oxidation bgroducts which
couldbe transported to drainagéches and Hazeltine Creek water through surface runoff and /
or subsurface flow. Any free ionic Cu pres&muld probablyform aqueous organic complexes
and /or sab to particulate Fexides.Copper mobilization in stream sediments could occur by
redudive dissoluion of Cubearing Feoxides (Fig. D). Thereleased Cu could form insoluble Cu
sulfides in the stream sediment or diffuse through the sedwvestet interface wherié¢ would be
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complexed witlorganicmatter and or sab to particulate Fexides.Finally, physical mobilization
of particulate Cu through Canyon 2 could occur through erosion / suspensiomiofi Gadiments
and streamside tailings this highgradient, turbulet and constrained reach

3.5 Long-term implications

Following the accidentylount Polley Mining Corporation acted swiftynd removednost
of the spilled tailings il.ower Hazeltine Creekvithin a few months of the accideiftis strategy
has undoubtedly reducdbe short to longterm chemical impacts irhé watershedSince this
study, further tailings have been removed in Upper Hazeltine Creek, though some tailings still
remain intermixed with natural soil and sediment along prtke stream corridoRemoval of
spilled tailings is the most common reained measure taken for tailings dam sp{f®ssoff et al.,
2014)and has been shown to considerably reduce-temg impactson ecosysteméHudson
Edwards et al., 2003However, @spite tle relatively low chemical impastof the Mount Polley
spill, mobilizationof particulate and aqueo@ phasesvas evident in Hazeltine Creelt the time
of this studyand could influence stream chemistinto the future The processs driving Cu
mobilizationarehypothesized to b@n order of decreasing importar)cé) chemical mobilization
in streamside tailings througbrimary sulfideoxidation, (ii) physical erosion susp@asion of
particulate and colloidal phases in residual streamsidesteambed tailinggnd (iii) chemical
mobilization instreambed sedimentisroughreductive dissolution of Gbearing Fe oxides he
following sections discuss how these processes ewalve in the futureand how the chemical
perturbation in Hazeltine Creek compares togrent conditions and other mine wastgacted
watersheds around the world.

Restoration of the Hazeltine Creek river corridor was aimed at limiting further erdsion o
tailings and turbidity in the stream. As a result, significant reductions in element concentrations
and turbidity were achieved in the weeks and months after théGpitler Associates Ltd, 2015;
MPMC, 2015) However,increases in particulate loadingserved in this studsuggests physical
erosion andsuspension is a mechanism for @wbilizationevenat low flows This was most
evident in the reach comprising the two canyons, possibly due to higher stream turbulence in this
constricted reach and greater connectivity between the stream and depositedItatlegisiture,
as river flow and water levels rise insonse to rainfall or snowmelt, it will come into contact
with, and possibly erode, streamside tailings (intermixed with native materials) that remain dry
during lower flow conditionsThis processhas been shown teesult in order of magnitude
increasesn both filtered and total metal loads in miniaffected watershed8yrne et al., 2013;
Canovas et al., 2008; Gozzard et al., 2011; Nordstrom, 2011; Runkel et al. aB@16¢vident
in the water samples taken in July 2016 under high flow conditions §@gd Supplementary
Figure S2. While transport of Cu was predominantly as filtered load at low flow (64% a®}1C
particulatebound bad was clearly dominant at high flow (85% at-BIC probably due to the
erosion of streamside tailing€onstruction of fish habitat was underway during the high flow
sampling in 2016 which may also partially explain the observed increases in particulate
concentrations and loaddowever, it is not unrealistic to hypothesize that construction activities
in the stream could have a similar effect on particulate transport as high flow ieviret$uture
Streams in the Quesnel River Basin follow a niwalrological regime driven by spring snowmelt.

The high flow data for Hazeltine Creek, although based on a limited number of samples, and
collected during construction of fish habitat, suggest that elevated Cu loads due to physical
mobilization of residuatailings could be problematic during the spring months due to snowmelt.
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Chemical mobilization of Cu in streamside tailings should be expected to decrease in the
future due to the gradual exhaustion of reactive matefibls.decrease may be superimposed
by short periods of increased mobilization driven by seasonal oxidation of chalcapyiite
snow/ice cover and during prolonged dry peridglsbsequent flushing of accumulated weathering
products by snow mefin spring)and precipitation even{g fall) may drive temporary increases
in Cu concentrations in Hazeltine Craking these time@Canovas et al., 2008; SRK Consulting
(Canada) Inc, 2016)The important role ofreductive dissolution itmetal mobilization in
streambed environments has been known dones time(Fuller and Bargar, 2014; Fuller and
Harvey, 2000; Gandy et al., 2003&though it has never been studied in a river systdiose
channel morphology was st by a tailings spill and subsequent river restorafi@ilings
material is now intermixed with natural sediment in testored iver channel and elevated Cu
concentrations are presemt the sediment and pore watelsis unknown how theactively
evolving hydrogeomorphic environment may affect hyporheic exchange and biogeochemical
processing in the streambdtdhe future evolutiorof the geomorphic environment, in response to
high magnitude flow events, will control the functioning of hyporheic processes, including those
that affect Cu cyclingKrause et al., 2011For example, changes in stream gradiemdrphology
and suspended sediment transport, coutdlify patterns of hyporheiexchangdeading tooxic
environments favorable for thexidation of Cu sulfides (chalcopyritefHeppell et al., 2013)
which arethe primaryhost for Cu in Hazeltine Creek sedime(B&RK Consulting (Canada) Inc,
2016) Based on the findings of this study is recommended that pore water ch&nyi in
Hazeltine Creek is monitored to chart changes in response to the changing hydrogeomorphic
environment. More widelyhyporheicprocesseshould be included in conceptual models of
element cycling in watersheds affected by mine tailings spills.

There have been a number of recent Righfile mine tailings and mine waste spills (Minas
Gerais, Brazil, 2015; Gold Creek Mine, 2015, USA; Ajka, Hungary, 2010) that highlight the
increasing global environmental risk of such ev¢RtsdsonEdwards, 2016; Mayes et al., 2011)
Many, but not all, examples of mine tailings spills are characterized bygen&rating and
metalliferousmaterials that can produce severe andHastng chemical impacts in receiving
watercoursegKossoff et al., 2014; Kraus and Wiegand, 2008)is is because acid generating
tailings increas the solubility of metals leading to high stream metal concentrations and loads and,
frequently, negative biological impadffaggart et al., 2006 he data reported here suggest the
Mount Polley tailings spill has left a chemical footprint in Hazeltine Creek. However, water and
sedimenguality impacts are primarily limited to Cu due to the relatively low metal and metalloid
content of the spilled tailing#t.is important to stress that though chemical mobilization of Cu was
apparent in Hazeltine Creek at the time of this study, nadtteriation mechanisms @orption,
precipitationand compleation in the alkaline stream watémit stream Cu concentrations to
levels only marginally above BCWQGSquilibrium modellingof Cu concentration in Hazeltine
Creek suggest an upper limit o Rg L'* (SRK Consulting (Canada) Inc, 2015%a)d his figure
is consistent with stream water concentrations (filtered) found in this study (rang8:g L ™).

It is also possible that further removal of tailings since this study mag feahucedstreamCu
loading and concentrationselow what was recorded in this stud useful exercise to
contextualize the effects of the tailings spill on water quality and Cu transport is to compare
computed flux (kg y*) and yield (kg kr yr?) values for Hazeltine Creek (low and high flow
data) with values from unaffected regional watersheds and other raifiecged watercourses
around the wadd (low flow data only) (Fig. 8 Data for Hazeltine Creek are from sample point
HC-9 to consider watershdtlix without the influence of the sedimentation pond that will not
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495 operate in the longerm. Considering the low flow data, watershed Cu flux is elevated when
496 compared with the regional background values. However, the Cu yield (volume of Cu weighted
497 by watkrshed area) in Hazeltine Creek is only slightly higher than values from Edney Creek
498 (unaffected tributary of Hazeltine Creek) and similar to Cub Creek (unaffected smaller regional
499 watershed) which suggestsdatively minor departure from background Cield. Comparison

500 of low flow data with some miningffected watersheds around the world reveals Cu loads and
501 yieldsare generallgeveral orders of magnitude greater than in Hazeltine Creek.

502

503 4. Conclusions

504 The Mount Polley mine tailings spill in Augug014 was one of the largest on record
505 (estimated 25 Mrhof tailings and supernatant watevplley morphology was significantly altered

506 in the main receiving watercourse, Hazeltine Creek, through erosion of natural matertaksnand
507 deposition of tailingsintermixed with natural materials. Although physical disturbance of
508 Hazeltine Creek was significarthis study has found & chemical impact of the spill to be
509 relatively low and restricted primarilio particulate and aqueous Cwhich was found to be

510 marginally above BCWQG#Ithough the high calcite and low sulfur content of the mine tailings,
511 and the alkaline stream water of Hazeltine Creek, limit the potentially mobility of Cu in this
512 watershed, evidence from this studyggestschemical and physitaCu mobilization were

513 occurring throughout the watershatthe time of our sampling in 2085d 2016Copper sulfide

514 weathering in streamside tailinggas hypothesized tcause elevatestream Cu loads Upper

515 Hazeltine Creekin addition, reductive dsolution of Cubearing Feoxides is thought to have

516 caused elevated filtered Cu in streambed pore waters, though diffusion of this Cu to surface water
517 was probably mediated by sorption to Fe oxides at the sedinagat interface.Physical

518 mobilization wasapparently associated with high water velocities and turbulences encountered in
519 a high gradient bedrock canyon with elevated stream sediment Cu concentraiRwve:

520 restoration focused on the removal of most deposited tailirggmtroduction of ripamn

521 vegetatiorand the construction of a new stream corrsloould, in time, reduce the physical and
522 chemical mobilization of Cu from residual tailings in Hazeltine Crétkvever,this longterm

523 decrease in Cu transport will be superimposed on by vatyatbiiven by: (i) seasonal oxidation

524  of tailings and flushing of Cu and (ljgh flow events associated wghowmeltand precipitation

525 inspring and fall, respectivelin the meantime, transport of Cu from Hazeltine Creek to Quesnel
526 Lake may be slighylhigher than before the tailings dam spill. However, given the size of Quesnel
527 Lake, and the relatively low Cu flux from Hazeltine Creek, this additional Cu load should have a
528 negligible impact on lake water quality and ecosystem proceSseslatahighlights howswift

529 removal of spilled tailings and river corridor stabilization can limit chemical impacts in affected
530 watersheds it also how chemical mobilization (of Cu) cstill occur when the spilled tailings

531 and the receiving environment are alkalifibis data carbe utilized to help design and implement
532 future postspill restoration schemes.

533
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700 Figure 2.(A) Spatial profiles of stream total and filtered Cu concentrations with British Columbia
701 Water Quality Guideline (BCWQG). (B) Spatial profile of stream filtered Cu concentration and
702 inflow (total and filtered) Cu concentrations. (C) Spatial profilesotdltand filtered Cu loads.
703 Samples were collected in August 2015.
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Figure 3. pXRFderived Cu concentrations of sediments in Hazeltine Creek sampled on August
152014. Dotted line and solid line represent British Columbia Ministry of Environment (BCMoE)
Threshold Effect Limits (TEL) and Predicted Effect Limits (PEL), respecti(iligish Columbia
Ministry of Environment (BCMoE), 2015)The dashed line represents the Hazeltine Creek
average Cu concentration from 1992003 (Golder Associates Ltd, 2015prey vertical bars
represent the locations of two bedrock canyons at 48@00 mand 56006600 m below Polley

Lake weir.
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713  Figure 4. Summary of (A+C) filtered Cu, Fe, and Mn concentratiopsg (), (D) sulfate (mg L
714 1), (E) pH, (F) ORP (mV) and (G) specific conductivifss(cm?) in Hazeltine Creek stream water
715 (HC), streambed pe waters (PW) and watershed inflows (INF).
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Figure 5. (a) Backscatter SEM image showing chalcopyrite (white) altered4we@ring Fe oxide
(medium gray) in sample POLS5; (b) MLA mineral apportionment of (a); (c) backscatter SEM
image of Fe ochre sampl®©R13; (d) MLA mineral apportionment of (c) showing abundance of
Cu-bearing Fe oxide.
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723  Figure 6. Summary ofA *C) filtered Cu,Fe, and Mnconcentrationgug L), (D) sulfate (mg L
724 1), (B) pH, (F)ORP(mV) and (G) specific conductivitguS cm?) in Hazeltine Creek streambed
725 pore waters (0 cm = surface water).
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734

Figure 7. Conceptual model of Ctransport andcycling in the Hazeltine Creek watershed
following the mine tailings spill. A = Polley Flsit B = streambed sedimentRecent evidence
suggets oxidation of chalcopyrite may directly yield F¢Bearce et al., 2006)
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Figure 8. Cu flux and yield for Hazeltine Creek, regional streams (background) and worldwide
streams (miningaffected). Note the logarithmic axes. Hazeltine Creek: HF = high flow; LF = low
flow; T = total load; F = filtered load. Regional streams: WC = Winkley K;r€edarC = Cedar
Creek; CubC = Cub Creek; EC = Edney Creek. Worldwide streams: AT = Afon Twymyn (Wales)
(Byrne et al., 2013)LC = Lion Creek (USA)Byrne et al., in pressCC = Cement Creek (USA)
(Runkel et al., 2016)AG = Afon Goch (Wales]jMayes et al., 2010)
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