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ABSTRACT

Thefailure of the Mount Polley tailingstoragefacility (TSF)n August 2014vas ore ofthe largest
magnitude failures on record, and released approxima2&Wn? of material, including. 7.3 Mn3
of tailings into Hazeltine Creek, parttbe Quesnel Rivewatershed This study evaluates thimpact
of the spill on the geochemistry of rivehannel and floodplain sediments and utilizes Pb isotope
ratios and a multivariate mixing model testablishsedimentprovenanceln comparison to
sediment quality guidelines and background concentrations, Cu and V were found to be mos
elevated.Copperin river channel sediments ranged fra88-800mg kg', with concentrations in
sandrichand clay/siltrich sediments beingtatisticallysignificantly differentConcentrations in river
channelwere believed to be influencely hydraulic sortingluring the rising and falling limbs of the
flood wave caused by the tailings sgResults highlight the importance of erosive processes
instigated by the failurein incorporating soils and sedimernitgo the sediment load transported
and deposited within Hazeltine Credk.this instance, these processes dilditailingswith relatively
clean materiathat reduced metal concentrations away from the TSF faillireés does however,
highlightenvironmental risks in similar catchments daostream of TSFs that contain metaih

sediment within river channels and floodplain that have been contaminated by historical mining.

KEY WORD&ilings,spill, metals,lead isotopes, fingerprint

HIGHLIGHTS

x Copper concentrations excesgdiment quality guideline level following the spill.
X Hydraulic sortingnfluencedspatialtrends in metal concentrations.
X Lead isotopes used to fingerprint sediments after the tailings spill.

X Mixing model data indicate the importance of sfiiitluced ero&/e processes
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INTRODUCTION

Mine tailingsare the milled solid waste left over from the recovery thfe valuable commodities

from mined material (Kossoff et al., 2094 Although he chemical properties of mine tailings can
vary substantially, the material represents the most voluminmesalliferouswaste produced by
metal minegLottermoser, 201D However, the volume of tailings compareduomilled waste

rock, produced during miningnay be lower and will vary between surface and underground mines
Despite the growth of other storage approaches, curretitsy majority of nine tailings are
transported and stored as a slurry, with tailings storage facilitieBq)li®presenting substantial
pieces of mine site infrastructuraVorldwide, there are estimated to be ov&R,000T SF¢Macklin

et al., submitted) of varying construction type arid numerous mining operations thand area

covered by TSFs now exceedattheing used for mining activitigsludsonEdwards et al., 2031

Sincel960there have been a reporteti58 mine tailings dam failures worldwid@roject), 202D It

is therefore apparent that these structures represent a substantial global risk to the environment
and local populationsThe environmental impacts of the failure of tailings damssociated with

the releaseof large volumes of metaich tailings ad water into recipient environmenidave been
noted bymanystudiesover thelasttwo decade§HudsorEdwards, 20168HudsorEdwards et al.,
2003 Macklin et al., 2008 Of concern is the potential that thieequency of such events may
increase over the coming yeaidue to akhe growing number of dive and inactive tailings ponds
driven byhigher waste to ore ratios, as higjiade ores are exhaustéiMason et al., 2011 and b)

an incrase in extreme hydroeteorological events, a common contributor to many failufREo et
al., 2008.

The tailings:water raticommonlyvariesamongfailure events (Rico et al., 2008andthe volumeof
tailings released can have an importanfluence on 1) approaches to pestent remediation, 2) the
geomorphologicatlisturbance withirthe recipient river systems, and 3) the longerm fate of
metalsreleased into recipient environmentdszurthermore, the chemical nature of spilled ma#gri
varies considerablgKossoff et al., @L4), reflecting themineralogyof the orebody from which the
tailings derive, the efficiency of the extraction process angsubstances used in ore processing
(for example CNn the case of Au extractionHowever, what isommon is that mingailings dam
failures represent anajor environmental risk with the potential to impactver systems in terms of

geomorphologygeochemistryand ecosystem healtfKossoff et al., 20tMacklin et al., 2006

The partial embankment breach at the Mount PollSF on # August 2014is the second largest

mine waste spilby volumeon record(Project), 202 The causes of the spill have been reported in
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detail elsewhergByrne et al., 201:8HudsonEdwards et al., 2039The spilresulted in

approximately 25 Mrhof material being released into the Quesnel Riwatershed(Petticrew et al.,

2015. This comprised approximately 7.3 Mof tailings, 17.1 Mrhof supernatant and interstitial

water and 0.6 Mmiof TSF material®etticrew et al., 2016 The release of water and sediment

from the TSF created a flood wave that eroded the existing river valley and resulted in the deposition
of materialalong the valley flooof Hazeltine CreekDeposits were up to 3.5 m thick and extended

up to 100 m from the river channel.

The impacts of the Mount Polley spill have been studied with respect to the influence on water
qualityin Hazeltine CreefByrne et al., 2018and Quesnel Lakg@etticrew et al., 201pand the
release ofCu anav, spedfically, into the environmen{HudsonrEdwards et al., 2039 In addition,

data have been published on the geochemistry of the mine tailifi§snnedy et al., 2036 To date,
however, there has been no published study into the fate of particulate material released by the
spill, and in particular the mixing and subsequent depositiorelgased tailings and eroded valley
floor sediments. These factors are crucial to understanding the storage of tailings andtemger
environmental impacts of the spill. To this end, this study aims to utilize geochemical fingerprinting
to understand tte contribution of different source materials within the Hazeltine Creek catchment
and to quantify their influence on pospill river sediment dynamic&ur primary objective was to
guantify the contributions of different types of tailings material reled$&y the spill and to establish
which contributed most significantly to river sediment contamination. Our expectation was that a
better understanding of thdate of material released by the spill abg erosive processes gerated
by the postspill flood,will help toprovide a better understanding of the potential legacyafings

dam failures.

STUDY AREA

The Mount Polley deposit isxalkalc porphyry CuAu depositPanteleyev, 1995formed
approximately 180 Magowithin Late Triassic (2356201 Mg and Mesozoic (25266 Ma) bedrock
geology(Kennedy and Day, 20L5Sulfidemineralization consists principally dhalcopyrite CuFeg
andpyrite (Fe$) but, at least 50% of the Cu mineralization is nofidid, and includes primay
malachite(CuwCQ(OH}) and chrysocoll&(Cu,ARH.SpOs(OH).nHO) (Henry, 2009 Overall, the
tailings produed at Mount Polley have a losuffide content (0.20.3 wt %) and are not acid
generating(Kennedy and Day, 20} 5naking the Mount Polley event unusual comparednany
other tailings spill§WISE, 2020)
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The depodiis located approximately 55 km nortfast of Williams Lake, British Columbia, within the
112km? HazeltineCreek catchmengFigurel). Hazeltine Creek is a tributary catchment within the
larger Quesnel River Catchment, and flows for 10.3 km from the southern end of Polley Lake at 920

m asl, into Quesnel Lake at 730 m(@&slrge and Cuervo, 2015

Mining began aMount PolleyMine in 1997 and 95 M tonnes of oveere processetbetweenthe
commencement of miningnd 2014, producing 94.2 M tonnes of tailings in the same period
(Kennedy and Day, 20L5Concentrations omostmetals within e tailings are relatively lovibut
the material is relatively enriched {@u andv (86296 and8-55mg kgt, respectively(Kennedy and
Day, 2015

®  Floodplain sediment profile

A Historical data collection \ BRITISH

® River channel sediment sample COLUMBIA
——Hazeltine Creek

% Prince George
.
Quesnel % *
'ake ' Mount
Polley Mine

PACIFIC
OCEAN

Vancouver

Hazeltine
Creek

Figure 1Map showing thestudy area including the locatidhe Mount Polley TSF and sample sites
used for the collection of river channel sedimemid floodplain sediment anthe location of longer

term sampling in Hazeltine Creek.

MATERIALS AND METHODS

Extensive geochemical datasetsre providedby the Mount Polley Mining Corporation based upon
the analysis of samples of tailings and stream sediments collected following the tailings spill
(Minnow Environmental Inc, 2015RK Consulting, 2019 hesalatawere utilized in addition to

dataproduced by this studfrom the analysi®f samples 1) collected by this studgnd 2)samples



140 collected for, and providetb the authorsby the Mount Polley Mining CorporatigMount Polley
141  Mining Corporation, 20156

142

143 In July and August 20Heterminations of metal concentrations in river chanaat floodplain

144  sedimentfrom Hazeltine Creeind mine tailingsleposited in the Hazeltine Creek river corridor
145 were made in the fieldt 86 sitesusing aportable xrayfluorescence (pXRF) (Niton XLp 300) with an
146  analysis time of 60 secondat 46 of these sites, samples of river channel and floodplain sediment
147  from Hazeltine Creek, and deposited tailings, were collected for subsequent laboratory analysis of
148 metal concentrations and Pb isotop@sgurel). Sampling offloodplainmaterialwas carried outt
149 varying depths from exposed river bank praodite sites MP14, MP283yIP26and MP75Figure 1)In
150 all instances, samples were collected as composite samples using a stainless steeCovgssite
151 samplescompriseds-10 subsamples cdécted over a c. 1 farea (river channel sediments) or from
152 the same floodplain depttbulked together to form aingle sample of c. 500 g

153

154 In the laboratoryall samples were aidried at 30°C, disaggregated using a pestle and mortar and
155 sieved to islate the <mm fraction Samples were digested in concentrated aqua régial and

156 HNQina 3:1 v/v ratio)prior to multi-elemental analysis by Inductively Coupled Pladriviass

157 Spectrometry (ICIMS) The accuracy and precision of mwdtement analyse was monitored

158 through the analysis of a certified reference materaB{6, a stream sedimemniear an area of

159 porphyry Cu mineralizatignand the resultantiata are presented iSupplementary Material IThe
160 agqua regia digestion matches the metheds used in this study to provide consistemdth

161 methods used t@enerate the datasetprovidedby the Mount Polley Mining Corporationlro

162 monitor the comparability of datasets provided the Mount Polley Miing Corporatiorand those
163 generated by this stud®0randomly selectedamples previously analysed thye Mount Polley

164  Mining Corporationwere reanalysed by this study using the methods outlined abdke.mean

165 differences in concentrations between tleplicateanalyses rangefrom 9.3-27.7%%6

166 (Supplementary Material)with greatervariability generally found in samples with low element
167 concentrations.

168

169 Lead isotopes™Ph 2°Pb,2°’Pb and?®®Pbin a selection okediment samplewere determined by

170 MagneticSector ICRMS(ThermaeFinnegan Elementat Aberystwyth UniversitySolutions for

171 analysis were prepared at 50 ng! andanalysed in batches along with blank samples (2 per batch)
172 and NISB81 reference material (2 per batchAnalytical precision was found to bel2 %

173 (®*PbPPb) 0.18 % E°Pb/2%Ph) 0.25 (2%6PbA*Pb) 0.15(2"Pbl“Pb)and 0.16(2%Pb/%Ph)
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Analytical accuracy versus th#ST981 reference materiavas found to bed.19 % ¢*Pb/’Pb) 0.09
% E°3Pb%%Ph) 0.27(°Pbl®Pb) 0.17(“PbP“Pb)and 0.262%Pbl*Pb)

A mixing model was used order toquantify the contributions of mining and nemining sources to
the river channel and floodplain sediments present in Hazeltine Creek aftgpiteThe principles of
the mixing model approach have been descriliedetailby Yu and Oldfiel{L989 and Collins et al.
(1997, and the range of model approachtst have been developedndthe geochemical properties
of sediments used within the modelsave been reviewed by Haddzhi et al(2013. Given the small
spatial scale of the study catchment and limitedmber of potential source within it, this study
utilized a modebased upon Pb isotope signaturesfamgerprint properties(Miller et al., 2007. h

short, the approachutilises the following equatian

> L Aiu L s:g=uy (Equation 1)

whereb; (=1,23,4) are Pb isotope ratio€*Ph/"Ph, 2°8Pb/2%%Ph 208Ph/2%Ph 27PhP¥Ph, 2%Ph/*Ph)
of a stream sediment sampleomposed ofm distinct sourcematerials(Table 1)a; (A i U T Wn) déred
the corresponding Pb isotope ratios of thk source materials an¥; being the proportion if theth
source in the sediment. Given valuesbpénd a;, a series of linearequationswere optimized using
the Solver function in Microsoft Excel to quiy the contributions of the five sources identifieBwo
important constraints are that all source proportiomsist be nonnegative(Equation 2and source

proportions must sum tanity (Equation 3).

oLRT (Equation 2)

A3 L s:yL s(Equation3)

Thevalidity of themixingmodelresultswasassessed by comparing the measupadameter values
in the sedimentwith the valuegredicted in the optimization of the linear equations (EquationT4is
assessmemjuantifies relative errors and inditzs whether themixing model generates atceptable
prediction of the fingerprinting propertie@iller et al., 2007. Errors for five iterations of the mixing

model (one persurcegroup) ranged fron®.27-0.54%.
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(Equation 4)

Potential sources afincertaintywithin mixing model approach have been summarized and

discussed by Collins et 2010 2012. These include theotential for statisticallysimilar solutions

during the optimization procesgspecially close to 0 and 100% sediment contribytiord the

possible variability in fingerprint properti¢lat is not captured by the analysis of sampbéshe

source materials.The relative errorgproduced by the mixing modeke smallalthoughmindful of

thesepotential uncertainties the mixing model should be seen as providirgeaerd insightto

sediment contributions and therefore interpreted ierms ofbroader trends.

Table 1. Source materials (source group) used to establish river sediment provenance.

Source material sourcegroup

Description

Background sediments (as termed by Mount
Pdley Mining Corporation). Analysis ti?
samples.

Sediments from the Hazeltine Creek valley flq
beyond the extent of material deposited by th
spill. Samples provided by Mount Polley Mini
Corporation and analysed by this study.

Native channel sedimest(as termed by Mount
Polley Mining CorporationAnalysis 08
samples.

Material from the Hazeltine Creek channel
banks that was not covered by, or disturbed k
the spill. Rflects material present in Hazeltine
Creek prior to the spill evenSamples praded
by Mount Polley Mining Corporation and
analysed by this study.

Sandrich tailings Analysis 08 samples.

Sandrich tailings released by the spill. Sampls
provided by Mount Polleiining Corporation
and analysed by this study.

Average sediment composition of analysed
sample$:

<0.1% gravel; 70% sand; 25.5% silt; 4.8% clg

Silt and clayrich tailings Analysis of 4 samples

Fine grained, silt and claijch tailings released
by thespill. Samples provided by Mount Polle
Mining Corporation and analysed by this stud
Average sediment composition of analysed
samples:

<0.1% gravel; 16.1% sand; 67% silt; 17% cla

Mixed tailings Analysis o2 samples.

A mixture of sandich and silt ad clayrich
tailings released by the spill. Samples provideg
by Mount Polley Mining Corporation and
analysed by this study.

Average sediment composition of analysed
sample$:




\ | <0.1% gravel; 52.1% sand; 36.8% silt; 11% |

214 aSedmentological data from préous analysis of the same sample material by Minnow

215 Environmental Inc (2015) and SRK Consulting (2015).

216

217  Finally selection ofriver channel sedimenih = 8)and floodplain sediment sampl€s =6),

218 specifically, thoseised for the mixing modeglvere also analysed for their sedimentological

219 composition.The % proposition of sand (2 mb®3 um), silt (63t3.9um) and clay (< 3.4m) was
220 determined firstly bysieving to separate the sarahd combinedsilt/clay fraction andsecondly

221 using a Mastesizer2000to determine therelative proportions of siland clayfollowing Malvern

222  [/veSE MU vS[e S ocol@alvEsrsfuments Ltd, 2007 Gravelsized materia{(> 2mm)was
223 not present in any samplemalysed

224

225 RESULTSND DISCUSSION

226  Metals inmine tailings

227 Tailings released by the smibmprisel two types of materialfirst a sandrichmaterial ~Z« v C
228 § ]0]v P sgdinpriding an averagé% sangd26% silt and clagnd 1% gravegMinnow

229  Environmental Inc, 20355RK Consulting, 201and secondiner-grained material~Z (R/E v [
230 tailings, FT)comprising an average% sand61% silt and clagnd 1% grave(Minnow

231 Environmental Inc, 2015RK Consulting, 201%he two material typesepresent different products
232  of ore processing

233

234  Copperand V\were generally the most enriched trace metals witbioth types oftailings(Figure2),
235 reflecting the nature omineralization atMount Polley which is also reflected in the regional and
236 local background geochemistrydble2). Average Cu and V concentratiomere higher in the sandy
237  tailings(1000 mg kg! and 195 mg k¢ respectively) compared to the fingraired taiings(808 mg
238 kg'and 170 mg kg respectively).In comparison to Cu, V concentrations exhibitess variabilityn
239  both tailings materialsAverage concentrationis the taiingsof other potentially harmful elements,
240 such asAs Cd, Pb and Zfrigure?) were also aboveaverage background concentrations determined

241  for the British Columbia region and for the Hazeltine Creek catchment.
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Figure 2Summary of metal and As concentrationglay and silrich S Jo]v P « P-G (] vailifigs
[FT]) and sandichtailings~Z+ v C[ § .]MumBerdssamplesn = 41 (finegrainedtailings)and
n = 20 ¢andy taiings). Data adapted frorBRK Consulting (Canada) (8615. Data also plotted for
British Colurbiaregional averag€As,Cu, Pb Zn only§eological Survey of Canada, 1p&id
background concentrains(Minnow Environmental Ing2015).

Table2. Minimum, meanmedianand maximum background concentrations (mg)kdetermined
for the Hazeltine Creek catchment and the British Columbia region (As, Cd, Cu, Pb and Zn only).

Arsenic Cadmium Copper Lead Vanadium Zinc
Hazeltine Creek backgrouhd

Minimum 3 <0.1 6 4 40 32
Mean 7 03 34 8 69 68
Median 6 0.2 22 6 61 53
Maximum 14 2 135 22 133 149
British Columbia regional backgrotnd
Minimum 1 ND 0 1 ND 4
Mean 6 ND 29 7 ND 75
Median 3 ND 24 4 ND 54
Maximum 96 ND 701 96 ND 3701

10



252
253
254
255
256
257
258
259
260
261

262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284

Hazeltine Creek native chanrsgdiment

Minimum 0.4 <0.1 6.3 4.1 2 2.3
Mean 7 0.2 36 7.3 60 54
Median 7 0.2 32 6.4 61 51
Maximum 14.7 0.4 87 14 100 94

#Data for 26 soil sampldsom Hazeltine Creek catchmergapted from MinnowEnvironmental Inc.
(2015. Concentrations determinetbllowing aqua regia digest.

bData for 1290 stream sediment samples adapted from the Geological Survey of CEgitja (
Concentrations determined following aqua regia digest.

‘Data for 17 native channel sediment samplethin Hazeltine Creeldapted fromSNGLavalin
(2015. Sampled fronthannel bankand wasot covered by, oundisturbed by the spillreflecting
material present in Hazeltine Creek prior to the spill ev@uncentrations determined following
agua regia digest.

ND = no data

Metals in river channel sediments

Concentrations ofs, Cu, Pb and Zm Hazeltine Creekiver channel sediments are plotted for silt
richand sanerich sedimentsin Figure3; all Cd concentration were nedetectableand are not
plotted. Non-parametric significant difference analysis (Mawhitney U test) indicates that,
although there is naignificant difference between As (p=0.288), Pb (p=0.276) and Zn (p=0.283)
concentrations in sandand siltrich samples, Cu concentration are significantly different (p=<0.000).
The sedimentological analysis of a selection of river channel sedimentatedlithat dt-rich
sedimentg(n = 4)were found to contain35-43 % sand56-63 % silt andl-5 % clay. Sandch
sediments(n = 4)were found to contain75-95 % sand4-11 % silt and).3-0.5 %clay(Figureda).

Data indicatehat channel sediments present within Hazeltine Creek are presestéomulations
that havenotably higher sand (sandkch) or silt (silrich) contents(Figure 4a) The spatial trends
suggest that sandr siltrich sediments have accumulatéttoughout thestudy reach, likely

reflectingspatial variation in processes influencing sedinteamsport and deposition.

Concentrations are compared to British Columbia (BC) Sediment Quality Guideline§T{E&0E3),
whichcomprise a lower Threshold Effdatvel (TEL) concentration and an upper PrabEffiect

Level (PEL) concentration and are based on those produced by the Canadian Council of Ministers of
the Environment (CCME)017). In addition, bakground concentrations determined for Hazeltine
Creek (Tabl@) are also plotted for comparisorhll As concentrations fall below the BC SQG PEL,
whereas all Pb and Zn concentrations are below the lower BC SQG TEL. In contrast, Cu
concentrations in 92% afamples were above the upper BC SQG RE important to note that

SQGs do not consider tipatential bioavailability of sedimerdssociated metals, for example, as

influenced by theiphysicechemical speciation Thereforeconcentrationsabove a gidelines alue

11
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maypose aesser or greatesignificant environmental ristepending on the degree of bioavailbility

(Guan et al., 2018
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e  Silt-dominated channel sediment

o] Sand-dominated channel sediment

BC SQG TEL

------ BC SQC PEL

——— Hazeltine Creek Background concentration

Figure 3Metal concentrations in stream channel sediments in Hazeltine Cigta plotted for sikt
richand saul-rich sediments measured in the field by pXFRaded areas represent the location of
two bedrock gorgethrough which Hazeltine Creek flows. BritiShlumbia (BC) Sediment Quality
Guidelines (SQ@nd background concentrations are also plottdlte: the BC SQC PEL for Zn (315
mg kg') is not plotted Note: for Cu, the BC SQC TEL (36 Mpaad background concentration (35
mg kg') are very similarrd overlap.

Table3. British Columbia Sediment Quality Guideline concentrations (migfagselected metals
and the metalloid A€BC Ministry of Environment, 2017

Threshold Effect Level (TEL| Probabé Effect Level (PEL)
As 5.9 17
Cd 0.6 3.5
Cu 35.7 197
Pb 35 91
Zn 123 315

12



298

299
300 Figure 4 Percentage occurrence sand (2 mmt 63 um), silt (63t 3.9 um) and clay (< 3.am) in a

301 selection of river channel sediments (A) dlabdplain sediment at site MP26 (B)

302

303

304 Figure3 also indicates that for Cu, which is present in concentratmmsve the BC PEthere is a
305 general downstream trend of reducing concentrationgtie silt-rich channelsediments(r> = 0.68)
306 Thisis likely to reflect hydraulic sortingnd/or dilution of Cu inthese siltrich sediments(c.f. Lewin

307 and Macklin, 198y The same downstream pattern does not exist for Cu concentrations in-seind

13
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sediments (f = 0.08). It is apparent that theweaker downstream relationship faCu in sandich
sediment is influenced by the presence of higher Cu concentrations present in material sampled within

two bedrock gorges in the lowéralf of Hazeltine Creek (Figure 3).

The spatial trends observed in Cu concentrationsiltarich and sind-rich channel sedimentsay
reflectthe influence of hydraulic sorting driven by discharge and associated stream power variation
during the spill eventrFinergrained, sirich materialswill have been preferentially transported in

the earlier and latestages of thespillassociated eventgluringthe risingand fallinglimbs of the

flood. Transport of sandich materialwould have beerhighest duringpeak flow, which would also

have reworked finegrained material released earlier in the evefhepreferential transport of
fine-grained, silirich material during the falling limb of the flood eventexpgi®Z Z3S@Pboe ] VP [ }(
sediments with a higher proportion of sidtzer coarser material on the floodplaif:or exampleat

site MP26 flooddain sediment at 810 cm depth containen average38% silt compared to an

average of 10% silt in sample belékigure 4h)

The steeperconfinedbedrock gorges ithe lower half of Hazeltine Creek will have seen the highest
stream powers during the flabeven, which would have resulted in the winnowingtbé siltrich
sediment fraction notably during the falling limb of th#ood event This will have lefstream
sediments in those reaches relatively rictsandrich material shown to contain higheCu
concentrationsn both the stored tailingsHigure 2) $RK Consulting (Canada),|2015 andchannel
sediments (Figure 3)The sandrich sediments sampled in the bedrock gorgeatain the highest Cu
concentrationdgn channel sedimentsieasured alongdazeltine Creelwith Cu concentrations in
sandrich sediments being lower at sample sites between the gerges This results in the
previously notedack of aclear distanceconentration relatiorship for Cu in sandch sediments.
The influence o$tream power and similagrainsize effects in influencindjstanceconcentration
relationships has been previously noted by Gi&00 following the Church Rock tailings spill
These results indicatiie potential complex geoorpholodcally, hydraulicallyand
sedimentologicallynfluenced controls ohe dispersal and storage ofaterial released by the

tailings spill and on subsequent spatial trends in channel sediment metal concentrations.

Tofurther evaluatethe impact of the spill ochannelsediment geochemistry, metal concentrations
determined in 2014 (immediately paspill) and 2015 (one yeaifter the spill) are plotted alongside
concentrations measured in the 9 years prior to the dam faiftom sampés collected atwo sites,

onein the upper andone in thelower reachesof Hazeltine CreefEigureb). Sample site locations
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are shown in Figure. IConcentrations of metaland Aswithin river channel sediments indicate that

Cu and V showed the largesthancement compared to prepill levels in Hazeltine Creek . For
example, maximum postpill Cu concentrations are 17 and 19 times more enriched in the upper and
lower Hazeltine Creek, respectively. In comparison, the maximum enrichment foBAsns), Pb

(2 times) and Zn (2times) are much lower. The concentrations measured in samples collected in
2014 and 2015 indicate that the upper reaches of Hazeltine Creek were more affected by the spill.
Concentrations of Cu reduced from 952 to 512 md kg the upper site (Figurs), but

concentrations at the lower site had reduced to 88 mg kg2015 compared to 556 mg kg 2014
(Figure5). The concentrations present in samples collected after the spill, and differences between
upper and lower Hazehe Creek, reflect, at least in part, the influence of grsire effects and

hydraulic sorting noted previously. However, these patterns are also to likely reflect the spatially
variable nature of posspill remediation worksk-or examplein the lower art of Hazeltine Creek
(upstream of the lower Hazeltine Creek sample sitgdotentially reflectsthe influence of settling

ponds constructed Copperconcentrations irthe lower Hazeltine Creek sample site (downstream

of the settling pond) in 2015, wel&9 %(silt-rich sediment) and 8% (sandrich sedimentjower

than thosemeasured at the same location in 2014, afterthe spillS % E]} & S} $Z %o}v ¢

construction(Figire 5).
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361
362
363
364
365

Figure5. Metaland Asconcentrationgpre- and postspillin Hazeltine Creeghannelsediments. The
upperand lower Hazeltine Creek data sampled from locations equ&isigies MP32 and MP72,
respectively. Data fo19952013 from MinnowEnvionmental Inc(2015), data for2014 fromSRK
Consulting (Canada) ln(@015) and for2015 from this study Data for 2015 is provided fbooth
fine-grained siltrich (f) and coarsegrained, sandich (s) sedimentsMetal and Asconcentrations
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366 determined following aqua regia digestiorhe verticalashedine separates preand postspill
367 samples Note: for Cu, the BC SQC TEL (36 nmigakgl background concentration (35 mgtkare
368 very similar and overlap.

369 Metals in floodplah sediments

370 Metal concentrations in exposed floodplain profikg sites MP14, MP2and MP75showpre-spill

371 stream sediments overlain between0.9 t 1.6 m of Cu and Virich material released by the spill

372  (Figure6). At site MP26, the Guand \frich spiled material is more than 2 m thick. The thickness of
373  metalrich material deposited and currently stored on the floodplain following the spill is spatially
374  heterogeneous; a patterthat wasalsorecorded following the 1998 Aznaltar tailingsspillin Spain
375 (Gallart et al., 1999 Concentrations of Cu are generally above the BCFE)Gn the upper meter
376 of these deposits with concentrations ranging from 560 to 1550 mig\Wéth the exception of site
377 MP26, fromc. 1 m below ground levelCu concentrations are lower (881 mg kd), below the BC
378 SQG PEL, and reflect the backgrounadt@hcentration determined for Hazeltine Creek (Table 2).
379 Similarly, site MP@excepted, V concentrations in floodplain sediments deeper than 1m below
380 ground level (75.80 mg kg) are also similar to the upper range of background concentrations,
381 whereasconcentrations above this depth are higher (1286 mg kgd). Arsenic concentrations

382 (Supplementary Material 2) display a similar deprofile pattern to Cu and V, aralthough

383 concentrations in the upper meter are above the BC SQG TEL, all concentnatiiotiee exception
384  of one, fall below the BC SQG PEL. Lead and Zn are below BC SQG TEL concentrations in all samples
385 (Supplementary Material 2and display no clear dowprofile trends.

386

387
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Figure6. Copper and ¢oncentrationdrom four floodplain profiles in Hazeltine Creek.
Concentrations determined BYCRPMS following aqua regia digestion. British Columbia (BC)
Sediment Quality Guidelines (SQG) and background concentrations are also.attetho SQC

has been determinedof V, and for Cu, the BC SQC TEL (36 mgakgl background concentration

(35 mg kd) are very similar and overlaphehorizontalline denotes the boundary between spill
material and the prespill floodplain materia{note all samples at site MP26 weséthin spill

material) Cu and V concentrations in the four profiles are also compaséty a boxplot.
Concentrations of Cu and V in the floodplain profiles at site MP75, in lower Hazeltine Creek (c. 8.5
km channel distance), are generally lower thans@@t site MP14, in upper Hazeltine Creek (c. 1.5
km channel distance). Mi&nand peak Cu concentrations ar826mg kg and 90 mg kd,

respectively at site MP14, and&mg kg and 730 mg kdat site MP75. However, the floodplain at
site MP26 (c. &m channel distance), approximately halfy between Polley Lake and Quesnel
Lake, contains the highest concentrations of Cu andadi@mmand peak Cu concentrations &@0

mg kg' and 1550 mg Kg respectively). This suggests thalthoughthere is a gaeral downprofile
reduction in Cu and V concentrations at most sites, there is not a simple-dgiweam trend of
generally reducing metal concentrations in the floodplain deposits. Indeed, highest concentrations
occur in material deposited in the middle of the study reach. Thisay be related to thédedrock
gorge reaches between 5.5 and 8 km channel distance (Figarea@jng a backwater effect and
enhancing floodplain sedimentatipand the deposition afetalrich materialimmediately

upstream
River sediment provenance

Lead isotope signaturdsave been used testablish the provenance ofver channel and floodplain
sedimentsin Hazeltine Creeind to quantify the contribution from key sediment sour¢&able 1)

within the catchmento these sed@mnentsfollowing the tailings spill

Ratios for°’Pb/%Pb and*®Pb/2%Pbin thesepotential sourcematerials form a linear mixininear

trend with the signatures for sandch tailings and background sediments (indicative of geogenic Pb
isotope signatres) forming the endnembers(Figure7). Native channel sediments that pdate the
spill, silt and clayich tailings and mixed tailings plot between these andmbers (Figur&). The
signatures for river channel and floodplain sediments deposited by the spill plot between the end
members at varying points along the linear trend and show that they are derived from a mixture of
these source materialsSimilar trends are also appareintplots for2°Pb/%Ph 2’Pb/**Pband

26pp2MPh(Supplementary Material 3).
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Figure7. Ratios of°Pb/2"Pband2°Pb/°®Pbdetermined inriver channel and floodplaisediments
and tailings materidrom Hazeltine Creek.

Theproportion ofriver channelsedimentpresently inHazeltine Creekourced from native channel
sedimentsand mixed taihgs is very low (both on averag@%)across all sample sites for which the
mixing model was ruFigure8a). However, the proportion of river channsédiment sourced from
background sediments unaffected by minimgnd sandrich and silt/clayrich tailings is greater, but

also spatially variable. This indicates that the river channel sediments present within Hazeltine Creek
following the spill reflect anixture of background sediment (averag@#%), eroded from the valley

floor during and following the accident, and tailings (on averaf# 8anerichand42% clay/siltrich)

released by the accidentRiver channel sediment samples with higher Cu concentrations (samples
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MP38b, MP49, MP55b [43870 mg kd]) contain a greater proportion &80%) of sandich tailings
released by the spill (Figu&a). Samples collected from approximately €.%m channédistance
(samplesMP38a,MP55a, MP55b and MP59b) are primarily composed of clayisiittailings (52
90%) and have generally lowdaut still enrichedCu concentrations200-270 mg kd).
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440 Figure8. Cu concentrations and percentage sediment contidhu in stream sediments (A) and
441  percentagesediment contribution in floodplain sediment at site MAB).

442

443 At the end of the study reachiver channekedimentsat site MP86draining out of he second of two
444  settling pondghat wereconstructed possspil to reducesediment fluxes to Quesnel Lak®ntaired
445  Cu Pb and Zat levekbelowthe respectiveBC SQG PEtncentrations. This material compris88%
446  background sediments aniehdicates the success of the settling ponds in trapmediments, and
447  particularly tailingsrich material. This is in notable contrast teites upstream of the settling ponds
448  which contain channel sediments estimated to dmmposedof 67-99% oftailings material (of any

449 type),and therefore associated wittminingrelated sources

450  With respectto floodplainmaterial (Figure8b), it is evident thasamplesup to 100 an depth contain

451  a greater proportion of tailingéb0-61%) tharsamplesat 150 cm 89%) or 0 cm 82%).Material at

452 150 and 200 cm depth contains a greater proportion of background and native channel sediments (up
453  to 68% combined) compared to the upper 100 arp {049% combined).The fingerprinting indicates

454  that this material deposited on the floodplaiontairs a mixture of released tailgs and material

455  eroded by the flood wavéhat resulted from the - failure(Figure8b). The downprofile changes in

456 the relative proportions bmaterial derived from mining and nemining sources indicates that the

457  proportion of these meerials variedduring deposition

458  (oncentrations in material asite MP26are aboveguideline and background values, especialtthan

459  upper profile (Figure 6)However,given that38-68% of this material is derived from nenining

460 sourcesthishighlightsthat there has potentiallybeen a degree of physical dilutiaf mine wasteby

461 larges O E}+]}v }( Z o v[ A oo C (0}}E <héampillvand cdumes dupg ]v P
462  exceptionally large tailings dam failur@gacklinet al., 2008. Thisis especially truén cases similar to

463 Mount Polley, wheranetal andAsconcentrations are low in the unmineralised parts of catchment
464 andwhere there hae been no historical mining or metallurgical activities resulting in waters®ur

465 contamination prior to the constructioof the TS (see Macklin et al., 2006

466 Implications formanagement of river syemsimpacted by B failures

467  Previous studiebave sought to compilehronologies of TSF failurde analyse the spatial and
468 temporal trends in occurrencgMartin and Davies, 200®ico et al., 2008andthe cause of failres
469 (e.g. Lyu et al., 2039From these studiesand from information held in databases such as WISE
470 (2020), it i:evidentthat the magnitude of impact, both environmentally and seeiconomically are
471  very varied It is also apparent that there is a lack ofsistent datecollectedon TSF failure€ach

472  failure is uniguein terms of the volume and composition of spilled material and the physical
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environmental setting into which that material is releag&assoff et al., 2004For example, wark
by Rico et al2007) demonstrateda correlation(r? = 056) between the volume of spilled material
and the runout distanceof that materialfor 28 TSF failureslowever, as thauthors note the
scatterwithin the data demonstrates the importanad the characteristics of the sp#ind the
topography of the recipient environmen®@f particular noten influencing the dispersal, storagad
longerterm fate of spilled tailingsvill be thegeomorphology of the recipiemtver system(Macklin
et al., 2006; Kossoff et al., 201&igure9 plotsthe relationship between volume of spilled material
and run out distance for the ZBSF failures included in Rico etsgR007) study, plus an additional
16 failures for which the datare available in the WISR@20) databaseincluding the Mount Polley
event(SupplementaryMaterial 4). It is apparent that theanalysis of the larger number of avs
reduces the strength of the correlation relati¢rt =0.25), further highlighting the influence of
eventspecific characteristic#t is also apparent that the Mount Polley event has a relatively low
run-out distance in relation to the volume of taitis released (Figu®, determinedby the relatively

short distance between the T$&#klure and Quesnel Lake.

Figure9. Relationship between the volume of spilled material and run out distancé4arSF

failures 19652020
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This study has demonstrated substantial contribution of eroded catchmextérials to the volume
of material deposited within river systems followingedlings spill Therefore consideration of the
potential geochemical and geomorplogcal disruption within recipient river systems needs to
factor in the potentiainfluence of these erosion process that may be initiated by the, gpitlwill
themselvese influenced by theharacteristics of the spill event (e.g. water volume, flow, tailings
load). The initiation of erosive processes, as exemplified at Mount Polley, wilirdligence the
volume of particulate material (tailings and eroded sedimerttg} fire deposited within river

systems angnay need to be handled as part of remediation or reclamation works.

In the case of the Mount Polley TSF failure, althoughmaring sediments helped to reduce overall
metaland Asconcentrations, the physical pacts of the spill on Hazeltine Creek and Quesnel Lake
were substantially amplified as a consequence of the flood wave eroding and remobilising very large
volumes of premining valley floor and tributary deposits. So while the concentrations of metals and
Asreleased into Hazeltine Creek were significantly smaller than in some other recent TSF failures
(Bird et al., 2008Macklin et al., 2008 the scale of habitat, river and lake environment damage was
very substantial indeed. If unprecedented ratdssediment delivery to a catchment system by

mining activity is considered to be an act of pollution, and the destruction of pristine river
ecosystems in the 2tcentury viewed as being unacceptable, then the Mount Polley TSF failure

representsone of N(ESZ u E] [+ u}es «]Pv](] v3 & v3 VA]JE}vu vs o
CONCLUSIONS

Analysis of river channel sediments following the Mount Polley tailing spill show concentrations of
Cu in Hazeltine Creek exceed the British Columbia Sediment Quality GuideliablEdfect Level.
Concentrations were found to be highest in coargained, sandich sediments and tailingSpatial
trendsin metal concentrations in sanadch and clay/siltrich river channel sedimentseflect the
influence of hydraulic sortingiotably the differential transport andleposition of finer and coarser
materialon the rising and falling limbs of flood wave caused by ®efa&ilure Deposition of
material on the floodplain of Hazeltine Creek resulted-2 m of Cuand Vfrich materialburying the
former floodplain surface ead isotope analysis and multivariate mixing modelling indittat
river channel sedimentgredominantlycomprisea mixture of released tailings amatchment soils
and sediments eroded by the fldovave.Thedominance ofpilledtailingswas also seen in the
material deposited on the floodplain surfad®yt up to 50% of materialvas derived from the
erosion of catchment soils and sedimeritfe fingerprinting of river channel and floodplain
sedimentshighlights the importance oérosive processesaused by I failres and of the

contribution of erodedcatchment soils and sediments the sediment loads transported and
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depositedfollowing the failure. These data indicate that the response to tailings spillmining

companies and/or governmesaheeds to consider thgolumes and composition of spilled and

eroded material inthe strategy
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670 SUPPLEMENTARY MATERIAL

671
672
673 Table 1. Analytical quality control data for aqua regia analyses.
GS[% Certified | Analysed (mg kY | % Precisioh Duplicate
(mg kgh) analyses
As 13.6+1.0 12.4 9.5 2.1-32.8
(18.3)
Cd 0.43+ 0.03 0.36 16.2 1.1-56.7
(27.7)
Cu 383+ 12 350 8.4 1.1-231
(9.3)
Pb 27+ 4 29 5.2 3.495
(9.7)
Vv 142+ 8 131 7.8 1.6-28.8
(15.2)
Zn 144+7 130 6.9 2.1-:32.8
(18.3)

674 2Certified values are available from:

675 https://www.ncrm.org.cn/English/ CRM/pdf/GBWO07302 20160301 134249108 1713109.pdf
676 P°Determined from replicate analysis (n =) 19 the GSE CRM.

677 “Analysedo monitor the comparability of datasets provided by the Mount Polley Mining
678 Corporation and those generated by this studyentyrandomly selected samples previously
679 analysed by the Mount Polley Mining Corporation, werenadgsed by this studypata presented
680 are the mnge of percentage differences between the analysis of duplicates, with mean in
681 parentheses.
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Tablel. Data for volume of material released (tailings and watard run out distance for TSF
failures 19652020. Data from Rico et al. (200G italicized and data for other events (including
Mount Polleylbold] are takenfrom WISE2020).

Event, Location

Date

Volume of material
released

Run out distance

x10 m?) (km)
San José de Los Manzanos, Mexico| 2020 0.006 5
Tieli, China 2020 2.53 208
Cérrego de Feijao, Brazil 2019 12 12
Cieneguita , Mexico 2018 0.439 29
Germano Brazil 2015 32 663
Mount Polley, Canada 2014 27.4 11
Buenavista del Cobre, Mexico 2014 0.04 420
Huancavelica, Peru 2010 0.02142 110
Cerro Negro, Chile 2003 0.05 20
Sasa Mine, Macedonia 2003 0.1 12
Amatista, Nazca, Peru 1996 0.3 0.6
El PorcoBolivia 1996 0.4 300
Marcopper, Philippines 1996 1.6 18
Harmony, Merriespruit, South Africa | 1994 0.6 4
Niujiaolong, China 1985 0.73 4.2
Balka Chuficheva, Russia 1981 3.5 1.3
Silverton, USA 1975 0.116 160
Huogudu, China 1962 3.68 45
BaiaMare, Romania 2000 0.1 0.18
Los Frailes, Spain 1998 4.6 41
Omai, Guyana 1995 4.2 80
Stancil, USA 1989 0.038 0.1
Itabirito, Brazil 1986 0.1 12
Stava, Italy 1985 0.19 4.2
Cerro Negro No.4, Chile 1985 0.5 8
Veta del Agua N°1, Chile 1985 0.28 5
Ollinghouse, USA 1985 0.025 15
PhelpsDodge, USA 1980 2 8
Churchrock, USA 1979 0.37 112.6
Mochikoshi No.1, Japan 1978 0.08 8
Mochikoshi No.2, Japan 1978 0.003 0.15
Arcturus, Zimbawe 1978 0.0211 0.3
Bafokeng, South Africa 1974 3 45
Galena MinelJSA 1974 0.0038 0.61
Unidentified, USA 1973 0.17 25
Buffalo Creek, USA 1972 0.5 64.4
Cities Service, USA 1971 9 120
Hokkaido, Japan 1968 0.09 0.15
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Sgurigrad, Bulgaria 1966 0.22 6
Bellavista, Chile 1965 0.07 0.8
Cerro Negro No.3, Chile 1965 0.085 5
El Cobre Old Dam, Chile 1965 1.9 12
La Patagua New Dam, Chile 1965 0.035 5
Los Maquis, Chile 1965 0.021 5
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