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ABSTRACT

lodine-129 is a naturally and anthropogenicgtisoduced radioisotope (halife:

15.7 million yearsthe majority of which is produced by nuclear fuel reprocessing. These
releases haveispersed®¥ throughoutthe environment making it possible to us@l as a
tracer. It is also ofoncern for the disposal of radioactive wastdisresearchdevelops a
new laboratory method fot?% extraction and analysiandexplores the geochemical
cycling and environmental fate &t in remote catchments following the Fukushima
Daiichi Nuclear Accident (FDNA).

A new technique was developed to investig&t# partitioning andquantitatively
extract it from solid sample§amples are combusted and volatilized iodine is trapped in
solution. The efficiency is traced using the iodine isotdp®, This technique was proven
using standard reference materials and is used in other chapters of this thesis.

A baseline study df°l in Yukon watersheds was undertaken to determine the
impact of anthropogeni¢®l emissions and identify possible sources. Using atmospheric
backtrajectory modelingsources of*1 from Fukushima, nuclear fuel reprocessing and
marine volatilization wee identifiedin remote watersheds. Peat moss samples showed
significant retention of?¥ in modern samples.

Following the reconnaissance stydycatchment scale investigation of
anthropogenic® cycling was undertakethrough precipitationand runoffmonitoring. **9
was found to be an excellent indicator of initial snowmelt contributions to discharge due to
enrichment by dry deposition. Furthermore, water source transitions in discharge were

recorded by*?%, *2'l and the'*1/*?'| ratio showing iodie can be used as a tracer of

VI



hydrologic processes. A mass balance found that 77% dftheass input accumulates
annually, primarily in organic soils.

Sampling of Vancouver, B.C. precipitation and groundwater was done following the
FDNA to determine #fate of'*%l and evaluate it as a tracer of groundwater recharge.
Immediately following the FDNA tHé% concentration in precipitation increased 6 times
above background. Groundwater samples also sholf@dncreases consistent with
expected recharge times indicating FDNA derit/@dwas transported into groundwater

with minimal retardation, likely via preferential flowpaths.
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RESUME
[ QABRRESt un isotope radioactif (desliA S RS mMpIT YAftA2Yya RQIFIYyySSao

et anthropogénique, majoritairement par le traitement de combustibles nucléaires. Sa dispersion

RIFya fQSY@ANRYYSYSyd S5 NBopsyénigiehilfedt dohcuh iSoto@2 YY S Y|
ROAYGSNBG LRdz2NJ fS& RSLBGEGA RS RSOKSGA& NI RA2I OGA T
laboratoire visant a extraire 8L @ [ $a RA ¥ TS NBA dabsiles #giandbi§ritesR QA 2 RS
sont énumérées, e O& Of S 3 S 2 OH29dng uirBassih SershrdvanteBaprés

t QF O0A RSy (FukystiadeDSidhiy Bbexplidié.

lyS y2dz@SttS GSOKyAljdzS ' SGS RSQJSMr2dILESES Q82 dgNg ASE Ef
solides. Les échantillonsson @2 f I GAf AaSa LI NJ O2YodzadAazy Si f QAz
[ QSTFAOFIOAGS Said YS&adz2NBS LU gette techritSelia®td éffecluge R Qdzy |

avec succes sur des standards, et est utilisée dans plusieurs chapitres de cette thése.

l'yS SiGdzRS RS& yAMSdh diE RES 0% BBS ROXFRSI dz |, dzl 2y T | 7
L2 A3AA0f-BEap ROK2RSE RSUESNNY¥AYSNI f QAYLI Ol RS& SYAaaasz
versants du territoire. La modélisation des trajectoires aspiwériques de Fukushima vers le Yukon

I LISNX¥AAd RQARSYGATFTASNIES GNIAGSYSyld RS O2YodzaidA
sources majeures déi.[ I Y2dzaaS RS (2dz2NDBS | -129pafticiNdemdny S NB G S

élevée dans les écharitihs récents.

Suite & cette premiére phase, une étude plus approfondie surle cy¢fdldu I SGS Sy i NB LINR &
RS& LINBOALMAGIFGAZ2Ya | SMBSONBORI GBS RBIAAOG Fof B SB
est un excellent indicateur de laydi NA o dziA 2y RS I F2yiS AyAdGAlLtS R
f QSYNAOKA&AASYSyYy( LI NIRYLa 2 ratioRI2N ontiébé@ialgsds danS LI dza X

f S4 a2d2NOSa RQSIdz SG £t RAFTFSNBY (G adquseeRidopesi a RSa
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peuvent étre utilisés comme marqueur dans les processus hydrologiques. Le bilan massique montre
j dzS vy yiz MRS fljQEA2 RSSY i NB RIEya S aeadsyS aqQe | OOdzvd

les sols organiques.

[ QS dz RSa LaSBUd led dauk boiitdriaiged deVancouver ont également été
SOKIFYGAft2YYySSa AdA (S 15 AGIOKARR § VFikiPy cR@IBTH X NES NC dz
YI NJjdzSdzNJ LR GSYyASt Ll2dNJ tF NBOKFNES RS&a S dzE a2
nucléaire, les concentrations dé’l dans les précipitations ont été multipliées par 7

O2YLI N} G6§ABSYSy(d FdzE yA@SlIdzE RS olaSeo [ S& SOKIy,
FdZAYSyYy Gl GA2YyY RSa -022au0S/ifedshtoliesppndant aRxdeinpsiei®arge

F GOS8y RAA® / & OAM HAdy RIAN]GISSNT] deSk NIOIARIRSOA RSY (i y dzOf S A N
ShdzE &a2dziSNNF AySa SO (NBa LISdz RS NBGFNRI LINRO|

préférentiels.
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CHAPTERAINTRODUCTION, SCGY¥ND OBJECTIVES

1.1 Isotopes of lodine
There are two isotopes of iodine that ocauiquitously throughout the

environment *# is the only stable isotope arté is the only long lived radioactive isotope
[Hou et al, 2009] There are numerouadditionaliodine isotopes that can be produced
through anthropogenic nuclear activities, spontaneous fission reactions @hvexisted as
primordial isotopesTable 1.). **!i is a short lived isotope that poses a high radiological risk
should releases occur due to its short Hit (8.04 days) and relatively high energy gamma

emissionsand its biophilic nature

lsotope  Mass  Half Life Decay_ Modes, Radiations, Major Energi@geV), Absolute
Intensities

124 9/ T i b HOPMI MPpT 4+ nNDPCAHTH
! 1239 4.18d (3.02% A), 1.69102 (10.5%A)

125 124.9 60.14d 9/ T * ndnopnc d6cdcTz! 0

126 9/ T | bndwdemiT MOHT 4+ ndoyyp O
I 1259 13.02d (29.1% A), 0.7537 (3.7%A)

al 126.9 STABLE

129 1289 157x10y i-ndmpT ' nodnocdpy OTdPpm:r !0

13 1309 8.04d i-ndcmMZ n Do @2162% A),0.2842081(6106% A),

' ' 0.364480 (81.2% A), 0.636973 (7.27% A), 0.722893 (1.80%

Tablel.l: Table of lodine Isotopes (with half lives over 1 day)

1.1.1 lodinel27
lodine-127 is a necessary micronutrient for humaAs suchiodine deficiency is

considered a serious public health issue throughout the wial&dBenoist et al.2004]
lodineis essential for hormone productian the thyroid glangdwhichwheniodine
deficient, can lead to impaired thyroid functiomn adults and children this can result in

goiter, impaired mental



function, increased susceptibility to nuclear radiatida**!1 absorption and

developmental delaygle Benoist et al.2004]

1.1.2 lodinel29
129 is the longest lived isotope of iodir@d has a half life of 1.57 x Iears and

RSOl & a UdechiyEndad ke, which is stablgHou et al, 2009] The natural

abundance of?¥ is negligible with respect t5°1, which makes up 100% of the global
iodine inventory. However, despite representing a miniscule fraction of the global iodine
inventory, 9 is studied due to the extensive envirmental contanination that has taken
place,its potential as a tracer of earth processed its importance as a long lived fission

product in radioactive waste

1.2 Sourcesnd Levelof 29 in the Environment

1.2.1**% in PreNuclear Age Materials
Few measurements df¥l in prenuclear age materials have been successfully

performed. Prenuclear concentrations df¥ in the environment have been estimated
based on natural cosmogenic and geogenic production. The estimated’l ratio in the
oceans from natural sources was 1.5 X*¥®ased on analysis of shallow marine sediment
and seaweedSnyder et a).2010] An estimate based on cosmogenic and geogenic inputs
yielded a*?%/**'] range from0.3- 3 x 10%?[FabrykaMartin et al, 1985] An estimated
marineconcentration of*Y was 0.44 x 10atoms/L[Snyder et a).2010] which results in
total mass of ~130 kg df* in the prenuclear ocean. ThE% concentration in freshwater is
estimated to be 0.037 x £@&toms/L. Thus, the total mass of iodiimeglobal freshwater

reservoirs was estimated to be 11 @nyder et a).2010] The fewpre-nuclear age soil



samples that have been measured yi&ldl/*?' ratios ranging from 0.516.8 x 13*[Szidat
et al, 2000] Wallner et al, 2007measured the”®%/*?'] ratioin a Tertiary ligite sample to
range from 6 22x 10%. A recent measurement of bulk coral found®&/*%"l ratio of 8 x
10*[Hou et al, 2010]and previous coral samples pre-bomb age were around 0.5 x 1
. Manyof these measurementare greater than the prenuclear age estimate for the
129127 ratio suggesting that a truly accurate analysis ofquelear?%/*?'l has yet to be
performeddue to difficulties obtaining reagents witholtl contamination or

contamination during sampling

1.2.2 Geogenic Productiafi**%
129 is produced in the subsurfageimarilythrough the spontaneous fission &fU.

Thus, the rate oin situ*?1 production varies based on tf&U concentration of the host

rocks or fluidsThe spontaneous fign yield of*% from?3*U is0.0003%{Saby 1971]

Neutron induced fission df*U, and neutron activatioor spallationof *?*Te and***Tecan

also producé?d [FabrykaMartin, 1988;Andrews et a].1989;FabrykaMartin et al, 1989]

In fractured basalt that has a concentration of 1 mg/kg Ufifleporewaterconcentration

at secular equilibrium, which is reached inglion years, is 3.8 x f@toms/L[Bottomley

et al, 2002] However, each bedrock system will vary based on factors such as porosity, the
238 concentration and the calculated emanation efficiency?dffrom the rock to pore

fluids[FabrykaMartin et al, 1989;Bottomley et al. 2002]

1.2.3 Cosmogenic Productioh*?%

129 is naturally produced through the spallation of stable Xe isotopes by

bombardment of high energy cosmic ray nucleons in the upper atmosphere (Fabryka



Martin et al., 1987). The effective environmental cross sedtorthe production of?¥ is
10 mbarn, which yields steady state surface densiof 1& atoms/cnt [Edwards 1962]
Very little has been published on the production'df by spallation reactions and
therefore the rate of production and the corresponding rate of fallout/raineately from

cosmogenic productiohave never been measured accurately.

1.2.4 Anthropogenic Productiarfi **%
Since 190, when nuclear weapons tésg and the use of nuclear energy increased,

anthropogenic emissions 61 have been thelominantsource in the environmen
[Englund et a).2008] This has caused the ratio 61/’ to increase dramatically from
calculated and measurgare-nuclear ratios of 18°to 10 up to 10*°to 10 in manytypes
of environmental samplefHouet al, 2009;Snyder et a.2010] Correspondingly e 29
concentrations in most environmental samples have also increased considerably,
particularly in Europe, whichas severat?®l point sources Table 1.2[Reithmeier et a).
2006] The largesimodernreleases have come from La Hague, France and Sellafield, U
which emit*?® to the atmosphere and release it into the oce@iable 1.2 The total mass
of 1% added tothe hydrosphereby reprocessing has been estimated to be approximately
5,400Kkg, far surpassing the estimated natural inventory of ~R§0r lessfRao and Fehn
1999;Snyder et a).2010] Most of the fuel reprocessing plants currently in operation are
located in the northern hemisphereesultngin significantly elevate® concentrations in
the northern hemisphere compared to the southdidegri et al, 2013] Nuclear weapons

testing and nuclear accidenksve also contributed som&? to the environment since the

start of the atomic ageNuclear weapons testing has contributed about 50 kifdfto the



atmosphere Oktay et al, 2000] In addition to fuel reprocessirand weapons testindf|
has been released by nuclear accidents such as Chernobyl and Fuk[Rairhet al, 1987;
Xuet al,, 2013] It is estimated that Chernobyl released ~1.3 kg and Fukushim&g b2

129 to the atmosphere.



Country Site Operation Calp::;?:‘;[f/s(?l;r;sr) 129 Emitted (kg) Reference
Start End | Present Future | Liquid Atmosphere
Belgium MOL 1966 1975 ND ND
China Jiuquan ? 25 ND ND
Lanzhou 2020 800 ND ND
France | Marcoule 1958 1997 46 184 [Z%i'g]’me'er et 8].2006,
La Hague 1967 1600 3169 67 [Reithmeier et a).2006]
Germany | Karlsruhe 1971 1990 ND ND
Trombay 1964 60 60 2.5 ND
India Tarapur 1974 100 100 ND ND
Kalpakkan 1988 100 100 ND ND
Japan Tokaimura 1977 90 90 ~1 [Toyama et a].2012]
Rokkashemura | 2005 800 ND ND
Chelyabinsk 1971 1986 | 400 400 161 [Reithmeier et a).2010]
Russia Krasnoyarsk 2020 1500 21 [Reithmeier et a).2010]
Seversk 1956 1995 35 [Reithmeier et a).2010]
UK Sellafield 1967 900 2700 1378 153 [Rao and Fehrl1999]
Dounreay 1980 2001 ND ND
West Valley 1966 1972 11 [Rao and Fehrl999]
US Hanford 1956 1989 2300 81 [Reithmeier et a).2010]
Savannah River | 1954 1989 2700 41 [Reithmeier et a).2010]
Idaho Falls 1959 1992 ND ND
Accidents | Chernobyl 1.3 [Paul et al, 1987]
Total 4593 757

Tablel.2: Locations, operation window, reprocessing capacity and estimatéd oéleased by the major nuclear fuel

reprocessing facilities around the world. ND represents facilities for whilcastimates were not availablelable is modified from

[IAEA 2005]




1.3Environmentd Reservoirs and Cycling &

1.3.1 lodine Cycling
lodine moves throughout the environmergadilyand both'?’l and** are foundin

all environmental reservoirs (Figure L.Ibdine is a redox sensitive element and may be
found as a variety of species depending on local pH and redox conditiemg of which are
soluble or volatilgFigure 1.2 The most common inorganic species of iodine afedide),
IOs (iodate) and 4 (elemental iodine). Howevedue to its biophilic nature, numerous
organic forms, such as humic and fulvic acid complekeslatile hydrocarbon species
such as Cilare alsoverycommon. Because of the variety of iodine species and their
occurrence in albarts of the geosphere a detailed understanding of its geochemical
behavior is essential in order to predict the transpand fateof ** as an environmental

contaminant and tracer.

Natural Atmospheric Production: Anthropogenic Production:
-@—-@
Atmospheric Releases ~ +—— —»Deposition

/ ~18kglyr

Deposition

Volatilization ~10-20 kgfyr ¢
Oceanic Releases/
100 kglyr

| NN I N N N N N N N N N N N N N N NN N S

| N NN NN N N N N NN N N N N N N

I]IlIII]1IIIIII[IIIIIIIII

Figurel.1: Conceptual model showing the cycle and approximate mass fluxé$ lnétween
environmental reservoirs as well as the mechanisms of natural and anthropogenic production.
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Figurel.2: eHpH diagram showing the inorgardpeciation of iodine in the environment.

1.3.2'%in the Oceans
The largest reservoir 6f% and*?’l on Earth is the oceanshich store

approximately 70% of the global inventdiyou et al, 2009] The residence time of iodine
in the oceans is approximately 300,000 yd&wshn et al. 1990]andgiventhat the general

ocean mixing time is approximately 1,600 yeidnis hasresulted in extensive mixing dfl



and prenuclear'®| [He et al, 2013] Indeed, depth profiles df'l in the ocean have shown
that concentrations are relatively uniforfifsunoga 1971] However, as large quantities of
129 have been added to the ocean over the past 60 years by weapons testing and fuel
reprocessing, there has been a substantial increas&liconcentrations and th&/*%’|
ratio, particularlyat the ocearsurface(Figure 1.3, Figure 1).fRaisbeck and Yipt99; He

et al, 2013] Indeed,"®¥ concentrations in the North Atlantic have reached up t6*10
atoms/L[He et al, 2013] Thesencreasehavebeen particularly noticeable around
Northern Europedue tonearby reprocessing facilitieSgllafield and La Hague, which both
discharge into the Atlantic Ocean where curredistribute these'?9 inputs allowing its use

as a tracer of ocean currenfRaisbeck et 311995;Smith et al. 1999, 2011]
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Figurel.3: Liquid discharges from the Sellafield and La Hagueawuttiel reprocessing sites which
arethe two largest contributors o to the environment. Modified fronjHe et al, 2013]
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2013]

1.3.3'%in SurfacéVaterand Groundwater
In surfacefreshwater, such as lakes and riveiedine usuallyexists as iodate, iodide

or organic iodindbasedon thelocal pH andedox conditionsNumerous tudies have
shown that natural sources provide a negligible input?dfand thatmost**% is
contaminationfrom anthropogenic sourcethat has been transportedtmospherically and
deposited inprecipitationand dy fallout[Aldahan et al.2007;Snyder et a).2010;Chen et
al., 2015] Many of the’® measurements in freshwater have been done near point

sources and show significant increase¥thconcentration and a concomitant increase in

the **4/**'| ratio [Snyder and Fehi2004;Keogh et al.2010] Indeed, in Europé&™
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concentrations in freshwater are typically around’ 10 10" atoms/L and ratios up to 10
[AtarashtAndoh et al. 2007;Chen et aJ.2015]and references thereirVleasurements
made far from point sources nevertheless show an enrichment of at leasirtlers of
magnitude in tteir >l concentration and ratio due to long distance transport of NFRP
emissions, ocean volatilization and atomic weapons teg8mnyder and Fehi2004;

Aldahan et al.2006](Figure 1.5 In North America concentrations and ratios doeer and
usually range from 1o 10°and 10* to 108 respectively, although levels can be
substantially higher near point sources such as West Valky, York; Hanford,
Washington, Idaho Falls National Labs, Idaho%adhnnah Rivédational LabsGeorgia
[Rao and Fehrl999;Moran etal., 2002] Concentrations in the Southern Hemisphere are
even lower and have been measured af #®10° atoms/L with ratios of 1&*to 10™,

which are likely mostly due to weapons test fallaund less front®’ dispersed by nuclear
fuel reprocessingNegri et al, 2013] Once deposited™®? in freshwater systems is then
subject to physicatydrologicaland geochemical cycles that determine the hydrology and
hydrochemistry of waters. Evapotranspiration in arid regionsesaich*?% and*’l
concentrations in groundwater, rivers and lakes over precipitation by a factor of 2 to 10
[Oktay et al, 2001;Moran et al, 2002] However, in less arid environments freshwater is
typically depleted it*% relative to precipitation due to interactions of9 with soil, which
can efficiently adsorb iodinfBuraglio et al. 2001;Reithmeier et a).2007] The cycle o

in context with other hydrochemical tracers has not been investigated rigorously. However,
a few studies have shown th& is often associated i Cl, due to a shared input from

ocean volatilizatiofiMoran et al, 2002;Aldahan et al.2006] DOC and K, due to a

11



contribution of*** from soil leaching as well as P andsN@m applications of fertilizer in
rivers affected by agricultural activiti¢Kekli et al. 2003] Significant work remains in order

to understand the geochemical cycle'dll in context with other hydrochemical tracers.
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Figurel 5: Distribution of**¥ in fresh water and shallow marine water as a function of latitude and
delineated by continent. The gross beta activity limit for the EPA (4 mrem/yr = 1!8atdiis

29/L) and the WHO guideline (10 mrem/yr = 4.5 X*ams**/L) in drinking water are pictured
although levels in fresh water are significantly lower. Modified ff@myder et a).2010]
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In shallow groundwatet® in rechargds primarily @rived from atmospheric fallout
[Renaud et a].2005] However,** concentrations are frequently reducetiring
infiltration throughthe vadose zonéy adsorption to soils. Therefore, in order to tratd
into groundwater, soil interactions must be considered, particularly the interaction
between® and soil organic matter, which adsor’3§ much more efficiently than
inorganic soil§AlvaradeQuiroz et al. 2002;Schwehr et a).2009] Studies investigaig I
in shallow groundwater have found that groundwater recharged poshp 1 Q& A& Sy NA O
19 RdzS (2 AyLMzia T NRY tefti@with@ancentrdtians kadghy A O 6 S| L
from 1C°to 10" atoms/L and*/**"l ratios of 10to 10! in Californa and Southern
Ontario well§Renaud et a).2005;Schwehr et a).2005] Furthermore, a common finding
between several studies is that ti&l concentration in recharge and groundwater is not
significantly different while thé*l concentration is much greater in rechafd@enaud et
al., 2005;Schwehr et a.2005] This disequilibrium is attributed to the different sources of
129 and*?"l which likely means these isotopes @t in the same chemical form and thus

their behavior is not analogous during transport. Evapotranspiration can also play a role in

concentrating'®® and*?'l in recharge similar to other contaminari@chwehr et a).2005]

Deepagquifers, porewater and basin brineften contain*? from non-
anthropogenic sources and thus often have f6W concentrations and low?*1/*?" ratios
compared to modern surface water reflecting their praclear age$Fehn 2012]
However, in certain cases-gitu production of*% or mixing withother geogenically
enrichedwater may raise®® concentrations and th&%/I ratio in such waters andlaw

their use as tracers and dating to¢lehn 2012] In systems with trapped seawater it is
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possible to use the decay &1, which correspondingly leads to an exponential decrease in
the 124/ ratio as a dating tool if the initial ratio is assumed to be fixed over geologic time,
there are no inputs of geogent&l and there is enough sample to measure tfi#/*?’|

ratio without the addition of iodine carridiFehn et al. 1990;Fehn 2012] This method has
suc@ssfully been applied to oil field brines. An alternative method use$thangrowth

and can be used to date fluids less than 80 million years old. A minimum residence time
constraint can be placed on fluids that have been in situ for greater than lB@myears.

This method had been used to constrain the age of ancient pore fluids and fraleyka
Martin et al, 1989;Bottomley et al. 2002;Snyder and Fabrykslartin, 2007]and relies on
modeling the in situ concentration 6f° from the spontaneous fission 6fU. The

calcubted *?9 concentration may then be compared to the measured value to see if secular
equilibrium has been reached. If the measuréd concentration is lower than the

calculated value an exact residence time may be calculated, if the two concentratens ar
equal the fluid is at secular equilibrium and the raté“Sf production and decay are
equivalent thus the fluid has been in situ for a minimum of 80 million years. If the
measured concentration is higher than calculatiée fluid either mixed with a second fluid
containing exces¥? or has been transported from rocks enriched witfu within the last

80 million years.

1.34"in Soi
lodine behavior in soils is complex due to the large number of factors thexttaté

transport and sorption. The dominant source’8 in northern hemisphere soils is

atmospheric fallout but there are also contributions from the decomposition of organic
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matter and potentiallyfrom soil fertilization in agricultural regioriMoran et al, 2002;

Kekli et al. 2003;Shetaya et a).2012] Adsorption of iodine is likely not a fraatiating
process and therefore, the behavior loéth 9 and*?"l in soils can generally be considered
identical. The dominant factor affecting sorption and in determiningdgailibrium

sorption coefficient (K of iodine on soils is the presenckorganic matter and biological
activity [Bostock et aJ.2003] Indeed, numerous field and lab studies have found that
iodine partitions primarily on organic matter, partiauly on humic substances as part of
phenol groups or as covalenti®onds[Zhang et al.2011] Furthermore, adsorption on
sterilized soils is significantly reduced implying that living biological activity plays a key role
in retaining ioding Steinberg et a).2008;Soderlund et al.2011;Lusa et al.2015]
Adsorption of iodine on organic matter can also occur as anion egehtollowing a linear
isotherm[Sheppard tal., 1996] There are numerous other factors that also influence the
sorption behavior of iodine particularly speciation, pH, redox, moisture content and soil
mineralogy. Typically, Kds sorbed preferentially to in most soils and hence factorsch

as pH and redox can greatly influence sorption as they affect iodine spedigtikni et al.
1996;So6derlund et al.2011] Due to the difference in sorption behavior o&ihd 1Q" they
have different residence times in sdfildu et al., 2005]In addition, soils with low moisture
content, which are typically oxitend to adsorb iodine more efficiently than more
saturated soils in which anoxic conditions prevail resulting in lower bioavailability and a
greater proportion of | which is adsorbed less readiheppard and Hawkind995;
Ashworth and Shay2006] pH conditions in soils also greatly affect sorption. As pH

increases iodine sorption tends to decrease for bodntl IQ, although the decrease is
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more pronouncedor I [Fukui et al. 1996] The influence of pH is explained by thgher
positive surface charge on particles at low pH resulting in more efficient adsoffjplitui

et al, 1996] Soil mineralogy can also affect iodine sorption. Aluminum and iron oxides are
the most important inorganic adsorbents of iodine and act most strongly below pH 6

[Whitehead 1974]

Anthropogenic releases 61’ have contaminated soils around the globe,
particularly in the vicinity of* point sources. Within soils botfi’l and** are typically
partitioned preferentially into the organic fraction such as humic and fulvic acids or organic
residues comparedaotinorganic solids, oxides and teerface adsorbedffaction (Figure 1.6)
[Englund et a).2010b;Hansen et a).2011;Luo et al. 2013] Soils in Europe, near
Chernobyl, which are most heavily contaminated, h&Vieconcentrations up to 10
atoms/g and"*/*#' ratios as high as @articularly in near surface soils, which is 5 orders
of magnitude higher than the estimated preiclear ratio of 1.5 x I [Strachnov et a).
1996;Englund et a).2010b;Hansen et a).2011] More remote soils, such as those in Asia
and North America, hav€? concentrations around fao 10° atoms/g and*?%/*?" ratios
around 10" to 108 depending on their composition, proximity to a curréfl point
source and the degree of contamination from nuclear weapons faJloutay et al, 2000;

Muramatsu et al. 2008;Luo et al. 2013]
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Figure 1.6: Depth profile of-*l concentrations in sediment fractions and their sum as well as the
result of combustion of the total sample. The majority"Sf was found in the organic fraction and
the combustion results agreed well with the sum of each sediment component. Modified from
[Englund et a].2010b]

1359 in the Atmosphere and Precipitation
Atmospheridransport is one of the principaispersamechanisms of iodina the

environment anctan spread emissions 81 great distances from point sources in short
periods of time. An example of such rapid transport is Fukushima in wHiakas detected
MAannQa 2F At 2YS(HSNRE [Wéthethee@thali2B1R;MealthCdnadda | TS &

2014]

The principabkourceof iodine tothe atmosphere is the volatilization of iodine from
the oceansurface by inorganic photochemical reactions and more importantlyaaigal
transformation of iodine to volatile species such a<CHI, CHIX, etc[Carpentey 2003;

Saizlopez et a).2012]with ~50% as organic species, most caoniy CHI [Jabbar egl.,
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2013](Figure 1.7. It is believed that the majority of atmospheric iodine is from this source
(=550 Gglyr) as opposed to anthropogenic releases from fossil fuel combustion and
terrestrial sources (810 Gg/yr)Carpenter 2003;SaizLopez et a).2012] This means

that 1% releases to the ocean from nuclear fuel reprocessing that are volatilized can be

equally or more important for depositiny terrestrially [Englund et a).2010a]
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Hgure 1.7: Simplified reaction pathways for the volatilization and speciation of iodine from the
ocean surface via photolysis or as an aerosol. Modified f@anpentey 2003]

The residence time dbtal iodinein the atmosphere igpproximately 23 weeks
[Moran et al, 1999;Jabbar et al.2013]allowing global dispersal and mixing*81 releases
This has resulted in a standing crop of 4@ in thenorthern hemisphere at any

given time which is likely renewed annudoran et al, 1999;Buraglio et al. 2001]
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Atmosphelic gaseousodine is subject to sorption by aerosaisd removal by rainfaind
gravitational settling as dry fallouT he fallout of iodine representscaiticaltransport
mechanism of iodinéo the ground surface and its subsequent partitioning into freshwater,
soil, plants, etc[Moran et al, 2002] The dominant fallout mechanism is as rainout, also
referred to as washout, which constitutes ~80% of'*l mass deposition with the
remainder as dry falloytEnglund et a).2010a] The global mass deposition6fl has been
measured and modelednd is highest nedr point sources with precipitation corrected
annual fallouts of 18 to 10" atoms/n?throughout EuropgFigure 1.8[Reithmeier et a).
2010] In regions far from point sources such as most of North America anabthieern
hemisphere'® fallout rates are expected to be lower with model predictions arountt 10
atoms/nt or less/Reithmeier et a).2010] *? concentrations in precipitation in Europe,
close to nuclear fuel reprocessing plants have been found as high &astdms/L and
average 18[Persson et 312007;Keogh et a].2010] In more remote regions, such as
North America and theouthern hemisphere >l concentrations are 1o 10’ atoms/L
[Moran et al, 1999] Time series of precipitation have shown that concentration$bfre
highly variable from event to event depending on the point of orafithe air mass

[Persson et gl2007]
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Figurel.8: Calculated mass deposition 8t from global atmospheric emissions from atomic
weapons testing, nuclear fuel reprocessing plants in Europe, Russia and the USA as well as re
emission from the ocean surface. These are mean valuehtheat not beercorrected for local
precipitation ratesbefore direct comparison to measurétfl mass deposition. Modified from
[Reithmeier et a).2010]

1.4 (ojectives
As an anthropogenically and naturally producadionuclide with a long half lif&)

has been identified as both a contaminant and potential trgéstwards 1962;Fabryka

Martin et al, 1985] However*| behavior in natural systemsdsmplex and much of the

129 system remains to be explored with respect to other geochemical cycles, particularly for
its storage and mass transfer. Such additional knowlexitjdoster our understanding of
outcomes from future anthropogenic releasasd to safely contaif®® produced by

radioactive waste in long term storage facilities over geologic time scales. This will also

allow ¥ to realize its full potential as aacer[Nimz 1998]

Theprimaryobjective of this thesisto understand thesourcesand cycling ot in

a varietyof watershedsA further objective is to quantify mass fluxes, transport and
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storage of**% to elucidate its sources and fate at sites remote from point sources after it

has integrated within ongoing elemental cycles. These objectives will be addressed by

1. Quantifying the background and mass fluxe$®dfin a variety of rivers and soils
in the Yukon Territory, which is distal from any anthropogenic sourc&s| of
The impact of the Fukushirdaaiichi NucleaAccident on these remote
catchments is alsoiscussed.

2. Investigating thé®¥ fallout in precipitation from the Fukushinaiichi Nuclear
Accident andisingthis time-constrained input into groundwater to understand
129 interactions with soils during recharge.

3. Measuring a time series 6f% in discharge from a single, well studied,
watershed in the Yukon as well as a large suite of other isotopic and
geochemical parameters and performing’d mass balance. This information
can be used to placE variations into context with the hydrogehemistry and
water sources of discharge and evaluate the flowpath€bfand its potential as
a tracer.

4. Factors affecting theycle andstorage of*?% will also be quantified isurface

reservoirs allowing the long term fate HI to be determined.

Collectively hiswork willallow predictions to be made about tteurcestransportand
accumulatiorof ** in remote regionsnd its participation in other geochemical cycles
suchas the water and carbon cycles which will enhance our understandiiig) of

environmental partitioningandthe usefulness as a tracer.
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1.5Scope of Work
This thesis is composed of five chapters each representing a distinct project linked by the

previously discussed objectives.

Chapter 2 consists of a new methodological development for the extractiéfil 6fom
organic and inorganic solidshe purpose was to improve upon the methods of other
researchers who use similar extraction techniques by identifying key factors that affe
iodine recovenand evaluate the ability of using™ as a quantitative yield traceThe
method consists of combusting the sample under an oxygen gas flow and trapping it in a
hydroxide solution, which can then be subjected to redox extraction foptieeduction of

an Agl AMS target. Several parameters were tested 4éthgs a yield tracer including.O
flow rate, volatilzation temperature and physical characteristics of the extraction line
Several sample types were also tested and the methodohmagyverified usingadiolabeled
humic acid anstandard reference materials fof’l and*?%. The results of this work have
been publishedn the peer reviewed proceedings from the radiochemistry session of the
Canadian Society @hemistry2013 conferene as:Herod, M. N., R. J. Cornett, I. D. Clark,
W. E. Kieser, and G. St. Jean (2014), Extractitil ahd*?’l via combustion from organic
rich samples usintf? as a quantitative tracerd, Environ. Radioac38, 323330,

doi:10.1016/j.jenvrad.20192.005.

Chapter 3 represents a preliminary investigation into theédmeconcentrations of?% in
severalrivers throughout the Yukon and Northwest Territgas well as aepth profile of
129 in a peat core. This work establishes a backgrd@fidoncentration in a remoteegion

investigates possible sources f6Hl to the regionand compares how several watershed
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characteristics affect?® transport.The results of this work have been published in the peer
reviewed proceedingof the 12" International Conference on Accelerator Mass
Spectrometry asterod, M. N., I. D. Clark, W. E. Kieser, S. Agosta, 4nd@Mao (2013}*%
dispersion and sources in Northwest Canaddagl. Instruments Methods Phys. Res. Sect. B
Beam Interact. with MaterAtoms 294, 552;558, doi:10.1016/j.nimb.2012.06.018.
Additionally, samples from 2@Jand 202 are discussed as appendixin context with the
effect of 9 fallout from the Fukusima-Daiichi Nuclear Accidenn remote Yukon

catchments

In Chapter 4 concentrations and thé®*/*?'| ratio in samples gfrecipitation and
groundwaterfrom the Vancouver, B.C. arage presented that were collected prior to and
following the Fukushim®aichii Nuclear AccidefEDNA)The goal of this project was to
determine if*?9 released by the FDNA could be detected in Vancouver precipitation and
when*®¥ concentrations returned to prEDNA levels. The mass depositiod?dfwas also
quantified.*®® in groundwater samples from two wells in a nearby unconfined aquifer that
had been previously dated usifg/*He were also measured in order to determiné*

from FDNA could be detected in groundwaf@/assenaar et al2006] Vadose zone
modeling using the mass deposition’6 and hydrogeologic characteristiags

performed toassess théeasibility of**% from FDNA recharging local groundwater. The
results of this study vide aholisticlook into the long term transport and fate &% in

the environment and can be used to evaluaté as a tracer of groundwateecharge This

work has beeraccepted byWater Resources Researfcn publication
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Chapter Soresentsa multivariate approach to understanding the cycle and storadé’bin

a discontinuous permafrost watershed in the YukArime series of water samples from
thaw to freeze up were collected as were precipitation and soil samples from throughout
the waershed. Samples were then analyzed for a large suite of isotopes and elements
including® and*C. The multivariate statistical techniques principal components analysis
and agglomerative hierarchical clustering were then used to reveal underlyingoredhips
between analytes and samples.eBedata were used to interpret the hydrochemical
evolution of discharge over the year and identify the water sources contributing to
discharge. Thé& results could then be interpreted in light of the hydroloigiterpretation

to reveal the geochemical behavior and source¥dfin an extremely rigorous manner. A
mass balance df*| for the watershed was also performed using the precipitation and soil
data. Gaining a detailed understanding the geochemical kieha#'?9 inthe catchment

over the course of a year allowed us to evaluate its potential as a hydrologic tracer.
Furthermore, from the perspective of radioactive waste disposal understanding the cycle
and fate of**% is of great importancdt is the ntention of the author to submit this work

to a relevant peereviewed journain the coming months.

1.6 Contributionsby ManuscriptCollaboratoss

The majority of the laboratory work, data collection and interpretatwere done bythe
author (MH). Howeverwork presented in these chapters was conducted in collaboration

with severalother researchers. Their contributions to each chapter are outlined below.
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Chapter 2: Thanplementationof the gamma spectrometry technique based on the work
of [Horrocks and Klejri974]was done by Jack Cornett. The design of the combustion line
and subsequent adjustments were done collaborativelyvthy, Jack Cornett ahGilles St.

Jean.

Chapter 3: Samples were collected by MH and Bx@id sample extractions via caustic

fusion were done by Monika Wilk and Sarah Agosta.

Chapter 4: Samples of precipitation and groundwater were collected by Martin Suchy.
Martin Suchyalso participated in data interpretation and wrote the section on sample

collection. Jack Cornett assisted with the statistical anafysisinterpretationof data.

Chapter 5Water samples were collected by volunteers from Whitehqgr¥eikon Some of
the sample analysis and theitial interpretation of Wolf Creek hydrology was done by
CAFY2ALF2 [ A FyR Ay 02 Nliz2 200L3fiAndre Peliérin 2sstedSvMdd Y I a G S

data interpretation and manuscript organization.

Editorial reviews on all chapters were done by lan Clark with contributions from Jack

Cornett, Liam Kieser, Martin Su¢tyndre Pellerimnd Gwynn Graham.
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CHAPTERQEXTRACTION &8 AND'?'l VIA COMBUSTION FR@RGANIC RICH
SAMPLES USIN® AS A QUANTITATIVRACER

ABSTRACT
lodine-129 ¢#%) is a biophilic, naturally occurring radioisotope (Hidf: 1.57 x 10years)

that has been released in large quantities by nuclear fuel reprocessing. This iodine has
cycled throughout the globe and chiefly the northern hemisghand can be found in a

wide variety of environmental materials, particularly organic rich soil and organic matter.
Extracting iodine reliably from solid samples has been done by a varietgtbbds;

however, pyrohydrolysis has been the most widely usdtkre is a wide variation between
existing pyrohydrolysis techniques and this raises questions about the quantitative recovery
of iodine from method to method. In order to quantify iodine recovery from pyrohydrolysis
we have spiked samples with an iodih25 radiotracer prior to combustion and trapping in
an alkaline solution. Inorganté® tracer was used as well as humic acid labeled ftto
simulate the behavior 0% and*?’l in complex organic substances and extract iodine
regardless of howt is partitioned. Using these tracers we explored the effect on recovery
of 11 under a variety of combustion parameters. These include carrier gas flow rate and
iodine volatilization temperature. We observed that the best recoverié€fvere at flow
rates between 40800mL/min and most® recoveries were above 85%. The experiment
to determine the temperature at which iodine volatilizes from the sample showed two
distinct trends for the release of iodine. One trend showed that most iodine is relestse
approximately 525°C, while the other trend showed that the samples needed to reach
800°C and remain there for at least an hour. These findings illustrate the usefulness and

importance of using a quantitative recovery tracer for every iodine extraciiéa then
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combusted and precipitated several Atlantic Ocean seaweed and standard reference
materials for AMS analysis as Agl. Ttleconcentration of the seaweed ranged between
4.4-5.5 x 18 atoms/g and thé"*1/*?" ratio was 2.3; 2.9 x 10, both ofwhich compare

well to published values for Atlantic seaweed. The results for the standard reference
materials also agree with specified values indicating that this technique is reliable. By
optimizing pyrohydrolysis conditions and testing the recoveripdine with a'*l tracer it

is possible to quantify and maximize recovery from organic samples. This will allow for the
investigation of variations in th&° concentration and?%/**"l ratio with a high degree of

precision in complex, organic rich saleq

1.0 INTRODUCTION
The environmental cycling of stable iodih@7 and radioactive isotopes iodiiR9

(halfclife: 15.7 million years) and iodirE31 (halflife: 8.02 days) is a subject that has
received a large degree of scrutiny in recent ygdaramatsu et al., 2008)As a product of
nuclear fuel reprocessing and a principal nuclide of concern for radioactive waste disposal,
the behavior of-*! has been studied extensively in a variety of materials such as
groundwater, surface water, numerous soil types and orgaraterials[Moran et al, 2002;
Snyder and Fehi2004;Toyama et al.2013[FabrykaMartin et al, 1985] lodine is a very
mobile element and can be transferred in agueous or aerosol form, which allows it to cycle
readily through many facets of thenvironment. lodine can then be deposited on soils in

rain or as dry depositiofMoran et al, 1999] It is also very biophilic and therefore is often
concentrated in plants osoils with a high organic content, such as p&&tseppard and

Hawkins, 1995; Sheppard et al., 1988ppler et al., 2003Accurately determining the
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concentration of** and*?% in soils and organic materials is therefore of great importance

to understanding the environmental cycling of iodine isotopes.

Several techniques for extracting iodine from soils have been developed which
include caustic fusion followed by acid leaching and pyrohydrdlysig. Luo et al., 2011;
Marchetti et al., 1994; Y. Muramatsu et al., 2008; Schnetger and Y. Muramatsu, T936)
body of work has shown that it is possible to extract iodine efficiently from natural
inorganic and organic sampldsywever, there is a large degree of variation within these
methods. Indeed, the success of caustic fusion can vary tremendously depending on the
sample type and the subsequent extraction of iodine can often falil if the optimal conditions
are not found. There islso greater potential for contamination 8’ and** with this
technique. The existing methods for pyrohydrolysis mostly extracted | from soil, rock and
sediment and used trap solutions which varied from method to method. For example,
Muramatsu et al., (2008use a trap solivbn of TMAH and #6Q, whileCornett et al.,

(1996 use double distilled wat andHou et al., (201puses NaOH and NaHSO
Furthermore, the number of furnace zones, heating praisand carrier gas flow rate and
gas composition differed from method to method likely due to individual equipment
available in each lab. However, this lack of standardization raises questions about the
iodine recovery in the different pyrohydrolysis metls particularly since iodine speciation
and partitioning varies in soil, organic matter and other matrices. The variation of iodine
species in natural samples could affect the recovery of iodine, which could lead to an
underestimation of total iodine of*®l in the sample. Furthermore, most iodine in soil and

biological matrices occurs in organic molecules so it is important to demonstrate that all
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iodine can be extracted from a sample regardless of the type of iodine priidansen et

al., 2011] In a study of the partitioning of iodine isotopes in ocean sediments, Danish soil
and IAEA375Hansen et al., (20)5howed that the majority of'l and**% was found
primarily in humic and fulvic acids but a significant fraction was also observeeMin Fe
oxides as well. The findings of this study underscore the importance of efficient iodine
extraction from both organic and inorganic compoundsamples and the need to trace

the recovery of iodine from samples.

This paper tests the efficacy of the pyrohydrolysis technique for soil and organic
samples using iodin&25 as a tracer of recovery. The use of a raddbne tracer allows the
effectiveness of the extraction to be quantified for a wide variety of sample types and
provides a measure of the efficiency (yield) of the extraction prior to analysis by AMS or
ICRMS. Furthermore, humic acid was labeled with to determine the extraction
efficiency from organic substances, which provides certainty that all iodine in the sample
can be extracted regardless of how it is partitioned. We also analyzed a standard reference
material and several natural samples via AMS aneMGRo show that this techique is
reproducible and yields results in agreement with published literature values for reference

materials and similar samples.

2.0 METHODS

2.1 Apparatus and Chemicals
The equipment used in the combustion of samples were twomMQindberg horizontal

tube furnaces that had been retrofitted with digital temperature controll@gyure2.1).

The combustion line and sample tubes were custom blown quartz. The quartz glass sample
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tubes were 1520 cm long with an inner diameter of B2 cm and the combusbin line

had an inner diameter of 2.dm. The bubbler and condenser were Pyrex, which was

attached to the combustion tube using a % inch stainless steeluatravacuum fitting with

viton o-rings (Swagelok S2-UT-6 (fitting), VT7-OR116 (oring)). Thebubbler and

condenser are separate pieces that are connected using an RF19 Rotulex spherical joint and

clip.

The glass trap for the main trap and condenser is connected to the main line using an RF35
Rotulex spherical joint. 205g of quartz wool and ~1€ copper windings was loosely
packed into the combustion tube. lodi¥i5 tracer was ordered from Perkin Elmer
(NEZ033A001MC) and diluted for use as a recovery traber>| trap solution was gamma
counted on a PerkinElmer Wizard 2 Automatic Gamma t@o24 760020).All chemicals
used in the combustion, sample precipitation or sample digestion were analytical grade
reagents including: NaH3MaOH, AgNHOHNQ, Nal, Hexane, NaNOITMAH (Tetra

Methyl Ammonium Hydroxide). All solutions were prepared/u8i My domize®Rvgater.
The humic acid used in the radioiodinating procedure was Sigma Aldrich Humic Acid
(6813104-4). Chernobyl soil (IAE3Y5) was used as a standard reference materiat¥ty
129 and the'®/*%'| ratio since all values are knowm verify the robustness of this

technique on a natural soil.

2.2 Sample Preparation
Samples of whole wheat flour, seaweed and peat moss were all extracted by this

procedure. Both the seaweed and flour were commercial products intended for human

consumpton and were finely ground and dried when purchased. The seaweaeulis
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vesiculosusis sold commercially as a dietary iodine supplement (Mountain Rose Herbs
Bladderwrack) and the entire plant was washed, dried and ground very finely. The seaweed
is from the east coast of Canada. The peat was collected in the Northwest Territories,
Canada at the site of a retrogressive thaw slump near Fort McPherson in August, 2010
(67.43° N, 134.88° WThe peat was dried at 6€C and ground. All large roots and rocks
wereremoved in an effort to obtain the most homogenous sample possible. The specific
peat samples used in this study have already been extractefdsy caustic fusion and

the results published irlerod et al., (2012

2.3 Radieiodination of Humic Acid
Humic acid was labeled with iodirI25 to test the behaviour of covalently bound iodine

isotopes during the combustion. This approach also tested the recovery of iodine'tising
labeledorganic material as a tracer rather than inorgani¢®RaThe reation used to
radiolabel humic acid was derived framarwick et al., (1993andWarwick et al., (1993b
Sodium salt and humic acid (Sigarich 6813104-4) were dissolved in ZONaOH. 5nL

of the humic acid solution was then taken and mixed with Chlora#fife.4 mg/mL), and
125 and allowed to sit for 30 minutes. Sodium metabisulphitert®mL), a reducing

agent, was then added to terminate thedimation reaction and stabilize the iodinated
humic acidCarlsena et al.1993[Warwick et al, 1993a] Dialysis was used to separate the
iodinated humic acid from any fréé? in solution. The sample was placed in a dialysis bag
with a molecular weight cut off of 3,500 Daltons. This means that molecules larger than
3,500 Daltons are retained within the bag, whereas smaller molecules readily diffuse

through. The molecular mass of the humiedagsed ranges from 206800,000 Daltons,
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meaning the majority is retained. The bag was soaked {iodized water for 20 minutes
prior to sample addition and then placed in a large beaker filled with. abdeionized
water and left to equilibrate for éours. After this time had elapsed a sample of the water
was taken to measure thE” and the water was changed. This step was repeated three
times or until the withdrawn water sample showed Hdl activity. The radigodinated

humic acid was then plad in a sealed beaker, ready for use.

2.4 Separation of lodine by Pyrohydrolysis
2-4 grams of sample material was weighed precisely and placed in a quartz boat with

0.05mL of inorganic or organit tracer, 100,00Bg/mL and 3508qg/mL, respectively.
Samples were then placed in Zone 1 of the furnace tube and burnt, under pie\Q

until all organic matter was fully combustefigure 2.). The furnace tube also contained
guartz wool and CuO catalyst, which was located in Zone 2, in order to ermsupete
combustion and oxidation of any organic matter and iodine that was released before the
sample was fully combusted. Zone 2 and Zone 1 were on separate heating protocols,
outlined inTable 2.1Zone 1 was heated gradually over a long period of timkessen the
likelihood of the sample catching on fire, which poses a possible safety hazard to the user.
However, the heating of Zone 1 often released partially combusted organic matter at low
temperatures and therefore Zone 2 was rapidly heated to 803D minutes to ensure no
uncombusted material could reach the bubbler or condense on the line, which were shown

to greatly inhibit the recovery df°l and hencé?®’l and**? as well.
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Figure2.1: Schematic of the combustion apparatus used for extngcibdine from organic rich solid
samples.

Furthermore, it was impossible to use the trap solution for analyst&obr extraction of

129 if uncombusted organic matter reached the bubbler. Testing of the system revealed
that this two zone system is emstial for efficient recoveries when combusting organic
samples. Heat tape was also wrapped around the furnace tube between the exit of Zone 2
and the bubbleto make sure the @carrier gas remained at a temperature above 120 °C as
it entered the bubbleand to prevent the condensation iodine on the line or steel

connector at this point. The {@as carried the iodine through the combustion tubeoiihe
bubbler, which was fittedvith a glass frit. The trap was filled with 88 of 0.4M NaOHc

0.02M NaHS@solution[Hou et al, 2010] It is possible that the size of the bubbles plays a
role in iodine recovery as finer bubbles could leadhtreased transfer of iodine from the
carrier gas to the trap solution, presumably due to the increased surface area. However,
the risk of using too fine a frit is that this can lead to a buildup of backpressure within the
line that can result in leaks andss of the carrier gas. Several frits were tried and the finest
one possible that did not create excessive back pressure was used. After the combustion,

the trap solution and any solution in the condenser were transferred to separatel50
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centrifuge tes and ImL of each was taken f6f7 counting via gamma spectrometry to
calculate iodine recovery using the coincidence sum gamma counting method to determine
absolute sample activitjHorrocks and Klejri974]Horrocks 1974] The remaining trap

solution was then saved for I®S and for the preparation of an AMS target. Following
every extraction the glassware, with the exception of the main furnace tube, was soaked
overnight in 0.05M NaOH, rinsed in DIW and dried to ensure d¢ioeacontamination could

occur from sample to sample.

Timeelapsed(mins)

30
240
300

Temperature (°C)

Sample Zone
20-100
100-800
800

Combustion Zone
0-800
800
800

Table2.1: The furnace program used for the pyrohydrolysis techniq

2.5 Precipitation and Preparation of an AMS Target
AMS targets were prepared from the trap solution using a modification of the method

outlined in Hou et. al. (2010) arg®heppard and Herod, (2012 he trap solution was first
acidified to ~pH 1 using concentrated HNDd then ~2mg ofNal carrier €%/*%": 1.56 +

0.06 x 10%) was added and its precise weight recordetll NaHS@was then added as a
reducing agent and the sample was left to sit for 30 minutesnlL%f hexane and OrhL

of 6M NaNQ were added to the solution. Theap solution was then shaken, causing the
iodine to oxidize rapidly and become trapped in the hexane, which caused it to turn purple.
The whole solution was then transferred to a separatory funnel andvier and hexane

fractionscollected separately. Fsb hexane was then added, but no new NaNIhe
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separation was then repeated until the hexane remained clear. All of the hexane collected
was then placed in the separatory funnel andmD deionized water and 1M NaHg@ere
added to back extract the iode from the hexane into the water. The water was then
FOARAFTASR 6 AGK wmn gand heded to GRG, Dirh yf .M AgyS@s | b h
then added to precipitate Agl. The precipitate was then centrifuged and dried for
preparation of an AMS target. Thegmipitate can also be counted & in order to
determine the efficiency of the precipitation protocol at recovering iodine from the trap
solution as opposed to only that added by the Nal carrier. This test showed that an average
of 76% (n=4) of th& added is present in the precipitate, which was made from the NWT
peat samples. Targets for the AMS were made by mixibgng of Agl precipitate with high
purity niobium powder and pressing the powder into a stainless steel cathode and analyzed
atuOttawaRda Laz2¢NJF OS f+F02NI G2NEO®
2.6 Blanks

Several process blanks were performed by combusting an empty tube wghsO
bubbling into 35mL of trap solution, which was then gamma counted to look fot?any
that had condensed on the line during previous extrasiowhich could lead to a memory
effect. Only one of the blanks was found to contain 5.4Btfbfctivity, which constitutes
less than 0.1% of th&l added for each extraction, while the other blanks contained no
measureablé®. This indicates that emory effects from the combustion line are
negligible with respect t6*1, and we can assume that this holds ¥t and** as well
meaning contamination from sample to sample is not an issue as long as proper cleaning

protocols are observed.
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3.0 RESUTS AND DISCUSSION

3.1 Optimization of Experimental Conditions

3.1.1 Effect of Flow Rate 6f7l Recovery
One of the key parameters that affects the recovery’dfand ultimately**’l and** is the

flow rate of Q gas through the furnace tube and into the bubbler. Flow was measured at
the exit point of the condenser using a digital flow meter and a variety of different flow
rates ranging from 100000mL/min and their effect off™ recovery vere compared. This
comparison was performed using whole wheat flour and dried and ground seaweed as
organic sample types. A further test was performed to determine if the typgé&fracer

had any effect on recovery at varying flow rat€g(re 2.2 As can be seen from thigfire

the best recoveries of inorgant&l from seaweed ranged from 468D0 mL/min whereas

with flour optimal recovery was seen at 7900 mL/min. The mean recovery for flour
samples was 85% and within the optimal flow window it was ,98Bich is excellem For
seaweed the average recovery was 80% and within the optimal window it was 88%. One
possible reason for the slight loss of recovery using seaweed is the fineness of the seaweed
powder, which results in a more densely packed sample and less efftoieriustion.
Samples of peat were also extracted, all of which were combusted at 800 mL/min and
recoveries ranged from 799% with a mean of 91.5% recovery (n=4). Based on these
results the optimal flow rate of iodine extraction from an organic sampleswilavith a

high organic content is 66800 mL/min.The flow experiment was repeated using humic
acid labeled with*1 added to whole wheat flour in order to more accurately simulate the
conditions required to volatilize iodine efficiently from organiongdes. The results of this

experiment can be seen Figure 2.2and Table 2.2Using the radidabeledhumic acid,
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excellent recoveries with an average of 87% were obtained at flow rates ranging fream 300
800 mL/min. At flow rates above 800 mL/min the reenvof*?3 dropped and this is likely
due to incomplete trapping 0f which likely also applies 'l and**} at the high flow

rate.

The results from both types of tracer, inorgaffi and radielabeledhumic acid confirm

that high flow rates ar@ptimal for achieving the highest possible iodine recoveries from

organic samples. The reason that high flow rates are essential for ensuring high iodine
NEO2@OSNASAE Aa GKIFIG gAGKAY GKS 2LIAYEFE Ft2g |
there islimited reaction time for this to occur. This finding is consistent with the

observations ofCornett et al. 1997] who found that high flow rates (2.0L/min) were

essentialto efficiently recoveriodine from teeth and bones. Given the more readily

combustible nature of organic soils compared to teeth and bones it is not surprising that a

lower flow rate is adequate in this case.

At higher flow rates of 900000 mL/min theras the possibility that iodine recovery can
decrease. One possible reason for this drop is that it is difficult to prevent substantial loss
of the trap solution into the condenser which increases the likelihood of blowing iodine
straight through the systa. Additionally, the transfer of iodine from the gaseous state in

the carrier gas to the aqueous could also be inhibited at high flow rates due to the speed at
which the bubbles pass through the trap solution. It is also possible that extremely high
flow rates over such long periods of time could begin to strip iodine from the trap solution,

although we believe this is less likely. We also observed that at low flow rates iodine
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recovery was also inhibited. This is likely due to the condensation of iodipartsofthe

line such as the steel connector, quartz wool or tubing at the furnace exit, where the
temperature decreases. In order, to limit loss in this way the furnace tube was well
wrapped in heating tape; however, at low flow rates the loss stilupdt is also possible

that at low flow rates back pressure can build in the line due to the packing of quartz wool.
In some instances, usually at low flow rates, condensation of organic matter was observed
at the entrance to the quartz tube after comlien. This indicates that high back pressure
within the line was preventing the transfer of carrier gas through the tube and to the trap
solution and some backflow occurred. The use of higher flow rates can help to overcome

this buildup.
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Sample ID Flow (mL/min) Sample Type | Tracer Recovery (%)
CF62 100 Seaweed Na™? - Inorganic 36
CF34 100 Seaweed  Na™ - Inorganic 41
CF39 200 Seaweed  Na*?-Inorganic 71
CF38 300 Seaweed  Na™ - Inorganic 77
CF40 400 Seaweed  Na?A - Inorganic 89
CF33 500 Seaweed  Na™ - Inorganic 85
CF 41 600 Seaweed  Na?A - Inorganic 88
CF55 700 Seaweed  Na™ - Inorganic 94
CF29 700 Seaweed  Na*?-Inorganic 78
CF43 800 Seaweed  Na™ - Inorganic 93
CF53 800 Seaweed  Na?A - Inorganic 89
CF42 900 Seaweed  Na™ - Inorganic 72
CF57 900 Seaweed  Na*?-Inorganic 92
CF61 1000 Seaweed  Na*? - Inorganic 90.5
CF15 100 Flour Na* - Inorganic 75
CF46 200 Flour Na'>3 - Inorganic 89
CF21 300 Flour Na* - Inorganic 75.5
CF60 300 Flour Na'>3 - Inorganic 102
CF44 400 Flour Na* - Inorganic 104
CF16 500 Flour Na'>3 - Inorganic 77
CF18 500 Flour Na* - Inorganic 76
CF63 500 Flour Na'>3 - Inorganic 87
CF56 600 Flour Na* - Inorganic 103
CF45 700 Flour Na'>3 - Inorganic 97
CF47 800 Flour Na> - Inorganic 99
CF54 900 Flour Na'>3 - Inorganic 92
CF20 1000 Flour Na?2 - Inorganic 85
CF28 800 Blank None 5.4 Bq
CF35 800 Blank None 0Bqg
CF74 100 Blank None 0 Bqg
CF77 100 Flour 3 Humic Acid 83
CF73 300 Flour 129 Humic Acid 89
CF76 400 Flour 3 Humic Acid 99
CF72 500 Flour 23 Humic Acid 95
CF71 600 Flour 3 Humic Acid 85
CF75 700 Flour 129 Humic Acid 101
CF69 800 Flour % Humic Acid 84
CF74 900 Flour 129 Humic Acid 77

Table2.2: Analytical results of yield for all pyrohydrolysis extractions. Sample type, flow rate and
the type of'* tracer used are all shown. Note the unit change to Bq for the process blank samples
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Figure2.2 The effect of @flow rate on recovery. Recovery is low at low flow rates and is highest
between ~406800mL/min. The trendline shown is a second order polynomial witf=h38.

3.1.2 Volatilization Temperature
The volatilization temperature of iodirg25 from differentorganic sample types

was investigated in order to optimize iodine recovery and ensure that combustion was
complete. All four extractions in this experiment were run at a flow rate ofr8Qmin.

The heating protocols for the two seaweed samples weretidahwith 800°C being

reached after 170 minutes and for both flour samples 800°C was reached after 230
minutes. During a single combustion process, samples of trap solution were removed by
briefly detaching the trap solution reservoir from the bubbler apdckly withdrawing 1mL

of trap solution and pipetting it into a gamma counting vial. This was repeated at roughly
100°C intervals throughout the process for all sample types and the 1mL samples were then

gamma countedFigure 2.3hows there are two digtct patterns for the recovery df”l
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from the sample. The first pattern, which agrees well with that observelliosamatsu et
al., (2008 shows a trend that volatilization of iodine began to occur between80WC

and then peaked by 50600°C. Both samples that showed thistpat used inorgani¢®|

and one was flour and the other seaweed, which is referred to as seafeedhe figure.
The total recovery of for the flour sample was 77% and 85% for the seaweed. In the
case of the seaweed sample, the maximum activity m@seached until 525°C. The
second pattern observed showed a very different trend. In this instance a sample of
seaweed, referred to as seawe@&land identical in composition to seawe@dwvas labeled
with inorganic*®1 and a sample of flour spiked witffl labeled humic acid were used. The
results of these two extractions show similar trends to one another, although they differ
significantly from that observed in seaweédand the inorganically labeled flour. In these
two extractions, significant voldization of*?® did not occur until the sample had reached
800°C and was held there for at least one hour. The recovefjldfom seaweeeB was
89% and from the flour was 96% effective, which shows that despite the recoviry of
taking place late ithe extraction its efficiency is still comparable to that of the previous
samples. One possibility for these different trends is that sample density or packing varied
which affects the flow of the carrier gas around the samples within the combustion tube
and hence influences the speed at which the sample combusts and the iodine volatilizes. A
greater sample density results in less gas flow through the sample and delays the
combustion of the sample and the volatilization of iodine until the entire sysesches
800°C. On the other hand a less dense or lightly packed sample would allowtthéo®

freely through it and interact with a greater proportion of the sample resulting in a more
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rapid combustion and volatilization. However, the exact reasorilisghatter for further
study, given the sensitivity of the system, and we believe the two different trends observed
illustrate the need for the use of a recovery tracer with every sample even if they are the
same sample type and treatment is identicdie$e different trends also emphasize the
unpredictable nature of iodine behavior in natural samples and show that the volatilization
of iodine is complex even if by all appearances the samples should behave identically.
Based on these observations it isicial for organic samples to reach a minimum
temperature of 800°C and be held there for at least one hour in order to obtain a full
recovery of iodine from the sample and to ensure that any condensed organic matter on
the furnace tube or line is fully combted. This finding agrees well with previous work on
inorganic soils that found the temperature had to reach -A@W0°C to obtain maximum

recovery[Muramatsu et al. 2008]Cornett et al. 1996]Hansen et aJ.2011]
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Figure2.3 The volatilization 0¥ as temperature rises from flour and seaweed labeled with
inorganic*®l and flour with**® labeled humic acid. Theaxis is given as % highest activity, which is
the activity of each aliquot normalized to the aliquot with the highest activity samplled. allows

all sample types to be compared.

3.1.3'™ Loss from Trap Solution
The los®of iodine-125 from the trap solution was tested in order to ensure it is effective at

trapping iodine when high volumes of air o &e passed through the solutiaand to
ensure stripping of iodine does not occur when high volumes of air are bubbled through.
The results of this test can be seerfFigure 2.4which shows that bubbling at 600mL/min

for up to 75 minutes caused no loss of iodine from the trap solutimh @nfirms that
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stripping of iodine from the trap solution during the combustion of the sample is not a

concern.
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Figure2.4: The loss of*1 from the trap solution over time as air bubbled thorough it. Loss of
activity over time is negligiblie al four identical testsuggesting that stripping of iodine from the
trap solution is not a concern. Error bars for this data are hidden by the data points.

3.2 Standard Reference Materials
In order to determine the reliability of our method we combusted three samples ranging

from 0.50.6g of the'*’ standard reference material IABX5 (Chernobyl soil) and the
results are shown ifable 2.3We used a slightly modified technique from theeasutlined
herein in which we added vanadium pentoxide as an accelerator to aid volatilization from
soil components with a high melting point. The vanadium pentoxide was added in a 5:1
ratio of \bOs to sample and the temperature of combustion was raised@0°JCornett

et al, 1997] The reason for these changes is that the high inorganic content of3JAEA
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would not be combusted efficiently at lower temperatures and iodieeovery would likely
have been reduced. TH&'| was analyzed in the trap solution directly by-I@® and the
129127 ratio was calculated using the averag# value obtained. The concentration 6fi

in IAEA375 is given as Bg/kg, which can be abeddo atoms/kg using a conversion factor
of 7.148 x 1. The results we obtained were then corrected fot recovery and all three
samples fell within the 95% confidence interval recommended by the [|8#chnov et

al., 1996]for both **% and*?’l. This shows that this technique is reliable and reproducible

for small sample masses and a wide variety of materials with high and low organic

contents.
Recovery 2 value 29 value (18
Extraction (%) (ppm) atoms/qg) 129/127 (x 107)
1 (CF64) 73.5 2.73 9.55+0.22 1.09
2 (CF65) 71.7 1.28 9.85+0.23 1.12
3 (CF66) 77.8 1.55 9.98+0.21 1.14
Average 74.3 1.85 9.79£0.22 1.12
IAEA375 Reference
Value 1.91 12.2 1.34
IAEA375 95%
Interval 0.693.13 9.2915 1.03-1.66

Table2.3: AMS results fof*®l, and**1/*?l of the standard reference material IABAS5, which is
composed of Chernobyl soil. TH8/*?'l values were calculated using tHé concentration
provided for IAEA75.
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3.3 and'® in Blanks and Seaweed
Numerous seaweedamples were combusted at a variety of flow rates. Of these three

were selected for AMS analysis along with a process blank in which no sample was
combusted. The results for the process blank, which trappgga® flowing at 800mL/min
through an empty tubdor the entire combustion showed no detectabfél, which

suggests that the system was clean and had’iacontaminationIn order to testthat

there was na®% contamination in the line, the trap solution for the process blank was
precipitated for** via AMS. Th&% concentration in the blank was 6.04 X2 Hioms/g

(assuming that the sample mass was 3.5 grams; the standard sample size used) and had an

AMS 4/ ratio of 2.45 x 187, which is the raw measurement from the AMS system for

129
Sample  Sample . 12) ! 1297121 Recovery Corlrzegcted Corrected
D Type Location  Date (opm) (x10° (x 109 %) | 129127,
atoms/q) (x 10))
Nova
F. . 3.47 4.45 + 2.29E09
CF29 vesiculosus Scotia, May-12 409.7 +013 1.78 +0.19 78 018 +0.24
Canada
Nova
F. . 4.26 553+ 2.85E09
CF38 vesiculosus Scotia, May-12 409.7 +016 2.19 +0.23 77 0.22 +03
Canada
Nova
F. . 4.14 4.65 + 2.39E09
CF40 vesiculosus Scotia, May-12 409.7 +015 2.13 +0.22 89 018 +0.25
Canada
Process 0.006 3.11x10?
CF35 Blank NA NA 0.002 +0.0004 +0.37 NA NA NA

Table2.4: Analytical results fo”l and the'®%/*?| ratio in Atlantic seaweed (Fucus vesiculosus) a
well as the corrected results when th&l recovery is considered.

52



129 and*?"l in the Agl precipitateTiable 2.3. This blank value is less than 1% of the iodine

ratio measured in the samples.

Seaweed samples were digested in TMAH according to the procedure outliredhier et

al., (1998) In brief, 0.2 grams of seaweed were placed in a 50mL centrifuge tube with 1mL
TMAH and 5ml dénized water. The samples were digested at 90°C for five days. The
sample was then diluted and measured usingM3F The'?'l results ranged fror396.5
428.5ppm with an average of 410 ppm (n=5). results in the seaweed samples ranged
from 4.4¢ 5.5 x 18atoms/g after correction for combustion recovery, which was

calculated using the yield of tHé tracer as a quantitative proxy. The corredt >/

ratio ranged from 2.3 2.9 x 10 (Table 2.5 These values fdf*l concentration and the
129127 ratio compare well to previously analyzed samples of seaweed from elsewhere in
the Atlantic OceanTable 2.3[Kilius et al. 1992[Hou et al, 2000[GomezGuzman et a.
2013]. This agreement with similar sample types from similar locations indicates that the

combustion system is capable of producing repeatable resultffoconcentration and the

1291127 ratio.

In this instance thé® concentrations were corrected for the efficiency of the combustion
system by using the percentage’fl recovered tacorrect the AMS concentration yielding
the most accurate concentration &% possible. The reason this is necessary is that the
calculation for the concentration df* is calculated from the ratio generated by the AMS
from the Agl target produced frottine trap solution whereas the concentration 6fl in

the TMAH digestates measured by ICHMS and is assumed to measure 100% of the iodine
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in the sample. Therefore, the calculated concentratiod?dfusing this ratio is an
underestimate of total conceration as the recovery of in the sample is assumed to
equal the percentage df* recovered. Therefore, when calculating td concentration
and the'®1/*?| ratio using the IGRIS data it is necessary to apply the correction factor
determined ty the'®1 recovery. However, if th€’l concentration is measured directly in

the trap solution this correction can be made for both isotopes.

Sample . 127 9 (x 16 12912
Type Location Date | (ppm) atoms/g) (x 10°) Reference
F Nova 2.29
- Scotia, May-12 410 4.45 +0.18 . This work
vesiculosus +0.24
Canada
F. Nova 2.85 .
. Scotia, May-12 410 5.53 10.22 This work
vesiculosus +0.3
Canada
F Nova 2.39 .
. Scotia, May-12 410 4.65 +0.18 This work
vesiculosus +0.25
Canada
Matamek
Algae River, 1981 NA NA 0.19 Kilius et. al. 1992
Quebec
Baltic- , ,
F Swedish 1982 54178 0.82589  227-gg ComezGuzman et
vesiculosus (n=18) al., 2013
Coast
Baltic- . ,
F Swedish 1986 S22 1.33-388  38-305 ComezGuzmanet
vesiculosus (n=31) al., 2013
Coast
F Greenland 497 241 1.7 1.51 Hou et. al., 2000
vesiculosus A
F. distichus GreeB“'a”d 1997 212 1.34 136 Houet, al., 2000
F. distichus Greecn'a”d 1997 203 1.09 1.16 Hou et. al., 2000
F. distichus Greeg"a”d 1997 292 1.65 1.21 Hou et. al., 2000
F.distichus GreeE“'a”d 1997 368 1.9 111 Hou et. al., 2000
F. distichus GreeF“'a”d 1997 305 1.24 082  Hou et. al., 2000
F. distichus Greec_"‘"a”d 1997 300 0.976 0.7 Hou et. al., 2000

Table2.5: Comparison of concentrations and?®/*?’| ratios inseaweed (Fucus vesiculosus)
measured in this work to those measured in other seaweed samples frontidmié Ccean. The
12l concentration given for the three seaweed samples measured via combustion is the aVérac
concentration measured after TMAHpestion ogﬂve seaweed replicates.



4.0 CONCLUSIONS

We successfully extracted iodine from soil and organic materials by using pyrohydrolysis
and trapping iodine in an alkaline solution using inorgafiicand*?® bound to humic acids,
which simulates organically bound iodine, as quantitative recovery tracers. These results
outline the optimal conditions needed to efficiently recover iodine that is bound within the
samples using pyrohydrolysis. It was found taizan Q flow rate 400-800 mL/min is the

optimal range for®3 recovery regardless of the type of spike used. Two volatilization
patterns were observed suggesting that samples must be heated t6@@nhd held there

for at least an hour in order to recovaltl iodine in the sample. Furthermore, the different
GNBYR&E 206aSNWSR &aSNWS (2 KAIKEAIKEG RS O2 YL
tracer is needed for every sample extraction. We examined the accuracy and
reproducibility of the combustionystem using two standard reference materials. |AHA

was used as a reference firl. The'?'| concentration is also known so th&l/*? ratio

can be calculated. The results from these extractions show that this technique produces
reliable and reprodcible results in agreement with international standard reference
materials. AMS targets of Agl were prepared for analysis following combustion and solvent
extraction of seaweed samples to determine if this system is capable of producing
repeatable result$or **'l and** that agree with?% concentrations and®/*#’ ratios for
seaweed generated by other methods and other labs. *ffi€oncentration for seaweed

was found to range between 4:%6.5 x 18 atoms/g and the"*1/**'| ratio was 2.3; 2.9 x10

® both of which compare well to published values. This indicates'tiiatan be used as a
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quantitative recovery tracer for the extraction &1 and*?’l from solid organic materials.
Throughout the experimental process we discovered that certaysjzal characteristics of

the laboratory equipment are essential for efficient recovery of iodine. The most important
feature is to have two furnace zones, with the sample zone gradually heating, while the
second zone is heated rapidly to combust any jadlst combusted organic compounds that
are released from the sample. Ultimately, this combustion technique has demonstrated the
importance of using &7 tracer and helped unify some of the existing differences between
previously published combustion maitis for the extraction ot** and*#’l from organic

rich materials.
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CHAPTER@" DISPERSION AND SWESN NORTHWEST CANADA
ABSTRAC

Radioiodine!® is a biophilic and mobile radionuclide, and a major contaminant of concern

for long term radioactive waste disposal. Nuclear fuel reprocessing has released large

amounts of anthropogenit® in a number of loations globally; this has led to an increase

in the concentration ot?1 and the'®/*#'| ratio in the environment. Therefore, a detailed
understanding of its movement and concentration in the environment is essential. While

129 dispersion has been exaned in the vicinity of nuclear activities, little is known about

its accumulation in remote regions. Accordingly, we have undertaken reconnaissance

sampling in the Arctic as a location that may be affectedffyallout. Samples from large
watershedswere collected in northern Canada on a trajectory starting in Whitehorse,

Yukon Territoryd ncno nn bo YR Y2@Ay3 y2NIK (2 ¢aiAas
bcTcHC HCc bo0Oo® wSadz 'PlaptadX : Datad/ DeSpyedeNtlini A 2 y a2 7
northwest Canada antf/*?'| ratios up to 1.68 x 18 . Annual**¥ fallout ranges from 2.8

to 5.0 x10° atoms/n¥/yr, calculated by normalizing the measured values to watershed area

and discharge. These quantities substantialgexd literature values for waters containing

only geogenic or cosmogenic production and are similar for all watersheds regardless of
watershed area or discharge. Anthropogenic releasé$’binto the atmosphere or oceans

are the major potential sourcesf 1> in the Arctic.
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1.0 INTRODUCTION

It has been well established that lodii@9 (*?%) is a longdived U fission product of
concern, generated by nuclear power production and released during nudlelar
reprocessing and nuclear bomb te§f&ao and Fehrl999] *2% has a haffife of 15.7 million
years and is naturally produced by spontanedssién of*U in geologic materials and by
cosmicray induced mp reaction on?*Xe in the atmospherEdwards 1962;Fabryka
Martin et al, 1989] The natural inventorpf '* is estimated to be230kg, most of which
is found in the deep oceariRao and Fehrll999;Snyder et a).2010] The natural
terrestrial inventory is estimated tbe approximately 80kfMoran et al, 1998] The pre
anthropogenic ocean is estimated to have had®aconcentration of 0.44 x f@toms/L or
a total of ~130 kgvhile non marine water had a concentration of 0.037 X &@ms/L or
~11kg[Snyder et a).2010] Industrial releases from reprocessing plants, such as La Hague
(France), which has released 3,119 k{fdfinto the English Channel, and an aduigl
68kg into the atmosphere, and Sellafield which released 1371kg of liquid discharge and 182
kg of atmospheric releases, are the primary sourcEtoday[Keogh et a).2010] There
have also been releases by atmospheric bomb tests which released 56?Rgaofi nuclear
accidents such as Chernobyl (1.3 k¢?dj and others such as Tomsk, Windscale and
Fukushina[Moran et al, 2002] These anthropogenic contributions to the global
inventory have overwhelmed #t produced by natural processes and raised the natural
12912 ratio by several orders of magnitufi®ao and FehrL999] Previous work has been
conducted on the dispersion & to determine baseline levels and the effect of

reprocessing plants offl concentrations and ratios in the vicinity 6fl point sources
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[Persson et 3l2007;Englund et al.2010a; Keogh et al.2010;Reithmeier et a).2010] It

has been shown that significant amounts'd have been deposited around nuclear fuel
reprocessing plantgRao and Fehril999;Hu et al, 2005;Engelmann et a/2009]

However, very few studies have investigated the extent to which anthropod&hizan be
detected on a regional scale Bl transport dynamics far frortfl sources|[Beasley et a.
1997]and[Moran et al, 2002]have presented data on levels Bfi in the Canadian Arctic
from water samples, however no comprehensive study has been performed in thigee
region. Data on the Mackenzie River has been presented previously with four samples
taken between 1994 and 1996. The results show th#tconcentrations range from-8.7 x
10" atoms/L during this time and the onl§”/I ratio measured was 2153 x 1¥[Beasley et
al., 1997;Moran et al, 2002] Samples from Axel Heiberg Island in the high Arctic have also
been measured and sho#”l concentrations that range from 3.83 x 16 atoms/L and

1291 ratios from 352.791604.64 x 18%[Rao and Fehr.999;Moran et al, 2002]
Additionally,** fallout in the Arctic was detected by air quality monitoring in 29983 by
Environment Canada and the Canadian Radiological Health Monitoring Nd&vesker et
al., 2005] Results of this work showed elevated concentration§€df which ranged from
~0.1¢ 15 x 16 atoms/m?® of air, depositing across Canada and the Arctic. Back trajectory

analysis of air parcels showé&@nsport from Europe and Russia.

Given recent accidental releases andgwing industrial emissions, it is crucial to
establish baseline data in remote regions, such as the Canadian Arctic in order to assess the
impact of the nuclear industry worldwide drdetermine the spatial limits to which

anthropogenic® can be detected. As an anion, iodine is very mobile in the environment
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[Whitehead 1984;Hou et al, 2009] This allows it to travel great distances frormaurce

before deposition. The cycle of iodine in nature depends upon the redox conditions in host
materials. Under reducing conditions, such as marshes, swamps, and anoxic groundwaters,
the dominant species of inorganic iodine is iodid@Mhitehead 1984] Under oxidizing
conditions in surface waters and oceans the dominant ianig species is iodate, JO

lodine is also a biophilic element and can exist in many organic forms but dominantly as the
volatile species methyl iodide, glHAmachj 2008] The volatile species are mobile by
atmospheric transport, followed by wet and/or dry degtion of ioding[Reithmeier et a.

2010] Investigating rivers and creeks that drain large regions is an effective way of
determining if anthropogenic fallous occurring over a large ar¢gao and Fehrl999;

Kekli et al.2003;Reithmeier et a).2007, 2010Keogh et al.2010] Also, the biophilic

nature of iodine makes it possible to use peat as an environmental archive to estingate th

changes it? fallout over time in a given region.

2.0METHODS

2.1 Study Sites
As a first phase in a continental scale investigation, water sampling was conducted at 15

variablesized watersheds in the Yukon and Northwest Territo@esada in June 2010
(Figure 3.} Sample sites were chosen to reflect a wide latitudinal distribution and
watersheds of varying size; most drained a minimum of several hundred to thousands of
square kilometers. The water samples were collected in 500mllwaashed amber glass or
high density polyethylene bottles that were rinsed with site water. The unfiltered water

samples were stored in a dark cooler until aysad.
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Figure3.1: Locations of* sampling sites. Blue stars are water sample sitesga@en circles are peat

sample sites.
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Peat samples were also collected at Fort McPherson, Yukon in peat sections exposed in
thaw slumps during June 2010. Living peat was also collected above a permafrost layer.
Peat samples were collected bytitng out a section of the peat at approximately-30cm

intervals from within the section, being careful to take no exposed peat and placing it in a

Ziploc bag made of low density polyethylene. They were stored at 4°C until analysis.

2.2 Laboratory and Aalytical Methods

2.2.1 Redox Extraction 81 in Aqueous Samples
A carrieraddition method was used to extract iodine during a series of redox

transformations. Aliquots of 20@IL were used. Samples were fireated with 0.5mL of

30% HO, in order tooxidize any humic and/or fulvic acids that may limit the recovery of
iodine. The water was then acidified to pH 2 usidfg BNQ and shaken. The iodine is then
reduced to 1(iodide) using M NaHS@ followed by the addition of 2 mg of Nal carrier

which has &2% /*#'| ratio of <1.56x 10". lodine was extracted into hexane, which gained

a purple tint, by oxidizing it front to I using 6M NaNQ. The hexane was then removed in

a separatory funnke This step was repeated several times until the added hexane remained
Ot SIN» ¢KS A2RAYS gla GKSy ol O1 SEGNr OGSR
enhance recovery and remove any contamination that may also be present. Finally, the
iodine wasprecipitated using 0-M AgNQ and 6MHNGQ and slowly dried. Total iodine

was measured in filtered water samples using an Agilent 770MI&P

2.2.2 Caustic Fusion Extraction"of in Solid Samples
A caustic (alkali) fusion technique was used to extt&tfrom solid organic and

inorganic materials. Approximatelygoof sample was placed in a 50°C oven and dried. The
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sample was then transferred into a washed 480 iron crucible, and 1& of solid NaOH

and 10g of solid NaN@were added to the crucie along with a few mL of miHolocene
(pre-anthropogenic age with very low levels®8fl) glacial water. 5 n>] 2F L&a2¢ NI OS
carrier was added, the specific amount depending on the iodine concentration of the

sample. The mixture was then stirredngl¢ and covered for a 24h period.

The crucible was then placed in a furnace and heated in steps up to a maximum
temperature of 600°C. The stepwise heating allows for the gradual oxidation of organic
matter, preventing rapid combustion and possibleetugy 2 F (GKS &l YLX S o v
added to the crucible and stirred to loosen and dissolve the crust. The mixture was then
removed from the crucible. The soluble and insoluble fractions were separated by

centrifugation. The insoluble fraction was savedlater treatment and the soluble

fraction was put through aqueous redox extraction.

The insoluble fraction was washed with glacial water amiL.56N HCI was added to
the beaker to dissolve the precipitate, and the supernatant was decanted into aatepar
beaker. This step was repeated to dissolve the remaining precipitate. The sample was then

put through an abbreviated aqueous redox extraction.

Targets were prepared for AMS analysis by mixi2gngy of Agl precipitate with
high purity niobium powdeand pressed into a stainless steel cathode for accelerator mass
spectrometry analysis at the IsoTrace 3MV Tandem AMS operated by the University of

Ottawa.

112911127 ratio of (1.56 + 0.06) x 10™°
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3.0 CONCENTRATION'&FIN SURFACE WATER

The concentrations 0f¥ in Arctic water sampk do not vary considerably and are
summarized in Tablg.1. The mean concentration of the Yukon dat4@s3 x 16+ 4.9
atoms/L, and ranges from 2¢520.7 x 18 atoms/L. These values are similar to values
previously reported for the Canadian ArdtiReasley et al.1997;Moran et al, 2002] This
apparent lack of change over the last 15 years suggests that the fallbiit of the Arctic
has remained relatively constant. TH&l concentrations observed are two orders of
magnitude higher than expected for natural concentrations in surface water, which is
estimated to be around T0atoms/L, and is primarily from natural cosmogenitofat [Rao
and Fehn1999] Geogenic contributions can be discounted given the rapid circulation of
groundwaters in these regions and the extremiely *?9/I ratio in sedimentary bedrock
which is calculated to be 3 x tfor limestone and 63 x T for shale, which are the
dominant bedrock types in this regigrabrykaMartin et al, 1985;Utting, 2011] The low
geogenic ratios for these rocks make the influence of this source negligible on surface
water. This suggés that the primary source dfl in the Arctic is not from natural sources.
However, identifying a single source’8 for this region of the Canadian Arctic is
complicated by the great distance from any major emitter of anthropog&iic
Furthermore the small variation of*l concentrations over time implies that no sindfd
release can be identified as the primary source of the enriched background observed.
However, this elevated background makes it clear that anthropodéfiibas moved by
atmospheric transport and subsequent wet and dry deposition. SourcES efiat could

have contributed to the concentrations seen in these Arctic watersheds are numerous and
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Error

sten| - sienane | bone| ) orcen| gl S| S| oo | e g S
1 E'dc(’;i?;greek 8.35 16.1 145 | 4.06 0.38 | 139° 14'44.99" 63°51'41.74"| 29-May-2010
2 | N K'(Zﬂ?e'}'i‘:)R'Ver 3.54 10.96 15 | 653 0.90 | 138°14'59.84"| 64°30'53.48" | 30-May-2010
3 N(' d}é'v‘\’l:gl'r‘ga?;’er 3.03 7.55 159 | 5.25 1.1 | 138°13'30.56" 64°30'20.83"| 30-May-2010
4 Red Creek | 2.95 8.16 145| 584 10 | 138°22'12.42"| 65°9'34.05" | 31-May-2010
7 Ogilvie River | 3.72 8.92 113| 505 0.65 | 138°18'0.56" | 65°21'45.13"| 31-May-2010
8 Eagle River | 3.69 755 131] 432 075 | 136°42'49.30"| 66°26'35.80"| 1-Jun2010
9 James Creek | 2.72 252 099 | 1.95 079 | 136°0019.30"| 67°08'12.7" | 1-Jun2010
10 Peel River | 1.88 75 159 | 841 0.18 | 134°52'25.92"| 67°20'19.04"| 3-Jun2010
11 | Unnamed Creek | 1.63 17.04 155| 22 20 | 135°14'30.00"| 67°15'18.00"| 4-Jun2010
12 | Mackenzie River| 5.46 20.74 155| 801 0.60 | 133°4546.42"| 67°27'24.27"| 6-Jun2010
12 | Mackenzie River| 5.46 14.76 145| 570 056 | 133°4546.42"| 67°27'24.27"| 6-Jun2010
13 Stony Creek | 1.71 11.77 141] 145 17 | 134°55'16.69"| 67°23'18.25"| 8-Jun2010
14 Yukon River | 3.04 5.98 131 414 091 | 135°02'08.36"| 60°40'56.24"| 18-Jun2010
14 Yukon River | 3.04 11.1 131| 7.69 092 | 135°02'08.36"| 60°40'56.24"| 18-Jun2010
15 | Blackwater Sprind NA 4.32 136 NA NA | 138°13'40.83"| 65°16'31.84"| 31-May-2010

Table3.1: Total iodine, raw AMS measureme
according to site
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span a time range of approximately 60 years. Both atmospheric and direct wastewater
releases to the oceans from fuel reprocessing, which are then volatilized, must be
consideredRao and Fehr999;Kekli et al. 2003;Snyder et a).2010] Volatilization from

the upper layers of the oceans contributes as mifchto the troposphere as atmospheric
releasegReithmeier et a).2010] Other possible contributors &f° are nuclear bomb

testing in the 1950s and 1960s as well as nuclear accidents such as Chernobyl,iidielyab
and Tomsk, which all released substantial quantitie¥falbeit far less than the

cumulative industrial releases. However, as these are singular events and for the most part
remote in time, a continued source of atmosphéefid from volatilizatbn at the ocean

surface and atmospheric releases from nuclear fuel waste reprocessing should be

considered as the dominant sources'dl in the Arctic.

3.1**1 and*?%/*#"l in Surface Water
The total concentration of iodine in the samples ranged frh®¢ 8.3 ppb. These results

are comparable to previous values for total iodine in Arctic riyBessley et al.1997;Rao

and Fehn1999] There is no observed relationship beten the concentration of% and

the total concentration of iodine in the watersheds sampled. Presumably, both isotopes of
iodine behave the same chemically and therefore the variance observed between
watersheds suggests th&t'l and*** are from differentsources Figure 3.2 In therivers
sampled most?’ likely comes either from atmospheric fallout or soil and bedrock
weathering while"*®l comes from wet and dry deposition from the atmosphétés also
unlikely that much iodine isontributed to the watershed from groundwater or watershed

soils as much of the region is underlain by continuous or discontinuous permafrost, with
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Figure3.2 Graph showing the relationship betweé&fil and*?l in surface water.

limited bedrock ciralation.*? /I ratios were calculated using total iodine measurements
made by ICRMS. Thé?¥/I ratio ranges froni.95 x 10°°to 22 x 10"° with an average value
of 7.4 x 1d°. These results agree well with previous samples taken in the ABz&sley et
al., 1997;Rao and Fehrl999;Moran et al, 2002;Snyder and Fehi2004]demonstrating
that little has changed with regards 167 fallout oer the past decade, and showing that
129 cycling is a continuing process in the Arctic. i ratios are elevated -2 orders of
magnitude higher than the pranthropogenic ratio of 1.5 x 18 [Moran et al, 2002]

There are no trends observed with latitude or elevation that could suggest tingse

factors have an influence on iodine transport within thectic for total | or the*/I ratio.
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3.2 Watershed Flux
In order to further understand the sources and cycling®dfin the Arctic

environment the measured concentrations have been normalized to watershed size,
discharge, an@vapotranspirationTable 3.2. Thismakes the data for each watershed
comparable, as these factors may affect the quantitie¥dfthat discharge from the
watershed. Another factor that greatly influences the amount@fthat reaches a river is
its interaction with so8 and biological materials as they act as traps for iodine in the
environment. The equation used to normalize the measufédconcentrations for each

watershed is as follows:

2 KSNB -3 flux i atdinf6/87 yr which is the number of atoms per square metre
depositing in the entire watershed, Q is river discharg&ymc assumed to have a 5%
uncertainty, **9 is the measured concentration 8l atoms in the sample in atomsfand

WA is the area of the watshed in ni ¢ assumed to have a 5% uncertainity.order to

account for evapotranspiration effects the following calculation must be performed to
correct discharge. There is an assumption that change in water stored in the watershed is
zero, meaning any pcipitation that infiltrates into the soil and is part of groundwater

recharge is lost by groundwater discharging into the river.
0 0 %4 7!

Where Q, discharge inityr is equal to P, annual precipitation in*fm?yr minus ET,
annual evapotrangiration in n¥/m?/yr all times WA, the watershed area irfnThe
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Y2NXYEF AT SR NBfomzd. 14 & 108 298X106 atomd/nyf/s SThis shows that

within the Arctic environment variability is relatively low and fallout®f, which has been
determined to be dominantly from anthropogenic sources, is constant across the Yukon.
Furthermore, a comparison of the normalized data points with latitude, watershed area
and discharge shows roorrelation Figure 3.3. This showthat while the raw

concentration measured by AMS is dependent on watershed size and discharge that fallout
is constant regionally. Furthermore, it also shows that over the limited range sampled,
latitude and/or proximity to the coast do not have an observediieficeon **% deposition

in the Canadian Arctic. The results presented in this paper compare very well with samples
of the Mackenzie River taken previously by Beasley showing that the chatfgeflin over

the last decade has been minim@ihe measuremnts of P and ET are based on
measurements made regionally by the nearest available sampling station. Therefore, they
do not necessarily represent the specific watersheds individually and similar values are
used for several of the watersheds in questioanStivity analysis of calculated Q versus Q

in watersheds of similar size and latitudes with discharge gauging yields similar results
suggesting that while this calculation does contain some uncertainty its results are also

reasonable.
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12 -
. i . Latitude | Watershed Annual Washout | _SPecific Evapotranspiration | Yearly** Flux
Site Name Conentration °N) Area ( nf) Precipitation (atoms/mz) Discharge L /mz) (atoms m? N .
(10° atoms/kg) (L/m?) (Liyr) y *
Y“k((T)R'Ver 5.98 60 3.24E+11 267.4 2.97E+9 | 7.25E+13 43.4 2.48E+9 3.42E+8
Y“k‘zg)R"’er 11.1 60 3.24E+11 267.4 1.60E+9 | 7.25E+13 43.4 1.34E+9 3.09E8
North
Klondike River 10.96 64 1.10E+09 320 3.51E+9 | 4.10E+11 ~60 4.09E+9 6.29E8
(1)
North
Klondike River 7.55 64 1.10E+09 320 241E+9 | 4.10E+11 ~60 2.81E+9 6.26E8
(2)
o 3.10E8
Ogilvie River 8.92 65 7.13E+09 300 2.68E+9 1.71E+12 ~60 2.14E+9
. 5.06E8
Eagle River 7.55 66 1.03E+10 417 3.15E+9 | 3.68E+12 ~60 2.70E+9
. 3.90E+8
Peel River 75 67 7.36E+10 292 2.19E+9 | 1.71E+13 ~60 1.74E+9
M;‘iszfr('i;e 20.74 67 1.81E+12 241 5.0E+9 | 3.06E+14 71.55 3.51E+9 3.60E+8
Mﬁii‘fgﬁe 14.76 67 1.81E+12 241 3.56E+9 | 3.06E+14 71.55 2.50E+9 3.02E+8
Mackenzie 43 69 1.81E+12 241 1.04E+10 | 3.06E+14 71.55 7.27E+09 4.13E+8
River (Beasley
Mackenzie 38 69 1.81E+12 241 9.16E+09 | 3.06E+14 71.55 6.42E+09 3.27E+8
River (Beasley
Mackenzie 47 69 1.81E+12 241 1.13E+10 | 3.06E+14 71.55 7.95E+09 4.02E+8
River (Beasley

Table3.2{ A1S&8 6KAOK KI @S NBldAaAGS 61 GSNBEKSR RIFEGE | @dFAfLof S ag&mS y2N
fallout per metre squared per year. Also included are samples tak@&edsiey et al., 199fbr the Mackenzie RiveA 5% error in annual discharge was
assumed to calculate the uncertainty in yearly flux.

73



An estimated global flux dfl has been presented previously foran et al, 2002pf 1 x
10*atoms/nf/yr which is an order of magnitude higher than the fluxes presented here.
This is likely due to remoteness of the region and the lack of any né&ttppint source.
However, despite this, the data presented here do serve to strengthen the argument that
anthropogenic*®! has spread ubiquitously throughout the northern hemisphere and is
contaminating remote locations. Cycling'dl in the Arctic is relatively rapid as there is
little interaction with subsurface organic matter. Much of the subsurfadeizen year

round, therefore, most of thé®| that is deposited is either taken up by surface organic
matter or is contained in runoff, which contributé$l to rivers. Furthermore, groundwater

inputs in most rivers are limited due to permafrost.
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poor correlations. All error is contained within the data points.
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3.3 and™/**"l in Peat
To provide a contrast between modern and preclear age fallout o, sampling

was conducted from surface to 1.5 m depth for two sections of peat moss near Fort
McPherson, NWT. lodine is concentrated in organic mdtaeriaking present and ancient

peat a potential archive of variations 7l fallout over time. These samples had a large
range of valuefrom 1.2- 409 x 16 atoms/g The highest value was found in the modern
peat at surface, while ancient peat moss hasylow concentrations of%l (Table 3.3. The

129/ ratio was also calculated for all peat samples using total iodine measurements from
ICRMS. The results show enriched ratios near ground surface and just below which
suggests?¥ fallout is being reaity absorbed and fixed by theeat Figure 3.4 Theratio
decreases rapidly with depth to levels comparable to what would be expected for pre
nuclear fallout. Furthermore, th&9/1 ratio is dependent on the concentration &1 and is

not related tothe total concentration of iodin€Figure 3.5 The source of the high
concentration and ratios fo*®l in the modern peat moss is considered to be
anthropogenic, while the deeper peat moss ftates human nuclear activities. A
comparison of the two peagections sampled, which come from different sites withkn3

of one another, shows that the trend of high surface values and declining values in older,
deeper samples is consistent within the region and is not a site specific phenomenon. This
also indicags that*?% does not migrate through the peat section. Once it is fixed by the
peat it does not remobilize at a later date making peat is an ideal environmental archive to

investigate changes it fallout over time.
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Slump

Concentration

Error

Error

Depth bgs

Sampling

Sample | “gio aFatomsig) | o m"° 2 smd (m) Date Longitude °W | Latitude °N
S20 Charras 409 7.2 7.79E11 1.47E12 0.1 6-Jun2010 135°14'03.79" | 67°15'15.61"
S01 Charras 224 4.7 8.25E11 1.73E12 0.2 6-Jun2010 135°14'03.79" | 67°15'15.61"
S03 Charras 4.6 0.5 2.45E13 2.67E14 0.6 6-Jun2010 135°14'03.79" | 67°15'15.61"
S04 Charras 6.4 0.6 1.86E12 1.60E13 0.8 6-Jun2010 | 135°14'03.79"| 67°15'15.61"
S05 Charras 5.8 0.6 1.30E12 1.36E13 1 6-Jun2010 135°14'03.79" | 67°15'15.61"
S07 Charras 15 0.9 2.31E12 1.37E13 15 6-Jun2010 135°14'03.79" | 67°15'15.61"
S16 Melanie 60 1.6 1.47E11 4.15E13 0.3 7-Jun2010 135°16'13.94" | 67°15'10.52"
S13 Melanie 1.6 0.5 2.42E13 7.67E14 1.5 7-Jun2010 135°16'13.94" | 67°15'10.52"
S11 Melanie 1.2 0.4 3.09E13 1.03E13 2.1 7-Jun2010 135°16'13.94" | 67°15'10.52"

Table3.3: ' concentration*®I/I ratios, date and coordinates fgpeat samples taken and both the Charras and Melanie

retrogressive thaw slump sites.
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Figure3.4: Depth profile showing® concentrations and?®/I in peat profiles exposed in

retrogressive thaw slumps. Both sites, Chara and Melanie, are with 3km of one another and 20km
of Fort McPherson, NWT, Canada. Error bars that are not visibleontained within the data

point. mbgs is metres below ground surface.
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Figure3.5: Thereis a strong correlation between the concentration of ti& and the'?%1/*%|

ratio for both sample sites. This indicates that in peat'ffi¢'%'l ratio is dependent on the
concentration of*. Any error that is not visible is contained with the data points.

3.4 Sources and Transport
Much of the'®| released by nuclear fuel reprocessing is in the form of liquid

discharges into the oceans, pauiarly the Irish Sea, which receiv8¥ discharge from
Sellafield (UK) and the English Channel from La Hague (France). Research by Smith et. al.
has shown that the dominant mode of transport for fuel reprocessing releases is advective
in ocean waters atve 1000m depth allowing for the calculation’ét release times and

the use of'* as a tracer of ocean currerSmith et al. 2011] Since the liquid releases

from fuel reprocessing plants are in the north Atlantic, which is near the region of ocean
bottom water formation, a proportion of thé* released is incorporated into this.
Furthermore, much of the Arctic Ocean is ice covereking™*’ volatilization impossible
oncecurrents have carried? there. However, the volatilization & from shallow ocean

waters is still a potential source for tH&’l found in the northern Canadian land masses.
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Indeed, it is estimated that ~82 x 16°atoms of'*| are volatilized from global oceans

every yeaSnyder et a).2010] A fraction of thi$?% is then carriedo the Arctic via

atmospheric transport and subsequent fallout in precipitation or dry deposition as aerosols.
To demonstrate that* from nuclear fuel reprocessing releases is reaching the Arctic an

air parcel backward trajectory analysis was performed using Fort McPherson, NWT as an
ending point. It has been shown that iodine has an approximately two week resdene

in the atmospherdWhitehead 1984] During this time span iodine can travel great

distances. The model used was the National Oceanic and Atmospheric Administration
(NOAA) Hybribingle Particle Lagrangian Integrated Trajectory (HYSPLIT) model for
atmospheric transport and dispersi¢Braxler and Rolpt2013] The output of the HYSPLIT
model shows pathways and elevations of a variety of air parcels over certain locations for a
specified time period. The back trajectories show the paths of those trajectories before
they arive in that location. Modeling of the air parcels that reached the Fort McPherson
area indicate an origin in places with known emissions of atmospttérieither in the past

or present. The variety of wind directions seen in the trajectories suggestsha
concentrations found in both surface water and peat result from periodic contributions
from multiple distant sources and that no sindfd point source is responsible. The
trajectories modeled in this paper are in a good agreement with thpyesented byKieser

et al, 2005] which also show air parcels containing elevated concentratioffSiaaching

Canac from sources in Europe and Russia on February 23, 1982.
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4.0 CONCLUSIONS

These new data for a remote Arctic landscape show ffatoncentrations are
substantially enriche@10.8 x 18+ 4.9 atoms/L)elative to calculated and measured pre
anthropogent values (0.037 x 2@toms/L) for surface watdiSnyder et a).2010] An
earlier dataset, also from the Canadian Arctic, has been compared to verify this conclusion
and confirms that® concentrations have remained relatively constant oves ffast 15
years[Beasley et al.1997] The surface water dataset shows that anthropogéfilcis
being transported likely via the atmosphere and deposited by aerosols and precipitation in
watersheds in the Arcti¢?/I ratios were also calculated for each sample point and
showed that the atio has remained relatively constant over the past decade which
suggests?¥ fallout has remained constant over tiniehe measured®® concentrations
were normalized to discharge and watershed size making it possible to compare them and
calculate a yedy 1> depositional flux for each watershed. These data have been
compared to latitude, watershed size and discharge and show no dependence on any of
these variables, suggesting an external airborne sour¢&ladriginating from numerous
possible locabns. Given the residence time of iodine in the atmosphere and the distances
observed by aitrajectory modeling it is reasonable to conclude t}h&t from many of the
reprocessing plants or volatilization from the oceans in the northern hemisphere are th
principle sources in the Arctic. The peat moss data from the Arctic corroborates the
conclusion that anthropogeni??l is reaching the Arctic as botffl concentrations and

129/ ratios are enriched by-2 orders of magnitude at the surface of the p@aofile.
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CHAPTER-4THE SEASONAL FLUCTIONS AND ACCUMULAN OF% IN RELATION
TO THE HYDROGEOCHHMIY OF THE WOLFEKREESEARCH BASIN, A
DISCONTINUOUS PERROIST WATERSHED

ABSTRACT

The long lived radioisotop&? isa uranium fission product angh envirommental
contaminantof the nuclear age. Consequently, it can serveadsacer ofanthropogenic
releases of? in watershedsand potentially distinguish water sources in dischange
monitored the behaviour of*% in the Wolf Creek Research Basin (WC&Bjscontinuous
permafrost watershedn the Yukon Territory, Canadahrough are-freshetto freezeup
study of discharge geochemistayd isotopeswe found that the abundance % and the
129127 ratioin dischargewere correlated with geochemical tracetisat suggest varying
contributionsof three water endmembers in discharge (1) groundwater (2) soil water and
(3) precipitation/snowmelt. The abundance fl was highesat the onset of freshet,
reaching 17.4 x faatoms/L, andmost likelyreflectsthe lackof interaction between
meltwater and organic matter tathat time and the enrichment of the snowpack by dry
fallout over the winter or ion exclusion into meltwatérhis peak it*1 was followed by a
gradualdeclineto its lowest level irsummer, which had a mean of 2.1 X Hioms/L

(n=10) Mass balance calculations dfet** budget of WCRB show that tiwput to the
watershed via precipitation isearly oneorder of magnitude higher than the output from
dischargesuggesting thasucharctic watershedsrre a net sink for?% with nearly 90% of
the annual input storedWefind that most of this exces¥” is stored in the organic matter
in soils. Should the WCRB remain a net sink of the size monitored in thisreaggarand

129 emissions to the environment continue to affééll concentrations in precipitatiothe
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12912 ratio couldpotentiallyreach levels similar to ChernobyliB0-1000years despite

its remote location

1.0 INTRODUCTION

Thelong lived radioisotop&dine-129 (half-life: 15.7 million years)s a potential
tracer of watershed processes, analogue of the dangerous iodine isdtthend is
emerging as a widespread contaminant sittoe inputs of**1 have increased drastidgl
over the last 60 years and may continue'@sis present in radioactive wasfEabryka
Martin et al, 1985, 1987] lodine, being strongly scavenged and incorporated into organic
matter by biological processé¢kusa et al.2015]has caused an accumulation of this
radiotracer in numerous environmental reservoirs. However, its geochemical behaviour is
poorly understood at the watershed scafé?l occurs naturallghrough the neutron
spallation of***e in the atmospherand thespontaneous fission 6f°U in the subsurface
However, the naturabackground of*% isnegligible in comparison tthe modern
productionof **% [Snyder et a).2010] The mairanthropogenic sources araiclear fuel
reprocessing (NFRRjuclear accidents artlsbmb testing Of these nuclear fuel
reprocessing iby farthe mostimportant source and completely overwhelms the natural
background even in remote areas of the plafideasley et al.1997;Rao and Fehrl999;
Herodetal.2013]L G A& S&GAYIFGSR GKIG bvintotha KI &S
environment; 957 kg released directly to the atmosphere and the remainder released in the
ocean[Fan et al, 2012;Jabbar et al.2013] Some of thi¢*! is revolatilized from the
ocean surface during transpoft and can contribute a significant amount’8 to the

continents[Smith et al. 1998;Smith 2005;Englund et aJ.2010a;Reithmeier et a).2010]
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The average residence time 6l in the atmosphere is ~14 days which alld@sto spread

GARSE &% LI NIGAOdzZ F NI & Ay (KS b2 NIKEBret SYA ALK

al., 2005:Jabbar et al.2013] Indeed, anthropogenit®®l has been detected in the most
remote places on Earth, however, very little is known about thdiédd geochemical
behaviour of**| [Beasley et al.1997;Negri et al, 2013;Xing et al, 2015] The Canadian

Arctic is a excellent location for such an investigation. It is one of the most remote regions
on Earth which, importantly, lacks the proximity of point sources of anthropodéhjc
allowing an investigation into the integration of anthropogetfit within the hydrologic

and geochemical cycles of a watershed.

The cycling and reaction & at the catchment scale has never been rigorously
explored despite being identified as a potential hydrologic tracer of flowpaths and organic
matter interaction[FabrykaMartin et al, 1987;Nimz 1998] The major source of input of
129 to a watershed is through precipitation/sndBuraglio et al. 2001;Moran et al, 2002]
Only a minor component is added by dry fallpubpezGutiérrez et al.2001] On a
catchment scale, soil organic matter conteand biological activity of soils affect the
behaviour of**l. Soils with low concentrations of organic matter do not retain iodine
efficiently whereas soils with high organic matter are very efficient at scavenging iodine
[Sheppard et al.1995;AlvaradeQuiroz et al.2002;Amachj 2008]The iodinescavenging
capacity of organic soilsaseloquentlyillustrated by monitoring the*** accumulation in
peat solil profiles; wherein the first few centimeters of show an enrichment consistent with
the modern input of-?%, the rest of the profile retaingt § & | y O-huBlgarisignatuie B

[Herod et al. 2013;Luo et al. 2013] This suggests that in organic radils, the entire
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modern signature of*l has been completely attenuated by the soils énely still have
adsorption capacity. TH&% concentration in precipitation percolating through these soils
is therefore attenuated. In soils with less organic tegtthe modern'* signature is

evident deeper into the profile due to limited adsorption capa¢Bghwehr et al.2009]

On a catchment scale the average attenuation of all soils will determine thEhet
attenuationcapacity of the watershed and these will reflécthe signature observed in
discharge. The redox state of iodine also affects its mobility in the environment. Studies
have shown that in soils organic iodine species are most heavily retarded duringaransp

followed by iodate and iodidpXu et al, 2011;Santschi et al.2012]

Thebehaviour of** in rivers is not affected by catchment area, river pH, and
temperaure [Kekli et al.2003;Herod et al. 2013]but geochemical parameters such as Cl
K', C&", DOC, alkalinity, and conductivity may\@ry with** in some rivers reflecting
common source, release or uptake procesgéskli et al. 2003;Aldahan et al.2006] For
example,**¥ often covaries with Cldue to being commonly sourced from ocean
volatilization[Moran et al, 2002] Differently, the cevariability in the abundance d¢f° and
K'is due to both elements being scavenged by natural cycles of organic soil turnover and
bedrock weahering [Kekli et al.2003] The geochemical properties 1, coupled with
the fact that it is a modern contaminant, allows the characterization of the degfe
interaction between water within soils and bedrock on the watershed scale. These
properties of'* also allow the prediction of the fate of radioiodine released from point

sources.
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The hydrological cycle in Arctic and siitctic watersheds is domined by the
spring freshet which consistg an input to streams of snowmelt and shallow groundwater
displacement from the active layer by snowmelt infiltratigodhe 1998;Boucher and
Carey 2010] This event usually is only a few weeks long but can represent a significant
fraction of the annual discharge and has a profound impact on the chemistry of streamflow.
Discharge in permafrost and discontinuous permafrost catchments is generally slipplie
three water sources: (1) deep groundwater in places with little permafrost, (2) shallow
groundwater and active layer drainage contained within soils in areas with permafrost and
(3) precipitation in the form of rain and snd@arey et aJ.2012] These water sources can
be differentiated according to their chemical identity, which is reflective of source and
flowpath. Deep groundwater (1) is expected to have ldghcentrations of ions from soil
and bedrock weatherinfPetrone et al.2006]and is hypothesized to have a low
concentration of**% and*?%/*%'| ratio due to leaching of stable iodine, mixing with ancient,
low *? water and/or*?® attenuation during recharge. Shallow groundwater and active
layer/soil drainage (2) is often enriched in DOC and nutrients related to organic matter
decay due to their residence in shallow surface soils and shorter flowpthaeher and
Carey 2010] The high organic matter content results in low concentration$fn water
discharged from soils due talsorption during residence and transport. Finally,
precipitation and snowmelt (3) have very low concentrations of almost all dissolved species
leading to a depletion in ion concentrations in discharge at fregpetrone et al.2006]
but is characterized by high levels'll. **% is incorporatedn or removed fronthese

water types differently and thus could progeuseful tracer.
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Wolf Creek drains the Wolf Creek Research Basin (WCRB);sauaedt basin used
as a representative model of a discontinuous permafrost catchrfilamowicz et al.2004]
It is located in the Yukon Territory, Canada approxima&bly kmfrom the Pacific coast
and about 2,50&m from the nearest operating point source Hf1 in Idaho Falls, US. We
examinal how 2% was transported, stored and how this behaviour resulted in temporal
variationsof **% in the discharge of Wolf Creek over the cours@ afonthsc from just
before freshet to after freezeup. We monitored the temporal variations in abundance of
129 in precipitation and discharge as well as a suite of hydrologic tracers, radioactive and
stable isotopesndflow measurements with three specific goals in mind: (1) ustierd
the mechanisms leading to the temporal behaviout%d¥in discharge and place these
variations in context with the hydrogeochemical evolution and water sources of Wolf Creek
(2) identify the catchmenscale utility of-*l as a tracer oihteraction with soil organic
matter, hydrologic processes and flowpaths (3) determine the watershed mass balance for
129 to determine whether fafield emissions are at steady state or retained in the

environment.

2.0 METHODS

2.1 Site Description
The Wolf CreeResearch Basin (WCRB) is located near Whitehorse, Yekotory

in the western Canadian arctémd is a tributary to the Yukon Riv@igure 4.). Wolf Creek
drains195 knf of subalpine discontinuous permafrost terrain wiaminimumdischargeof
0.4 n/s to a peak of 10 fits during spring fresheitlanovicz et al, 2004] The elevation of

the basin ranges from 862250 mabove sea level (&BS).[Janowicz et al.2004]
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Temperatures range frorrd0°C to 25°C throughout the yeaith amean annual
temperatureof -3°C.Mean annual precipitationaries from approximatelg00 to 400

mm/year withabout40%falling as snowJanowicz et al.2004]

The bedock geology of the WCRB is primarily limestone, sandstone, siltstone and
conglomerate. There is a large intrusion of andesite and basalt within the wate(Bltrde
4.1) (Israel et al.; Janowicz et al. 200Bgdrock outcrops occur in 5@0% of the

watershed[Seguin et a].1999]

Legend N N -
Bedrock Geology A ' i
. Fault S T
= Plutonic _ » NS AP
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% Quaternary Sediments
% Volcanic
@ Soil Samp

Figured.1 Geological hillshade map of the Wolf Creek Research Basin. The time series sampling site
is shown at the outlet of Wolf Creek and soil sampling sites throughout the waterstveellaess the
location of the watershed in relation to Whitehorse. Bedrock faults are pictured as black lines.
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The surficial geology of the WCRB is mostly a veneglaoial deposits including till,
alluvium, loess, glaciofluvial and lacustrswlsthat range from a few centimetres ti@ns
of metres in thicknesand cover 4@ 50% of the basin. The deepest soils are found in low
elevation regions of the catchment and can be up to 165 m ff8elguin et a).1999] Soils
at high elevation are generally thinner due to the variable nature of bedrock elevation.
Several distinct ecological zones occur in the WCRB based on elevation and southern
exposure. At low elevation, <1200 m, kat forest dominates and covers approximately
22% of the watershed. Higher elevations aharacterizedy taiga and which covers 58%
of the basin. The remaining high elevation alpine regions >1500 m are classified as tundra
and compose 20% of the bagBeguin et a).1999] Geophysical surveys have suggested
that during the summer the water table is located within bedrock and that discharge to the
creek occurs in the alpine zoménereas at lower elevations the creek is recharging

groundwater[Seguin et aJ.1999]

The WCRB is underlain by widely varying permafrost conditions. It has been
estimated thatup to 43% of the basin is underlain by permafridstwkowicz and Ednie
2004] Continuougpermafrost is located primarily in the high elevation regions above
1500m in the northwest parts of the watershed with much of the western half also covered
by widespread discontinuous permafrost at elevationsxal175m. The lower elevation
regions alsdave isolated patches of permafrdstewkowicz and Edni@004] Permafrost
can alsde foundon north facing slopes and poorly drained areas analaceswith an
organic soil layer thicker than In that provides insulatiopJanowicz et al.2004]

Permafrost has a significant influence on groundwater recharge as areas with permafrost
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can lead to perched water tables and restrict groundwatshrarge whereas low

permafrost areas or talik provide pathways for groundwater recharge and discharge.

2.2 Field Sampling
Water sampling was conducted near the mouth of the W@RBe site ofa Yukon

Water Survey gauging statigust aboveits crossing othe Alaska Highway. Samples were
collected at approximately weekly intervals from thaw to freeze up in 1L Nalgene bottles.
Within this time series a group of high resolution samples were collected daily for a one
week period using an ISCO automated samatehe same locatiorSamplesvere filtered

in the lab prior to analysis for anions, catioff], stable isotopes and DOC and an aliquot
of unfiltered water was used fdf°l. Wolf Creek discharge data for the summer of 2012
was provided by the Yukon&ér Survey and is from the gauging station next to the
sampling point. Discharge during the sampling period ranged from 0*88imlate April,
prior to freshet, to 8.3 ifs on June 8 which was peak discharyealyses for cations were
performed using@P-MS and anions were analyzed using liquid chromatograyalues for
Mn, B, Cu, Zn, Ti, V and N@re almost uniformly below detection and are not included in

this study.

Soil samples were collected throughout the W@RBure 4.). Samples placed into
Ziploc bags for transport back to Ottawa, where they were stored in the freezer until
sample preparation and analysis. The organic carbon content of WCRB soils was quantified
using loss on ignition as was the carbonate confétdiri et al, 2001] Duplicate analyses
were performed on the majont of the samples and the results had an averddference

of 10% for organic carbon content ai33% for cabonate.
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Precipitation samples were collected at Marsh Lake, which is approximately 35 km
from Whitehorse, using a simple apparatus of a HDPE fuatielctor attached to an
opaque buckefGrynkiewicz et al2003] During the study period 168 mm of rain fell and
the preceding winter from November 2011 to April 2012 H2d mm of precipitation as

snow[Environment Canad2014]

2.3 Extraction of-* from Water Samples
Water samples were extracted f&7 for AMS analysigsing a redox trap extraction

technique. The method is described in detail$meppard and Hero@012;Herod et al.

2013] Samples were precipitated as silver iodide using an Nal caitiera *2°l/*?’ ratio of

1.56 + 0.06 x I8 TheAgltargets wereanalyzed i G KS ! yAOSNEAGE 2F
Lalonde 3MV Accelerator Mass SpectroméiiS)facility. Some samples were also
previouslyanalyzedat IsoTrace and these results compared well to those from the &Bdr

Lalonde AMS

2.4 Pyrohydrolysis Extraction df’l and*?% from Soils
Soil samples from several locations throughout the WCRB were analyZ&éd &ord

127 using a pyrohydrolysisceaction technique. The method is described in detail by
[Herod et al. 2014b] The soil samples from throughout the WCRB were dried and all large
pebbles were removed. The samples were then ground using a mortar and pestle.
Approximately 23 grams of sample was accuebt weighed out and placed in a quartz boat
and combusted at 800°C for 5 hours in a two zone tube furnace under oxygen gas flow at
800mL/min[Herod et al.2014b] A precise amount df*l was also added to every sample

prior to combustion to act as a yield tracer. Thed@rrier gas transported the iodine
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through the system and bubbled through an alkaline trap solution of 0.4M N&J32M
NaHS@ which trapped the iodine. The trap solution was then collected and weighed and a
1mL aliquot was removed for gamma spectronyeh order to calculate total iodine

recovery from the sample. Yields ranged from 498%6 with a mean of 72% (n=10). These
recovery percentages were then used as a correction factofband*?’| concentrations

as the yield for every sample was tracdtbwing any iodine lost during the combustion to

be accounted for. This aliquot was also used'fdranalysis by IGMS. The remaining trap
solution was then extracted fdf" analysis by AMS according to the method described

above and analyzed at thendré E. Lalonde AMS Lab.

2.5 StatisticalTreatment of Data

2.5.1 Treatment of Missing Data and Quality Assurance

Several analytes measured in this study had one or more missing data points
including theprincipal analyte*?%. Therefore the missing datpoints had to be addressed
in a statistically robust way for their inclusion in Principal Component Analydithe
identification of water end memberd.inear regression can be usedéplacethe missing
variables in a way that honours geochemicahtis in the datasefGotway et al. 1992;
Giiler et al, 2002](Supplementary Information, Supplementary FigBid. The*®0
regression was chosen as the most robust due to it having the most complete datakat

common source off0 and'?9 to thewatershed

129 (10 atoms/L) =90.2- 4.26x *®0 (r =-0.63)
One or two nissing datgointsfor several other variablesave also replaced using linear
regression with the most highly correlated variable.
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Charge balance error can also be used astdf data qualitfFreeze and Cherry
1979;Gller et al. 2002] The percent charge balance error wasahdted using
concentrations of Na, Ca, Mg and K against 8CQand CI. The results are generally
below the threshold of 5% error with the exception of a few samples that slightly biased
negative but are still below 10% error. Three samples that welteated in the fall are
highly biased negative. These outlying samples could be due to poor analyses or error in the
measurement of HCasalkalinity was not analyzed the field These points were still

included in PCA as they have relial5f% analyses.

2.5.2 Principal Component Analysis (PCA)

Principal component analysis (PCA) is a type of statistical method used for the
reduction and simplification of multivariate data sets without loss of existing trends and
associations between variablfgega et al. 1998;Page et al.2012] PCA was performed
using the program XLStat on standardized data with a variantentl a mean of O in
order to avoid effects of differing units between variab]€hristophersen and Hooper
1992] All of the tests used are noparametric and thus no evaluation of normality was
required for the dataset. A correlation matrix was generated and transformed into
orthogonal and unrelated principal components that represent the variance of the dataset.
The PCA analygswas performed on 29 time series samples, each 28thariablesand
missing data replacebdly OLS regressiort$d was excluded from the PCA analysis described
here in order to relatehe | concentratiorsto the general water chemistrgnd-members
descibedbythed A 3y A T AAD hdditibnat PCR @ndlysis was performed that did include

129 and it was found to participate significantly€2 and®C3. PCA analysis produ@sd

96



principal components, most of which are noise. In order to limit this number scree plot

analysis was performed which is a visual analysis of the variability explained by each
O2YLRYSyld FyR t2214a F2NJ I oNBIF] 06SGssSSy Ay
method is highly subjective and does not always yield appropriate results, especially when

there is no obvious break poiffPage et al.2012](Supplementary Figurg2). An

alternative to scree plot analysis is the KaiBedzii G YI'yY ONAGSNA2Y KA OK |
an eigenvalue greater than[Kaiser 1960;Page et al.2012] Variable loadings-8.5 and

>0.5 were considered moderately significant and values betwe@7 @nd >0.7 wexr

considered strongly significaf¥eglen 192].. I NI f SG§ i Qa { LKSNAROAGE ¢S
iKS I O0OSLIitoAtAGe 2F (KS t /! *wbeofgoliaadm ¢ KS NI
critcal X2F onm 65CY onns LI f ndannnamI hlradnpo &fF

the original dataet[Vega et al. 1998]

2.5.3 Agglomerative Hierarchical Clustering (AHC)

Agglomerative Hierarchical Clustering (AHC) is a statistical technique that initially
treats each sample as independent and then groups them according toctiemical
similarities]Auf der Heydel1990] Thismethod allows underlying structure and
relationshipsbetween samples to be discovered when taking all relevant variables into
account, which would not be possible using traditional visual methods. The resulting
dendrogramshowsrelationships betweemgroupsof samples and variables thate more
difficult to spot using a correlation matrix. The method was performed orsthedardzed
dataset using XLStaA proximity matrix using Euclidean distance was generated and Wards

linkage method was useid aggregae sample group<uclidean distance iteratively groups
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samples with the most similiarity to one another ahd NR Q & u¥eS ankagaRgsis of

I NRAFYyOS G2 Ayl (lkKSbeahNwnltdpdute thidBntaliest 8 i K 2 R
most distinct clusterandEdzOf A RSy RA&aidlFyOS IyR 2| NRQa YSil
numerous other studies exploring watgecchemistry[Simeonov et al2000;Guler et al.

2002;{ Y2t A Z aZpoR;YiGaia et al.2008] An AHC analysis was also performed using

a complete linkage nthod and the resulting clusters were very similar although slightly

less distinction was observetf’ data was omitted from the AHC analysis in order to make

it more comparable with the results of PGRsecond AHC analysis was performed

including®® and yielded very similar sample groupingsietailed description of the

mathematics, and linkage methods involved in cluster analysis can be fo{#dfider

Heyde 1990]

3.0 RESULTS AND JSSION

3.1 The relationship of? with stablehalogens suggesa non-marine input source to the
watershed
The'®¥ concentrationrmeasuredn rainwas variable and ranged betweédd and 76

x 10° atoms/Lwith a meanof 39 + 22 X10° atoms/L (n=0) (Table4.1, Figure 4.2 Show

also had a high degree of variability*ffl. One sample, taken from thepper few
centimetersof the snowpack at the time of samplingugust, 2012had a concentration
similar to rain of35 + 0.7 1 atoms/Lwhile the interior of the snowpack (~10 cm below
surface) was lower than any othergzipitation sample a8.6 + 1.4x 10 atoms/L.The large
difference between the measurements Bf in snow may be caused Hyy falloutin the

form of aerosols and dusin snowsurfaces that are exposed to the air for longer lengths of

time. Adifference in 1>l concentratiors betweenrain andsnowhas been hypothesized to
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be caused by thexclusion opolar iodine moleculeby the snow as itrystallizesn the
atmosphere[Buraglio et al.2001] The difference in measuréd” between rain and snow
has also been attributed teolatilization of**% from the ground surface during summer
monthswhichenrichesrain with **%; a negligible process in wintgBuraglio et al. 2001;
Gilfedder et a].2007b] However, estimates of volatilization Bl from the ground in the
WCRB are not available and are usually considered neglifibithmeier et a).2010]
Alternatively, it is possible the sources'dll vary seasonally with changing wind patterns

[LopezGutiérrez et a.2001;Kieser et a).2005]

90 1 in Precipitation

| Concentration (10° atoms/L)
N w H Ul [=2] ~ 00
o o o o o o o

=
o

0 : ‘ : :
1-Jun-12 1-Jul-12 1-Aug-12 1-Sep-12 1-Oct-12

Figure4.2 ' concentration in precipitation samples measured by AMS. Samples are plotted on the
date of collection andepresent a homogenization of all precipitation following the preceding
sample. Sampling initiated on June 3, 2010.

Other halogens typically behave in a similar fashion. One might therefore expect the

129 concentration to be related to that of other hajens in precipitation. Mst of the input
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of stableiodine,Br, andClI to a watershed areisuallyfrom ocean volatilizatior mineral
and soil weatheringMoran et al, 1999;GilfecHer et al, 2007a] Indeed,**l in precipitation
ranged from 1.7 to 28 pg/L with a mean of 7.2 + 8.5 |{g#11), and unliké®®, stable

iodine correlates with both Cland Brin precipitation suggesting a common input source,
wholly different from*?% (Figure 4.3 Moran et al. 200Zound that ocean volatilization was
the majorsource of**¥ and other halogen# the Yukon and Mackenzie rivetdowever,

this relationshipappears to decrease witthistance inlandGilfedder et &, 2007alas the
input fraction of iodine and chloride from ocean volatilization decreases and additional
sources of atmospheri¢? are incorporated into air masses. In WCRB discharge, the
relationship betweert®! and the halogens, ClI, Br atfd isweaksuggesting that thee is
likely an additionasource of'?9, different from that of Cl, Br and?’l. The*?%/*%'| ratio in
precipitation was quite variable, following tHé% concentration closely, throughout the
sampling period ranging froh6to 67 x 10*°with a mean o25x 10*° (n=10)which may
reflect thedecouplingbetween the source of* and*?'l given that the WCRB is located far
from the oceanallowingcontributions fromatmospheric transport of anthropogenic
sourcesandocean volatilizatiorto add*** to precipitation. Given that the approximately
two-week atmospheric residence time of iodine allows long distance transpdftiahe
contributions from numerous sources become mixed making it impossible to distinguish
one from anotherand reduces the correlation of9 with other halogen§Kocher 1981;
Moran et al, 1999] However, the relatively highl concentrations, which are 23 orders

of magnitude greatethan the estimated natural backgrourmbncentration[Moran et al,
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2002;Snyder et a).2010]confirms thatinput of anthropogenic?¥ to the WCRB ihie

principal source of?®l despitethe remotenesf the catchment

Halogens in Precipitation
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Figure4.3: Comparison of stable halogen abundances in precipitation over time, which display
similar temporal trends suggesting a common source such as ocean volatilization, which is not the
same as®¥ as it does not share these trends. Samples are plotted odakeof collection and
represent a homogenization of all precipitation following the preceding sample. Sampling initiated
on June 3, 2010.

3.2 Temporal variation of?9 in discharge is a function of varying flowpath contributions
Once'® enters the CRB, its fate is determined largely by the flowpath it follows,

due to differing storage terms and residence tim&gl. concentrationsn Wolf Creek
dischargeranged from0.5¢ 17 x 1¢f atoms/L and had a mean 8f7 + 3.7% 10 atoms/L
(n=24)(Table 4.2Figure 4.3 The concentrations df* in Wolf Creek discharge are slightly
lower than measurements in other remote Arctic rivers such as the Yukon, Peel, and
MackenzigMoran et al, 2002;Herod et al. 2013]Jand at least two orders of magnitude
lower than rivers in Europpvioran et al, 2002;Kekli et al.2003] The concentrations of

129 in streamflowwere far lower and less variabléhanthe concentration in rain. Indeed,
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such depletions between precipitation and discharge are expe@eadaglio et al. 2001]

but exceptions do occur. For instance, in the Mississippi Rffeconcentrations in river
water are higher than precipitatiordue to itsconcentraton by evapotranspiratin [Oktay

et al, 2001] The subarctic climate of the WCRiBbes produce a500 mmof
evapotrmnspirationin summer but it appears insufficient to concentratdl in discharge. In
order to explain the weekly variations iffl of discharge, it is important to understand the

path of the water from source to discharge.
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129|

129|

. . 127, 129
Date Interval ID (Dﬁg;iﬂ[t:rt\gr) ( /lL) ( B;L) (mCI/L) atoln%/(i) 129,127 + Washout Washout
H9 Hg 9 (atoms/m®)  (watershed)
10-Junl?2 7 June 310 4.6 2.2 2.3 0.2 30.6 2.0 2.90E9 1.9810 1.4E+8 2.7E+16
1.4E11
18-Junl?2 8 June 1118 7.4 19.2 4.0 0.4 14.4 1.2 1.59E10 1.1E+8 2.1E+16
5.6E11
24-Junl?2 6 June 1924 4 5.8 3.5 0.1 18.1 1.4 6.55E10 7.2E+7 1.4E+16
1.0E10
05-Jutl2 11 June 25July 5 27.2 3.5 2.5 0.1 15.1 1.5 9.03E10 4.1E+8 8.0E+16
1.5E10
15-Juk12 10 July 615 8.6 3.6 3.3 0.0 51.0 2.2 2.98E9 4.4E+8 8.6E+16
7.5E11
29-Jut12 14 July 1629 10 5.7 3.6 0.1 22.3 1.9 8.34E10 2.2E+8 4.4E+16
2.5E10
12-Augl12 14 July 30- Aug 12 20.8 2.6 2.9 0.2 67.7 3.1 5.45E9 1.4E+9 2.7E+17
6.9E11
19-Augl2 7 Aug 1319 7.6 28.3 4.2 0.2 63.0 3.3 4.70E10 4 8E+8 9.3E+16
3.4E10
24-Augl2 5 Aug 1924 17.8 2.4 2.0 0.1 75.8 3.7 6.69E9 1.3E+9 2.6E+17
1.1E9
30-Aug12 6 Aug 2530 11.2 2.3 0.1 38.8 2.7 3.49E9 4.3E+8 8.5E+16
2.9E10
27-Sepl2 28 Aug 30 Sept 27 19 1.7 1.3 38.5 2.3 4.54E9 6.8E+8 1.3E+17
1.1E10
23-Oct12 26 Sept 28 Oct 23 11.4 4.2 3.0 0.1 26.7 2.1 1.35E9 3.0E+8 5.9E+16
2.4E10
02-Aug12 NA Snow 1 Top NA 2.5 0.1 35.3 2.9 2.92E9 NA NA
2.0E10
02-Aug12 NA Snow 1 Top (dup) NA 2.5 0.1 34.2 2.4 2.84E9 NA NA
. 1.2E10
02-Aug12 NA Snow 1 Interior NA 2.5 0.1 3.6 1.4 2.97E10 NA NA

Table4.1: Table of precipitation data. Sampling started on June 3, 2012 with the first sample collected in June 10, 2012
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these values may actually be lower than pictured. Wolf Creek discharge is also pictured and clearly shows freshetths wndliasce of

several precipitation events in treummer.
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Min.

Max.

Variable Minimum Maximum Mean Median
Date Date
pH 7.30 18-Jun 7.90 17-May 7.6 7.6
Al 0.01 19-Jul 0.03 10-Jun | 0.015 | 0.015
Na 1.8 10-Jun 3.79 21-Apr 2.8 2.8
K 0.465 12-Sep 0.98 17-May 0.66 0.62
Mg 3.3 10-Jun 7.71 21-Apr 5.2 5
Ca 13.2 10-Jun 29.49 21-Apr 20.7 20.4
Fe 0.003 12-Aug 0.4 19-Jul 0.06 0.04
Ba 0.043 10-Jun 0.081 17-May 0.06 0.06
Sr 0.12 10-Jun 0.25 17-May 0.18 0.17
127 (ug/L) 1.9 16-Aug 14.7 10-Aug 4.7 3
129 (10 atoms/L) 0.54 12-Sep 17.4 27-May 3.7 2.9
129/127) 3.85E11 12-Sep | 6.77E10 27-May | 1.97E10 | 1.35E10
cl 0.11 24-Jun 0.56 7-May 0.21 0.2
sQ 5.5 27-May 16.4 21-Apr 10.3 11
HCQ 56.5 2-Jun 142 28-Apr 91 88
Br (ug/L) 35 18-Jun 9.3 17-May 5.7 5.1
F 0.036 10-Jun 0.12 18-Aug 0.08 0.08
S 2.2 27-May 6.23 21-Apr 3.51 3.34
Si 3.3 10-Jun 4.9 17-May 4.1 4
DOC 2.02 7-May 8.99 10-Jun 4.5 4
%o -23.07  27-May -21.3 14-Aug | -21.97 | -21.94
’H -170.25  27-May -166 11-Aug | -167.73 | -167.57
K/Ca 0.023 10-Oct 0.064 27-May | 0.034 0.03
Tritium CH) 4.6 2-Aug 9.9 2-Jun 7.64 7.85
DIC 11.7 10-Jun 21.9 7-May 17.3 17.3
¥ -12.8 2-Jun 6.7 12-Sep -10 9.7
Percent ('\ﬂPdSm Carbon| 556 1ogun | 927  27May | 785 | 797
Daily Dischargém?®s) 0.38 Apr-14 8.25 8-Jun 1.8 1.2

Tablel.2: Key statistics of geochemical parameters measured in Wolf Creek discharge. See

Appendix B for raw data. Sample minimums, maximums and the dates that these occurred on are

shown as are the means and medians of each analyte.
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Thegeochemical abundances of major cations and anions in discharge reflect the
level and type of interaction that water has had with the watershed and so are useful to
discern discrete flow paths from precipitation to discharge. We performed a principal
compaent analysis (PCA) as a first order test on the temporal effects of cation and anion
variations on water composition in the discharge of Wolf Creek. The value of this
interpretation technique is that the temporal variability in analytes can be grouped
allowing the general identification of distinct water sources or flowpast PCA analysis
suggests that 59% of the variability in cations, anions and isotopes can be explained by the

first two principle componentgFigure 4.5Table 4.3. Principle componet 1 (PC1), which

accounts for 39% of the variability in the data is dominatedNby Mg, Ca, Ba, Sr, $06i
and more moderatelyK, andBr. These elements come primarily from weathering of
silicates and carbonates abundant in the WCRB. PC1 can be thafagh groundwater
end-member contribution to discharg€C2 explaied 20% of the variancand is
dominated byF,+ 0,1 2H andHCQandnegative loading from daily dischardéand the
K/Camolar ratio. Ina PCA analysis thatcludes'®, it also had a moderate negative
loading in PC2. The positive loadifgdl2 *$h 1 YHRthelnegative loading of discharge
and the lack of strongly significant loadings from other ions suggests tl2a5RGt a clear
cut endmember but rathepartially conposed of a low salinity, fresh water end member
sud as snowmelt or precipitation, closely linked with featuogéshallow groundwater
from the activelayer, such as HGOK'. PQ can therefore be characterized as a
combination ofsnowmeltand soildrainage OnlyPC1 andPCZisplay interpretable

relationships with multiple analytes and thus are the only ones considered relevant to the
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geochemical cycle df°l and the hydrology of the WCREhe PCA fails to clearly separate
the direct precipitation and soil water flowpaths, likely because both fractions in discharge
probably cevary and are closely coupled temporally. We investigated the geochemistry of
discharge in more detail to determints temporal evolution by ranking net geochemical
similarity of different samples with the hope of elucidating signatures associated with soll
water and precipitation and to demonstrate the distribution of temporally separated

samples.

Observation Biplot (F1 and F2: 58.83 %)
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Figured.5. Obseration biplot of PC1 and PC2 showing the position of each sample, which are
numbered, in relation to each analyte in PC space allowing for the interpretation of important
variables in each sample and the identification of water end member based in thdyhieaded

elements in each. Samples are pictured as a bubble corresponding to their concentrdfidn of
Samples 26, 28, and 29 all had high charge balance error. Elements shown have significant loadings
while analytes not pictured were not significantRPC1 or PC2. There is an apparent temporal trend

in terms of sample ordering as consecutive samples are distinctly grouped.
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Variables F1 F2 F3 F4 F5 F6
pH 042 0.36 045 -023 0.28 0.53
Al 025 -0.31 0.13 0.69 -0.36 0.19
Na 097 0.09 -0.14 0.09 0.05 -0.04
K 0.62 -0.69 0.26 0.02 -0.04 0.08
Mg 098 -0.05 -0.05 0.04 0.06 -0.05
Ca 096 -0.12 -0.16 0.15 0.04 0.02
Fe 0.09 -0.41 0.01 -0.27 052 0.68
Ba 0.76 -0.33 -0.47 0.16 0.03 0.08
Sr 094 -0.22 -0.20 0.07 0.06 -0.01
127) 0.46 -0.02 058 -0.11 -0.32 -0.26
Cl 050 0.01 052 -0.02 -0.39 -0.13
sQ 0.74 0.47 0.16 -0.09 -0.07 -0.06
HCQ 040 063 0.25 -0.31 024 -0.17
Br 051 -0.31 056 -0.03 -0.20 0.31
F 0.04 073 0.01 0.38 -0.34 0.12
S 0.87 0.09 0.16 -0.23 0.06 -0.09
Si 0.83 -0.42 -0.28 0.02 0.05 -0.01
DOC -0.30 0.05 042 055 055 0.13
B¥Goc -0.04 0.06 -0.49 -0.63 -0.47 0.07
¥o -0.10 0.93 -0.14 0.16 0.09 0.10
’H -0.12 0.75 0.00 0.00 -0.20 0.18
K/Ca -0.26 -0.66 0.50 -0.14 -0.13 -0.06
DIC 094 0.06 -0.18 0.21 -0.03 -0.06
BGic 0.78 0.29 -0.08 0.26 -0.08 -0.16

Daily Discharge ffs  -0.42 -0.79 -0.21 0.09 -0.12 0.10

Eigenvalue 10 5 2 2 2 1

Variance Explained (% 39 20 10 7 6 4

Cumulative Variance ¢ 39 59 69 76 82 87

Table4.3: Factor loadings from the results of PCA on geochematal from the Wolf Creek time
series Significant loadings of >0.5 are bdfdl was not included in PCA and is omitted from this
table.
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3.3Temporal trends in discharge geochemistry atie response of-* to catchment
hydrology
129 fits into distina, temporally relatecdsampleclustersthat correspond tothe

geochemical evolution of Wolf Creek. Initially, Wolf Creek was dominated by groundwater
and then transitioned to snowmelt and soil water at the onset of freshet, which is recorded
by the abundane of **%, *#"l and the'*1/*#'| ratio. As freshet declined a mixed water

source composed of soil/active layer drainage and groundwater prevailed until freeze up.
AHC clearly identified four clusters of samples that are geochemically similar as well as

being temporally orderedFigure 4.9.
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Figured.6. Dendrogram graphically showing the results of Agglomerative Hierarchical Clustering.
Similarity increases towards 0 on the ordinate axis. Samples are divided into three distinct classes
according to theigeochemical similarity with the second class being further sorted into two
subclasses. These clusters agree very well with the observed groupings of consecutive samples in
PCA and show that there were significant geochemical changes in Wolf Creek disnrergme,
particularly between samples 4 and 5 as well as 14 an45vas omitted from AHC analysis.

Period 1 encompassesamples 34 and spand\pril 21¢ May 17, 2012 Much of the

watershed was snow covered at this time and thechargdlow rate was the lowest of the
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study period Period 1 is characterized high concentrations of anions and caticensd pH
around 7.85Figure 4.7Figure4.8). 1* concentrations ranged frorf.3 to 7.3x 10

atoms/L with a mean 08.5x 10 atoms/L(Figure4.4).'*’l concentrations were the highest
of the sampling period with the exception of one later in the sumiFggure 4.9. As a
result, the™®9/*?"| ratio was very low in these samples. The higher concentratiofflah
Period 1 is likely driven byeathering of bedrock and not evapotranspiration, due to the

low *29/*%"| ratio compared to precipitatio(Figure 4.1)

YGyicwas around 90 pM(Figure 4.1}, likely due tothe weatheringofi KS a2 f Ré
carbonate roclor coal ¢C value of 0 pM@vhichdilutes modern**Gyccontent of
discharggGeyh 2000] ¢ K $%*Cof DICn Period 1 is consistent witGyc The value of
d3;: IS typical of groundwatedissolving carbonate minerals under a mixture of closed and
open system conditiongClark and Fritz1997](Figure 4.1)L Additionally, alcite was near
saturationand the concentration o€&* consistent with a carbonate weathering system.
Based on the geochemical and isotopic evidence these samples are compaszdrofial
modern groundwatefrom talikthat has interacted with the geology of the watershed.

18 | yHhad intermediate Viaes, which were depleted relative to late summer
discharge and summer precipitation suggesting groundwater recharge may take place in

the winter or was composed of snowmelt and is recharged in the spFiggre 4.12
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Figure4.7: Time series plots ahajor cations and anions in discharge all showing very similar
trends, including a sudden depletion at the onset of freshet and a gradual increase as disct
lessens over the summer. Also of note is the depletion in cation concentrations due to anmai
in early August.
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Figure4.8 Time series of pH in discharge. The sudden drop in pH at the onset of freshet is likely due
to the spring acid pulse in which organic acids are washed into the creek by flow of water through

soils.
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Figure4.9: Time sries of'?’| measurements in discharge by I8.**l concentrations dropped
precipitously at the onset of freshet and remained low for much of the sampling period. The
exception is an outlying point in early August which corresponds to a precipitatant at the
same time suggesting this peak was caused by the transport of precipitation to discharge.
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Figure4.10 A time series of th&l/*?'| ratio in discharge. In Period 1 the low ratio reflects the high

12 concentration of groundwater. At the onset of freshet the ratio increases sharply, tracking the
concentration of?, to a level closer to that of precipitation. The ratio then decreases likely due to
soil water inputs to discharge and stabilizes fag temainder of the year tracking the

concentration of* and reflecting the mixture of water sources to discharge.

This suggests groundwater is recycled rapidly andtfefrom atomic bomb
testing and/or fuel reprocessing being discharged baakio the surface environment by
groundwater despite the presence of permafrost in nearly 50% of the basin and the high
organic content of some soils. THé enrichment in these samples is due to weathering of
organic rich bedrock, such as cqaovidingiodine to groundwater. As a result tHé/**’]
in these samples is low despite the relatively hitthconcentration and®4/*?'l ratio in
recharge from precipitation. Evapotranspiration could also explain the filgand**%
concentrations howevetrthis would be expected to result in an equal enrichment for both

isotopes and therefore ¥%/*?] ratio indistinguishable from precipitatices well as

Sy NRA OK Y%y (il &7Hwifich ‘are not observed
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Figure4.11: Time series plots of DIEG, cand Gy cin discharge. Error is contained within the data
points for DIC"Gycand ™Gy 6 In Period 1 DIC is higfiC is enriched anfC, is around 90 pMC.
However, at the onset of freshet the concentration of DIC dr&i@pecomes depleted artéC

drops to 56 pMC. As summer progresses all three analytes return to theirgsteet levels. These
changes indicate very substantial changes in the source of carbon to discharge and its isotopic
composition due to changes in the source of water and/flaths.
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Period 2is composeaf samples 5.4 from May 27% July 1 2012andsparsthe
peak freshet period in Wolf Creek dischawgaich containsthe most radical changes in
geachemistry observedPeriod 2 can be further divided into two subclasses 2A and 2B
(Figure 4.9. 2A (samples &) encompassed the first discharge peak during freshet. During
this time, theconcentrations of all anions and catiodecreaseapidly (Figure 4.Jand
1180 andt H becane more depleted (Figure 4.1 Collectively, these geochemical
variations indicate a significant contribution from snowmelt at the initiation of freshet.
Similar geochemical observations in the Granger Basin,-aachment of Wolf Creek,
concur wih our measurementfBoucher and Carey010] In addition, Period 2A is also
characterized by a shelived spike in"?% which is induced by this initial discharge event.
We propose that this results from Hortonian overland flow of snowmelt, enriched by dry
deposition of** over the winter on the snowpack which is then entrained into initial
snowmelt, over soils that remain frozen and do not allow significant water infiltration and
interaction of the snowmelt with the active layfiraudon et al.2004] Alternatively,
Gilfedder et al. 2007proposed that partial melting and refreezing of the snowpack causes
the exclusion of iodine during recrystallization due to its large icadd. This would result
in aniodine enrichment in initial meltwater. $b a phenomenon has never been observed
with 2% before.Thespike in'*, coupled with a significant decrease'fi concentrations
results in the**1/*?"l increasing significantly relative to Period 1, to values still below, but
closer to those measead in precipitation and snow followed by a rapid decrease in step
with the ** concentration(Figure 4.19 These iodine results record the increasing

contribution of direct precipitation to discharge which dilutes #& groundwater signal
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with the ** enriched, low'*"] signal from the atmospher&his result implies thaf¥ is a
tracer of initial snowmelt contributions to discharge and that su¢fiapulse should be
observable in other catchments that also experience significant snowmeltibatitms at
the onset of freshetThis shift records the transition from groundwatdsminated (low

ratio) discharge to snowmelt and soil water.
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Figure4.12 Time series 0fO and’H in discharge. In Period 1 samples were somewhat enriched
relative to flreshet, although they are depleted compared to summer rain suggesting winter or
spring recharge to groundwater. At the onset of freshet there is a significant depletion reflecting
the influence of snowmelt on discharge. Following freshet there is a graduahment trend
suggesting an increasing influence of groundwater and summer precipitation on discharge.
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During Period 2B (samplesl8) soils are beginning to thaw and attenuate direct
snowmelt contributions. The pH begins to decrease at the onset of freshet and reached to a
minimum of 7.3 (Figurd.8). This drop is characteristic of the spring acid pulseoked in
many Arctic watersheds and is due primarily to organic acid contributions from soils to
dischargdLaudon and Bishgd999;Laudon et al.2000] However, the magnitude of this
decrease is comparatively smglaudon et al.2000]and speaks to the high carbonate
content of soils around Wolf Creek. TKECamolarratio increased markediy 2B, and
remained high for most of the fedhet period(Figure 4.13suggesting that water from
organic rich, shallow soil was also contributing to discharge during peakElsenbeer et

al., 1995;Boucher and Care01(Q.
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Figure4.13 Time series of the K/Ca molar ratio in discharge. The K/Ca molar ratio is an excellent
indicator of soil water contributions to discharge. Notably, there is a sharp increase at the onset of
freshet suggesting that soil water contriboms to discharge, which have high K concentrations but
low Ca, thereby producing an increase in the K/Ca ratio
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ThepMC and"=Gycdropped and reached a minimum of 56 pMC amdb: '+
respectively with the second spikedischargeand reflect the increasing interactions of
the water with soils high isarbonatethat appear to beveathering in a closed system
[Aravena et al.1992;Clark and Fritz1997;Geyh 2000] This carbon isotope depletion
cannot be related to overland flow of snowmelt into Wolf €&end therefore indicates the
activation of an alternative flowpath as snowmelt reflects a modern atmosp/h&Gig:
value of~100pMC(Figure 4.1} These resultare very close tonodeled carbonate
weathering predictions in a watershé¢dravena et al.1992;Clark and Fritz1997;Geyh
2000] Closed system conditiom®uld have beeimduced by the infiltration of snowmelt
into the surface soieading to saturated condition€arbonate weatheringhen proceeded
during transportas thepre-existingsoil water was displaced into Wolf Creekdmpwmelt
infiltration. This shows potential df'Gycas a tracer of water flowpaths to streamflow
particularly in concert with other isotopic tracessch ag 0 andt H[Raymond et a).
2004;Bourke et a].2014] 4 *¥0 andt *Hincreased slightlguring2Bsuggesting aariable
but generally decreasing contributiaf snowmelt.The'?! concentration in discharge
remained low throughout Period 2B as freshet ended decreasing to values lower than pre

freshet(Figure 4.

The'?1/*#'| ratio also remained lw due to the low**l and**'| concentrationsThe
fact this ratio decreases so rapidly may demonstrate that the creek is simply returning to
baseflow conditions after a peak in snowmelt or that soil drainage has &%l ratio.

Of these two possibities the most likely is tha? is lost during transport through the

active layer resulting in drainage with a 16%®1/*?| ratio as** is adsorbed by watershed
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soils(Figure 4.19 Other soil geochemical proxies agrebeEoncentrationof **% in Wolf
Creekis positively correlated with potassium (r=@)ATable 4.4 This relationship is most
evident by visualizing the K/Ca ratio. A high K/Ca is considered an indicator of water
contributions from soil organic layefEIsenbeer et g11995;Boucher and Care2010]

suggesing the activation oghallow soil flowpath

Period 3iscomposed of the remaining samples fraumly D, 2012onward.The
samples are characteed bystability ora gradual increase of major anions and cations
Dischargecontinued to decrease, although never reaching-fieshet levels 1 **0 andt °H
showed a gradual enrichment trend to even higherels than baseflow. Thislikelydue to
the influence of precipitation, which was relatively enriched compared to Wolf Creek at this
time. It may also be a signal driven by evaporation and evapotranspiration as summer
temperatures likely increasingly favor this process ¥Gscand**Gycalso gradually
increased to near Period 1 levels possibly signifying an increase in the relative contribution
of deep groundwater. The K/Ca ratio andckincentrations decreased steadily throughout
the summer indicating the lessening contribution of soil waté¥ variedonly slightly,
characterized by mean concentration &.1x 10 atoms/L- the lowest of the four
clusters This depletion is probably due to the increasing residence time of precipitation in
the watershed, particularly in the soils which, as summer progresses have a larger water
absorption capacity. This increases the likelihood“df adsorbing onto the sborganic
matter during transpor{Fukui et al. 1996] This had the déct of stabilizing thé*%
concentration as a lot more drainage in the watershed that contributes to discharge has

been in contact with soil. Summer storms in August, 2012 appeared to have induced a
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small, yet direct, response A’ export Figure 4.1% The small magnitude of these
responses, despite this period having the largest mass fli&idhto the WCRB as
precipitation, shows that the majority of th&% introduced to the catchment was not

transported to Wolf Creek.
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Variables pH Al Na K Mg Ca Fe Ba sr o I T cl  sa HCQ Br F S Si

pH 1.00

Al -0.26 1.00

Na 059 -0.64 1.00

K 042 -028 030 1.00

Mg 0.64 -0.64 097 051 1.00

Ca 062 -0.67 096 048 0.99 1.00

Fe 033 -0.15 007 0.07 -0.07 -0.04 1.00

Ba 029 -069 063 034 067 075 005 1.00

Sr 055 -0.71 089 056 0.96 098 -0.02 0.84 1.00

2 0.28 -0.18 043 047 051 045 -012 001 040 1.00

129 018 011 -0.11 071 0.03 -0.03 -0.03 -0.25 -0.02 043 1.00

129,127 005 024 -042 032 -0.35 -037 -0.01 -028 -0.34 -013 0.80  1.00

Cl 038 -0.01 046 041 049 044 -016 0.03 038 059 014 024 1.00

sa 053 -049 092 0.06 085 084 -012 042 072 043 025 -054 042 1.00

HCQ 052 -0.46 082 0.07 075 074 -018 035 0.63 022 -019 050 034 0.82 1.00

Br 054 010 034 061 048 042 005 014 040 068 070 029 044 019 009 1.00

000 021 010 -068 -0.07 -0.08 -0.28 -0.34 -025 0.04 -030 -021 009 040 014 -0.06 1.00

S 061 -066 094 048 097 097 -002 066 094 052 -002 -040 043 08 071 036 -0.11 1.00

Si 037 -076 072 066 082 084 007 083 091 034 011 013 028 047 039 033 -047 081 1.00

DoC -0.08 037 -0.26 -0.04 -026 -0.29 0.14 -045 -0.34 -007 011 011 -013 -0.13 -001 -0.26 008 -0.19 -0.36

0 013 002 022 -076 001 003 -004 -0.10 -0.12 -0.19 -0.63 -049 -0.08 046 042 -038 073 001 -0.34

H 024 005 004 -059 -007 -0.06 -020 -0.22 -0.18 001 -057 -052 -0.02 029 035 -018 054 -004 -0.35

TU 015 -0.28 012 0.06 0.10 0.3 -013 -021 -003 016 001 -008 026 010 014 008 0.9 0.04 010

%MC 056 -035 060 011 058 053 010 017 043 042 044 014 030 055 055 073 030 048 0.24

DIC 048 -062 095 001 091 090 -017 0.60 0.82 034 -039 062 044 098 083 030 045 0.89 060

PG 046 028 072 -027 059 057 -025 025 044 031 -025 -041 029 079 063 033 061 056 0.12
Daily Discharge fils -0.66 0.28 -0.69 0.17 -058 -0.57 -0.01 -0.20 -041 -0.26 013 030 -025 -0.81 -069 -023 -052 -055 -0.16

K/Ca 008 037 053 062 -034 -038 011 -034 -029 009 071 061 005 -067 055 0.38 -0.64 -0.35 -0.08
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Daily Discharge

Variables DOC o) 24 TU %MC DIC BGic s K/Ca
DOC 1.00
o) 0.15 1.00
24 0.04 0.66 1.00
TU -0.05 -0.04 -0.03 1.00
%MC -0.40 0.28 -0.02 0.01 1.00
DIC -0.44 0.51 0.41 0.16 0.53 1.00
BGoc -0.22 0.70 0.44 -0.09 0.57 0.74 1.00
Daily
Discharge 0.05 -0.69 -0.45 0.08 -0.74 -0.75 -0.85 1.00
m%/s
K/Ca 0.27 -0.80 -0.54 0.01 -0.30 -0.74 -0.68 0.65 1.00

Table4.4t S| NE& 2 ye@tidn matrixioe allanalytes in Wolf Creek dischar@eble is continued on two pages.
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The®®%/*2" ratio duringthis period was relatively variable possibly due to the
influence of summer rain storms and had high/*?l ratios Figure 4.19 One large
precipitation event also resulted in shdived depletions in most anions and cations as well
as pH in Wolf Creek streamflow. No corresponding response was observed-f the
concentration of this event. The gradual increase isédlved ions towards priEeshet
concentrations suggests that as summer progressed the contribution of deep groundwater
to Wolf Creek increased as watershed soils dried and other sources contributed little water.
It also appears that episodic precipitatican have a direct influence on discharge
geochemistry and stable isotopes, suggesting that Wolf Creek can be influenced by short

lived events duringummer and autumn.
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Figure4.14 Time series oflaily ** mass export from the WCRB via Wolf Creek streamflow. The
trend of mass export generally follows discharge as when discharge is low mass flux is also low.
However, the exception to this occurs at the onset of freshet when flux peaks and the first, and
smadlest peak of freshet occurs. This discrepancy is due to the high concentraffohiofdischarge

at this time suggesting that the mass export is dependent on the concentratiGii.of
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Ultimately the geochemical cycle of Wolf Creek discharge was ciieaizzed by
baseflow at the beginning of the sampling period composed of deep groundwater that had
weathered the carbonate and silicate bedrock of the catchment. This water end member
had'*\ concentrationshigher than those during the summagossibly de to
evapotranspiration, but an extremely lot&?/*?l ratio because of contributions t'l to
groundwater from weathering of marine sediment or organic deposits, such as coal, in the
watershed. Once temperatures warmed discharge increased anahaasacterized by two
water sources. (1) snowmelt and (2) soil water. Indeed, the initial peak in discharge, which
I f &2 KFR K S™y 2 &ftiRikeyshai aSdiadvRy large component from
snowmelt transferred to the stream by Hortonian overldtalv as infiltration was likely
restricted due to frozen soifd.audon et al.2004] This phenomenon led to the observed
spike in'?% in streamflow due to the entrainment ¢f* deposited via dry fallout in early
snowmeltor ionic exclusion of iodine during partial melting and refreezing of the
snowpack This implies that® could be an excellent tracer of initial snowmelt
contributions to freshet in snowovered catchments. The subsequent drop?ih
concentrations even as discharge increases suggests that this resertfiveds 1) quickly
depleted or 2) another water source with lolf™ concentrations began to dominate
streamflow. Evidence frorffO,?H, "Gy **Goig pH and the K/Ca ratio suggest that
continued warming within this catchment led to thawed soils and snowmelt infiltration
causinghe displacement of prevent soil water into Wolf Creek, which has a [GW
concentration resulting in a low?%/*?| ratio due to attenuation of*” by soils despite the

fact that precipitation was likely its origin.
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3.4 Titium constrainsgroundwater age and®¥ attenuation by soil organic matter
From the monitoring discussed above, the strong partitionintffin organic

matter [Schwehr et al.2009]might explain the measured imbalance between its

abundance in precipitation and in discharge. Given that soils from the WCRB have 3% to

82% organic matter, it is probable that some of & in precipitation and snowmelt is

adsorbed when in contact with soils. However, the imbalance observed between

precipitation and discharge is strictly restrictedfdl. For instance, the concentration of

127 in precipitation and in Wolf Creek discharge are comparable suggesting that only the
quantities of'** are increasing in the WCRB. We discuss this issue moreit@atiaaly later

in the text with a mass balance estimate. On a broad scale, the most likely explanation for

this is that'?¥ is actively being removed from the waters. However, another possibility is

the concentrations of?® in Wolf Creek are diluted lncient waters with a prewuclear

signature of low*l concentration and a low?*/*%'| ratio. Tritiumin precipitation is

d2dz2NOSR FNRY [FGY2aLKSNAO FlLff2dzi FyYyR A& dzaSH
because of its short half life and mbg used to answer this questig@lark and Fritz

1997] Tritiumlevels were largely constant in discharge and characterized by modern values
GKAOK Aa O2yaraidcSyid ¢6A0K RAAOKINBS Ay 22tF |/
water signal (Supplementary Figu#8). Thisconveniently eliminates the possibility that

dilution by a prenuclear age, low* fraction of water accounts for the low values'61

measured in discharge relative to rainwater. More lik&f§l, is being accumulated in the

watershed and slowly increasing the concentrations to reflect the modern input levels. This

finding also places a constraint on the residence time of groundwater in the WCRB as the

GY2RSNY ¢ f SOSt & @ntlicai@ that fechardelniishhdxé occuytdrl before
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tritium decay can become significant, after peak bomb fal[@lark and Fritz1997]and

thus the cycle of groundwater from recharge to discharge operates on a decadal time scale.

3.5 in the WCRB is not at steady state
To gah insight into the watershedcale behaviour of¥l, we estimated the mass

transfer and storage of*l in WCRBStorage is calculated as:
(@) (@) O Q)

Where'?¥ stored is the net amount df*l addel to the watershed on an annual basis]
import is the mass flux df°l added to the watershed annually via rain and snow 4rid
export is the mass flux ofl removed from the watershed annually in Wolf Creek
discharge.

Assuming that the sole sow®f'* to the WCRB is atmospheric and dominated by wet

deposition, the**! import flux is calculated as:

‘coanei 00 aa ‘O aa w o (2)

Where'® rain is the input of? from rainannually Supplementary TablBl), **1 snow is
the input of** from snow annuallySupplementary TablBl), mm is the quantity of rain

or snow the watershed received during each sampling interval and WA is the watershed
area of the WCRBumming the twderms inEgn 2finds thatthe total *** mass flux into

the WCRBvas1.44 + 0.11x 10® atoms/yr. The annual® exportthrough discharge, which
we assumed to be the only appreciable los$?dffrom the watershed, was calculated

using a period weighted methd®ann et al. 198] as:
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Where] (XQneenva)) is the sum of the mean of daily discharge measurements for

each interval (L/s)* is themeasured concentration in discharge (atoms/larta is the
number of days that discharge measurements were availaSlgyglemental Information,
Supplemental TablBL), QuasefiowiS the assumed baseflow discharge (400 L&) aseriowis
the concettration of ** in baseflow§.5x 10 atoms/L) and gasefioniS the estimated

number of days baseflowas the dominant water source to discharge

The net annuat®) mass flux to the WCR®rmalized to per rafrom rain and snow
is7.4 x 10 atoms/m?/yr. This value is substantially lower than the 5.5 X Homs/nf/yr
measured in Vancouver, Canada, in 2011 althahghvancouver estimatdoes include the
mass input from the Fukushirdaaiichi Nuclear Accideli®eeChapter 3. However, the
difference betwe@ mass fluxes in the WCRB and Vancouver is due to the large amount of
precipitation Vancouver receives and its proximity to the coast as opposed to the input
from Fukushima. The mass flux'6l to the WCRB is also 2 to 3 orders of magnitude lower
than measurements from EuropgReithmeier et aJ.2010] suggesting that the remoteness

of the WCRB regiogreatly reduceshe input of**9.

The total export during te sampling period wak.3+ 0.43x 10 atoms and
represents’6%of the total export for the yeaFigure 4.14)The contributionfrom
baseflowto annual dischargéor the rest of the yeawas~4.0+ 0.87x 10 atoms.
Summing these two contributions yieldsotal '} exportof 1.7+ 0.44x 10’ atomdyr. If
the 1* export is calculated using the mean annual discharge and the M#an
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concentration, instead of time interval data, it gives an annual expa2t bk 10’

atoms/yr. This isn overestimate of ~20%nd shows that taking temporal variations into
account is critical for reliable estimate Bfi flux and as such should be employed in other
hydrology studies using”l. The majority of?l wasexported during freshetRigure 4.1%
due to the significant amount df* stored over the winter within the snowpack. Indeed,
we have estimated that a minimum of 1.#60.29x 10" atoms of*? were stored in the
watershed in snow while the quantity & exported at freshet was only 1.610.12x 10"
atoms or 57+ 7% of the'® held in storage. Therefore, the remainder of & deposited
during the winter was likely lost during transport to the creek by attenuation in soil or to

groundwater reclarge.

Mass balance results show that the fét stored annually in the WCRBLI&6 +
0.12x 10" atoms or~88+ 8%of the total % input to the watershed, indicating that¥ is
accumulating in the WCRB, and far from steady state. This disequilibrium is likely a
symptom of the relatively recent and continuing additions of anthropog&fido the
global iodine cycle to which the catchment is still adjusting. The mass bataticete of
WCRSB is almost identical to that of Baltic region where it is estimated that ~87% of the
input is stored terrestrially and only ~13% is exported to the Baltid Adahan et al.

2006] Given the similarity between these two estimates, it is likely that this prediction is
applicable to other northern hemisphere watersheds which are also likely accumulating
anthropogenic®. As the WCRB, whitas a relatively low’ flux from a variety of
sources, is not close to steady state this accumulation is relatively slow. The tate of

accumulation could be affected by to heterogeneities in the composition of the watershed
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soils that reducé?® adsorption, physical hydrologic processes that inhibit retardation or
geochemical processes that makd less available for adsorption. The most likely reservoir
to accumulate*® in the WCRB is soil, particularly soil organic matter and soil wittha hig
population of bacterial activity which have been identified as strong attractantSlof
[Sheppard et al.1996;Lusa et al.2015] The primary source of uncertainty in the mass
balance calculation comes from the AMS analyst§*bfMany of the other parameters are
well constrained However, the calculation 6f% export during baseflow and thé° mass

input in snow do require several assumptions that are outlined in Appendix B.

A mass balance dfl in the WCRB, determined using the same methotfas
shows that75.4 + 16.7 ¢ or27 + 6 % of the annuat’l input is stored within the WCRB.
The annual input of?l in rain and snow was 283 + 16.5 kg while the annual export in
discharge was 208 + 3 Kthis finding suggests th&t'l is also accumulating in the WCRB
similar to*?%. However, it is possible that the input represents an overestimate given the
uncertainty associated with the actual quantity of snowfall in the catchment. It is more
likely that'?’l is actually at or near steady state in the WCRB as is indicatée Isynilar
concentration of*?’l in discharge and precipitation suggesting these reservoirs are near
equilibrium with one another. Furthermore, WCRB soil water may also be at equilibrium
with precipitation and discharge due to the long period of tith&has had to reach steady
state in the WCRB relative 1&71. It would be expected that for discharge to reflect t}é
concentration in precipitation WCRB soils would have to also reflect the hiéan

concentration in precipitation.
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3.6 The sorage of*®| in the watershed and the importance of SOM
Soils are critically important for the storage’6. Throughout the WCREB?,

127|
andsoilorganic matter content (SOMSupplementary TablB2) were analyzed to

determine if the anthropogenic signaturd 6 could be detectedf SOM is indeed the

pool accumulating the exceS$! not recovered in discharge, it should be detectable as an
increase from the backgrourid®/*#| values. The soil samples from the WCRB which were
all taken at depths of less than 5 cm, ha%# concentration froniL0- 228x 10 atoms/g

and a'?'l concentration from 0.& 28 mg/kg(Figure 4.15 The SOM in the soil ranged from

3% in a nearly purdlEate mineral soil to 82% in a peat séilqure 4.1h

There is a very stronfinear correlation betweenthe **9 concentration and the
percentage of organic carbon in the sdils= 0.97 (p<0.0001) (Figure 4.15)These surface
soil samples display the modern isotopic signature of iodine that most resembles
precipitation. This is characteristic of iodine geochemistry and its tendency to adsorb on
organic soil§Sheppard et al.1996;Sdderlund et al.2011]and is consistent with previous
observations on the grtitioning of > and*?l in soil[Luo et al. 2013] The'*%/**" ranged
from 1.2 ¢ 6.5x 10° with a mean of3.0x 10°. At first glance these resultsould suggest
that the soils of the WCRB have already reached equilibrith the modern *2%/%7.
However, surface samples are not representative of the entire watershed soil signatures
[Englund et a).2010b;Luo et al, 2013] Indeed, if the entirety of watershed soils reflected
the modern*?1/*?| signature, so should the discharge of Wolf Creek. The measuremfents

WCRBsoils are similar to surface soils measured in Chiaad JapajMuramatsu et al.

2008;Luo et al. 2013]and around 2 orders of magnitude lower than Chernobyl soil AAEA
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375)[Jiang et al. 2005;Herod et al. 2014a] The fact that the samples collected in China
and Japan are also considered famfr sources of*¥, yet are much closer to point sources
than the Canadian Arctic, demonstrates the global ubiquity of anthropodétiemissions

in soil. Interestingly**"l displayed similar behaviour t3% in soil suggesting that a these

two isotopes, which are decoupled in precipitation and come from different sources
experience a coupling once they are deposigsdWCRB soils equilibrate with the relatively
recent increases in the atmospheric input’6!l. This coupling is liketjue to the affinity of
iodine for organic matter. This coupling is also observed in discharge, only during Period 3,
when both % and *?'l are at low concentration and display similar behaviour, which

suggests that soil water is contributif@l and*#I to discharge throughout the summer.
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Figure4.15 Comparison ol and**"l with the organic matter content of WCRB soils. Both iodine
isotopes show extremely strong linear correlations with the concentration of organic matter in soils
suggesting th is the most likely reservoir to be accumulatifijin the catchment.

3.6.1The potential rate of*)l accumulationin the catchment

The'®® mass balance showed that a significant quantity of the antftiainass
input to the WCRB is stored within sweservoirs: soil and groundwate8ampling of the
soil reservoir coupled with previous investigations of soil adsorptiod?df{Sheppard and
Hawkins 1995;Sheppard et al.1995]suggestghat soil organic matter is adsorbirige
input of 9 very efficiently As*?% is continually produced by fuel reprocessing, it will
accumulate in SOM making it a potential radiologicaiczrn in future, particularly as soils

represent the largest terrestrial reservoir 5f globallyjAldahan et al.2007]
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The accumulation o over time can benodeledif the storage proportion is
assumed to be constant and th&) flux is the only free parameter. According to the
results, if*% fallout remains constant then th&°1/*?’ ratio will increase by one order of
magnitude in the next 1000 years. However, if A& flux increases with doubling times of
10 or even 50 years then tHé%/*?'] ratio in these soils can irease substantially and will
resemble that of Chernobyl or Fukushima within 150 to 600 yg&trachnov et a).1996;
Muramatsu et al. 2015] As the production o has not increased markedly in the past
decade the most realistic scenario is likely the first. However, several new reprocessing
facilities have recently begun operation and thus it is feasible that the rat&lafeposition
could increase over time &eling to global increases in th&1/*?] ratio and the**|
concentration even in extremely remote locations such as the W@\ 2008] This
potential reinforces the need for ghhal monitoring of-*| fallout and storage even in

remote regions.

4.0 CONCLUSIONS

This is the first studio investigate the temporal behaviour and fate of
atmosphericallyderived*?% in a watershed. The WCRBemotelylocated but nonetheless
receives anthropogeni¢® from a combination of ocean volatilization and direct releases
FTNREY bCwt Q& d ¢ KB inthe MECRB rédbidlyiframiseagonal \&rfations
in weather patternswith secondary stochastic contributions of anthropogefftt. From
these sources the annual mass inputof was 1.3 x 1 atoms. PCA and AHC demonstrate
that the temporal variations if*® indischargeare driven by the source of water and the

degree of interactiomwith soils or bedrockvith an annual® export in discharge of 1.7 x

133



10" atoms. A mass balance Bfl import and export found that almost 90% of the annual
atmospheric input was stored in the watershediegd the sampling period streamflow
evolved fromdominantlyperennialgroundwaterdischage with a meart* of 6.5 + 1.1 x
10° atoms/L and a low*/*?l of 1.1 + 0.26 x I8 prior to snowmelt to a direct
contribution from snowmelt at the onset of fresheéfhis transformation was recorded by
180,2H, Gy **Coic pH, and numerous aniomd cations and alscorresponded with the
highest concentration of?%, 17.4 x 1®atoms/L,measured in Wolf Creek discharas well
as the peak®1/*?' ratio of 6.8 x 18° This pulse of?*¥ was caused by entrainment of dry
fallout or ion exclusiomto snowmelt and rapid transport via overland flow to the creek.
This was followed by an increase in contributions fréfhdepletedsoil waterdisplaced
into discharge asnowmelt infiltratedinto the thawing active layer with sorption &%

onto organics After freshet concentrations of most analytes stabilized or increased slightly
markinga gradual increase in groundwater contributions until freeze up. Thgdeologic
changes wer@accompaniedy both increases and decreasies™, #'1, the *%/*%'| ratio as
well as the geochemistry and isotopes of water and caiibdiolf Creek discharge
resulting from changes ithe source, flowpath and residence time of the water
endmembers Thisvariabilitysuggests that reservoirs of the WCRB have nbtgached
equilibrium with respect td®% inputs Thisreflectsthe fact that the**%/*?'| has increased
drastically since the beginning of the nuclear age and is likely to keep increasing because
the mean residence time df° in the watershed is great than the roughh60 years since
the start of anthropogenic emissions. As a result, the WCRB is a net $fik effectively

storing*®. The most likely scavengerdfl from the water is the large pool of soil organic
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matter whichwas strongly caelated to the'*| concentration (r= 0.97) ariuhs, in surface
soils, a?%/**"] which resembles precipitation. The fact that the Wolf Creek discharge does
not reflect this ratio suggests this is only the case in surficial soils and that the iodine
attenuation capacity of the WCRB has not yet been satisfied. A deeper investigation into
the residence time of iodine in the watershed can determine how much more input is
necessary before reaching a new steady state with respettitoBecause the moderifl
signature is far from the natural background, the anthropogenic inpat®énd its cycling
constitute an effective tracer ofiater endmembers in dischargthe degree of interaction
between precipitation and soil organic matter, initial snowmelt gdnitions to discharge,

and groundwater contributions to surface water, particularly when used in concert with

127 34, 1Cand other geochemical tracers.

Future work should focus on quantifyin@l residence and transit times in different
catchment resrvoirs as well as identify and measure temporal variation of organic species,
inorganic species and particulat®! in precipitation, catchment reservoirs and discharge
should also be differentiated and may enhance the usefulne$Sldads a tracer to

distinguish end member contributions to streamflow.
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CHAPTER-5THE ATMOSPHERIC THADRT OF IODINE29 FROM FUKUSHIM® T
BRITISH COLUMBIA,NOX¥DA AND ITS DEPASINI AND TRANSPORTON
GROUNDWATER

ABSTRACT
The Fukushim@aiichi nuclear accident (FDNA) released iodig@ (15.7 million year half

life) and other fission product radionuclides into the environment in the spring and summer
of 2011.'*% is recognized as a useful tracer for the sHiwed radiohaard*4i, which has a
mobile geochemical behaviour with potential to contaminate water resources. To tfdce
released by the FDNA reaching Canada; amel postaccident rain samples collected in
Vancouverpn Saturna Island and from the National Atmberic Deposition Program in
Washington State were measure@roundwater from the Abbotsfor&umas Aquifer was
sampled to determine the fate dfl. Modelingof the vadose zone was performed to
constrain the travel time and retardation &I. The mean pe-accident** concentration

in rain was 31 x faatoms/L (n=4). Immediately following the FDNZ| values increased to
211 x 18 atoms/L and quickly returned to nedackground levels. However, pulses of
elevated'® continued for several months. Thecreases ift?l concentrations from both
Vancouver and Saturna Island were synchronized, and occurred directly after the initial
release from the FDNA. TA&! in shallow {H/°He age <1.4 yra)/assenaar et al[2006]
groundwater showed measurable variability through March 2013 with an average of 3.2 x
10° atoms/L (n=32) that was coincident withodeledtravel times for Fukushim&°l. The
groundwater response and thmodelingresults suggest thaf®l was partially attenuated

in soil, which is consistent with its geochemical behaviour, however we conclude that the

measured variability may baéue to Fukushima®® entering groundwater.
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1.0 INTRODUCTION
On March 11, 2011 a magnitude 9.0 earthquake occurred fdhrK 2 Japdn

causing a tsunami that damaged the FukushD@aichi Nuclear Power Plant (FDNPP) and
released radionuclides to the ocean and atmosphere. grimaary radionuclides released
were Y (haltlife: 8 days) and*‘Cs (haHife: 2 years) and®'Cs (haHife: 30 years).

However, numerous other fissionogenic isotopes were also released and are measurable in
the environment including iodin@29 (halflife: 15.7 x 1Byears)[Steinhauser2014] The

total quantity of**!{ released to the atmosphere has been estimated between-20D

PBq and using this number the quantity’61 can be calculated from thE&%/*
fissionogenic ratio, which was estimated to be 3[Miyake et al, 2012] This calculation
yields a range of atmospheri¢) released from 0.81 to 1.4 k§okyo Electric Power
Company2012] This quantity, while significant, is far less than the annual gaseous
releases from nuclear fuel reprocessing, which haventestimated at & 12 kg/year

[Moran et al, 1999] However, the nature of the releases from the FukushDaaichi

Nuclear accident (FDNA), which were isolated in time and spageide a rare opportunity
to study the transport of*l and its environmental cycling and distinguish them from other

releases of* from nuclear fuel reprocessing and past bomb testing.

Radionuclides released from the FDNA have been detected across thq Bikibet
al.,, 2012;Evrard et al.2012;Landis et al.2012;Macmullin et al, 2012;Melgunov et al.
2012; Pifiero Garcia and Ferro Garc2812;Wetherbee et aJ.2012] These radionuclides
were transported primarily in the atmosphere and deposited by both dry deposition and

washout[Wetherbee et a).2012] Atmospheric transport andeposition via precipitation
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of 1*| has been well studied in the context of releases from nuclear fuel reprocessing sites
such as La Hague and Sellafield, and Paul et. al. investigated the dispersion and wet
deposition of**l from the Chernobyl accidefiPaul et al. 1987;Persson et a12007;

Aldahan et al.2009] lodine has been shown to have an atmospheric residence time-of 10
14 days, which allows releases'o1 and*®!i to travel great distances from their point
source[Jabbar et a].2013] Ithas been assumed that the faté ** deposited on the

ground surface is to mix and distribute throughout the environment and a large amount of
research has focused on the terrestrial cycling of iodine in surficial environments such as
soll, rivers and pints[Bamba et al.2014;Muramatsu et al. 2015] However, a few studies
have investigatd the infiltration of**% into groundwater. Modern recharge waters in the
nearby Milk River Aquifer, Alberta, showed meteoric valuesfbconcentration and the
129127 ratio of 8.6 x 1®atoms/L and 1.1 x I respectively|FabrykaMartin et al, 1991]
Young groundwater from the Orange @y Aquifer in southern California haef!
concentrations that ranged from 1253 x 1§ atoms/L and"*%/**'| ratios of 0.9 to 4.5 x 10

%n samples with groundwater ages of less than 2 yg&eswehr et a].2005]

129 has shown promise as a conservative, long lived, tracer of groundwater
[Schwehr et a].2005] although its attenuation during recharge through the soil must be
considered. A wide variety ofiMalues for iodine have been measured in many different
soil types and due to the biophilic nature of iodine, soils that have high organic matter
content tend to be very efficient at adsorbing iodine at ambient concentrations with K
values as high 1800Kkd in peafSheppard et al.1996;Zhang et al.2011] However, in

soils with low organic matter iodine has been observed to behave-senservatively and
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have K values as low as 0.1 L/kg in thetate[AlvaradeQuiroz et al.2002;Schwehr et aJ.

2005] Typically, Kvalues for iodine fall in the range of 0¢235 L/kg for sandy soils

[Soderlund et al.2011] lodide, 1, has lower Kvalues than the iodatéOs°, [Fukui et al.

1996] and the Kdecreases for both iodide and iodate at neutral to alkalingptkui et

al., 1996] Studies of* migration and retardation in groundwater have been conducted at

the ' contaminated HEF 2 NR | YR { | S Yyl K wA @SN ydzOt SI NJ :
now closed, were point sources Bfl in the region in the past. Results have shown that the

mobility of**| contamination in the subsurface is dependent on the iodine concentration,

with high concentrations having loweg®a& | & ¢Sttt |a 2NAFYAO O2ydS
The most important of these is the organic contidu et al, 2005, 2012Zhang et al.

2011]Studies of groundwater from the Idaho Falls nuclear site have also showtfthat

can be transported vertically and laterally great distances within the aquifer. However,

dilution and dispersion have reducétfl contamination as further inputs have ce=al

[Bartholomay 2013]

The objective of this study was to trace the fate of the FDNAelease through
precipitation and groundwater recharge in a wellaracterized sandy aquifer on the west
coast of Canada. PIEDNA precipitation samples were collected followed by weekly
precipitation sampling over one year immediately following tiENFA. We then

investigated the fate of thé* deposited and its attenuation during infiltration into the
shallow, sandy aquifer. Sampling of two different well sites with different recharge times
was conducted on a monthly to-monthly basis over the case of a year. The recharge

time of the wells was established f/*He dating to be 1imonths andl4 months
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respectvely. This aspect of the woskmulates an aquifer scale tracer experiment and

provides insight into the long term environmental behawét*% in the hydrosphere.

1.1 Hydrogeology of the Abbotsfor&umas Aquifer

The Abbotsford$Sumas Aquifer (ASA) is an extensive unconfined aquifer with a
surficial area of ~200kMlt spans the CanadaU.S. border between southern British
Columbia, Canadand Washington State, U.S. and supplies ~120,000 people with drinking
water (Figure5.1). The hydraulic properties of the ASA have been studied in the context of
nitrate leaching and transport as the primary land use in the region is agriculture with a
high density of berry farming (raspberries and blueberries), poultry production and some
dairy farms[Wassenaar1995;Cox and Kah|el999;Wassenaar et al2006;Chesnaux et
al., 2007] NGs; contamination throughout much of the aquifer is attributed to the inteses
nature of agricultural activities in this argidii et al, 1999;Chesnaux and Alle@007;

Zebarth et al. 2015]

Both wells sampled are completed in the upper 20m of an unconsolidated gravel and
coarse sand aquifer with discontinuous lenses of till and clay which continues to a depth o
up to 60m, underlain by a glaciomarine clay aquitgEdx and Kah]el999;Graham et al.

2014] The heterogeneous stratigraphy has produced complex, preferential flow paths,
which can result in rapid transport of water and contaminants throughwadose zone
(Supplementary Figur€l) [Scibek and Aller2006] Hydraulic conductivities in the

saturated zongange from 2 to 2,400 m/day with a median of 82 m/d&px and Kahle

1999] Groundwater flow is subadial with neasvertical recharge and a strong linear
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relationship between depth and groundwater ag&/assenaar et al2006;Chesnaux et al.

2012]

Recharge in the ASA has been estimated at betweerlGER0 mm/yr[Scibek and Allen
2006] representing up to 6@0% of the annual average precipitation which is 1,500
mm/year[Chesnaux and Alle@007] On a seasonal basis the water table can range as
much as 4 meters per year in some wiHs et al, 1999] Precipitation and recharge are
maximized in the fall and winter leading to the highest water level at this point of the year,
although there is often a delay of3 months between peak precipitation and water level

responsgWassenaar et al2006;Chesaux and Allen2007;Graham et al.2014]

2.0 METHODS

2.2 Sampling Sites

2.2.1 Precipitation Sampling

Rooftop precipitation samples were collected from a federal building located in
downtown Vancouver, BC between March 18, 2011 and March 8, 2012¢Bigu
Precipitation was collected using &rinch nonArecording Stand Rain Gaugkhe Rain
Gauge funnel and sample collection bag was fixed onto a white 20 L bucket and lid. Water
was collected on an approximately weekly basis, and transferred toiedrtiface clean
250 mL Nalgerféhottles, then frozen prior to shipment. Precipitation samples were also
donated by National Atmospheric Deposition Program (NADP) in the United States from
site WA19 in northern Washington State. These samples consisted of ~30 mL weekly
samples. Four sangs were then composited to represent monthly sampling intervals for

pre-Fukushima. Several prand postFukushima accident samples were also donated by
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the Canadian Air and Precipitation Monitoring Network (CAPMoN) from nearby Saturna

Island (Figur®.1).

2.2.2 Groundwater Sampling

Groundwater samples were collected from two dedicated Environment Canada
monitoring piezometers (RBO and AB®3) with a®H/°He groundwater age of less than 2
years (Figur®.1) [Wassenaar1995;Wassenaar et al2006] The average historical (1989
present) groungvater depth at site PRO is 3.3 meters below ground surface (mbgs), while
the mid-screen depth is 3.9 mbgs, resulting in a shallow avepagesurehead of <1m. For
ABBO03, the average water level depth (1988sent) is 11.5 mbgs, and a nsdreen

piezoneter depth of 17.1 mbgs, resulting in an average tptalssureof <6m.

The lithology of the two wells sampled is very similar. Both are primarily composed
of coarse grained sand and gravel beds that range from well to poorly sorted with
numerous cobblesf greater than 5 cm. There are also occurrences of sand lenses and

interbedded layers of sand and gravel (Supplementary Table
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Samples were collected using a Grundfoss® stainless steel submersible pump,
Teflon® lined LDPE tubing, and stainksel fittings and valves. The wateas pumped
directly through a flowthrough cell housing a YSI® mpitobe sonde (temperature, pH,
electrical conductivity, redox potential, dissolved oxygen). Samples were collected after at
least three casing volumes were removed from the wells andvtBE® field parameters had
stabilized. All bottles were rinsed with sample water prior to filling and filled into 1 L LDPE

bottles, stored at 5C for archiving.
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Figure 5.1Sample map showing location of all three precipitation sampling locations as well as
location of bothwells used for groundwater sampling. The surface expression of the Abbetsfor
Sumas Aquifer is shaded.
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2.3 Preparation of Samples fdf°l Analysis
lodine was extracted from samples of precipitatiand groundwater using the silver iodide

precipitation method with stablé?’| carrier {*/**1: 15.6 + 0.6 x 1) as described in
Sheppard and Herof2012] andHemod et al.,[2013. **9 in the Agl targets was measured
dzaAy3 G(GKS ! yABSNAAGE 2F hiddGl 61 Fdwasa2¢ NI OS
measured in all samples using an Agilent 7700 Inductively Coupled Plasma Mass
Spectrometer at the University of Ottawa.
2.4 Vadose Zone Recharge and Transport Modeling

The infiltration of atmospherit® from the FDNA and natur&’l through the
vadose zone of the AbbotsforBumas Aquifer was modeled using the USGS software
VS2DTI, which simulates water and contaminant transport through variably saturated
porous media and yields numerical results for a variety of fluid and mass balance
parametergLapala et al. 1987;Healy 1990] The model incorporates soil and hydraulic
properties representative of the region. A transient simulation was performed uang
weekly input of rain and iodine and a basic water balance approach was used. Infiltration
and*?¥ concentration were adjusted for evapotranspiratifffarmwest 1998:Chesnaux
and Allen 2007] which exceeds precipitation between May and September leading to a
substantial moisture deficit in the soil and necessitates irrigation. Four mmfdayDer
Gulik 2014]of irrigation water with the mediart® for the ASA groundwater was included
in the model to simulate the actual mass fluxX'¥ entering the aquifer during periods with

negligible precipitation as local groundwater is used for irrigation. This represents 484mm
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of water added between May 14, 2011 and September 14, 2011 and an addifidmabss

flux of 11.2 x 1®atoms/n’/day during relevant periods.

The Van Genuchten equation was employed to describe the hydraulic conductivity
of the vadose zone from the inpparameter of saturated hydraulic conductivityan
Genuchten1980] Model input data for the vadose zone soil used a combination of default
values for medium sand and measured values for the ASAnphedata is provided in
Supplementary Tabl€2. Porosity, hydraulic conductivity, residual moisture content were
obtained from literature and was calculatedChesnaux and Alle2007;Chesnaux et al.
2007] All other hyraulic parameters were default values. Longitudinal and transverse
dispersion were set at one half of the maximum grid spacing, which in this case was 0.7 and
0.015 respectively. Varying the thickness of the vadose zone did not affect transport times
in the model due to the conductive nature of the soils. In this model a rangg\aites
was used with a linear isotherm to model the adsorption of iodine in the ASA soils

[Sheppard et al.1996]

Boundary conditions that were applied to the model consisted of a recharge flux
corresponding to therecipitation the Abbotsford region received during each of the 42
recharge periods. Each recharge period was defined as the interval used in precipitation
sampling. The water table was used as the lower boundary condition of the model and was
set using a equilibrium profile in which the water table had a pressure head of 0. A
measured concentration df in precipitation was applied to each recharge period and an

initial concentration of 2.4 x faGtoms/L was used within the vadose zone.
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3.0 RESULTSA DISCUSSION

3.1 Precipitation

3.1.1*%9, 7 and**1/**l in Precipitation
The'?l concentration in precipitation (Tab&1, Figure5.2; precipitation data in
Supplemental Tableo 0 NJ Y ISR 6Si6SSyYy Hody YR dpdPH >3Ik]
medianof 4.1 ppb (n=51This range agrees well with the range reported in the literature
for North America and Europe (B2H  >[Mordn 6t al, 1999;GomezGuzman et a).
2012]although the average value reported here is approximately 1 >3k [ KA IKSNJI (K
average value observed by others, likely due to the proximity of this study to the ocean,
which proviles a vapour source enriched*ffl to local precipitatiofjFuge and Johnson
1986;Persson et al2007] It has also been proposed that orographic lifting of air masses
can lead to a depletion of iodine irmgsctive of distance from the coafiReithmeier et a).

2006;Gilfedder et al.2007a]

Site Y Median I Mean '¥IRange '¥IMedian ¥IMean '/'¥IRange (18 U/'¥IMedian '*1/'¥1 Mean
Vancouver 41.95 61.61 9.18-2.85 4.14 4.26 0.68-13.39 2.34E9 3.09E9
Saturna 83.99 106.33 5.13-3.12 3.97 4.12 0.7-9.17 5.08E9 5.09E9
NADP 41.58 51.09 6.04-2.83 4.41 4.42 0.9-6.29 2.54E9 3.07E9
ALL 44.35 67.14 4.13 4.25 2.51E9 3.38E9

Table5.1: Summary of key statistics for the precipitation dataset'far **’l and**9/**'|
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Figure5.2 Variation in the concentration df* and the'®1/*?'| ratio in precipitation from

Vancouver, Saturna Island aNA\DP site WA19 over time. The time range that each NADP sample
integrates is displayed using horizontal errorbars. SNNENJ A &4 O2y GFAYSR gAGKA
visible. The dashed vertical line shows the date of the FDNA relative to samples.
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