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Abstract

The objective of this thesis was to study elemeetgtion and migration in the boreal
environments (Karelia and Central Russia). Spedjtals were toi) characterize the
molecular weight distribution of trace elements anganic matter (OM) in various types of
natural watersii) reveal the TE colloidal forms dependence in th&iooum soil solution —
bog — stream — feeding and terminal lakes in tase waters of boreal watersheds, and
quantify the dependence of stable and radioge®imeht isotopic composition on the size
fraction, element speciation and physico-chemicalditions of surface waters. The main
originality of the work is to apply the method cdscade filtration to study the molecular
weight distribution of trace elements in surfaceess and to combine the geochemical and
isotope techniques, for the first time on the samatiral objects, and particularly within the
watershed continuum soil solution — bog — streafeeding and terminal lakes, in order to
better understand the factors that control biogeottal cycling of elements in the subarctic
region.

The first part is devoted to general introductiow dhe insight into the problems. The
second chapter is aimed at studying natural orgaratter size distribution in the natural
waters with different redox and hydrodynamic coiodi$ in the continuum soil solution — bog
— stream — feeding and terminal lakes for a smallevshed with homogeneous bedrock
composition. In particular, we investigate orgammatter concentrations, weight-average
molecular weights, optical properties and carbdrdgen ratios to get the information about
the origin of DOM (autochthonous / allochthonousy, aromaticity, and its hydrophility /
hydrophobicity. The third chapter describes thedgtthe molecular weight distribution of
trace elements and it provides quantitative chareetion of TE colloidal speciation in
pristine, organic-rich rivers and surface watere Wémonstrate that, using TE correlations
with iron and OM in the filtrates, one can charaete colloids distribution and compare
partition coefficients in the continuum soil soluti— bog — stream — feeding and terminal
lakes, and also compare natural and modeling agfourth chapter describes the results of
variations of stable (Cu, Mg) and radiogenic (Sd) Msotopic composition in filtrates and
ultrafiltrates of various size fraction in the @ifént types of natural waters of south and north
of European Russia boreal zone allowing to identifg factors influencing the isotopic
composition variation along the landscape continunirdifferent size fractions. Finally, the
fifth part is devoted to study the variations adnirisotopic composition of different water
types and colloidal size fractions. In particulese investigate the dependence of isotopic




composition of filtrates and ultrafiltrateson irand OM concentrations, pH and other
physico-chemical factors. The sixth chapter prest#rd main conclusions and perspectives.
Investigations carried out in this study shouldtdbnte to the prediction of TE and OM
behavior in the Arctic and boreal regions due tmate warming mostly pronounced in these
latitudes.
Keywods : boreal zone, trace elements, organic matter, cdjospeciation, natural
waters, filtration, isotopes.

Résumé

Cette thése vise a étudier la spéciation des élisnetrieur migration dans le milieu
boréal (Karélie et Russie Centrale). Les objecpifsicipaux de ce travail sonti) de
caractériser la distribution de taille moléculaies éléments traces et de la matiere organique,
ii) révéler la régularité de distribution des formeboidales des éléments traces dans les eaux
naturelles le long du continuum sols — marécagess#scd'eau — lacs intermédiaires et
terminaux des bassins versants boréauxji)etrévéler la dépendance de la composition
isotopique en fonction de la taille moléculaire Ja@spéciation des éléments et des conditions
physico-chimiques des eaux. L'originalité de cdttése est d’appliquer la méthode de la
filtration en cascade pour étudier la distributdentaille moléculaire des éléments traces dans
les eaux naturelles et de combiner les techniquexhjmiques et isotopiques pour la
premiere fois sur les mémes objets naturels afirmiux comprendre les facteurs qui
contrélent les cycles biogéochimiques des éléndaris les régions boréales.

La premiére partie de la these consiste en uneodnttion générale de la
problématique. Le deuxieme chapitre est consadi€tude de la distribution de la matiere
organique naturelle dans les différentes fractignanulométrigues des eaux naturelles
présentant des conditions redox et hydrodynamigaesbles au sein des micro-systémes
(solution de sols — marécage — cours d'eau —téesmédiaires et terminaux) de petits bassins
versants a substratum homogene. En particuliers ramons étudié les concentrations du
carbone organique dissous, son poids moléculasecaractéristiques optiques et ses rapports
carbone/nitrogéne pour obtenir des informationgiptéses sur 'origine (allochtongersus
autochtones), l'aromaticité, I'hydrophilie / I'hyajphobie de la matiere organique. La
troisieme partie de la thése est consacrée a €&lieda distribution de taille moléculaire des
éléments traces et a la caractérisation quanttates formes colloidales des éléments dans
les rivieres et les eaux de surface de ces milipldsont trés riches en matiére organique et

pas soumis a limpact humain. Dans cette partiesil notamment montré I'existence de
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corrélations des éléments traces avec le ferratéere organique dans les filtrats ; également
un intérét particulier est porté a la distributides colloides et aux coefficients de partition
des éléments dans les différents micro-systemésti(sodes sols — marais de source — cours
d'eau — lacs intermédiaires et terminaux). Le Gemag chapitre rapporte les résultats des
compositions isotopiques en strontium (Sr), néodyN®), cuivre (Cu) et magnésium (Mg)
au sein des différentes fractions colloidales des eaturelles du sud et du nord de la zone
boréale de la Russie Européenne. Ces derniersuraamduits sur des isotopes stables (Cu,
Mg) et radiogéniques (Sr, Nd) nous permettent diniddes facteurs qui influencent le
changement de la composition isotopique. Le cingeie€hapitre est consacré a I'étude du
fractionnement isotopique du fer dans les typefemifts d'eaux naturelles sur les fractions
granulométriques. En particulier, nous avons étlal@mposition isotopique dans les filtrats
et ultrafiltrats en fonction des concentrationsfenet en matiere organique, du pH et des
autres parametres physico-chimiques. Dans le seiémapitre il est formulé les conclusions
principales et les perspectives de la thése.

L’étude menée dans cette thése vise a contribdarpgévision de I'évolution de la
spéciation et des flux des éléments traces et dendfere organique dans les régions
Arctiques en réponse au réchauffement climatiqabai!

Mots Clés : zone boréale, éléments traces, matiere organcplkides, spéciation,

eaux naturelles, filtration, isotopes.

Pe3rome

JlanHast auccepTanysl HampaBlieHa Ha H3ydyeHHEe (QOpM HaXOXKACHHS U MUTPALUU
aeMeHTOB B OopeanbHbix sanamadTax (Kapemuss u Ilenrpanbuas Poccust). B pamkax
paboTel OBUIM TOCTABJCHBI CIEIYIOUIME 3aJadd: ) OXapaKTepU30BaTh MOJCKYISPHO-
MaccoBO€ pachpeeieHue MUKPO3JIEMEHTOB U opraHumdeckoro BemiectBa (OB) B pa3nudHbix
THUMAX MPHUPOIHBIX BOJ, i) BBIIBUTH 3aKOHOMEPHOCTH PACHpPEACICHUS KOJUIOWIHBIX (OpM
OTJIEIbHBIX MHKPOAJIEMEHTOB MO MPO(UIII0 MOYBEHHBIN pacTBOp — MHUTamoImue Oojora —
BOJIOTOK — IIPOMEKYTOUHBIE U JICTIOHUPYIOIIKE 03epa B MOBEPXHOCTHBIX BOJaX OOpeaTbHbIX
BOJIOCOOpPHBIX 0acceiHOB, H i) BBISBUTH 3aBHCUMOCTH H30TOITHOTO COCTaBa OT pa3Mmepa
bpaxiun, GopM HaX0XKIEHUS JIEMEHTOB U OT (U3UKO-XMMHUYECKUX YyciaoBHM BoJ. Hayunas
HOBHM3HA JMCCEPTALMU 3aKIII0YaeTcsl B NMPUMEHEHUM METOJa KacKaJHOM (uibTpanmuu Kak
croco0a HCCIEIOBaHUA MOJIEKYJISPHO-MAaCCOBOTO pPAcHpeAeNieHUs MHUKPOIJIEMEHTOB B
MOBEPXHOCTHBIX BOJAaX M OOBEAMHEHHMH T'EOXMMUYECKOIO M H30TOIHOTO METOOB

WCCJICIOBaHMM, MPUMEHEHHBIX BIIEPBBIC HA OJHUX M TEX K€ MPUPOJHBIX OOBEKTAaX, B TOM
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YHclie B CUCTEME MOYBEHHBIH PacTBOP — MUTAOIIKE 00J0Ta — BOJOTOK —IPOMEKYTOUHBIE U
JCTIOHUPYIOIIME  03€pa, C  LEeJIbI0  BBIABICHHUA  (DAKTOPOB,  KOHTPOIUPYIOIIUX
OMOreOXMMHUYECKHE [IUKITBI AJIEMEHTOB B O0peaIbHOM 30HE.

B mepBoii wactu paboTel maercs oOiiee BBeAeHUE B MpoOieMaTuky. Bropas rimaBa
MOCBSIIEHAa M3y4YeHHUIO pachpenenenus npuponHoro OB mo ¢pakuusM KpymHOCTH B
MPUPOTHBIX BOJAX C Pa3TUYHBIMU OKHUCJIUTEITHHO-BOCCTAHOBUTEIIBHBIMU u
TUAPOIMHAMUYECKIMH YCIOBUSAMU O TIPO(MUITIO TOYBEHHBIN PacTBOp — MHUTAOIIKE 00I0Ta —
BOJIOTOK —IPOMEKYTOYHBIE U JIETIOHUPYIOIIEee 03epa JUIsl Majloro BoJocOopHOro OacceliHa ¢
OHOPOJHOM TEOJOTMYECKOM MOJIOKKOW. B 4acTHOCTH, MBI HMCCIEIOBAIU COJIEPKAHUE
pactBopenHoro OB, ero cpenHeBECOBbIE  MOJICKYJIAPHBIE  MAacChl,  ONTHYECKHE
XapaKTEPUCTHKH, a TaKXe OTHOIICHHUE YIJepoa/a3oT s TOJy4eHUs HWH(POPMALUU O
POMCXOXKACHUH (AJIOXTOHHOS/aBTOXTOHHOE), COJAEP)KAaHHH apOMAaTHYECKMX BEIICCTB,
rugpopuinbHocTH/THApOdoOHOCTH OB. Tperhs rmaBa HampaBicHa Ha  H3yd4CHHE
MOJICKYJISIPHO-MACCOBOTO PACIIPECICHUs] MUKPOAJIEMEHTOB, a TakXe Ha KOJINYECTBEHHYIO
OIICHKY KOJUIOMAHBIX (POPM MHUKPOIIEMEHTOB B PEKaX M MOBEPXHOCTHBIX BOJAX, OOTaThIX
OpPraHMYEeCKHM BEHIECTBOM M HEMOABEPKEHHBIX AHTPOIOT€HHOMY BO3JA€HCTBHIO. B 3TOH
YacTH BBIABIIAIOTCS KOPPENALIMA MHKPOAJIEMEHTOB ¢ xkene3oM u OB B cepusix ¢punbTpaTos,
paccMaTpuBaeTCs pacrpeieleHne KOJUIOUI0B U cpaBHEHHE K03()(PUIIMEHTOB COOCaXIEHHS 110
npoII0 TOYBEHHBIH PacTBOP — BOJOTOK —IPOMEXKYTOUHBIE W JEMOHUpYolee o3epa. B
YETBEPTOM I1aBe MpeACTaBIEHBI PE3yJbTAaThl H3MEHEHUSI U30TOMMHOTO COCTaBa PaIMOT€HHBIX
(Sr, Nd)u crabunpubix (CU, MQ)u30TOMOB M0 GpakmusM KPYITHOCTH IS Pa3IHYHBIX THIIOB
NPUPOIHBIX BOJ ceBepa M tora OopeaibHON 30HBI EBpomeiickoil wactu Poccun ¢ 1enbio
BBISIBIICHHUST (DAKTOPOB, BIUSIONIMX HAa HM3MEHEHUE HW30TOMHOTO cocTaBa. [ldras riaBa
MOCBSIIEHA HW3YYEHHUIO H30TOMHOrO (paKUMOHUPOBAHUS JKeJIe3a B PA3IUYHBIX THIAX
OPUPOIHBIX BOJ MO (pakuusM KpYMHOCTH. B uacTHOCTH, MBI HCCIEOBalu H30TOMHBIN
coctaB B (uIbTparax M yiabTaduiabTpaTax Kak (DYHKIMIO OT KOHLIEHTpalui xene3a u OB,
BenmmunHbl PH ©  apyrux  QU3MKO-XMMUYECKMX TIOKaszareneid. B miecroil riase
c(hOopMyIIMPOBAHbI OCHOBHBIE BBIBOJIbI U MEPCTIEKTUBBI JUCCEPTALIH.

UccnenoBanusi, mnpoBeleHHble B JTOW paboTe, Mpu3BaHbl BHECTH BKJIaI B
MPOTHO3MPOBAHUE IMOBEACHUS MHUKPO37IeMeHTOB M OB TpHpPOAHBIX BOJ B apKTHUECKUX
peruoHax BCIEACTBHE INIOOATLHOTO MOTEIUICHUS KIIMMAaTa.

KaloueBble cioBa: OopeanbHasi 30Ha, MHUKPOIJIEMEHTHI, OPraHUYECKOE BEIIECTBO,

KOJUTOUIBI, OPMBI HAX 03K ICHHS, IPUPOTHBIC BOABI, (PUIBTPAIsI, H30TOTIHI.
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1.1. Background of the study
1.1.1. Speciation of elements in boreal zone

One of the major goals of the geochemistry is tangidy the element fluxes occurring
between different reservoirs represented by contsjeoceans and atmosphere, and to
identify the mechanisms which control these fluxEsis exchange takes place at all scales,
from the globe surface to a smaller scale of amosloil horizon. Figure 1.1 (after Viers et al.,
2007) illustrates these matter transfer processesriaer basin scale, and defines the main

processes which control these exchanges.

| -

oy Atmospheric deposition
Evapatranspiration

e P Canopy interception

Litterfall

Litter decomposition

River water

/ \ Bedrock weathering, ion exchange ><
Parent rock

Figure 1.1. Scheme describing the main matter exchange betdiffenent reservoirs (soil-
rock system, vegetation, and atmosphere) of a staddr(after Viers et al., 2007).

Boreal regions of the Russian Arctic play a crucaeé in transport of elements from
continents to the ocean at high latitudes. In viéwhe importance of these circumpolar zones
for our understanding of ecosystem response taagWwbrming, it is very timely to carry out
detailed regional studies of trace elements (TBrhemistry in boreal landscapes. Arctic and
subarctic regions are among the most fragile zonése world due to their low resistance to
industrial impact, low productivity of terrestrialota and limited biological activity over the
year. Changing climatic conditions for the boreatl arctic regions means that a longer
growth period for terrestrial plants will enhanaganic production and cycling and possibly
increase the reservoir of organic carbon in saeitsich is a likely source for organic colloids
in surface waters (Dahlgvist et al., 2007). Thesees represent one of the most important
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organic carbon reservoirs in the form of peat bagstlands and soils very rich in organic
matter and iron. As a consequence, trace elememnsiter are likely to be transferred in the
form of organic colloids (humic and fulvic acidsjambial exudates, polysaccharides) and
organo-mineral entities (Fe and Al hydroxide siabd by organic matter) (Allard, 2006;
Allard and Derenne, 2007; Dahlqvist et al., 200002 Viers et al., 1997; Ingri and
Widerlund, 1994; Gustafsson and Gschwend, 1997ta®s®n et al., 2000; Andersson et al.,
2001; Pokrovsky et al., 2005, 2006, Filella, 2007).

1.1.2. Nature of colloids and their role in mobiliation of trace elements

In order to understand the role of colloids in &gusystems, it is important first to
characterize their occurrence and origin.

The size spectrum of chemical species in aquasitesys is presented in Figure 1.2. The
upper size limit for a colloidal suspension cancbasidered the point at which Brownian
motions is no longer the dominant process for glart+ particle interactions. In some cases,
small living organisms such as viruses, bacteri@togoa and algae frequently termed
hydrophilic biocolloids, may be included in the loadal fraction (Ogura, 1977). The lower
limit for colloids is less well defined (Prost aftbndelez, 1991), with a vague bonduary
between dissolved and colloidal phases dependirtgeonhemical species. Thus, the types of
organic colloids present in aquatic environmentduitbe macromolecular organic matter,
microorganisms, viruses, biocolloids, aggregatesxafdates and nanoparticles, such asclay
minerals and oxides of iron, aluminium and manganasated with or sorbed on organic
matter (Tipping, 1988; Guo and Santschi, 1997; IBuét al., 1998; Gustafsson et al., 2000;
Gaillardet et al., 2003). Depending on researclpgaes, it is difficult to reach an universal
definition for aquatic colloids (Guo and Sants@tiQ7).

Colloids in surface water (Gustaffson and Gschwé®@®,7) originate, in general, from
the soil horizons, and can be organic, inorganid argano-mineral (Ingri and Widerlund,
1994; Gustafsson and Gschwend, 1997; Viers e1@97; Gustafsson et al., 2000; Dahlqvist
et al.,, 2004, 2007; Pokrovsky et al., 2005a, 200dk&rd, 2006; Andersson et al., 2006;
Allard and Derenne, 2007). Degradation of plamédibn the soil’s surface yields a family of
organic colloids (soluble humic substances, i.emic and fulvic acids) which constitute, in
an insoluble form, the upper mineral soil horizon.

These organic colloids are usually combined witheral soils particles creating either
organo-mineral clay-humic complexes (i.e., Fe arldhpdroxides stabilized by organic
matter) in well drained environments, or disperseplexes if the soil is not drained
enough. In this upper horizon, trace elements lae@esent in colloidal form, being released
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during the decomposition of the plant litter. Inré& regions, the presence of wetlands,
abundant precipitation and sufficient plant productcreates favorable conditions for
formation of organic rich soils, providing high @amtrations of organic matter in surficial

waters and thus, colloidal status of many elemientgaters.

Molecular Mass
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Figure 1.2. Size spectrum of chemical species in aquatic systelaken from Guo and
Santschi (2007).

Mineral inorganic colloids are most commonly reprged by metal oxyhydroxides
(e.g., iron-, aluminium- and manganese-oxyhydrajigdsiliceous phases and clays. They are
formed during intensive chemical weathering of @ignsoil minerals (silicates and multiple
oxides) in the upper soil horizon. This processusially called “podzolisation” (e.g.,
Duchaufour, 1951, 1997; Buurman and Jongmans, 200@kes place in an aggressive acid
medium created by plant litter decomposition prasluand is controlled by the influence of a
mixture of organic acids and complexing agentsidBatC&", Mg®*, K*, Na are removed
together with iron and aluminium. This leachin@tEompanied by migration and subsequent
accumulation of iron and/or aluminium organo-mih@@mplexes in a soil horizon B called
podzolic.

One of the colloids’ properties is strong scaveggiapacities towards cations. They
play a major role in the mobilization of trace ebts in soils and waters affecting elemental
distribution in natural systems through interfacadsorption or complexation processes
(Buffle, 1988). Quantitative modeling of migrati@nd bioavailability of TE requires the
knowledge of stability constants for complexati@aations of trace metals with colloidal

organic matter. The most powerful and precise ntethb assessing these constants is
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voltammetry and potentiometry; however, their userastricted by very low number of
transition metals (Zn, Cu, Cd, Pb) and some rarth eédements (Stevenson and Chen, 1991;
Johannesson et al., 2004; Chang Chien et al., 20@6io et al., 2006). Up to present time,
large number of trace elements, including trivalemd tetravalent elements, remains
unexplored and the quantification of their stapitbnstants with natural colloidal matter is

not possible.

1.1.3. Methods of colloids’ separation

There is a whole range of currently available styegts for separation and analysis of
colloids in natural water. An important progresscimaracterizing the behaviour of TE in
aquatic environments has been done thanks to dewelnt of high resolution analytical
instrumentation and techniques (see Gaillardetl.et2803 for review). Techniques like
dialysis, voltammetry, gels diffusion (DET and DGale routinely used to obtain in situ
information for small colloids, whereas a combiaatiof rapid fractionation procedures,
including filtration, field-flow fractionation, spgHlow lateral transport thin (SPLITT)
separation cells, and cross-flow ultrafiltration F€ can be used for the ex-situ
characterization of TE association with colloids.

Ultrafiltration is most often used to characteritee proportion of dissolved and
colloidal forms in surficial rivers, lakes, groundigr and seawater (Hoffman et al., 1981,
2000; Guo and Santschi, 1996; Viers et al., 1991prP et al., 1999; Eyrolle and Benaim,
1999; Olivié-Lauquet et al., 1999, 2000; Ingri bt 2000, 2004; Pokrovsky and Schott, 2002;
Pokrovsky et al., 2005a, 2006a, 2006b; Dia et24lQ0; Pourret et al., 2007; Pédrot et al.,
2008). In practice, there are a number of compboat associated with concentration
polarisation and the formation of a gel layer (therease in colloid concentration directly
above the membrane surface due to the slow babtksaih of colloids compared to their
movement, under pressure, towards the membrane)Bstle el al., 1992). These effects
may result in fractionation occurring in a diffetesize range to that expected from the
nominal pore size of the filter. Furthermore, tlotual size range separated may alter over the
course of the filtration and is dependent on filtenufacturer and surface area (Horowitz et
al., 1996). Choice of appropriate filters and &tion conditions, in particular flow rates, can
help to reduce these problems. The separation loyoraaes may, however, be dependent on
molecular structures in NOM as well as the sizeséhsi et al., 2004). The separation of
molecules according to size and shape by membiétnatién is also influenced by the
methodical conditions.
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When more than one size fraction is required, aiescoa parallel filtration may be used
to study the colloidal size range in detail. Inczke filtration, the same sample is filtered
successively through filters of different pore sizia parallel filtration, a series of aliquots are
taken from the same sample and filtered separtdtedygh filters of different pore sizes. Both
parallel (Laxen and Chandler, 1983 and 1982) arsdaxte filtration (Douglas et al., 1993;
Moran and Moore, 1989) have been widely used. Heweaeve recommend cascade filtration
because it minimizes aggregation of colloids whochur during storage of the sample and at
the membrane surface (Buffle et al., 1992).

Ultrafiltration usually requires an initial predfiition step at a pore size of 0.45 um
(Tanizaki et al., 1992; Sigleo and Helz, 1981; &igét al., 1982). Recently ultrafiltration has
been performed in cross-flow mode (Martin et 893 for fresh- waters; Moran and Moore,
1989; Sempere et al., 1994 for seawater; Swarzensii, 1995 for estuarine waters). Cross-
or tangential flow filtration, where the suspensisnpassed across the filter surface, may
have certain advantages over traditional ultrafiibm, such as reducing concentration
polarisation and increasing the flow rate (Morad &uessler, 1993; Yeats and Strain, 1990).
Therefore, filtration is best used simply to redube polydispersity of natural particles
before applying other methods of particle size ysial When filtration is used for accurate
fractionation, filtration conditions, in particulflow rate, need to be optimized.

Some authors used dialysis as an in situ technifueollioid characterization (Benes
and Steiness, 1974; Borg and Andersson, 1984; Bamgd989; Alfaro-De la Torre et al.,
2000; Gimpel et al., 2003; Nolan et al., 2003; Busann and Sigg, 2004; Pokrovsky et al.,
2005a). Dialysis is related to filtration, but ncegsure is applied, the movement of solutes
being driven solely by diffusion. The long timegjueed to achieve equilibration (typically
days or weeks), has resulted in a limited use alfyslis in the laboratory, although it has been
used extensively for in situ measurement of digmblgpecies in waters (Holm et al., 1995;
Borg and Andersson, 1984; Benes and Steinnes, 1ff4gxample in sediment pore waters
(Carignan et al., 1985). Separation is based omd¢mainal size of the membrane, although
the slow diffusion of colloids precludes straiglorward size discrimination. Dialysis has
been used in conjunction with other fractionatienhiniques, primarily filtration, either for
comparative purposes or to fractionate materiab idissolved, colloidal and particulate
components in preference to ultrafiltration (Gasseml., 1994; Apte and Rogers, 1993).
Using filtration with dialysis, however, removeseonf the main advantages of dialysis i.e.
that it can be used in situ.

Generally speaking, chemical composition of thetrobsurface and ground waters is a
result of the rain-water-rock interaction on thetleasurface and in the soil zone (Drever,
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1982). From ultrafiltration experiments in tropicahvironment (Cameroon), Dupré et al.
(1999) demonstrated the key role of organic coflardthe transport of elements such as Al
and Fe, the major constituents of the soil minerals

Experimental study of the TE speciation in watdrsareal forest landscapes performed
by Dobrovolsky (1983) demonstrated an importané ral complex organic compounds of
metals, as well as colloidal particles. Forms ohatomic ions of iron participating in water
migration in boreal zones play here a subordinate, rwhereas organic complexes can
constitute up to 80% of the overall soluble metalsoil. Notably, the percentage of these
forms increases in more boreal landscapes, i.epoption of organic complexes depends on
the proportion of wetlands of a territory (Lauddrak, 2004; Frey and Smith, 2005). Hence,
the first goal of this thesis consists in quanitmatstudy of TE fractionation in colloids of

boreal waters using a technique of cascade fibinaaind ultrafiltration.

1.1.4. Isotopical aproches

Processes controlling the chemical compositionaitiral waters are of major interest
for geochemists because they are the main pathéayshe transport of elements and
particles from the earth surface and subsurfacéheéooceans. Chemical and mechanical
alteration of the continental crust leads to theadgregation of rocks and minerals, the
formation of soil systems and also allows the reahaf chemical elements as well as of
larger and smaller particles from altered rocks swits by rain, pore, spring and river water.

Several geochemical and isotopic studies focuspdcely on suspended particulate
and dissolved river loads in order to provide infation about their origin and to examine
elemental fractionation between colloidal and sotuphases. Strontium-isotope ratios vary
in nature because one of the strontium isotop@s)(is formed by the radioactive decay of
the naturally occurring element rubidiuf’Rb). The®'Srf°Sr ratios are mainly used as
tracers of water—rock interaction (Blum et al., 498égrel et al., 2001). The primary sources
of Sr in natural water are atmospheric input, digsan of Sr-bearing minerals, and
anthropogenic input (Négrel and Petelet-Giraud 5200

Dissolved®’SrP°Sr ratios have often been used to trace weathegitgrns, water flow
paths, erosion sources, and biological processgimdwater, watershed/lake, riverine, and
oceanic systems (Palmer and Edmond, 1989, 1992reNégal., 1993; Yang et al., 1996;
Bullen and Kendall, 1998; Chesney et al., 1998;rigeand Jiao, 2006). TH&SrF®Sr ratio in
sediments and suspended matter has also been wsddntify sediment provenance in
freshwater, estuarine, and marine systems (Fa@8%8; Douglas et al., 1995; Rachold et al.,
1997; Négrel et al., 2000; Ingramand Lin, 2002;g8iand France-Lanord, 2002; Douglas et

26



al., 2003; Bayless et al., 2004). Little attentiboywever, has been paid to the reasons for the
distinct and often large differences in the stnamtiisotopic composition (and geochemistry,
Douglas, 1993) between the particulate (> | umomal (< 1 um), and dissolved (<0.003
pum) phases. These differences are potentially itapbto an understanding of the origin and
geochemistry of the various suspended particuladedéssolved fraction entering the ocean.

Weathering is the most important factor determirtimgg Nd concentration and isotopic
composition in river water. Starting with the seegliby Balashov et al. (1964) a number of
investigations have recognized that rare earth ei¢sn(REE) are mobile during weathering
(Fleet, 1984). Detailed studies of till profiles morthern Sweden showed that besides REE
mobilization there is also a fractionation betwéght REE (LREE) and heavy REE (HREE)
during till weathering (Ohlander et al., 1991; 1986nd et al., 1999). This suggests that the
Sm/Nd ratio in a soil profile change during weaihgrcausing the isotopic composition of
the released Nd to be different from that of thiklswil. Changes in Nd isotopic composition
during till weathering was clearly demonstratediistudy in northern Scandinavia (Ohlander
et al., 2000) and these results suggest that selestathering of the REEs might be an
important factor governing the isotopic compositafraqueous transported Nd.

The aquatic geochemistry of REE in rivers and emsahas been summarized in
Sholkovitz (1995). However, despite several studégiver water REEs, there are few
investigations on the temporal variations in REBasmtrations in river water. A detailed
study of river water transport of REE demonstrdsgde seasonal variations for La with the
concentration varying by a factor of seven, and tie major fraction of the REE transport is
with colloidal particles rich in organic C and Hedri et al., 2000). Although the relative
proportions of aeolian and river introduced Ndhe bceans are not fully understood (Jeandel
et al., 1995), rivers are an important pathwayNdr Therefore a detailed understanding of
the river transport is necessary to be able to nstaled how the Nd isotopic signal is
transformed between its continental sources arad famminus, i.e., seawater and sediments.

Mg isotopes were reported to be particular useduldeciphering fractionation between
plants and soils/solutions (Bolou-Bi et al., 2014llicate (De Villiers et al., 2005; Pogge von
Strandmann et al., 2008), and carbonate (Brenatl.e2008; Jacobson et al., 2010) rock
weathering including paleoenvironments (Pokrovskyak, 2011) and during biotic and
abiotic carbonate mineral precipitation (Shirokataal., 2011; Mavromatis et al., 2012). In
all these studies, Mg in aqueous solution is cansidl to be present as ionic or inorganic
complexes of homogeneous isotopic composition. Hewen various natural settings Mg
may form complexes with organic matter and whoséofge fractionation factor is still very
poorly known, except for chlorophyll (Black et a2Q06). The organic-rich boreal waters
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selected in this work having significant proportiohMg in colloidal (1 kDa-0.22 pum) form

offer an unique opportunity to test the hypothedisvo pools of dissolved Mg (colloidal and
ionic) and to check the existence of isotopic ebudm between colloidal and truly dissolved
fractions.

In contrast to magnesium, copper is known to begrrein the organic species both
allochthonous soil-derived colloidal (1 kDa - 0.@Zn) and autochthonous, phytoplankton-
derived Low Molecular Weight (< 1 kDa) complexescthight and Morel, 1979, 1980; Ito
and Butler, 2005) having presumably different digbtonstants (Hoffmann et al., 2007).
The isotopic composition of copper is fairly wetlidied in river waters (Vance et al., 2008),
soils (Bigalke et al., 2010 a, b; 2011) and plgH¢ginstein et al., 2011). Provided thathe
isotopic equilibrium is attained and no reduction of Cu(ll}» Cu(l) occurs in natural
colloids, the C&" complexed with strong organic chelates may be &epeto be enriched in
heavy isotope relative to uncomplexed dissolved* Gimilar to that of F& (Dideriksen et
al., 2008) and Z1i (Gélabert et al., 2006; Jouvin et al., 2009). Tieer finding is in accord
with the quantum mechanical calculations which fmtethat the heavier isotope should
concentrate in the species in which it is mostrgityp bounded (Criss, 1999), as also proved
in the case of other metal complexation with organatter. The difficulties in applying these
principles to natural waters lay in distinguishibgtween different types of ligands and
colloids. Ultrafiltration through progressively deasing pore size offers an elegant way of
quantifying copper isotopic composition in high almv molecular weight colloids and
organic ligands which will be applied, for the fitsne, to boreal stream and bog water.

Evidence from Fe isotope investigations has shohat transition metal isotopic
signatures can be dynamic in rivers and streamsekample, Fantle and DePaolo (2004)
demonstrated that streams with high concentratiohsdissolved Fe relative to the
concentration of Fe in the suspended loaddi&ek values that werel.0%. lighter than those
for average igneous rocks0%., e.g., Beard and Johnson, 2006). The work bgdest and
Boyle (2006) on Fe isotopes in the Amazon Rivetesysrevealed thai*®Fe values varied
substantially among several of the river tributsrigloreover, Ingri et al. (2006) showed that
bulk Fe isotopic signatures in streams vary sedspmpaobably due to differences in isotopic
fractionation among distinct colloidal phases. Amdhe most important mechanisms that
control Fe isotope fractionation are: modificatiasf the oxidation-reduction state,
complexation with organic matter, dissolution amdgpitation of Fe minerals (Fekiacova et
al., 2010). Hence, it is clear that Fe isotopicnatgres in river waters provide novel, yet
poorly understood, biogeochemical and source inédion. In order to use Fe isotopic

signatures to unravel the geochemistry of Fe, wetrfitst investigate how Fe isotopes are
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mobilized, transported, and fractionated betweesalved and colloidal phases.

1.1.5. Change of trace elements speciation in thertext of the global climate warming

Metals speciation in natural waters is of incregsinterest and importance because
toxicity, bioavailability, environmental mobilitjhiogeochemical behavior, and potential risk
in general are strongly dependent on the chempaties of metals (Fytianos, 2001). To
allow an explanation of the diverging degrees afalailability and toxicity of different
elements, enhanced knowledge is needed about thmmicdl forms in which the trace
elements are present in water.

Arctic and subarctic regions are among the mosfiléazones in the world due to their
low resistance to the industrial impact, low praility of terrestrial biota, limited biological
activity over the year, and thus, low ability oéthcosystem for selfrecovering. In view of the
importance of these circumpolar zones for our ustdeding of ecosystems response to the
global warming, detailed regional studies of traements geochemistry in the boreal
landscapes are very timely. Mobility of the organarbon (OC) and associated TE during
permafrost thawing caused by the climate warminthésmain change happening in boreal
zones and one of the principal environmental amehsitic challenges nowadays. Continuous
increase of the runoff of Russian arctic riversimgithe last several decades (Serreze et al.,
2002) together with the liberation of carbon andtaisescavenged to present day by this
permafrost (Guo et al., 2004) can modify fluxes edéments exported to the oceans
(Hélemann et al., 2005), as well as their speamatioriver water and soil solutions.

A detailed chemical and physical description of emus colloids and particles in
terrestrial surface and ground waters may be daitgedevance for future studies in the light
of global climate change and warming. Changing atimn conditions are likely to
significantly affect annual mean temperatures enlibreal and arctic regions and modify both
type and amount of precipitation, thus directlyeating hydro-geological pathways. A longer
growth period for terrestrial plants will enhanagamnic production and cycling and possibly
increase the reservoir of organic carbon in saitsich is a likely source for organic colloids
in surface waters. At the same time thawing perosafwill release large quantities of organic
carbon to stream waters. It is difficult to asséssv global climatic changes will affect
regional hydro-geochemistry. It can be argued ginatind waters with long residence times
are sources for surface waters with high conceatratof Fe-rich colloids. In contrast to this
are soil waters rapidly washing the uppermost acgach layers, e.g. during episodes of
intense snowmelt or rainstorms, acting as a sofmcerganic-rich colloids. However, it is

clear that the colloidal fraction will continue lb@ a significant component in surface waters
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and a carrier for other trace elements. It is tloeeeimportant to understand current processes
and conditions under which certain types of coloade present and of significance for the
total transport of major and trace elements from t#rrestrial environment to the ocean
(Dahlqvist et al., 2007).

1.2. Description of the region
1.2.1. Characteristics of the boreal zone

The study of pristine river geochemistry, apartsome undeveloped tropical regions
and temperate areas of the southern hemisphere, temslency to be more and more limited
to the subarctic regions. The boreal zone’s renesteand harsh winter climate have led too
much of it being sparsely populated by people. &tth not completely isolated from
anthropogenic influence, the subarctic environmeats relatively pristine which is
significant for the studies of basic biogeochemicechanisms operating in the terrestrial
biosphere.

Covering most of inland Russia (especially Sibersayeden, Finland, Norway, Alaska
and Canada, as well as parts of the extreme nartb@ntinental United States, northern
Kazakhstan and Japan (Fig. 1.3), tagja or boreal forestis the world's largest terrestrial
biome extending throughout the middle and hightudgs (from 55°N up to the North Pole
Circle) (Sayre, 1994).

A3

Figure 1.3. Geographical distribution of the taiga (boreal) eqafter the Képpen-Geiger
climate classification world maphitp://fr.wikipedia.org/wiki/lmage:Taiga.png

Taiga zone has a harsh continental climate witkerg large temperature range between
summer and winter varying from -50°C to 30°C throowgt the whole year. Aside from the
tundra and permanent ice caps, it is the coldestn®ion Earth. The zone experiences
relatively low precipitation throughout the yeaf(8850 mm annually on average), primarily
as rain during the summer months, but also as molgsaow; as evaporation is also low for

most of the year, precipitation exceeds evaporadiwh is sufficient for the dense vegetation
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growth (Sayre, 1994). The forests of the taigalargely coniferous, dominated by larch,
spruce, fir, and pine, but some broadleaf trees atsur, notably birch, aspen, willow, and
rowan.

Rocks of the NW Russia boreal zone are very hetgregus and presented by Archean
granites, basalts, ultramafic rocks. Much of theaawvas glaciated about 10-15 thousand years
ago. As the glaciers receded, they left depresdimatshave since filled with water, creating
lakes and bogs (especially muskeg soil). Elsewtier@ocks are covered by granitic moraine
released by glaciers in retreat.

Boreal soils tend to be geologically young and podeveloped varying in depth from
30-40 cm in the north to 60-85 cm in the south amuktly presented by podzols in the
European zone. They tend to be acidic due to tleerdposition of organic materials (e.g.,
plant litter) and either nutrient-poor or have marits unavailable because of low temperatures
(Sayre, 1994).

1.2.2. Study site

A part of the boreal region considered in this wimrlsituated between latitudes 67°N
and 56°N and longitudes 30°E and 38°E in Europeaihgs Russia. The natural waters of the
north of boreal region, North Karelia (1) and tloaith of boreal region, Central Russia (2)
were chosen as the objects of the study (Fig. THgre are basins of the Vostochniy Stream,

Palojoki River, Senga River, Ignatkovo Lake andlibg of Tsipringa lake basin.

Boreal

Physiography of Elevation
Biogeographical Region

Figure 1.4.Map of the European boreal zor&o(rce: EEA. UNEP/GRID Warsaw final map
production from http://www.eea.europa.ew)th the studied Karelia area (1) and Central
Russia area (2).

The river Palojoki flows out of Kivakkalampi Lake,drains the rocky massif Kivakka
from the south and empties into Pyaozero Lake. rilex has a rapid current; its length is
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about 9 km and relative altitude of 155 m. The beklrcomposition of the catchement are
micro-pegmatic granites, granosyenites, syenitgenisdiorites of the low-Proterozoic,
biotite garanitogneisses and tributary biotite tilmeamphibolite and amphibolite gneisses and
amphibolites of the low-Archean ang glassial dejgasi Quarternary.

The stream Vostochniy flows from west to east amghtees into the lake Tsipringa. Its
length is about 1 km and relative altitude of 50the catchment area is of 0.95 %krithe
bedrock of the catchment is amphibolitic gabbroadighe low-Proterozoic of the Olanga
groupe intruzive.

The bog (ZPBL) empties into the lake Tsipringa. fésative altitude of 30 m, the
catchment area is of 1.19 knThe bedrock of the catchment is Biotite garamitigses and
tributary biotite, biotite-amphibolite and amphitbelgneisses and amphibolites of the low-
Archean.

The river Senga is the right tributary of the Klga River. Its length is about 32 km;
the catchment area is of 163 krThe bedrock of the catchment is alluvial flat difs of
Holocene.

The lake Ignatkovo is an oligotrophic bog lake o8 &nf. The bedrock of the

catchment is bog deposits of Holocene.

1.3. Methods using in the study
1.3.1. Cascade filtration and ultrafiltration

The main technique used in this study is a castlidgion. Large volumes (20-30 L)
were collected in pre-cleaned light-protected PMitles for size fractionation procedure
employing 100, 20, 10, 5, 0.8, 0.4, 0.22, 0.1, 6,@0066 (100 kDa), 0.0031 (10 kDa), and
0.0014 um (1 kDa) cascade filtration and ultradtittn conducted directly in the field
conditions using specially prepared polyethyleneeced clean space. The main
characteristics of the filtration are listed in #e@heme of the procedure is given in Figure 1.5.

Filtration through 100 pm or pre-filtration was fogmed using nylon net
“Fisherbrand”. Cascade frontal filtration with tbecreasing pore size from 20 to 0.1 pum was
performed using a 250-ml vacuum polycarbonate (feHigene) and nylon membranes
(Osmonics). Frontal ultrafiltration (UF) in the g 100 — 10 — 1 kDa was performed using a
400-ml polycarbonate cell (Amicon 8400) equippedhwa suspended magnet stirring bar
located beneath the filter to prevent clogging wmigrifiltration. Vacuum filtration was
performed using a portative hand-pump, and theafittation was performed using a

portative automobile pomp. The large volumes of saenples were passed through the
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Lavsan (polyethylene tereph-thalate, PETP) fil@r$.4 um pore size and 500 cm? surface
area. The filtration occurred via gravitationaMi@0.3-0.5 kPa).

N TS SEREAARm - %,
£ 2 | “Fisherbrand” nylon —| 100 um [= sampling prefiitration
Do T
® oy . #
»« (a0 ym =i mecroirsion
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£ & regenerated
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Figure 1.5.The scheme of cascade filtration used in thisystud

Between each sample, the filtration system wasnelgay flushing EasyPure water,
then 3% ultrapure HN§) and finally, EasyPure water. Each filter was sohih EasyPure
water during at least 1 day before the experimendtsed only once. During filtration, the
first 50 ml of sample solution were discarded, thillewing saturation of the filter surface
prior to recovery of the filtrate. Discussions bisttechnique and precautions against possible
filtration artifacts are given in Viers et al. (I99 Dupré et al. (1999), Pokrovsky and Schott
(2002), Pokrovsky et al. (2005, 2006), Alekhin le{(2010).

Dialysis experiments were performed using 20-50pnekcleaned dialysis bags placed
directly in the river or bog water (in-situ dialgsi The duration of this dialysis procedure was
between 72 and 120h. For dialysis experiments, ElEAned trace-metal pure SpectraPor
7® dialysis membranes made of regenerated cellulodehaving pore sizes of 1 kDa were
thoroughly washed in EasyPure water, filled wittrapure Milli-Q deionized water and then
placed into natural water. The efficiency of thealgsis procedure was evaluated by

comparing major anion concentrations. These coratonis were always identical to within
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+ 10%, suggesting an equilibrium distribution ofgsblved components. Further details of
dialyses experiments procedure are described igikasa et al., 2010 and Pokrovsky et al.,
2011, 2012.

1.3.2. Chemical analysis

Water temperature, pH, dissolved oxygen concentratand conductivity were
measured in the field. The pH was measured usiognzbination glass electrode calibrated
against NIST buffer solutions. Dissolved oxygen evereasured using analizator of liquids
«Expert-001» with termooxymeter (Clark oxygen senswith uncertainty of 5%. Major
anion concentrations (CISQ®, NOy) were measured by ion chromatography (Dionex
2000i) with an uncertainty of 2%. Alkalinity was amired in situ by Gran titration with HCI
using phenolphthalein as indicator. The dissolveghoic carbon (DOC) was determined
using Shimadzu SCN Analyzer (Toulouse) and Elemmeh@C analyzer (Moscow) with an
uncertainty of 3% and a detection limit of 0.1 mg/L

To study the spectrophotometric characteristighefwater samples directly in the field
the absorption in the wavelength range 375-655 mmpbotometer “Expert-003” were
measured. The cartridges with working wavelengffs, 300, 430, 470, 505, 525, 572, 590,
655 nm and the glass cell of the length 30.01 mmewseed. Absorption spectra (resolution 1
nm) of the filtrates over the wavelength range Z00- nm were measured with the
spectrophotometer Specord 50 in the laboratory.

Weight average molecular weights were measurediZgy exclusion chromatography
(SEC) using chromatographic system Agilent 1100iléhg Technologies, USA) with diode
array detector and Ultropac column TSK G2000SW 308xnm (LKB, Sweden). Solution of
0.1 M Na—phosphate buffer (pH 7) and 0.1% sodiuntedyl sulfate was used as an effluent.
All samples were purified from low molecular weigtdntaminants by elution through a
Sephadex G-10 column. Calibration was made by dgolpuoteins.

Major and trace elements (TE) were measured witippetoncentration by ICP-MS
(7500ce, Agilent Technologies). Indium and rhenimere used as internal standards. The
international geostandard SLRS-4 (Riverine WatefeR@ce Material for Trace Metals
certified by the National Research Council of Ca)adas used to check the validity and
reproducibility of each analysis. A good agreemmgtiveen our replicated measurements of
SLRS-4 and the certified values was obtained (k&atifference < 5%).
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1.3.3. Isotope analysis

Prior the isotopic separation using chromatogramaltimn, filtered acidified water
samples were evaporated in wide mouth Teflon coatai(300 mL volume) placed on teflon-
coated hotplate at 80°C located within the isolgtetycarbonate box (internal air filtered
class A 100). Blank Milli-Q water (apparatus M- Element Merck Millipore) was
routinely evaporated using the same procedure.igtiaes formed at the bottom of
containers were digested using the mixture of HNB,O, and HF following standard
procedure of organic-rich solid samples digestiiers et al., 2007). The digestion products
were evaporated and dissolved in HCI or BN@rapure bidistilled acids before introduction
to the column. All sample preparation manipulatiovere performed in clean room class
A10000 and the chromatographic separation was adedun the laminar hood box class

A100 located in the clean room.

1.3.3.1. Strontium

Strontium isotopic ratios were measured by thermaization mass spectrometry
(Finnigan Mat 261) preceded by chemical separatioth chemical extraction of Sr by ion
exchange chromatography using chromatographic rabter.Spec and HF, HNQOand HCI
acids in a clean room. Data correction was baseth@systematic analysis of the NBS 987
standard. The average value®88r°Sr for NBS 987 standard (0.710248) was found to be
0.710250 £ 0.000010 (n = 10).

1.3.3.2. Neodymium

Nd isotopic ratios were carried out by thermal zation mass spectrometry (Isoprobe-
T, GV Instrument) at the Laboratory of analyticavdlopment for isotopic and elementary
analysis and by multicollector inductively couplgldsma mass spectrometry (Neptune Plus,
Thermo Fisher Scientific) at the LSCE (Laboratomes Sciences du Climat et de
I'Environnement) laboratory.

Nd was isolated from the bulk sample using twoedéht methods. In the first one (for
the samples analysed by TIMS) the protocol followesl method already described by Pin et
al. (1994, 1997). The second one isolated the earth element using a Tru-Spec resin
(Quidelleur et al., 2009) followed by a high perfance liquid chromatography using a Luna
SCX (Strong Cation Exchange) analytical column wakhydroxy-2-methylbutyric acid
(HMBA, Sigma—Aldrich) complexing agent (Goutelatdaé, 2009, Bourgeois et al., 2011).
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For TIMS measurements, Nd was acquired in mulisstatode and using the total
evaporation method (Dubois et al., 1992). This metvas adapted to allow measurements of
low quantity of Nd, between 1 and 5ng (Mialle et, #011). The average value for
13N dA*Nd for the JNd-1 was found to be 0.51204 + 0.00@820).

For MC-ICP-MS measurements, the instrument waspggui with an Apex system to
increase the sensibility at a value of 420V/ppm. ddthple were analysed at concentration
around 2 ng-4Q Data are corrected from mass bias using JNdidl standard bracketing
method. Data were also corrected from an residual c®ntamination using the ratio
145 mA*%Sm=1.08680 + 0.00016 (Isnard, 200B)4(0) was determined using the value
(**NdH*Nd)chur=0.512638.

1.3.3.3. Copper

Cu isotopic composition was measured on the Nepil@dCP-MS (ThermoFinnigan)
at GET (Toulouse). Cu has two stable isotopes ofsnm&8 and 65, which have average
abundances of 69.17% and 30.83%, respectively. &uisolated from the bulk sample using
the purification procedure of Marechal et al. (1968)the AGMP-1 anion exchange resin
(Bio-Rad, USA). Poly-Prep chromatography column8 ¢04 cm) (Bio-Rad, USA) were used
for the elemental separation. After the resin wigared (1.6 mL) with MilliQ deionized
water (18.2 X) and 0.5 N HNfthe conditioning of the resin (6 mL) and the liogdof the
sample (300 ng of Cu in 1 mL) were performed with HCI. The hydrogen peroxide was
added into the acid solution at a 0.001% conceatrab avoid the presence of Cu in a
different redox state. The matrix was eluted withmL of 7 N HCIl and Cu was collected in
the next fraction (20 mL of 7 N HCI). Because igmtofractionation may occur during the
elemental separation on the ion-exchange resindéhal and Albaréde, 2002), we analyzed
only the samples for which the separation proceguogluced a 100% vyield, taking into
account the analytical uncertainties (Pokrovskglgt2008). Instrumental mass fractionation
effects were corrected using sample-standard biiagkenethod or internal Zn standard and
an exponential law; all data are presented in detitation with respect to NIST 976

international reference material (Marechal et 809):

(65CU/ 63C U) sample

- 1) *1000
(6sCu/63Cu)amc

3°°Cu (%o) = (
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1.3.3.4. Magnesium

Magnesium separation from matrix elements (maing) @as performed using the
protocol defined by Teng et al. (2007), in whichb+ily of Mg were evaporated to dryness
and re-dissolved in 2 ml 1 N HNOS3 solution. Lasamples were loaded onto Bio-Rad poly
prop 10 ml columns containing AG50W-X12 resin. Mgptopes were measured with a
Thermo-Finnigan ‘Neptune’ Multi Collector InductiyeCoupled Plasma Mass Spectrometer
(MC-ICP- MS) at GET (Toulouse, France). All solutsowere prepared in 0.32 M HN@nd
were introduced into the Ar Plasma using a standgméy chamber. Instrumental mass
fractionation effects were corrected using samfdedard bracketing, and all data are
presented in delta notation with respect to DSM8rirational reference material (Galy et al.,
2001):

(XMg/24Mg)sample _
(xMg/24Mg)psms

Mg (%o) = 1) *1000
The reproducibility o®*®Mg analyses was typically <0.07 %o as confirmed églicate
analyses of three international Mg reference stalsd@SM-3, CAM-1 and OUMg).

1.3.3.5. Iron

Filtered and acidified water samples were evapdratehe clean room of class 10 000
and iron was purified using anion exchange chrografthy in a HCI medium (Strelow,
1980), as outlined in Poitrasson et al. (2004). Wed 0.5 ml of Bio Rad AG1 X4, 200-400
mesh anionic resins loaded in thermoretractabléoefolumns having an internal diameter
of 4 mm. After resin wash using the elution reageamd preconditioning, samples were
loaded in 0.5 ml of 6M HCI and the matrix was etute 3 ml of the same acid. Iron was
quantitatively eluted with 2 ml of 0.05M HCI. Puefl iron samples were analyzed in a
0.05M HCI solution. Iron and the internal standd¥d,were set to a concentration of 1 and 3
ppm respectivly.

Iron isotope measurements were performed at GET&MRIoulouse using a Thermo
Electron Neptune MC-ICP-MS (Bremen, Germany) foilogvthe methods described in
Poitrasson et al. (2005). All analyses are reparetie delta notation relative to the IRMM-
014 standard, expressed &&F e, which represents the deviation in per mil retato the

reference material:

(57 Fe/ 54Fe) sample
(s7Fe/54F€)IrvMm - o014

5 'Fe (%o) =( - 1) *1000
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We also obtained*°Fe values but, since the relationships betw®&fe andd 'Fe of
the samples plot on a single mass fractionatios, lamly 3'Fe values are discussed in this

paper. Data quality was checked by reported anslygseur house hematite standard every 5

samples in the analytical sequence.

1.4. Objectives and scope of the study

This study is aimed at improving our understandifigrace element speciation and
migration under typical conditions of boreal ago&mnvironment.

The main objectives of the study are:

1) To describe the molecular weight distribution cice elements and organic

matter in various types of natural waters represtess of boreal watersheds;

2) To characterize trace elements, their colloidalm®rand organic matter
speciation in the continuum soil solution — bogream — feeding and terminal
lakes in the surface subarctic waters;

3) To test the dependence of isotopic compositionractibn size, speciation and
physico-chemical conditions of the waters and togare their isotopic ratios
for the south and the north of Russian Europeaaabaone.

The main originality of the work is to apply the tined of cascade filtration to study the
molecular weight distribution of trace elements sarface waters and to combine the
geochemical and isotope techniques, for the firseton the same natural objects, and
particularly on the system soil solution — bogreain — feeding and terminal lakes.

1.5. Thesis organisation

The manuscript is composed of the main thesis basegublications, submitted or in
preparation, addressing the above mentioned obgsstand the supplementary information
which comprises several extended annexes presantadgtical results.

The principal part of the manuscript comprises folapters organized in the form of
scientific articles all devoted to geochemical hetwar and forms of migration of elements in
natural waters of European boreal zone, comprisintgorough study of size fractionation
along the progressively decreasing pore size frothm to 1 kDa.

» Chapter 2: Size fractionation and optical properties of dissolved organic matter

in the continuum soil solution-bog-river and termiral lake of a boreal watershed
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(North Karelia, Russia). This manuscript (llina et al., 2012c, in prepanatimr
Biogeosciencgsis aimed atassessing the change of size fractionation of Wiedo
organic carbon and its chemical and optical progerin series of filtrates and
ultrafiltrates of progressively decreasing poreesimvestigated over 5 orders of
magnitude, from 100 um to 1 kDa, along the landsctpnsect from the source
(feeding) soil solution and humic bog lake to ttream and to the terminal lake.
Chapter 3: Speciation, size fractionation and trangort of trace elements in a
boreal watershed (North Karelia, Russia). This paper (llina et al., 2012d, in
preparation foiChemical Geology is aimed aassessing the change of concentration
and element ratio change in the series of cascligdels and ultrafiltrates from 100
micron to 1 kDa, and estimation the degree of fanstion of TE speciation and
size distribution of colloids along the gradientl smlution — feeding bog and lake —
stream — terminal lake.

Chapter 4: Stable (Cu, Mg) and radiogenic (Sr, Nd)isotope fractionation in
colloids of boreal organic-rich waters. This manuscript (llina et al., 2012b,
submitted toChemical Geologydescribes the results of the isotopic composition
radiogenic and stable elements, their associatitin evganic matter that depends on
the type of surface waters (bog and soil solutidake and river) and degree the
association of trace element with colloidal frastmontrol the variation of its isotopic
composition during filtration and ultrafiltratiomdm 100 pum to 1 kDa.

Chapter 5: Extreme iron isotope fractionation betwen different size colloids of
boreal organic-rich waters. This part contains a publication (llina et al., 281
submitted taGeochimica et Cosmochimica Artahich is aimed to test the possibility
of the presence of different pools of Fe colloidsihg distinct isotopic signatures in
different size fractions; to characterize the tfamsation of stable isotopic
composition of colloidal Fe in various environmewighin the same watershed and to
compare isotopic signatures of filtrates and ultrates in organic-rich rivers and
lakes between the arctic and temperate zone atvaseesimilar hydrochemical and
lithological environments.

In Chapter 6, conclusiors of the principle results are synthesised pergpectivesof

further research are outlined.
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Chapter 2

Size fractionation and optical properties of dissaled organic
matter in the continuum soil solution-bog-river andterminal lake

of a boreal watershed (North Karelia, Russia)

S.M. llina, O.Yu. Drozdova, S.A. Lapitskiy, Yu.rkAin,
V.V. Demin, Yu.A. Zavgorodnyaya, J. Viers, O.Sr&aky

In preparation foBiogeosciences
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Abstract

Size distribution and speciation of organic matiternatural waters between soil
solution, bog, stream and feeding and terminal ledee been investigated in the basin of the
Vostochniy Stream of north boreal zone in the Karetgion of North-West Russia during
the summer base-flow period. The samples werattr directly in the field using cascade
filtration as the mode of size fractionation progexiwith a progressively decreasing pore size
(100, 20, 10, 5, 0.8, 0.4, 0.22, 0.1, 0.046, 0.006® kDa), 0.0031 (10 kDa), and 0.0014 pum
(1 kDa)) followed by dissolved organic carbon asay UV-vis and size exclusion
chromatography measurements. The surrogate pananseteh as SUVA, I54/E436 Ezso/Esso,
E2sdEses, EssdEa70 and EB7oEsss were applied for the characterization of OM in tredural
waters of soil solution, bog, river and lake.

In < 0.22 um filtrates, there is a systematic daseeof DOC concentration, C/N ratio,
SUVA (hydrophobicity and aromaticity) and proporti@of colloidal (1 kDa — 0.22 um)
organic carbon along the watershed profile, fromt is@g soil solution, feeding humic lake to

the middle course of the stream and the termingbtbphic lake. Within the filtrates and
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ultrafiltrates of soil solution and terminal lakbde C/N ratio increases from 100 to 140 and
from 7 to 25 for fractions of 0.22-10 um and < lakDespectively. The SUVA, degree of
humification, and hydrophobicity and aromaticityngeally increase from HMW to LMW
fractions being the highest in < 1 kDa fractioneTdbtained results allow for comprehensive
view of DOM transport and transformation among easi size fractions within a small boreal
watershed that can serve as an analogue of snaatlsrdischarge to the Arctic Ocean. It
follows that, during the summer baseflow seasomjrifleunce of organic-rich interstitial soil
solutions originated in a typical peat bog zone bancompletely masked by the processes
occurrirng in adjacent bog surface waters, feedikgs as well as in the stream itself. As
such, depending on local physico-geographic settimmne may expect extremely high
variability of both chemical nature and moleculaight of DOM delivered by small coastal

watersheds to the Arctic Ocean during summer basgdkeriod.

2.1. Introduction

Dissolved organic carbon (DOC) in aquatic environtegepresents one of the largest
active organic carbon reservoirs in the biospheitl, the amount of DOC in the oceans alone
being comparable to the amount of £€arbon in the atmosphere (Mannino and Harvey,
2000). It is a vital resource (Sun et al., 1997 tx@ket al., 1995), affecting food webs either
directly, by uptake from organisms, or indirectly tmechanisms such as turbidity, pH, metal
chelation, and transport of contaminants (McDoredldl., 2004).

The diversity of DOC within a specific reach ofteeam is dependent on the potential
number of sources (Koetsier et al., 1997), the itwjahnd availability of the DOC to
organisms. Sources of carbon can come from a yaokfplaces with respect to a river,
including autochthonous sources, or sources ofocathat arise from in-stream processes,
and allochthonous sources, or sources of carbdretitar the stream and are external to the
stream. Autochthonous sources may include leadnate dead organisms, phytoplankton,
exudates etc., while allochthonous sources mayudeclleachate from surrounding soils,
grasses and inputs from riparian trees (Graca,)1993

Natural organic matter (NOM) is found in all sugaground and soil waters. NOM is a
complex mixture of organic compounds present irfraBh water, particularly surface waters.
NOM consists of a range of different compoundsmfriargely aliphatic to highly colored
aromatics. NOM present in waters consists of bgtirdphobic and hydrophilic components
(Matilainen et al., 2011). The hydrophobic partich in aromatic carbon, having phenolic
structures and conjugated double bonds, while ipfdlic NOM contains a higher proportion
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of aliphatic carbon and nitrogenous compounds, sischarbohydrates, proteins, sugars and
amino acids. Hydrophobic acids constitute the mepartion of aquatic NOM, accounting for
more than half of the dissolved organic carbon (D@Gwvater (Thurman, 1985; Swietlik et
al., 2004).

A major fraction of NOM present in surface or grduwaters is composed of humic
substances, which are complex macromolecular ptedof the chemical and biological
degradation of plant and animal residues includiigmin, carbohydrates and proteins
(Uyguner and Bekbolet, 2005).

Humic substances (HS) are ubiquitous in water, @od sediments, being one of the
most widely distributed classes of natural prodoctgarth (lkan et al., 1990). They represent
about 25% of the total organic carbon on earth @rdprise 50-75% of the DOC in waters
(Robards et al., 1994; Hertkorn et al., 2002) awdsuch, they play an important role in the
riverine ecosystem. HS are formed in the procesBuafification from different structural
precursors of biotic origin and have irregular stowe and varying composition (Zavarzina et
al., 2002). HS can be further separated into tlv@aponents, according to solubility as
humic acids, fulvic acids and humin. Humic acide aefined as the fraction of humic
substances that are not soluble in water under @mdlitions (below pH 2), but become
soluble at greater pH. They are often referredstbeing the high molecular weight fraction,
with weights being estimated to range from 1506Q60 Da in streams, and from 50,000 to
500,000 Da in soils (Malcolm, 1990). Fulvic acide ¢he fraction of humic substances that
are soluble under all pH conditions and are refert@ as moderate molecular weight
substances ranging from 600 to 1000 Da in streardsl800 to 5000 Da in soils (Malcolm,
1990). The third fraction, humin, is defined as ftfation that is not soluble in water at any
pH value. Although the classification of humic siaoees into humic and fulvic acids is
based on soil chemistry, the same terminology aptetl for aquatic organic matter.

Some of the molecules of which DOM is comprised tamn chromophores and
fluorophores, through which DOM interacts with U¥idavisible radiation. DOM contains
many nonidentical chromophores, whose collectitenaiation of incident UV and visible
light causes the absorbance of DOM to decrease imidteasing wavelength (Perdue and
Ritchie, 2003).

The organic carbon content in water is used asragate parameter to represent NOM
concentration. Additionally, UV absorbance at 254 (UV254) is interchangeably measured
with total organic carbon (TOC) to represent theNNE@bntent in natural waters (Najm et al.,
1994). SUVA (UV-adsorption A254nm(1cm)/mg C'Ls defined as the UV absorbance of a
given sample at 254 nm divided by the DOC concéntraf the sample. This ratio describes
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the nature of NOM in the water in terms of hydrapiedy and hydrophilicity; a SUVA >4
indicates mainly hydrophobic and especially aromataterial whilst a SUVA <3 illustrates
mainly hydrophilic material (Edzwald and Tobias@899).

Several researchers have emphasised that a goednagmt may exist between the
ability for NOM removal by coagulation and a high\FA-value (Archer and Singer, 2006;
Bose and Reckhow, 2007). Ratios between two diffeneavelengths such as: A254/A204,
A254/A436, or A250/A365, have also been reportedbeouseful in NOM characterisation
(Hur et al., 2006; Spencer et al., 2007; Li et 2009). The UV absorptivity at 280 nm was
also introduced to represent total aromaticity beea-n* electron transition occurs in this
UV region (ca. 270-280 nm) for phenolic arenes,zZo@nacids, aniline derivatives, polyenes
and polycyclic aromatic hydrocarbons with two orrenangs (Traina et al., 1990; Chin et al.,
1994).

Towards a better understanding of the main featof&OM transformation during its
transfer from the soil to the river, within a cantum soil solution — stream-terminal lake, we
selected a small pristine boreal (subarctic) whtmls Over past decade, there is significant
rise of the interest to boreal and subarctic zoh&hkvstems from to the governing role of
these landscapes in carbon cycle regulation in lattudes and overall for the planet (IPCC,
2007). This is mostly due to 1) high stock of ongazarbon in soils of northern hemisphere
that can be delivered as ¢® the atmosphere due to various transformatianti@s in the
aqueous phase, and, 2) at the same time, high rabifity of boreal regions to climate
warming. In particular, the increase of DOC concaitn in surface waters due to global
warming as it is observed in Nordic Countries, iBhitlsles, and Northern and Eastern United
States (by approx. 10 % over 10 years, Evans e@05) and on-going acidification of
boreal surface waters (Reuss et al., 1987, Boad,e1989; Skjelkvale et al., 2001; Davies et
al., 2005; Neal et al., 2008) should inevitablyeaboth the chemical nature of DOM and its
bioavailability. In order to assess the main biadeonical features of dissolved organic
matter, we used frontal cascade filtration / uiltraftion aiming to answer the following

questions:

1) Is there a trend of DOM concentration and its clvahgomposition (C/N ratio,
SUVA, light absorbance in visible range) from theurce (feeding) soll
solution and humic bog lake to the stream and @at¢hminal lake, and how it
may reflect the relative contribution of allochtloms (soil humic) and
autochthonous reservoirs?

2) What is the size fractionation of dissolved orgamarbon along the

progressively decreasing pore size, over 5 ordersagnitude, from 100 pum
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to 1 kDa, along the landscape transect?

3) How variable are chemical and optical propertiesDb@M among the size
fractions of various water samples, from soil soluto the terminal lake, and
what are the main physico-chemical and biologicgakpsses responsible for
this transformation?

4) Can the chemical and molecular size parameters@¥Dn soil solutions
serve as approximation for the nature of DOM dekdeby small coastal
organic-rich rivers to the Arctic Ocean?

It is anticipated that addressing these questioilk provide new insights in the

mechanisms of dissolved organic matter migratiothiwithe typical small watersheds

of the subarctic zone and allow to establish th&slibetween the physico-chemical
properties and bioavailability of DOM and its pdssitransformation reactions in the

estuarine zone.

2.2. Object description (climate, geology and hydtogy)

The climate of the region is mild-cold, transitibrieetween oceanic and continental,
with a determinant influence of the Arctic and Nharn Atlantics. Winter is long and soft,
summer is short and cool. Average temperature mualy is -13°C, and +15°C in July, but
extremes can reach -45° to +35°C in winter and senperiods, respectively. The dominant
wind direction is South-West in winter and NorthsEan summer. Average annual
precipitation amount is between 450 and 550 mnfyrow period lasts from October to
April-May with the average thickness of snow co¥8r— 80 cm, but often over than 1 m. The
territory is under the influence of the warm Gutfeéam, but microclimatic conditions differ
dramatically because of the large cross-countryguimmer in the deep and sheltered valleys
it's much warmer than on the mountain tops, whereasnter it's much colder in the valleys
where the mountains cold air accumulates. Our studg is located in the most elevated part
of Karelia, in the central part of Maanselkya.dta landscape of tectonic denudation hills,
plateaus and ridges with an average altitude of&lDmeters with separate insulated massifs
(Tunturi).

The region has a well-developed river network flats via a system of glacial lakes.
The water of small and medium-sized lakes gets ranwg to 22-25°C in summer. Water is
soft, low mineralized, and rich in dissolved orgamatter originated from feeding bogs.
Karelian rivers are fed by rainfall, swamps, growater and snowmelt. The rivers break up
earlier than their conjugated lakes and some fullapids reaches don't freeze at all. The
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average date of floods in North Karelia is April 2%1ay 5. The rivers freeze in November —
December. Natural fluctuations of water level demiteed 1.5-2 m.

Due to influence of past glaciation, the riverskairelia are comparably short. But a
large part of length (up to 50%) cans consist ef flowage lakes. There are « lake-river »
systems, consisting of a chain of lakes connectedapids channels. The accumulative
systems when the lake collects drain of many rigérsg its waters to one big river are also
charactered for Karelia. There is another pecuibhenomenon — this is a bifurcation
(splitting) of the water flow. The average gradieftrivers is about 1 m/km, and up to 3-5
m/km in the rapids channels. Rivers of Karelia aeey young geologically, their beds are
composed of hard rocks, and they just started tkertfze longitudinal profile and the valley
with not wide floodplains, without high terraces.

Chemical composition of river water in Karelia ietermined by the chemical
weathering of silicate parent rocks of the Baltigstalline shield and quaternary deposits, and
the presence of numerous peatlands. Typical valligstal discharge of solids (TDS) for this
region are 15-30 mg/l (Maksimova, 1967; Zakharovalg 2007), and the concentration of
river suspended matter is very low. The adjacekédabetween the rivers tremendously
decrease the size of actual watershed feeding itten givers that are being stored in the
sediments with chemical elements and OM.

The soil cover of the region is very young andsibften absent on ledges of bedrock
and steep slopes. Low temperature in combinatidgh tigh humidity is responsible for the
slow humification and mineralization of plant raséd. Therefore, a lot of organic matter is
accumulated in the form of peaty horizons, and etteb drained sites — in the form of coarse
humus. Predominant soils are illuvial-humic andiél-ferruginous-humic podzols. All
types of podzols exhibit a highly acidic reactiovddow base saturation of the upper layers.

Coniferous forests dominate the vegetation of #ggon. The main conifers are pine
and spruce. The common deciduous are birch, agjgar, The sphagnum pine occurs on the
plains, depressions and swamps. Sparse understosists of mountain ash and juniper. It is
dominated by blueberries and cranberries in thabskayer, and green mosses in the lower
layer. The rocks are usually covered with patcHasdaxk, gray, yellow, red, brown crustose
lichens.

The basin of the Vostochniy Stream was chosenaslifect of the study. It is located
in the Northen Karelia (N 66°, E 30°) near the leordith Finland and about 40-60 km south
from the Arctic Circle. The stream Vostochniy flolvem west to east and empties into the
lake Tsipringa. Its length is about 1 km and relaltitude of 50 m, the catchment area is of
0.95 knf. The bedrock of the catchement is amphibolitichyatals of the low-Proterozoic of
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the Olanga groupe intruzive. Tsipringa and Pyaoiakes are the part of the Kuma reservoir

system.

2.3. Materials and methods
2.3.1. Sampling, filtration, dialysis

The basin of the Vostochniy Stream was chosen elifect of study. The feeding
humic lakes of the bog zone (OR-4, OR-5, OR-6),ewagjged shores of the feeding lake
(OR-2, OR-3), middle course of the stream (OR-7quth reach (OR-1) of the stream,
interstitial soil solution (OR-9), and large cleaater terminal lake (OR-8) were sampled in
July 2010 during base-flow period. Soil solutionR®) of the peat bog zone of this
watershed was collected from the depth of 5-10rcenpiezometer

Figure 2.1 presents a simplified scheme of the siteng with sampling points, whereas
the list of collected waters is given in Table A.arge volumes (20-30 L) were collected in
pre-cleaned light-protected PVC bottles for siztionation procedure employing 100, 20,
10, 5, 0.8, 0.4, 0.22, 0.1, 0.046, 0.0066 (100 kD&)031 (10 kDa), and 0.0014 um (1 kDa)
cascade filtration and ultrafiltration conductededily in the field conditions using specially
prepared polyethylene-covered clean space. The chairacteristics of the filtration are listed
in Table 2.2 and the scheme of the procedure Bngiv Fig. ESM-2.1.

Filtration through 100 pm or pre-filtration was fogmed using nylon net
“Fisherbrand”. Cascade frontal filtration with tbecreasing pore size from 20 to 0.1 pum was
performed using a 250-ml vacuum polycarbonate (dHigene) and nylon membranes
(Osmonics). Frontal ultrafiltration (UF) in the g 100 — 10 — 1 kDa was performed using a
400-ml polycarbonate cell (Amicon 8400) equippedhwa suspended magnet stirring bar
located beneath the filter to prevent clogging wmigrifiltration. Vacuum filtration was
performed using a portative hand-pump, and theafittation was performed using a
portative automobile pomp. The large volumes of slaeples were passed through the
Lavsan (polyethylene tereph-thalate, PETP) fil@r®.4 um pore size and 500 cm? surface
area. The filtration occurred via gravitationaMi@0.3-0.5 kPa).

Before each filtration, the system was cleaned loghing EasyPure water, then 3%
ultrapure HNQ, and finally, abundant EasyPure water. Each fites soaked in EasyPure
water at least 1 day before the experiment and oséy once. Preliminary experiments
demonstrated that flushing 50 ml of MilliQ wateftéa 1 day soaking) through Amicon UF
and Nalgen filtration cell with a membrane is stiffnt to decrease the blank of OC to as low
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as 0.2-0.5 mg/L which is at least an order of miagia lower than the typical concentrations
in filtrates and ultrafiltrates.

During filtration, the first 50 ml of sample soloti were discarded, thus allowing
saturation of the filter surface prior to recoverythe filtrate. This greatly decreased the
probability of cross-contamination during sampledtion, while improving the OC blank. It
also provided identical conditions of filtrationrfall samples and allowed a high recovery of
colloidal particles. Discussions of this technicared precautions against possible filtration
artifacts are given in Viers et al. (1997), Dupték (1999), Pokrovsky and Schott (2002),
Pokrovsky et al. (2005, 2006), Alekhin et al. (2010

2.3.2. Analytical techniques

Water temperature, pH, and conductivity were mesbun the field. The pH was
measured using a combination glass electrode asithragainst NIST buffer solutions. Major
anion concentrations (CISQ®, NOy) were measured by ion chromatography (Dionex
2000i) with an uncertainty of 2%. Alkalinity was amired in situ by Gran titration with HCI
using phenolphthalein as indicator. The dissolveghimic carbon concentration (DOC) was
determined using Shimadzu SCN Analyzer (Toulouseyl &lementar TOC analyzer
(Moscow) with an uncertainty of 3% and a detectiont of 0.1 mg/L.

To study the spectrophotometric characteristighefwater samples directly in the field
the absorption in the wavelength range 375-655 mmphbotometer “Expert-003” was
measured. The cartridges with working wavelengffs, 300, 430, 470, 505, 525, 572, 590,
655 nm and the the 30.01 mm glass cell were usesbrfation spectra of the filtrates over the
wavelength range 200-700 nm with 1 nm resolutionrewalso measured with the
spectrophotometer Specord 50 in the laboratory.

Specific UV-absorbance, SUVA (UV-adsorption A254aorh)/mg C [Y) is defined as
the UV absorbance of a given sample at 254 nm edvioly the DOC concentration of the
sample. This ratio describes the nature of NOMhm water in terms of hydrophobicity and
hydrophilicity; a SUVA >4 indicates mainly hydropdhio and especially aromatic material
whilst a SUVA <3 illustrates mainly hydrophilic neaial (Edzwald and Tobiason, 1999,
Matilainen et al., 2011).

Weight average molecular weights were measurediZgy exclusion chromatography
(SEC) using chromatographic system Agilent 1100ilékg Technologies, USA) with diode
array detector and Ultropac column TSK G2000SW 308xnm (LKB, Sweden). Solution of
0.1 M Na—phosphate buffer (pH 7) and 0.1% sodiuntedyl sulfate was used as an effluent.
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All samples were purified from low molecular weigtdntaminants by elution through a

Sephadex G-10 column. Calibration was made by dgolpuoteins.

2.4. Results and discussion

Measured dissolved organic carbon, nitrogen andmegments concentrations, C/N
ratios, weight-average molecular weights, alkafintH and conductivity values in the water
samples are reported in the Table 2.3. The studagdrs of the Vostochniy stream and the
terminal Tsipringa Lake are neutral with pH rangingm 6.3 to 7.5 where as the waters of
waterlogged humic lake and soil solution are acwiith pH of 5.8 and 3.6, respectively. All
waters are low mineralize& G0 mg/L) with the dominance of Ca and HEL@ns or Ca, Cl
and Na ions (soil solution). The inorganic ion gebalance §*-)/3") is below 0.1 for all
samples except soil solution having a deficit ofoaa of 0.4-0.5. This deficit is correlated
with DOC concentration in filtrates and ultrafiltea similar to those reported in other surface
waters of North Karelia (Vasyukova et al., 2010pi¢pl for organic-rich boreal surface
waters (DOC concentration equals to 16-19, 7 anth@A. in stream, terminal lake and soill

solution, respectively).

2.4.1. Spatial variations of OC characteristics

24.1.1. DOC

The distribution of DOC concentration (< 0.22 utirdite) along the landscape profile
of the Vostochniy stream is plotted in Fig. 2.2.efidnis a systematic decrease of [DOC]
downward the catchment, from soil solution (OR-8jotigh the feeding bog (OR-6) and
small feeding lakes (OR-5, OR-4, OR-3, OR-2), alting stream itself (OR-7, OR-1) and
finally to the terminal Tsipringa lake (OR-8). Thargest decrease occurs between soil
solution (OR-9) and bog lake (OR-6) and betweenntiogith of the spring and the terminal
clear water lake; the variations of [DOC] withiretbhpper humic lakes and within the stream

are rather small (< 10 %).

24.1.2.C/IN

The concentration of DON and the C/N ratio systérally decrease along the
watershed profile, from soil solution through streand to the terminal lake (Table 2.3, Fig.
2.3 A), and the higher the [DOC], the higher th&l @tio (Fig. 2.3 B). The C/N value in soil
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solution is equal to 104 which is similar to therbiass of coniferous trees thus confirming the
dominant role of lingo-cellulose complex of pinedabirch litter in formation of aqueous
organic matter of peat bog soil waters (Guggentargl., 1994; See and Bronk, 2005;
Tremblay and Benner, 2006).

The samples of the upper lakes (OR-6 to OR-3) hadnaters of the stream (OR-2 to
OR-1) are very similar between each other but ahast different from bog soil waters. As
such, the dominant source of OM in the stream wasfiould be bog lakes rather than
interstitial peat soil solutions.

The water of the Lake Tsipringa exhibits the low@Atl ratio of 24, typical for aquatic
phytoplankton and macrophytes and their humificatigroducts (Wolfe et al., 2002).
Therefore, the contribution of allochthonous riagd bog waters to the DOM pool of large

oligotrophic lake is rather small.

2.4.1.3. Optical characteristics

The value of SUVA for water samples of the Vostagiwatershed profile ranges from
0.01 to 0.055 being the maximal for soil solutioxddhe minimal for oligotrophic lake (Fig.
2.4). The coefficienEszgs/E470 IS used for characterizing the functional groupabances in
UV and visible range (Uyguner and Bekbolet, 200B)e values ofEsss/E470 along the
watershed profile sustematically increase from solution towards the terminal lake (Fig.
2.5). A similar trend is observed for the ratioHaf¢/Eess that increases by a factor of 2 from
OR-9 to OR-8 (Fig. 2.5). This ratio correlates witlte degree of condensation of DOM
aromatic groups, or the humification (Chin et &b94, Stevenson, 1994, Hur et al., 2006).
The lowest value off47¢/Eess coefficient is encountered for soil solution andevimgged bog
lakes feeding the stream (OR&20R-3). These values are similar to those repddedoil
humic acids (Schnitzer and Calderoni, 1985; Adanale 2006). For other samples, the
coefficient E47¢/Eess is significantly higher which may be linked to tipeesence of high
concentration of LMW fulvic acids (Fig. 2.5) — siam to Chen et al. (1977); Uyguner and
Bekbolet (2005).

2.4.2. Results of size fractionation

24.2.1. DOC

The relative proportion of various size fractionarfjanic carbon, from 100 pm to 1
kDa for 5 most representative samples (soil sau@ir-9, humic feeding lake at the top of
the watershed OR-6, waterlogged shore of anottker G&R-2, the mouth reach of the stream
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OR-1 and the terminal clear water lake OR-8). Insamples, the mass fraction of LMW
DOM (< 1-10 kDa) dominates the dissolved organibea with significant proportion of
HMW (10 — 100 kDa) colloids (Fig. 2.6). It is impgant to note that the molar fractions
distribution of different size organic moleculesdimmatically different from that of the mass
fraction. Since the molar weight is proportionakhe third degree of molecule diameter, the
difference in molecular mass between the assoofateolecules of 0.2 um diameter and the
molecule of 10 kDa diameter (approx 3 nm) achievesders of magnitude being equal to
8x10° and &10° pn?, respectively. As a result, the molar concentratid low molecular
weight fulvic acids is several orders of magnitungher that of the HMW organic matter.
This should be taken into account during analy@rganic colloids complexation with trace
elements (TE). The molar fractions and molar cotreéinns of LMW (<1-10 kDa) fulvic
acids dominate the OC in studied boreal watergh@tsame time, the majority of insoluble
trace elements is removed from solution afterdiitm through 100-10 kDa (Pokrovsky and
Schott, 2002; Vasyukova et al., 2012). This corrates the hypothesis of TE presence in the
form of HMW (0.22 um — 100 kDa) organo-ferrric antls formed by coprecipitation with
Fe(lll) oxyhydroxide (Olivié-Lauquet et al., 1992000; Ingri et al., 2000; Pokrovsky and
Schott, 2002; Pokrovsky et al., 2006; Dahlqvistlet2007)

Along the landscape profile of Vostochniy streahe proportion of LMW (< 1 kDa)
organic carbon significantly increases from soll#on to stream and finally, terminal clear
water lake, following the decrease of the conceiotneof conventionally dissolved DQg:;;
um (Fig. 2.7). Such an evolution is in agreement vpithvious observation of allochthonous
vs. autochthonous organic carbon, C/N ratio, hydotycity and the aromaticity. It
corresponds to progressive depolymerization of HMMMI humic acids whether via
heterotrophic aerobic bacterioplankton activityelik is known for other boreal landscapes
(Tranvik, 1988; Pokrovsky et al., 2011) or due tmtodegradation in the feeding lakes and
the stream channel (De Haan, 1993; Zuo and Jo®&3, WWang et al., 2001; Albinet et al.,
2010; Thorn at al., 2010). The increase of the @rign of mineralized products of
allochthonous HMW organics or the products of pdetzradation may be responsible for the
increase of proportion of LMW ligands in the comtinn soil solution — feeding humic lake —
stream — terminal oligotrophic lake. It can be etpd that, after leaving soil, the longer the
residence time of allochthonous DOM in the systém higher the proportion of LMW
products of photo- and bacterioplankton DOM tramsfation. Additional factor responsible
for the trend observed in Fig. 2.7 may be the pbigickton activity which produces LMW
exometabolites dominating the speciation of OCperowater systems and especially in the

large clear water lake. Note that the mouth redctih® stream Vostochniy (OR-1) exhibits
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around 50% of DOC in < 1 kDa form, a typical vafoe other boreal landscapes (Guo et al.,
2004; Prokushkin et al., 2011).

2.4.2.2. Size Exclusion Chromatography

In accord with data on molecular size distributimsults of SEC analysis demonstrate
the absolute molar dominance of 1 kDa size molec{He&. 2.8, Table 2.3). Within the range
of 0.2 um to 10 kDa (2.8 nm) and the concentratib®C equals to 5.2 mg1. 8 molecules
of the mass 5,200,000 Da are equivalent to theepoesof 4.410° molecules of the mass 10
kDa.

2.423.CIN

The C/N ratio in the filtrates and ultrafiltrateshéits systematic variation for two most
contrasting studied samples, terminal oligotropake and soil solution (Fig. 2.9). Compared
to HMW fractions of 100 kDa — 100 um, there is a3®9 increase of the C/N ratio in 1-10
kDa ultrafiltrates of soil solution OR-9. For thkgotrophic lake, this increase from HMW to
LMW fractions achieves a factor of 4 to 5. Sucheaolution indicates rather homogeneous
chemical composition of various size fractionsha soil solution and strongly suggests a sole
source of DOM, presumably lixiviates of the plaittel subjected to minimal chemical and
microbiological transformation corresponding to GaiN 100 to 140. In contrast, low C/N
values (5 to 10) in 0.1 — 10 um fraction of largkd presumably stem from HMW
phytoplankton and aquatic macrophytes exometaloéteiched to organic N compared to
soil humus. The LMW fraction of large lake has @A value between 20 and 25 thus
approaching to the value of the stream (45-50). OM&V soil fulvic acids and photo- and
microbial degradation products smaller than 10 kiay also present in this fraction thus
contributing to the increase of N/C with the deseeaf the pore size. However, our data do
not allow straightforward discrimination betweene theffect of allochthonous OM
transformation and small-size phytoplankton exolmaiges on the relative enrichment by

organic N in < 1-10 kDa fraction compared to HMWéites.

2.4.2.4. Optical characteristics

The color of filtrates and ultrafiltrates progresdy decreases from the 100 pum to 1
kDa fraction as it is illustrated for sample oflsslution (OR-9) in Fig. 2.10. Similarly, the

SUVA reflecting the degree of hydrophobicity andraaticity significantly increases (by a
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factor of 10) with the decrease of the pore sizedih solution OR-9; this increase is much
smaller in the low feeding lake OR-2 (a factor db)2and it is the minimal<{(30%) in the
stream OR-1 and the terminal clearwater lake OR4§. (2.11 A, B). These observations
suggest that the transformation of DOM via micréb&nd photo-degradation, much more
pronounced in large lake and spring water compacedhe soil solution, is capable
homogenizing the distribution of hydrophobic/aromaarbon among different size fractions
presumably via decreasing the proportion of th&tion in the LMW colloidal pool. This
pool is most labile and thus most susceptible ¢odigradation.

The ratio of the light absorbencies in UV/visibenge may help to reveal the basic
features of OM chemical and source-related fraetion among different filtrates and
ultrafiltrates. For example, the ratio ofsk-to Ezss was used as a surrogate for DOM average
molecular weight, with samples with relatively laweatios having relatively higher
molecular weight DOM (Peuravuori et al., 1997; Baret al., 2003; Hiriart-Baer et al., 2008;
Berggren et al.,, 2007; Guo et al., 2011). Howevwerstudied boreal waters, thes#Ezss
parameter remains rather constant (typically betw€®& and 5.5) and does not subject to
variations between um and kDa filtrates and ultrates (not shown). Baretto et al. (2003)
have calculated the valuedgEses close to 4 in all water samples from the lakedgating the
fulvic nature of the dissolved organic carbon. BuRavuori et al. (1997) the values 4.52 and
5.72 of parameter S5 correspond to number-average molecular weight3803and 1120,
respectively for the humic solutes in whole-watenples.

Similarly, the absorbance ratio ofdgEsso which may approximate the aromatic carbon
content of DOM (Croue et al., 2000) exhibit verynstant distribution among different size
fractions, slightly increasing in the < 1 kDa ulilteates (see Table ESM-2.2).

An alternative parameter helping to estimate thative composition of autochthonous
versus terrestrial DOM is the absorbance raty/Es36 (Battin, 1998; Jaffe, 2004; Hur et al.,
2006). For the majority of studied samples thisfioment ranges from 10 to 40 with the
minimal values observed in soil solution OR-9 amel maximal ones observed in the terminal
lake OR-8 (Fig. 2.12). The increase of thesE4ss parameter with the decrease of the pore
size is consistent with the evolution of the C/Naan filtrates/ultrafiltrates series.

The change of the degree of humification refledted,;¢/Egss value (Chen et al., 1977;
Schnitzer and Calderoni, 1985; Adani et al., 20@6asured in the filtration and ultrafiltration
series is illustrated in Fig. 2.13 for soil solutjstream mouth and the terminal lake. The soil
solution exhibits very weak increase (c.a., < 5d¥lf47¢Eess from HMW to LMW fraction;
this increase is a factor of 4 for 10 um — 1 pnetfoms of the stream water and a factor of 8
for 100 kDa — 1 kDa fractions of the terminal lakemilar to the evolution of hydrophobicity
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and aromaticity degree (see Fig. 2.11), this resuljgests the maximally homogenous
distribution of the humification degree among diffiet fractions of the soil solution OR-9
bearing exclusively allochthonous plant litter-ded humic material and highly fractionated
OM in oligotrophic lake OR-8 containing very low rhified fresh phytoplankton
exometabolites of high molecular weight (0.1 — 10)jand LMW allochthonous OM and its
microbial- and photo-degradation products.

Finally, the presence of the UV/vis absorbing fimal groups, reflected by the
EsedEa70 ratio (Uyguner and Bekbolet, 2005), exhibits nolation during the cascade
filtration and ultrafiltration of soil solution OR-and stream wat er OR-1 but significantly
increases after 0.1 um filtration of terminal lakater OR-8 (Fig. 2.14). Such a difference in
ultrafiltration pattern of OR-8 compared to othemples of the watershed reflects the
presence of at least two pools of organic , alleshbus soil humic and fulvic acids, and 2)

enrichment of the lake water by phytoplankton/mpbgaes exometabolites.

2.5. Concluding remarks: role of the intra-watershe transformation
processes in changing the chemical and molecularzsi signature of soll
organic carbon

Results of this study demonstrate significant aystesnatic change of basic chemical
(DOC concentration, C/N ratio, SUV and light abssrties) and molecular size (100 pm — 1
kDa filtrates and ultrafiltrates) parameters ofsdised organic matter in the continuum soil
solution — feeding bog and humic lakes — springrminal lake as summarized in a scheme
shown in Fig. 2.15. These crucial changes of bBS)}/ parameters occur at the very short
distance, less than 2 km of a representative ba@adrctic watershed. Such an evolution
reflects the complex process of the interplay betwsvo main sources of DOC — soil humic
and fulvic acids from the plant litter and aquageakometabolites of phytoplankton and
macrophytes — both subjected to bio- and photodegjan, whose degree depends on the
residence time of DOM in a given aquatic reservég a result, the knowledge of type of soil
and relative distribution of bog within small sutige watershed is not sufficient to predict the
chemical and physical nature of DOM that will béivdered by the stream to the ocean. Local
hydrological regime, the presence of stagnant waddres and feeding lakes can significantly
affect the original allochthonous signature of D@Nfing its transport from the soil solution
to the stream mouth. Moreover, the glacial or thekanst origin of hydrographic network
distribution often suggests the presence of laotjgptrophic terminal lakes as terminus of

small subarctic watersheds, in contrast to estaarixing zone of the large rivers. As such,
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small streams may deliver to the ocean the orgaaibon that is more significantly
chemically fractionated among different size frae and transformed by bio- and photo-
degradation processes. This may be especiallyftruthe most labile < 1 kDa fraction, by
far dominant in molar concentration of boreal DORdasusceptible to travel through the

freshwater — seawater mixing zone without signifta@oagulation.
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TABLES

Table 2.1.List of the sampled waters within Vostochniy stneaatershed.

sample nam description GPS coordinates
OR-1 | stream « Vostochniy », mouth reach N 66°18.455E 30°42.653
OR-2 | stream « Vostochniy », waterlogged shore @ldl feeding lake, surface area about 30 m |N 66°18.448°E 30°41.372
OR-3 | stream « Vostochniy », waterlogged shore eldl feeding lake, surface area about 30 m |N 66°18.453E 30°41.364
OR-4 | stream « Vostochniy », the low feeding lakeface about 200 mdepth 2.5 m N 66°18.468'E 30°41.244
OR-5 | stream « Vostochniy », the middle feeding |akeface about 2103depth 3 m N 66°18.52FE 30°41.101
OR-6 | stream « Vostochniy », the top feeding lakefase about 150 mdepth 2.6 m N 66°18.53& 30°40.910
OR-7 | stream « Vostochniy », middle course, 600amfthe mouth N 66°18.46E 30°40.973
OR-8 | Tsipringa lake, 50 m from the mouth reacthefdtream Vostochniy N 66°18.448°30°42.952
OR-9 | stream « Vostochniy », soil solution nearttefeeding lake N 66°18.48% 30°40.707
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Table 2.2.The main filtration characteristics.

pore size filer size filter material filter produce filtration pressure filtration unit
100 pm 300*300 mm nylon "Fisherbrand”, USA graviow -

20 um @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen", 250 ml
10 pm @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen”, 250 ml
5um @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen"”, 250 ml
0.8 um @ 37 mm nylon "Osmonics", GE, USA -80 - &kP "Nalgen"”, 250 ml
0.4 um 2x100*250 mm lavsan Dubna, Russia 3-5m -

0.22 um @ 37 mm nylon "Osmonics", GE, USA -80 Fak "Nalgen", 250 ml
0.1 um @ 37 mm nylon "Osmonics", GE, USA -80 - @kP "Nalgen"”, 250 ml
0.046 pm @ 37 mm lavsan Dubna, Russia -80 - 0 kPa Nalgén", 250 ml
100 kDa @76 mm regenerated cellulose "MillipotgSA 0 - 100 kPa "Amicon", 8400
10 kDa @76 mm regenerated cellulose "MilliporeSAJ 0 - 350 kPa "Amicon", 8400
1 kDa @ 76 mm regenerated cellulose "Millipore",AJS 0 - 350 kPa "Amicon", 8400
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Table 2.3.Major chemical composition and DOM parameters in-fitrated and 0.22 um farctions of surface waters

sample OR-1 OR-2 OR-3 OR-4 OR-5 OR-6 OR-7 OR-8 OR}9 conditions
pH 6.7 6.3 6.59 5.8 6.6 6.3 6.65 7.5 4.3 in-sity
t, °C 12.8 18.9 18.3 19.9 20.1 21.7 15.7 17.8 172 in-situ
% of O, saturation 90 nd 90 nd nd 90 nd 100 30 in-situ
R, uSm/cm 14.39 18.1 16.62 15.66 19.09 20.8 1426 254 57.4 in-situ
TDS NacCl, mg/L 8.45 8.22 7.55 8.1 9.71 10.2 7.96 .323 31.9 in-situ
mg/L
Na’ 0.9634 0.752 0.7182 0.8443 0.8847 0.9846 0.8772 2301. 1.225 non-filtrated
Mg** 0.564 0.5128 0.5461 0.5525 0.6071 0.5943 0.5829 6338. 0.4921 | non-filtrated
K* 0.04015 0.01245 0.0748 0.04011 0.04036 0.0409 5665 0.8044 0.3774| non-filtrated
o 2.166 2.271 2.47 2.024 2.548 3.26 2.038 5.893 51.2[7 non-filtrated
SO 0.8945 1.1246 0.2884 0.9714 1.1467 0.32 0.8413 4390 0.062 non-filtrated
NO3 0.3932 0.4971 0.1357 0.6149 0.6413 0.0292 0.6417 .078a 0.116 non-filtrated
cr 0.4207 0.3971 0.3806 0.2795 0.3471 0.325 0.2419 6400. 0.689 non-filtrated
HCO3 17.40 9.15 9.76 9.00 11.00 13.42 9.50 33.14 0.00 on-fittrated
), % -3.6 -3.3 5.2 -3.2 3.3 3.8 -3.1 1.3 65.0
N, mg/L 0.34 nd nd nd nd 0.33 nd 0.18 0.49 nomafid
DOC, mg/L 16 18 19 19 18.5 18 16.5 7 144 non-fiéda
C/N 48 nd nd nd nd 58 nd 24 104 non-filtrated
WAMW 1010 nd nd nd nd 1020 nd 960 1260 0.22 pm
SUVA 0.041 0.032 nd nd nd 0.042 nd 0.011 0.049 a2
Ezg5/ Eses 4.05 3.7 3.7 nd nd 3.8 3.9 5 2.7 non-filtrated
Eug5/ Eses 10 5.7 7.1 nd nd 8 10.5 12 5.7 non-filtrated

* R — conductivity; ** TDS — salinity; *** WAMW — weight-average molecular weight.
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Table 2.4.Compilation of main studied parameters and thestwgion in the continuum of the
watershed, from soil solution to the terminal lake.

Parameter Meaning OR-9 OR-8 100 pm—0.0014 um
DOC Dissolved organic carbon concentration decrease decrease
CI/N Autochthonous vs terrestrial DOM decrease iasee
LMW Presence of fulvic acids increase increase
SUVA Hydrophobicity and aromaticity decrease insea
Ess4/Eszs Autochthonous vs terrestrial DOM increase increase
EssdEsso Content of aromatic carbon stable stable
Ess4/Eses DOM average molecular weight no trend no trend
Ezs/Es70 UV/vis absorbing functional groups increase inseea
E47dEsss Degree of humification increase increase
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FIGURES

Stream Vostochniy

» catchment area — 0.95 k¥’
v Jength — about 1 km
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Figure 2.1.Sampling scheme.
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Figure 2.4.SUVA ratios for the fraction 0.22 um of the sangpdé Vostochniy stream (OR-9
— soil solution, OR-6 — top feeding lake, OR-2 —tevingged shore of the low feeding lake,
OR-1 — mouth reach of the stream, OR-8 — termaiad).
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Figure 2.5. EsgdEs70, E470/Esss ratios for the samples of Vostochniy stream (OR-Soil
solution, OR-6 — top feeding lake, OR-2, OR-3 —esaigged shore of the low feeding lake,
OR-7 — middle course of the stream, OR-1 — mou#ichreof the stream, OR-8 — terminal
lake), measured in-situ in non-filtrated waters.
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Figure 2.8. Weight-average molecular weight distribution irtrétes (0.22 pm) of
Vostochniy stream watershed (OR-9 — soil solutldR-6 — top feeding lake, OR-1 — mouth
reach of the stream, OR-8 — terminal lake), deteechiby the method of Size Exclusion
Chromatography.
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Figure 2.10.Filtrates (100, 20, 10, 5, 0.8, 0.22, 0.1 pum) at@fiitrates 100, 10 and 1 kDa)
of the soil solution sample (OR-9) of Vostochnigeaim.
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Figure 2.11. SUVA ratios with respect to molecular size frandofor the samples of
Vostochniy stream (OR-9 — soil solution, OR-6 — teeding lake, OR-2 — waterlogged shore
of the low feeding lake, OR-1 — mouth reach ofgtream, OR-8 — terminal lake).
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Figure 2.12. Exs4/E436 ratios as a function of pore size of filtrates arulafiltrates for the
samples of Vostochniy stream (OR-9, soil solutioiR-1, mouth reach of the stream, and
OR-8, terminal lake).
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Figure 2.14. EsssE470 ratio reflecting the UV/vis absorbing functionaiogps plotted as a
function of pore size of filtrates and ultrafiltest for the samples of Vostochniy stream

watershed.
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soil solution to the terminal lake.
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Figure ESM-2.1.The scheme of cascade filtration used in this study
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Table ESM-2.2.DOC, C/N and optical characteristics of filtratesl altrafiltrates.

Sgg;,ﬁ’ge PO el gl | CIN | SUVA | ExyEuss | ErdEsso | ErsiEes | EssdEero | EvrlEss
10 138.2 109.6 0.016 13.7 2.65 4.43 2.45 5.01
0.8 135.2 97.8 0.015 13.5 2.65 4.43 2.47 5.08
0.4 56.3 nd 0.041 14.2 2.68 4.46 2.59 5.08
OR-9 0.22 55.1 nd 0.049 14.5 2.70 4.50 2.6( 5.08
0.1 38.8 99.0 0.055 15.1 2.69 4.66 2.58 5.08
0.046 34.2 nd 0.061 15.1 2.70 4.60 2.60 5.08
0.0066 27.1 138.8 0.077 14.9 2.70 4.6] 2.6 5.05
0.0014 11.3 127.6 0.180 15.0 2.70 4.6( 2.5 5.07
10 15.2 nd 0.044 9.8 2.60 4.13 2.37 2.54
0.8 14.9 nd 0.047 11.5 2.70 4.36 2.64 3.45
0.22 14.6 nd 0.042 16.5 2.90 4.86 3.4( 5.74
OR-6 0.1 14.5 nd 0.046 16.0 2.95 4.95 3.24 6.68
0.0066 14.3 nd 0.038 12.7 2.89 4.56 2.79 3.18
0.0031 14.2 nd 0.050 14.1 3.30 5.20 2.70 2.93
0.0014 7.7 nd 0.044 14.9 3.43 5.34 2.78 3.2b
20 17.9 nd 0.015 17.1 2.87 4.84 2.8( 5.10
10 17.1 nd 0.017 17.8 2.95 4.95 2.73 4.6V
5 17.0 nd 0.022 14.8 2.80 4.66 2.4Q 3.60
OR-2 0.8 16.3 nd 0.026 12.9 2.93 4.62 2.26 2.75
0.22 16.1 nd 0.032 14.0 2.84 5.00 2.22 2.1p
0.1 15.0 nd 0.033 16.3 2.87 4.78 2.94 5.68
0.0066 14.5 nd 0.039 13.9 2.81 4.61] 2.50 3.78
0.0031 13.3 nd 0.048 14.0 2.94 5.14 2.26 3.00
20 15.8 nd 0.034 16.5 3.07 517 2.38 7
10 15.0 nd 0.037 13.2 2.93 4.82 2.75 8
5 14.8 nd 0.034 12.0 2.68 4.38 2.7Q 21
0.8 13.3 nd 0.041 16.8 3.01 4.99 2.67 22
OR-1 0.22 13.1 nd 0.041 14.5 2.85 4.71 2.8" 21
0.1 12.9 nd 0.040 14.3 2.81 4.69 2.76 20
0.0066 11.8 nd 0.044 18.2 3.02 5.24 2.95 19
0.0031 10.7 nd 0.045 20.4 3.10 5.34 2.75 20
0.0014 7.6 nd 0.046 21.4 4,18 6.52 2.80 21
5 5.3 9.4 0.010 nd nd nd 0.83 1.10
0.8 52 6.9 0.010 nd nd nd 0.80 1.09
0.22 51 nd 0.011 nd nd nd 0.80 1.10
OR-8 0.1 51 5.8 0.011 nd nd nd 0.76 1.113
0.046 5.0 nd 0.012 nd nd nd nd nd
0.0066 50 20.7 0.014 36.6 4.3 8.4 3.94 6.4
0.0014 50 25.0 0.014 35.4 4.3 8.4 3.77 8.16
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Abstract

Concentration and size fractionation of major aadd elements (TE) linked to organo-
mineral colloids along the landscape gradient\watler — peat bog- river — terminal lake have
been investigated in the basin of the Vostochnigash and Palojoki river of north boreal
zone (Karelia region, North-West Russia) in July2608 — 2010 corresponding to summer
base-flow period. Large volume of natural watergeniiitered in the field using cascade
filtration and ultrafiltration employing progressly decreasing pore size (100, 20, 10, 5, 0.8,
0.4, 0.22, 0.1, 0.046, 0.0066 (100 kDa), 0.0031Km@a), and 0.0014 pm (1 kDa)) followed
by multi-elemental ICP-MS and dissolved organicbcar analysis. In addition, in-situ
dialysis with 10 and 1 kDa membranes was also attedu According to TE distribution
among different size fractions in the continuuml ¢bog) — feeding humic lakes - river —
terminal (oligotrophic) lake, several groups ofneémts could be distinguished) élements
significantly bound to colloidal (1 kDa — 0.22 pnfjaction and decreasing the proportion of

this fraction from the feeding lake and the straarthe terminal oligotrophic lake (Fe, Ti, U);
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(i) colloidally-dominated (>80 %) elements exhibitisignilar size fractionation in all studied
settings (Y, REEs, Zr, Hf and Th)ii§ elements appreciably bound to colloids (20 to %08
organic-rich soil and bog waters and decreasing ttaloidal fraction to c.a. 10% in the
oligotrophic lake (Mg, Ca, Sr, Rb, Mo), and, fiyalliv) elements significantly linked to
colloidal fraction (40 to 80%) and not demonsirgtiany systematic variation between
different landscape context (Ni, Co, Cu, Cd, Cr,,NIm, Pb). In-situ dialysis technique
produced similar picture of colloidal size fractadion with generally lower proportions of
elements in colloidal fraction compared to the WFollows from results of this study that the
internal processes of organic matter fractionatduring 1) transformation of initially
allochtonous soil-derived colloids via photo- and-8egradation or 2) new organic ligands
production by plankton are not capable apprecialfgct the distribution trace elements
among various size fractions. As such, even crwtiahges in environmental conditions such
as river regime and relative lake versus bog caeeraurface water pH, pGOand DOC
change likely to occur according “extreme” scenariadhe climate warming in the Arctic,
should not affect the potential aquatic labilitydasiodisponibility of trace element present as
organic (divalent transition metals, alkaline-eartfetals) and organo-mineral (Fe, Al,

insoluble trivalent and tetravalent elements anddJlpids.

3.1. Introduction

Boreal regions of the Russian Arctic play a cruoid in the transport of elements from
continents to the ocean at high latitudes. In vidwthe importance of these circumpolar zones
for our understanding of ecosystem response toaglwhrming, it is very timely to carry out
detailed regional studies of trace elements (TEBthgemistry in boreal landscapes. Arctic and
subarctic regions are among the most fragile zonése world due to their low resistance to
industrial impact, low productivity of terrestriblota and limited biological activity over the
year. Changing climatic conditions for these regiomeans that a longer growth period for
terrestrial plants will enhance organic productiamd cycling and possibly increase the
reservoir of organic carbon in soils, which is lely source for organic colloids in surface
waters (Dahlqgvist et al., 2007). Indeed, increaseissolved organic carbon concentration in
boreal surface waters is among the major consegaasfchuman-induced climate change (by
approx. 10 % over 10 years, Evans et al., 2005).

These zones represent one of the most importaahmrgarbon reservoirs in the form
of peat bogs, wetlands and soils very rich in oirgamatter and iron. As a consequence, trace
elements in water are likely to be transferrechaform of organic colloids (humic and fulvic
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acids, microbial exudates, polysaccharides) andrargnineral entities (Fe and Al hydroxide

stabilized by organic matter) (Ingri and Widerlurd®94; Gustafsson and Gschwend, 1997;
Viers et al., 1997; Gustafsson et al., 2000; Argtarset al., 2001; Dahlqvist et al., 2004,

2007; Pokrovsky et al., 2005, 2006; Allard, 200@laal and Derenne, 2007; Filella, 2008).

Colloids have received special attention becaugbeif small size (1 nm — 1 um) and large
specific surface area, and thus their high redgtitoward contaminants as well as high
diffusibility and mobility (Buffle and van Leeuwed992, Pham and Garnier, 1998; Babiarz
et al., 2000; Ran et al., 2000; Wang and Guo, 20afsley and Hunter, 2003; Baalousha et
al., 2006; Singhal et al., 2006; Guo and Sants2b)7; Baalousha and Lead, 2007;
Seredyn’ska-Sobecka et al., 2007, Ren et al., 20H)s, they are thought to play a very
important role in controlling the speciation and ttycling of many elements in natural waters
(Salomons and Forstner, 1984; Buffle and van Leeyd@92, Waeles et al., 2008).

Colloidal status of trace elements in high latituilers is fairly well established
feature. It was assessed both as a function @lidigfy (Vasyukova et al., 2010), in the latitude
transect (Pokrovsky and Schott, 2002) and as aitumof season on small (Ingri et al., 2000;
Andersson et al., 2001, 2006; Pokrovsky and Scla®d2; Dahlqvist et al., 2004, 2007,
Shiller, 2010) and large arctic rivers (Pokrovskyat, 2010). These results allowed i)
emerging a comprehensive picture of trace elemegtation in the form of colloids and ii)
describing the complex size fractionation and T&rthution coefficients between different
colloidal fractions, suspended and dissolved forilme present study is aimed at quantitative
characterization, within the landscape continuuinirace element speciation in pristine,
organic-rich rivers and surface waters of the Karedgion sampled during the base flow in
summer.

In order to obtain more detailed information on tia@ural concentrations and transport
of major and some trace elements in the studiembmegve sampled the feeding bogs, soil
water, river, stream, terminal and feeding lakeshim basin of the Vostochniy Stream and
Palojoki River. Presented in this study data casrate those previously published for the
Karelian region (Pokrovsky and Schott, 2002; Fexd&ti, 2004; Zakharova et al., 2007;
Vasyukova et al., 2010). However, despite theseemteavorks on NW Russia, the
transformation of colloidal distribution betweeretbBources of colloids (soil solutions, bog
waters), the transporters (rivers and streams)tamdeceptor zones (lakes) still remains very
poorly characterized. The lack of this knowledgesimot allow to address the changes in
bioavailability, relative colloidal stability, theivulnerability to bio- and photo-degradation
and transformation processes in the mixing zoner riv Arctic Ocean. For this, systematic

studies within the continuum soil-bog-river anddake necessary.
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The main issues we attempted to address in thdy site:i) assessing the change of
concentration and element ratio change in the sefieascade filtrates and ultrafiltrates from
100 um to 1 kDa, and) estimate the degree of transformation of TE simri and size
distribution of colloids along the landscape gratisoil solution — feeding bog and lake —
stream — terminal lake. The main hypothesis toeltetl was that the change of colloidal size
fractionation and TE speciation is primarily coigd by landscape setting, that is, by pH,
DOC, Fe concentration and redox conditions. If tmatrol can be rationalized in the form of
multi-parametric equation representing the peraggntaf colloidal metal as a function of
environmental conditions, or, simply, bulk chemicamposition of surface waters, then, via
the extrapolation of these dependencies to otheairstic watersheds quantitative prediction
of TE speciation across the boreal and subarche nsay become possible.

Towards these goals, we followed, in a two-year @arg during summer baseflow
period, major and trace element and organic canbd¢erge and small fraction of filtered and
ultrafiltrated waters performed using on-site diaetionation technique. It is anticipated that
addressing these issues will provide us a podsilbdir straightforward discrimination of the
element sources and TE fractionation during trarispg surficial fluids in similar small

watersheds of the subarctic zone under variousatéirwarming scenario.

3.2. Geological and geographical settings
3.2.1. Climate, topography, soil, vegetation

The climate, topography, soil and vegetation of tlegion are described in the
Electronic Annex (ESM-3.1).

3.2.2. Objects of study

Two small subarctic streams of the NW Russian bareae were selected (Fig. 3.1).
The basin of the Vostochniy Stream is located eNlorthern Karelia (N 66°, E 30°) near the
border with Finland and about 40-60 km south from Arctic Circle. Its length is about 1 km
and relative altitude of 50 m, the catchment aseafi0.95 km. The river Palojoki with 32
km2 watershed area is 9 km long; it flows out oWvdkikalampi lake (KAR-7), drains the
rocky massif Kivakka from the south and emptiees iAyaozero lake having a relative altitude
of 155 m. It was sampled in the mouth zone 10 nvaltbe terminal Pyaozero lake (KAR-3),
in the middle part of the flow (KAR-1, 80 m aboveetpoint KAR-3), in the mouth zone of
tributaries (KAR-4 and KAR-5) and in the superional lake lake (KAR-6). In the upper

reaches of this river, it is fed by a minero-traphog (KAR-2) of 1.2 km2 surface area. The
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bedrock composition of the catchement are micravadig granites, granosyenites, syenites,
syenit-diorites of the low-Proterozoic, biotite gaitogneisses and biotite, biotite-amphibolite
and amphibolite gneisses and amphibolites of tlweAcchean ang glassial deposits of
Quarternary (Fig. 3.1).

The stream Vostochniy originates from the systermtarconnected humic lakes (such
as OR-6) located within the bog zone and emptiés the lake Tsipringa (OR-8). The
bedrock of the catchment is represented by lowdPoabic amphibolitic gabbroids (Fig. 3.1).
The Vostochniy stream was sampled in the mouthhrebm above the mixing with Tsipringa
lake (OR-1), in the middle part of the flow (OR-3) m above the point OR-1), in the
feedings lakes (OR-4, OR-5 and OR-6) and their siagged shores (OR-2 and OR-3). Saill
solution of the peat bog zone of this watershed eadiected from the depth of 5-10 cm in a
piezometer (OR-9).

The feeding bogs and lakes, average flows, mouttigrébutaries of streams and rivers,
feeding and terminal lakes, and soil solutions weepled in July 2007 — 2010 during the
summer base-flow period (Table ESM-3.2). Figure @dsents a simplified scheme of the
sites along with sampling points, whereas the distsampled waters and their bedrock

compositions are presented in Table 3.1.

3.3. Materials and methods
3.3.1. Sampling, filtration, dialysis

Large volumes (20-30 L) were collected in pre-céehhght-protected PVC bottles for
size fractionation procedure with 100, 20, 10, .8, 0.4, 0.22, 0.1, 0.046, 0.0066 (100 kDa),
0.0031 (10 kDa), and 0.0014 um (1 kDa pore sizejgusascade filtration and ultrafiltration
conducted directly in the field conditions usingesially prepared polyethylene-covered clean
space (Fig. ESM-3.3). The main characteristicheffiltration are listed in Table 3.2 and the
scheme of the size fractionation procedure is gindfig. 3.2.

Filtration through 100 pm or pre-filtration was fogmed using nylon net
“Fisherbrand”. Cascade frontal filtration with tbecreasing pore size from 20 to 0.1 pum was
performed using a 250-ml vacuum polycarbonate (dHlgene) and nylon membranes
(Osmonics). Frontal ultrafiltration (UF) of the = 100 — 10 — 1 kDa was performed using a
400-ml polycarbonate cell (Amicon 8400) equippedhwa suspended magnet stirring bar
located beneath the filter to prevent clogging wmigrifiltration. Vacuum filtration was
performed using a portative hand-pump, and theafittation was performed using a

portative air pomp. The large volumes of the samplere passed through the Lavsan
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(polyethylene tereph-thalate, PETP) filters of @m pore size and 500 cm? surface area. The
filtration occurs via gravitational flow (0.3-0.5°Rk).

Between each sample, the filtration system wasnel@ay flushing EasyPure water,
then 3% ultrapure HN§) and finally, EasyPure water. Each filter was sohinh EasyPure
water during at least 1 day before the experimadt sed only once. During filtration, the
first 50 ml of sample solution were discarded, thillewing saturation of the filter surface
prior to recovery of the filtrate. Discussions bisttechnique and precautions against possible
filtration artifacts are given in Viers et al. (I99 Dupré et al. (1999), Pokrovsky and Schott
(2002), Pokrovsky et al. (2005, 2006), Alekhin le{2010).

Dialysis experiments were performed using 20-50pnekcleaned dialysis bags placed
directly in the river or bog water (in-situ dialgsi The duration of this dialysis procedure was
between 72 and 120h. For dialysis experiments, EbEAned trace-metal pure SpectraPor
7® dialysis membranes made of regenerated cellulpdehaving pore sizes of 1 kDa were
thoroughly washed in EasyPure water, filled wittrapure Milli-Q deionized water and then
placed into natural water. The efficiency of thealgsis procedure was evaluated by
comparing major anion concentrations. These coratons were always identical within +
10%, suggesting an equilibrium distribution of dised components. Blank dialysis
experiments performed with precleaned 1 kDa bdlgsl fwith MilliQ water in 9 replicates in
a clean room (class A 10,000) revealed negligil@atamination (< 10% of the typical
concentration in < 1 kDa dialysates). Further detaf dialysis experiments procedure are
described in Vasyukova et al., 2010 and Pokrovsia).e2011, 2012.

3.3.2. Analytical techniques

Water temperature, pH, and conductivity were mesbun the field. The pH was
measured using a combination glass electrode asithragainst NIST buffer solutions. Major
anion concentrations (CISQ”, NOy) were measured by ion chromatography (Dionex
2000i) with an uncertainty of 2%. Alkalinity was asared in the field by Gran titration with
HCI using phenolphthalein as indicator. The dissdlerganic carbon (DOC) was determined
using Shimadzu SCN Analyzer (Toulouse) and Elemmeh@C analyzer (Moscow) with an
uncertainty of 3% and a detection limit of 0.001 oiN.

Major and trace elements (TE) including Fe weresuesd without preconcentration by
ICP-MS (7500ce, Agilent Technologies). Indium angermium were used as internal
standards. The international geostandard SLRS-¥e(lRe Water Reference Material for
Trace Metals certified by the National Research i@dwf Canada) was used to check the
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validity and reproducibility of each analysis. A agb agreement between our replicated

measurements of SLRS-4 and the certified valuesolvtsned (relative difference < 5%).

3.4. Results and Discussion
3.4.1. pH, major components, and DOC

Measured dissolved organic carbon, trace and ne#gonents concentrations, alkalinity,
pH and conductivity values in the water sampleg@perted in the Table A3.1 of Annex A.

The studied waters of the Vostochniy stream, ¢éneihal Tsipringa Lake and Palojoki
river are neutral with pH ranging from 6.3 to 7.hexe as the waters of bog, waterlogged
humic lake and soil solution are acidic with pH4o01, 5.8 and 3.6, respectively. There is a
decrease of pH value by 0.5 units during filtratioom 20 pm to 1 kDa (Fig. 3.3). All waters
are low mineralized<( 30 mg/L) with the dominance of Ca and HC©ns or Ca, Cl and Na
ions (soil solution). The inorganic ion charge bak (5-->)/>") is below 0.1 for all
samples except soil solution having a deficit olbas of 0.4-0.5. This deficit is correlated
with DOC concentration in filtrates and ultrafiltea similar to those reported in other surface
waters of North Karelia (Vasyukova et al., 2010pital for organic-rich boreal surface
waters (DOC concentration equals to 10-20, 5-206@@Gnd 120-150 mg/L in river and
stream, lakes, bog and soil solution, respectivaliag distribution of DOC concentration (<
0.22 um filtrate) along the landscape profile oé thostochniy stream demonstrates a
systematic decrease of [DOC] downward the catchpfesrn soil solution (OR-9) through
the feeding bog (OR-6) and small feeding lakes 8®R-4, OR-3, OR-2), along the stream
itself (OR-7, OR-1) and finally to the terminal penga lake (OR-8). The largest decrease
occurs between soil solution (OR-9) and bog lak&-@) and between the mouth of the
spring and the terminal clear water lake; the Vi of [DOC] within the upper humic lakes

and within the stream are rather small (< 15 %).

3.4.2. Major and trace elements
3.4.2.1. Concentration distribution within the catchment profile

3.4.2.1.1. lIron

There is two orders of magnitude decrease of Feardmation (< 0.22 pm) along the
stream Vostonychiy profile, from soil solution (ZBAg/L, OR-9), through the feeding lake
(125 pg/L, OR-6), downstream (170 pg/L, OR-2, ORdlyards the terminal lake (10 pg/L,
OR-8). Extremely high concentration of total dissal Fe in soil solution probably reflects
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the presence of soluble Fe(ll) in this partiallyosie solution. The most pronounced
concentration decreases occur between OR-9 and @mdtbetween OR-1 to OR-8. The
variations of Fe concentration between samplinggdDR-6 and OR-1 are insignificant. The
pattern of Fe concentration in the Palojoki rivemore complex due to the larger area of its
watershed and the presence of numerous tributai@earwater oligotrophic lake
Kivakkalampi located at the upper reaches of tiheast exhibits the lowest concentrations
(80 pg/L, KAR-7), whereas the concentrations inféexling humic lake (750 pg/L, KAR-6)
and the river mouth (180 pg/L, KAR-3) are signifidlg lower compared to the Fe-and OC-
rich tributaries (4500 pg/L, KAR-4, 3000 pg/L, KAR-and the feeding bog (3700 pg/L,
KAR-2).

3.4.2.1.2. Alkali and alkaline-earth metals, neutreolecules and oxyanions.

Behavior of all alkali Na, K, Rb along the profié Vostochniy stream is quite uniform
with the maximal concentrations observed in lageninal lake (OR-8), and soil solution
(OR-9), and the minimal concentrations observethénfeeding bog lake (OR-2). Downward
the landscape profile there is a decrease of coratEms from OR-9 to OR-2, followed by
the increase from OR-2 to OR-8. Unlike other alk@$ concentration decreases from OR-1
to OR-8. The concentrations of these elements enRalojoki watershed profile are rather
small, with the maximal values observed in the iiegdbog. Likewise alkali, Ca, Mg, Sr and
Ba concentrations decrease from soil solution apgskowards the terminal lake; there is
pronounced increase in the river mouth probabligcéhg the feeding by the groundwaters.

The evolution of concentration of the elements gméss neutral molecules and oxy-
anions in both studied watersheds profile doesdeatonstrate any systematic trend within
the watershed continuum; the concentrations varyabfactor of 3 to 10 without any
detectable influence of the landscape context, R&CFe concentration.

3.4.2.1.3. Insoluble trivalent and tetravalent edaris

Within the Vostochniy watershed, Al concentratideaslily decreases by a factor of 2
downstream from soil solution (OR-9) until the mvaouth (OR-1) and further by a factor of
6 towards the terminal lake (OR-8). Ga concentnatraries non-systematically between
0.004 and 0.02 pg/L with the minimal values obseérie humic lakes (OR-2, OR-6).
Likewise, REE concentrations are similar amongsathples with the values in the terminal
lake OR-8 being a factor of 4 to 5 smaller thartha others. Along the Palojoki profile,
concentrations of Al, Ga, Y, REEs change systeralyicincreasing from the upper clear
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water Kivakkalampi lake (KAR-7), through intermeididake (KAR-6) towards the feeding
bog (KAR-2), and further decreasing from the middtrse (KAR-1) towards the river
mouth (KAR-3). Similar to Fe, the tributary KAR-kély fed by the groundwaters exhibits
the highest Al, Ga, Y, and REEs concentrations.

The tetravalent elements (Ti, Zr, Hf, Th) exhilbietevolution of the concentration that
is similar to that of REEs both within the compotsenf Palojoki river (KAR series) and
Vostochniy stream (OR series). The tetravalent etdm (Ti, Zr, Hf, Th) concentrations
remain fairly constant{10%) between OR-9 and OR-1 decreasing by 30-50%then
terminal lake OR-8. Similar to Fe, variations ofragalent element concentrations in the
Palojoki stream are significant, increasing fromR& o KAR-2 by a factor of 3 to 5, and
further decreasing, by a factor of 1.5 to 2.0, talsahe middle course (KAR-2) and the river
mouth (KAR-3).

3.4.2.1.4. Other trace elements: V, Mn, Ni, Cr, Ca, Zn, Pb, Cd, U

The change of V, Ni, Cr, Co, Cu, and Mn concertratalong the watershed of
Vostochniy stream is rather similar: they decrdag&0-80 % from OR-9 to OR-6 and then
remain constant until the stream mouth (OR-1),Ifindecreasing towards the terminal lakes
OR-8, thus generally following the behavior of F@e uranium concentration systematically
increases, by a factor of 8 along the profile ofsddchniy stream, from soil solution to
terminal lake. Concentrations of Cd, Zn, Co, Mn &l do not exhibit any systematic
variations along the Vostochniy watershed profd¢her metal micronutrients or biologically
relevant elements (V, Ni, Cr, Cu, Zn) exhibit rath@mall evolution of total dissolved
concentration. For the Palojoki watershed, U cotraéion significantly increases, by a factor
of 4 where as Cd, Co, Mn and Pb do not exhibitgysgematic trend ranging by a factor of 5

to 100 among different landscape components oP#iejoki river.

3.4.2.2. Element distribution among different size fractions
Measured trace and major elements and dissolvednmrgarbon concentrations in

filtrates and dialysates are reported in the Take2 and A3.3 of Annex A. Correlation
coefficients (R) of TE with Fe and OC in filtrates and ultrafiltes are reported in the Table
3.3.
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3.4.2.2.1. Comparison between dialysis and ultratiion

Rigorous comparison between dialysis and ultrafibn could be performed for 4
contrasting samples of the Vostochniy stream whagéer¢soil solution OR-9, humic lake OR-
6, the mouth of the stream OR-1 and the termiredrelater lake OR-8) and 2 samples of the
Palojoki river (feeding bog KAR-2 and the middleucge KAR-1). A number of major and
trace elements do not exhibit statistically sigmfit difference between dialysis and
ultrafiltration in all four samples including K, N#g, Ca, Si, Sc, V, Cr, Mn, Co, Ni, Ga, Ge,
Sr, Mo, Cd, Ba, Pb. At the same time, concentratmAl, Fe, Ti, Cu, Zn, As, Rb, Y, Zr, Cs,
REE, Hf, W, Th, U in < 1 kDa dialysates were sysiéoally lower compared to 1 kDa
ultrafiltrates, producing a noticeably smaller prdn of colloidal metals (from 10 to 40%)
in ultrafiltrates compared to dialysates. This hesin full agreement with previous data
from the NW Russian boreal zone, obtained in otigpe of surface waters using different
ultrafiltration setup (Vasyukova et al., 2010).

3.4.2.2.2. Iron

The removal of Fe during cascade filtration andafiltation occurs in two steps, with
the maximal decrease happening between 1 and 0.-=ndrbelow 100 kDa which may
correspond to the size of Fe-rich coarse colloi$ MW organic complexes, respectively
(Fig. 3.4). Correlation of Fe with DOC is in ultiizates series is not significant (not shown).
Typically, significant drop in Fe concentration taloly in the region of coarse colloids, is not
accompanied by any significant DOC concentratioange and even in the region of LMW
complexes, the DOC concentration decreases onby fagtor of 1.5-2 with up to 1 order of

magnitude Fe concentration decrease.

3.4.2.2.3. Elements not affected by filtration awttafiltration procedure (<10-20 % in

colloids)

The alkaline metals (Na, K, Rb, Cs) are not affe@dig the ultrafiltration and do not
exhibit any meaningful correlation with Fe or DOKging largely present as ionic, non
complexed species. The alkaline-earth metals atsmad change the concentration during
filtration or decrease their concentration by 109%0Qafter filtration through 1-10 kDa. The
latter decrease often coincide with that of orgar@bon rather than Fe thus suggesting the

presence of colloidal organic complexes of theseehts.
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Neutral molecules and oxyanions (Si, Ge, As, Mo, 8) demonstrate the lack of
concentration variation in the full series of fites and ultrafilatres, over 5 orders of
magnitude in the size fraction, from 100 um to lakOThere is no correlation of these
elements concentration with Fe or OC in the ultraties. This strongly suggests the absence
of not only colloids and LMW complexes but alsolafge size silicate particles, suspended

mineral material or phytoliths capable transportingse elements in surface waters.

3.4.2.2.4. Elements affected by size separatiooguhare: trivalent and tetravalent metals

In the course of filtration and ultrafiltration pedure, aluminum concentration is
highly correlated with that of Fe whereas the datren with OC is detectable only in
fractions < 0.22 um. It is fairly possible thatshieflects the presence of both inorganic Fe-
Al-rich oxyhydroxides (stabilized by organic majtend Al- organic matter colloids and
LMW complexes; the latter is also demonstrated ey & al., 2000. The correlation between
Ga and Fe is rather poor in the filtrates of riveaters but much better in the feeding bog
(KAR-2); the correlation of this element with OC nather weak. Yttrium and Light Rare
Earth Elements (LREEs) such as Y, La-Sm exhibityvgood correlation with Fe; this
correlation decreases for medium REEs (Eu-Er) aswbimes absent for Heavy Rare Earth
Elements (HREEs) such as Tm-Lu. At the same timREH are better correlated with
organic carbon, notably in the LMW fraction. This®servation, documented both for
Vostochniy stream and Palojoki river nicely corrodies the previous results of the high
affinity of the LREESs to mineral surfaces and HRE&$he organic ligands known both from
laboratory experiments (Byrne and Kim, 1990; Koeyaestrop and De Carlo, 1992, 1993;
De Carlo, 1998; Bau, 1999) and natural observati(®isolkovitz, 1995; Tyler, 2004;
Pokrovsky et al., 2006; Pourret et al., 2007; Pgelral., 2008).

Among insoluble tetravalent elements, Ti, Zr and ak well correlated with Fe in
filtrates and ultrafiltrates, especially in soillgon; Th is also correlated with OC although
this dependence is less pronounced than that veittGBod correlation of Th with DOC in

different size fraction filtrates was also demoat&d by Dia et al. (2000).

3.4.2.2.5. Other Trace elements: V, Mn, Ni, Cr, Co, Zn, Pb, Cd, U
In filtrates and ultrafiltrates, Mn, Co and V areich better correlated with Fe compared
to DOC. Cr, Ni, Cu, Zn, Cu, Cd do not exhibit amgngéficant correlation with Fe or DOC. A
link between Fe and Pb can be evidenced for thdirfgebog of Palojoki river (KAR-2) as
well as in soil solution and Vostochniy stream #mellake (OR-1, OR-8, OR-9). Vanadium is
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also linked to Fe in samples OR-1, OR-6, OR-9 wihicmot exhibit any connection to DOC
concentration in filtrates and ultrafiltrates. Sanito numerous previous works (Andersson et
al., 1998; Dia et al., 2000; Pokrovsky and SchH2202), uranium is strongly correlated with

Fe but in less degree with OC in all samples objeki watershed.

3.4.3. Geochemistry and size fractionation of RarEarth Elements

The ratio of La/Yb does not exhibit significant &woon in the series of filtrates and
ultrafiltrates from 10Qum to 1 kDa although some enrichment of heavy velighs REE in
LMW filtrates is clearly observed for humic lake R&b) and soil solution of Vostochniy
stream (OR-9), for Palojoki mouth (KAR-3) and tleeding bog of the river (KAR-2) as it is
illustrated in Fig. 3.5 A and B, respectively. T$¢lepe of the dependence between La and Fe
concentration in filtrates and ultrafiltrates systgically decreases along the watershed
profile of Vostochniy stream, being equal td®°, 610* 310* and 3.210° for samples
OR-9, OR-6, OR-1 ad OR-8, respectively (Fig. 3.6).

Further insights on size fractionation of REE can dssessed from REE spectra
(concentrations normalized to NASC) for variousrdiles and ultrafiltrates of both studied
watersheds (Fig. 3.7 A-E). The following typicaaferes can be noted. The REE spectra of
soil solution (OR-9, Fig. 3.7 A) is flat without Gainimum, typical for anoxic or suboxic
aquatic environments (Sholkovitz et al., 1992; &bwitz, 1992, 1993, 1994; German et al.,
1995; Sultan and Shazili, 2009). Oxygenated humte |(OR-6) also exhibits flat spectrum
but the Ce minimum becomes visible in HMW collokld0 kDa (Fig. 3.7 B). Vostochniy
stream filtration series (OR-1) demonstrates sisomgonounced Ce minimum detectable
down to < 1 kDa ultrafiltrates and Eu maximum, kdtter is also visible in all filtrates of the
terminal Tsipringa lake (OR-8, see Fig. 3.7 D). Téeding bog of the Palojoki river (KAR-2)
demonstrates an enrichment of filtrates by LREH&avuit the presence of Ce minimum. This
minimum appears for HMW (> 10 kDa) ultrafiltratesipin the river Palojoki itself.

It is known that the presence of Ce minimum isttigtinked to its oxidation on Fe
oxyhydroxide colloids and particles as follows fremamerous previous studies (Sholkovitz,
1992, 1993, 1994; Ingri et al., 2000; Pourret et20)08). For this minimum to be pronounced
in all filtration and ultrafiltration series, higtlissolved Fe concentrations ang-$aturated
environments are necessary. These conditions ardomsamples OR-1, OR-6, OR-8 and
KAR-3. Partially suboxic waters with high concetitsa of colloidal and suspended Fe do not
show Ce anomaly but demonstrate the enrichmentM¥WH> 10 kDa) filtrates in LREES
(KAR-2, Fig. 3.7 E). The Ce minima disappears in\WM kpa ultrafiltrates of the Palojoki
river (KAR-3, Fig. 3.7 F) but clearly persists inkDa ultrafiltrates of Vostochniy stream
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(OR-1, Fig. 3.7 C). The reason for such a strildifference between two oxygenated streams
is that 1 kDa fraction of OR-1 exhibits an ordernohgnitude higher Fe concentration than
that of KAR-3. This confirms the importance of Rehdrcolloidal and dissolved carriers in
creating Ce anomaly in oxygenated surface wateste Nhat the fractionation between HREE
and LREE disappears for all LMW «pa fractions having Fe concentration lower than 100
uo/L.

Compared to bog soil solution (OR-9), the humiceld&eding the stream Vostochniy
and receiving its water from adjacent bogs (ORx®lilEt much lower REE concentrations in
LMW fraction and the absence of Ce anomaly in 1 kReafiltrates (Fig. 3.7 B). The most
likely cause for such a transformation of REE speutbetween bog water and lake waters is
the deposition of Fe oxy(hydr)oxides in this oxygeu lake via coagulation induced by
gravitational sedimentation, photo- and bio-degtiadaof organo-mineral colloids. Because
colloidal Fe oxy(hydr)oxides are the main carriefREE in studied waters, Fe-poor LMW
organic fraction does not have Ce anomaly and éshén order of magnitude lower
concentration of all REE.

Strong positive Eu anomaly in all filtrates andafiftrates of large terminal clear water
lake (OR-8, Fig. 3.7 D) may be linked to its feegby groundwaters bearing the signature of
basic rocks. Note that this Eu anomaly is alsablésin soil waters located within the basic
rocks (OR-9, Fig. 3.7 A). Finally, very high contextion of HMW and subcolloidal Fe in the
Palojoki stream and feeding bog (samples KAR-2, KReads to significant enrichment of
> 1 um filtrates by LREEs (Fig. 3.7 E and F), inl fagreement with experimentally
established higher affinity of LREE compared to HIBEo minerals surfaces (Bau, 1999),
also proven from the analysis of filtrates andatilirates of natural Fe and OC-rich samples
(Sholkovitz, 1994 for Hudson river filtrates 0.0@®, 50 kDa and 5 kDa and Pédrot et al.,
2008 for soil solution filtrates 0.22um, 30, 5 &hkDa).

3.4.4. Proportion of colloidal fraction

Proportion of colloidal fraction of a trace elemean be evaluated using the equation
(Pokrovsky et al., 2010; Vasyukova et al., 2010):

% colloidal = ([G.22 un]-[C1 kod)/[Co.22 un] X 100%

The average percentage of colloidal fraction caliead among all studied settings is given in
Table 3.4 and illustrated in Fig. 3.8.

According to the evolution of colloidal fractions the continuum soil (bog) — feeding
humic lakes - river — terminal (oligotrophic) laké Vostochniy stream watershed, several

groups of elements could be distinguishall:e{fements significantly bound to colloidal (1
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kDa — 0.22 um) fraction and decreasing the pramof this fraction from the feeding lake
and the stream to the terminal oligotrophic lake, (K, U); (i) colloidally-dominated (>80
%) elements exhibiting similar size fractionationall studied settings (Y, REEs, Zr, Hf, and
Th); (i) elements appreciably bound to colloids (20 to %@%oorganic-rich soil and bog
waters and decreasing their colloidal fraction.ta €¢0% in the oligotrophic lake (Mg, Ca, Sr,
Rb) and, finally §v) elements significantly linked to colloidal framti (40 to 80%) and not
exhibiting any systematic variation between différandscape context (Ni, Co, Cu, Cd, Cr,
Mn, Zn, Pb).

The majority of TE exhibit the proportion of coldtal fraction that is similar to those
assessed previously in other boreal and tempeedtiags using ultrafiltration (Dahlgvist et
al., 2004; Stolpe et al., 2005; Pourret et al.,72@drot et al., 2008; Pokrovsky et al., 2010;
Vasyukova et al., 2012). Among all studied landscapttings, only suboxic Fe(ll)- and
organic-rich peat soil solution (OR-9) exhibit sigrantly different proportion of colloidal
fraction notably for elements normally weakly affst by colloids in oxygenated surface
waters of lakes and streams. Neglecting this saihie, the other 6 samples do not
demonstrate statistically significant differencethie percentage of colloidal TE as a function
of landscape context.

This can be further assessed from a plot of thegm¢aige of TE in colloids as a function
of total dissolved TE concentration in 0.22 um fi@ct (Fig. 3.9). It can be seen from these
plots that, disregarding the soils solution sampéae of the element presented in this graph
exhibit a clear trend of the percentage in collaiith the concentration increase. As such, the
values of colloidal proportion recommended in thisrk may be considered, within the
uncertainties associated with these values, asersal characteristics of all the boreal
surficial aguatic environments.

It follows from this comparison that the transfotioa of allochthonous humic —rich
soil colloids by autochthonous DOM does not briftgpwit measurable change in TE size
fractionation. What can be expected is that sdliloms, once delivered to the lake or bog
waters and further to the stream will be subjetteghotodegradation and bio-mineralisation
by heterotrophic bacterioplankton and will be pesgively replaced, along the watershed
profile, by their degradation products and, atsame time, will be enriched by authochtnous
exometabolites of phytoplankton and peryphyton. &pptly, these transformation processes,
certainly occurring in studied aquatic systems, regither capable of changing dramatically
the partitioning of TE between different size fians nor affecting the element fractionation

with respect to Fe and organic carbon, the mailoidall constituents.
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Further insights on sub-colloidal versus truly dised (LMW) fraction evolution
among different types of the studied ecosystemdeamssessed from the analysis of the ratio
[20-0.22 pm] fraction to [0.22 um - 1 kDa] fractioifhis ratio reflects the relative
contribution of the suspended, non-silicate (pat#te) fraction to the truly dissolved (low
molecular weight) element fraction. However, théuea of the ratio of particles to colloids is
smaller than 0.01 for the majority of elementsha stream and the feeding lake (not shown).
The exceptions are Fe, Sr and Ti in the lake Tisgari exhibiting significant amount of

particulate forms of these elements of non-silicatire.

3.4.5. Partition coefficient Ky

Because the decrease of Fe concentration initatethe 1 um filter size (chapter
3.4.2.2.2, Fig. 3.4) it is reasonable to define ittom-normalized TE partition coefficient
between LMW (< 1 kDa) and HMW colloidal fraction kDa — 1um) fractions as:

Ka = (TE/F€) ym - 1 kpa! (TE/F€) 1 kpa

The calculated Kvalues (see Table ESM-3.4) in surface waters oftdaisiy watershed
(samples OR-6 and OR-1) are very similar to thoseasured in other boreal zone
(Vasyukova et al., 2010). The calculation K can be performed only for those samples
where the concentration of Fe is sufficiently higypically this is above 100 pg/L. This
threshold stems from the principle of sufficientiigh dilution (minimum a factor of 10) of
TE in Fe-organic matrix; it thus requires maximui®d content of TE in organo-ferric
colloids.

The values ofKy for alkali and Si are close to zero for all samglipoints of both
watersheds. For alkaline earth metals in Palojwokiry theKy decreases from bog to the river
where these values approach zero. Kh&alues of elements strongly bound to colloids such
as Ti, Y, REEs change in a similar manner: theyeise from the feeding bog towards the
mouth of Palojoki stream and, from the soil solatio intermediate lake and afterwards they
remain constant until the river mouth. Similarlye wbserve progressive decreas&gfor
Cu, Ni, Cd, Ga, Th along the Palojoki watershedmfifeeding bog to the middle course and
along the Vostochniy stream, from he soil solutemmd humic lake towards the stream
following the further decrease in the terminal lake

For both studied streams, the better the correlatib TE with Fe concentration in
filtrates and UF series, the higher tkg coefficients. Note for example, significantly hegh
values ofKy for LREE (La) compared to HREE (i.e., Yb). Thisimsfull accord with much
higher affinity of LREE to Fe oxy(hydr)oxide surfs and strong complexation of HREE

with dissolve organic ligands discussed in seci@gn3 above.

101



Such a progressive decrease of the degree of Tdeiasen with ferric colloids from
soil solution towards the terminal lake, also retiel in the decrease of colloidal Fe
concentration, may reflect significant transformoatiof colloids consisting in 1) photo- and
bio-degradation of allochthonous colloids leadingseédimentation of Fe-rich phases and 2)
progressive enrichment of dissolved pool by autoawhdus organic-rich, Fe-poor dissolved

organic matter of periphyton and plankton exomdittdso

3.5. Conclusions and prospectives for climate warmg

Systematic size fractionation study of boreal stgfavater colloids using unified on-site
cascade filtration/ultrafiltration and dialysis pemlure conducted within the continuum soil
solution — bogs — humic lakes — streams — termahedr water lake allowed first order
assessment of the degree of major and TE bindimgrious colloidal pools in basic aquatic
settings of the region. The transformation of dltbonous humic—rich soil colloids and
progressive enrichment of waters by autochthono@ViDwithin the sequence from soil
solution to the stream and further to the termila&kes does not bring about measurable
change in TE size fractionation. It follows thattbbghoto-and biodegradation processes
occurring in studied water systems cannot sigmtiyamodify the relative percentage of TE
in colloidal (1 kDa — 0.22 um) fraction. At thensatime, we observe a progressive decrease
of the degree of TE association with ferric colbilom soil solution towards the terminal
lake, also reflected in the decrease of colloidakcBncentration. This may reflect significant
transformation of colloids consisting i) photo- and bio-degradation of allochthonous
colloids leading to sedimentation of Fe-rich phasesl ii) progressive enrichment of
dissolved pool by autochthonous organic-rich, Fermhssolve organic matter of periphyton
and plankton exometabolites.

Given that the climate warming in high latitudedl wroduce higher water temperatures
and as such will intensify 1) primary productivity phytoplankton, notably dominance of
cyanobacteria over other phytoplankton (Carey ¢t28l12); 2) rate of DOM mineralization
of heterotrophic bacterioplankton and 3) photo-ddgtion of colloidal material, the
following changes in colloidal size distributiondanhemical composition may occur. First,
proportion of HMW organic-rich humic-like soil — b colloids will decrease at the expense
of LMW phytoplankton exometabolites. Second, enkdnmineralization of organo-ferric
colloids will decrease the ability of insolublevilent and tetravalent element to migrate from
the soil and riparian/hyporheic zone to the terinlake. Note that, unlike the permafrost
zone, where the rise of air and soil temperatuteimgrease the thickness of thawing depth
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and will intensify the input of colloids from mirarhorizons (cf., Bagard et al., 2011), boreal
non-permafrost zone will be much less affectedhgyadhange of groundwater regime.

All these aforementioned processes will inevitablyrease the flux of LMW, Fe-poor
organic colloids to the ocean and as such will pa#y deliver more labile and bioavailable
DOC and related trace elements, including metakanigtrients, to the coastal biota. As a
result of the change of the structure of colloiflak to the ocean, significant increase of
productivity of both autotrophic (nutrients) anddretrophic (organic matter) components of
the food chain may occur. During the open water membase-flow period, the flux of
divalent metals such as Cu, Zn, Pb, Cd, Ni, Co Whi® present in LMW organic complexes,
much more labile through the estuarine mixing zovi#,therefore increase. In contrast, the
delivery from the land to the ocean of insolubleaient, tetravalent elements (Al, Ga, Y,
REEs, Ti, Zr, Hf, Th) and U present as large-sizgano-ferric colloids will decrease.
However, the magnitude of these possible changesngrossible to foresee at the present

time.
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TABLES

Table 3.1.List of sampled waters and their bedrock compmrsti

sr?;nng)ée description GPS coordinates bedrock composition Age
Biotite garanitogneisses and

KAR-3| Palojoki river, mouth reach, the zone of mixingerand Pyaozero lake N 66°11.08730°34.520" trlbl_Jtar_y biotite, b'o“.te' . ARy
amphibolite and amphibolite

gneisses and amphibolites

KAR-1| Palojoki river, middle course N 66°12.096E 30°28.639"

KAR-2| Watershed of Palojoki river, the feeding swampfae area about 1.2 Km N 66°12.483E 30°29.279 . . .

KAR-4| Palojoki river, the second right tributary G Mlcro-p_egmatlc granites, |

— : - - ranosyenites, Syenites, Syent-

KAR-5| Palojoki river, the first right tributary diorites

KAR-6| Palojoki river, the feeding lake, surface area ai86unt

KAR-7| Kivakkalampi lake, surface area about 3.4 km

OR-1| stream « Vostochniy », mouth reach, the zédmeixing river and Tsipringa lake N 66°18.48530°42.653

OR-2| Watershed « Vostochniy », the low feeding Jakeface area about 56 m N 66°18.448E 30°41.372 Pt

OR-3| Watershed « Vostochniy », the low feeding Jakeface area about 5¢ m N 66°18.453E 30°41.364

OR-4| Watershed « Vostochniy », the low feeding Jakeface about 2009depth 2.5 m | N 66°18.468 30°41.244"

OR-5| Watershed « Vostochniy », the middle feedirg) surface about 210°ndepth 3 m| N 66°18.52/F 30°41.101 Meta-gabbro

OR-6 | Watershed « Vostochniy », the top feeding,lakeface about 150%depth 2.6 m | N 66°18.538 30°40.910"

OR-7 | stream « Vostochniy », middle course, 600amfthe mouth N 66°18.46& 30°40.973

OR-8| Tsipringa lake, 50 m from the mouth of theain Vostochniy N 66°18.448 30°42.952"

OR-9 | stream « Vostochniy », soil solution nearttefeeding lake N 66°18.488 30°40.707
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Table 3.2.The main filtration characteristics.

pore size filer size filter material filter produce filtration pressure filtration unit
100 um 300*300 mm nylon "Fisherbrand", USA graviow -

20 pm @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen", 250 ml
10 pm @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen", 250 ml
5um @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen"”, 250 ml
0.8 um @ 37 mm nylon "Osmonics”, GE, USA -80 - @& kP "Nalgen"”, 250 ml
0.4 um 2x100*250 mm lavsan Dubna, Russia 3-5m -

0.22 um @ 37 mm nylon "Osmonics", GE, USA -80 Ak "Nalgen", 250 ml
0.1pum @ 37 mm nylon "Osmonics”, GE, USA -80 - @& kP "Nalgen"”, 250 ml
0.046 pm @ 37 mm lavsan Dubna, Russia -80 - 0 kPa Nalgén", 250 ml
100 kDa @ 76 mm regenerated cellulose "MillipoteSA 0 - 100 kPa "Amicon", 8400
10 kDa @ 76 mm regenerated cellulose "MilliporeSAJ 0 - 350 kPa "Amicon", 8400
1 kDa @ 76 mm regenerated cellulose "Millipore", AJS 0 - 350 kPa "Amicon", 8400
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Table 3.3.Correlation coefficients @ of TE with Fe and OC in filtrates and ultrafiltes.

TE-Fe (R) TE-DOC (R)

OR-9 OR-6 OR-1 OR-8 KAR-2 KAR-1 KAR-§ OR-9 OR-6 0R- OR-8 KAR-2 KAR-1 KAR-3
Al 0.99 0.76 0.99 0.81 0.85 0.88 0.§ <0.60 0.91 10.5<0.60 0.63 0.93 0.75
Ti 0.97 0.82 0.95 <0.60 0.97 0.98 0.98 <060 0.87 6 0 <0.60 <0.60 0.87 <0.60
\Y 0.97 0.82 0.95 <0.60 0.97 0.98 0.98 <0.60 0.68 .60 <0.60 <0.60 0.73 <0.6D
Cr 0.63 <060 0.71 <0.60 0.74 0.92 <0.60 <0.60 0.790.60 <0.60 0.65 0.63 0.7
Mn | 0.69 0.88 098 <060 096 <060 0.97 <060 0.80.64 <0.60 <0.60 <0.60 <0.60
Fe - - - - - - - <0.60 0.83 <060 077 <0.60 0.820.60
Co 0.87 <0.60 094 <0.60 0.86 0.7 0.94 <0.60 0.7 .60 0.82 0.6 <0.60 <0.60
Ni 0.88 0.6 <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 80.8<0.60 <0.60 0.78 <0.60 0.84
Cu 0.72 <0.60 0.72 <0.60 <0.60 <0.60 <060 <0.60880. <0.60 <0.60 <0.60 <0.60 0.64
Zn | <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 <060 <0.6€0.60 <0.60 <0.60 <0.60 <0.60 <0.60
Ga 0.8 <0.60 <0.60 <0.60 0.99 0.89 0.94 <0.60 <0.6@.60 <0.60 <0.60 0.92 <0.60
Ge | <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 <0/60 <0.6M.60 <0.60 <0.60 <0.60 <0.60 <0.60
As | <0.60 <0.60 0.73 <0.60 <0.60 <0.60 <0/p0 <0.60.750 0.84 <0.60 <0.60 <0.60 <0.60
Rb | <0.60 <0.60 <0.60 <0.60 0.93 <0.60 <0J60 <0.6M.6& <0.60 <0.60 <0.60 <0.60 <0.60
Sr 0.88 0.69 <0.60 0.6 <0.60 <0.60 <0.p0 <0.60 0.890.60 <0.60 0.87 <0.60 0.6
Y 0.97 0.83 0.89 0.71 0.82 0.87 0.62 <0.60 0.95 6&0.<0.60 0.66 0.96 0.89
Zr 0.81 <060 0.78 <0.60 <0.60 <0.60 <0.p0 <0.60840. 0.68 <0.60 0.96 0.88 0.91
Mo | <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 <00 <0.660.60 <0.60 <0.60 <0.60 <0.60 <0.60
Cd | <0.60 091 <0.60 <0.60 <0.60 <0.60 <060 <0.60.740 <0.60 <0.60 <0.60 <0.60 <0.60
Sn 0.76 <0.60 <0.60 <0.60 0.87 0.99 0.97 <0.60 0.0.60 <0.60 <0.60 <0.60 <0.60
Cs | <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 <0/60 <0.6M.60 <0.60 <0.60 <0.60 <0.60 <0.60
Ba 0.96 0.75 <0.60 <0.60 0.7 0.976 0.7 <0.60 0.880.60 <0.60 0.8 0.65 0.86
La 0.97 0.88 0.94 0.81 0.9 0.93 0.78 <0.60 0.9 0.6D.65 <0.60 0.94 0.77
Ce 0.99 0.87 0.96 0.85 0.86 0.93 0.p <0.60 0.89 20.70.69 0.62 0.94 0.64
Pr 0.94 0.85 0.96 0.8 0.85 0.94 0.86 <0.60 0.87 30.70.63 0.64 0.93 0.72
Nd 0.97 0.83 0.91 0.76 0.81 0.93 0.86 <0.60 0.9 10.70.64 0.65 0.93 0.7
Sm| 0.82 0.78 0.93 0.6 0.76 0.92 0.8 <0.60 0.86 0.880.60 0.71 0.96 0.74
Eu 0.68 0.76 0.71 <0.60 0.68 0.79 0.68 <0.60 0.81.7 0<0.60 0.82 0.96 0.77
Gd 0.66 0.6 0.69 <0.60 0.8 0.91 0.11 <0.60 <0.60750. <0.60 0.69 0.94 0.79
Tb 0.76 0.75 0.62 <0.60 <0.60 0.9 0.15 <0.60 0.850.6& <0.60 0.8 0.95 0.78
Dy | 0.75 0.84 0.72 <0.60 0.85 0.9 0.7 <0.60 0.88 .6&0 <0.60 0.6 0.93 0.84
Ho 0.66 0.75 <0.60 <0.60 0.77 0.86 <0.60 <0.60 0.80.6 <0.60 0.7 0.99 0.78
Er 0.8 0.81 0.64 <0.60 0.76 0.69 <0.60 <0.60 0.940.6& <0.60 0.73 0.83 0.89
Tm | <0.60 <0.60 0.7 <0.60 0.73 0.8 <0.60 <0.60 0.880.60 <0.60 0.76 0.84 0.81
Yb | <0.60 <0.60 <0.60 <0.60 0.77 <0.60 <0.p0 <0.60.890 <0.60 <0.60 0.68 0.9 0.84
Lu | <0.60 <0.60 <0.60 <0.60 0.82 <0.60 <0.p0O <0.60.780 <0.60 <0.60 0.63 0.69 0.88
Hf | <0.60 <0.60 <0.60 <0.60 <0.60 0.96 <0.60 <0.600.66 <0.60 <0.60 0.66 0.74 <0.60
W | <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 <0.p0O <0.600.68 <0.60 <0.60 <0.60 <0.60 <0.60
Pb 0.79 <0.60 0.95 0.97 0.81 0.78 <060 <0.60 0.7D2.75 0.7 <0.60 0.79 0.67
Th | <0.60 <0.60 <0.60 <0.60 <0.60 <0.60 <00 <0.60.91 <0.60 <0.60 0.93 0.77 0.76
U <0.60 <0.60 0.68 <0.60 <0.60 <0.60 <0.p0 <0.60920. <0.60 <0.60 0.89 0.89 0.94
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Table 3.4.Means values of colloidal proportion calculatechgdata of ultrafiltration (UF) 1 kDa
and dialysis (D) 1 kDa for 4 samples of Vostochstigam and 3 samples of Palojoki river basins.

sample OR-9 OR-6 OR-1 OR-8 KAR-2 KAR-1 KAR-B
separ. tech UF D UF D UF D UF D UF D UF D UF
Na 27 35 0 31 0 0 0 0 0 31 0 0 0
Mg 77 68 19 31 22 0 0 2 7 57 0 21 0
Al 80 91 73 93 67 94 0 21 33 85 52 90 73
Si 0 0 0 50 10 0 0 8 0 0 0 0 0
K 34 22 10 0 35 0 0 0 0 75 0 2( 0
Ca 84 71 31 38 32 0 2 7 14 54 2 13 2
Ti 91 86 68 79 73 60 18 12 70 84 47 55 48
\Y 0 87 20 0 33 75 25 0 26 35 14 5Y 22
Cr 78 66 64 71 49 78 7 nd 26 62 17 42 33
Mn 79 61 31 82 50 nd 0 44 14 5( 9 3b 9
Fe 88 91 94 97 95 91 15 63 67 96 92 97 96
Co 83 65 71 71 87 40 0 50 23 6y 10 66 29
Ni 83 72 55 73 43 57 0 63 27 76 4 6b 33
Cu 80 85 53 73 38 44 0 66 25 72 8 42 38
Zn 95 96 11 61 nd nd 38 98 0 51 0 nd 16
Ga 86 86 93 45 86 71 0 33 55 70 40 66 8(
Ge 76 75 33 0 56 nd 0 75 20 65 71 86 17
As 62 69 25 44 30 40 nd nd 23 nd 55 nd 44
Rb 37 72 0 nd 23 nd 0 0 0 6( 0 8 0
Sr 81 55 31 40 32 nd 5 12 24 59 6 24 12
Y 84 89 75 94 71 94 50 80 54 9( 67 95 76
Zr 84 90 79 99 77 95 0 76 67 94 60 98 79
Mo 90 60 nd nd nd 54 0 9 87 nd 10 40 0
Cd 65 5 70 65 50 25 0 43 28 60 14 29 53
Cs 43 86 50 50 0 nd 55 99 82 nd 23 38 44
Ba 90 58 48 54 47 24 50 4(Q 49 2B 14 nd 23
La 94 91 85 95 78 95 67 80 70 94 71 96 83
Ce 90 90 87 94 77 96 53 8( 67 e]78 76 96 83
Pr 90 90 87 95 78 94 50 83 57 98 70 65 87
Nd 86 89 80 94 73 94 60 84 60 98 67 97 85
Sm 89 89 82 94 73 93 42 67 58 on 79 98 8(
Eu 84 82 75 95 75 92 43 98§ 60 ap 75 15 8(
Gd 90 93 67 94 50 89 40 87 60 8p 60 97 8¢
Tb 89 89 91 100 75 92 25 93 70 88 56 nd 97
Dy 87 90 79 98 67 90 43 93 55 a0 56 94 79
Ho 87 88 75 98 67 85 17 92 64 9D 60 nd 71
Er 84 89 71 89 67 83 0 64 50 95 67 nd 83
m 83 93 80 90 72 84 nd nd 64 82 70 nd 91
Yb 76 88 75 94 65 82 25 90 20 90 83 nd 77
Lu 79 92 83 92 60 80 0 nd 62 86 75 nd 67
Hf 67 90 50 98 71 94 0 nd 66 89 36 80 87
w nd 60 nd nd nd nd 0 91 40 4( 0 70 0
Pb 97 93 nd 80 nd nd 0 83 95 nd nd nd nd
Th 90 92 90 95 88 96 0 85 82 89 60 94 83
U 75 90 87 93 75 93 5 50 59 91 53 97 97
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Table 3.5.Ratio of coarse colloids/particle (%), calculatedformula ([20 um]-[0.22um])/([0.22
um]-[1 kDa]), nd — non determinated.

OR-9 OR-6 OR-1 OR-8
Na 0.00 0.00 0.00 0.00
Mg 0.08 0.00 0.00 0.00
Al 0.43 0.00 0.00 0.00
Si 0.00 0.00 0.00 0.00
K 0.45 0.00 0.00 0.00
Ca 0.07 0.00 0.00 1.00
Ti 0.85 0.21 0.45 3.00
Vv 0.26 0.50 1.13 0.00
Cr 0.62 0.11 0.00 0.00
Mn 0.13 0.00 0.21 0.00
Fe 0.54 0.22 0.67 2.78
Co 0.25 0.00 0.00 0.00
Ni 0.40 0.00 0.00 0.00
Cu 0.00 0.00 0.00 0.00
Zn 0.94 1.50 nd 0.00
Ga 2.00 0.00 0.00 0.00
Ge 0.33 0.00 0.20 0.00
As 0.56 0.00 0.67 nd
Rb 0.00 0.00 0.00 0.00
Sr 0.54 0.00 0.00 1.45
Y 0.44 0.00 0.08 0.00
Zr 0.36 0.00 0.00 0.00
Mo 0.37 nd nd 0.00
Cd 1.54 0.00 0.00 0.00
Cs 0.33 0.00 0.00 0.00
Ba 0.42 0.00 0.00 0.00
La 0.60 0.00 0.14 0.50
Ce 0.55 0.00 0.09 0.63
Pr 0.53 0.00 0.14 0.67
Nd 0.52 0.00 0.17 0.53
Sm 0.44 0.00 0.00 0.26
Eu 0.53 0.00 0.00 0.00
Gd 0.56 0.17 0.00 0.50
Tb 0.43 0.00 0.00 1.00
Dy 0.38 0.00 0.00 0.77
Ho 0.38 0.00 0.00 0.00
Er 0.38 0.20 0.00 0.00
Tm 0.40 0.00 0.00 nd
Yb 0.54 0.00 0.00 0.00
Lu 0.32 0.00 0.00 0.00
Hf 0.25 0.00 0.00 0.00
W nd nd nd 0.00
Pb 0.49 nd nd 0.00
Th 0.40 0.00 0.00 0.00
U 0.00 0.00 0.00 0.00
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Figure 3.1.Geological map and sampling scheme



Y i N i %,
-g 2 “Fisherbrand” nylon — m prefiltration
i) [
£
A : m— *macrofiltration
E a% “Osmonics” _
95 I
1A [ osum = *microfiltration
- AN TTTTTTTTTTTTT ]
£3
7 .
e .
=y “Osmonics”
= & .
k& o U oapm je=bCamping> e
EZ8 I *dialysls
lavsan — | 0.046 um F dialysis
0 in-situ =
P ) 1 kDa
= g 100 kDa =P sampling ”SPECTFG/POI' 77
it o o L illi o il
R S Millipore . _ regenerated cellulose
£ g regenerated 10 kDa —
?:5 cellulose *nanofiltration

Figure 3.2.The scheme of cascade filtration.

115



pH

—0— KAR-1 filtration ¢ KAR-linsitu

—— KAR-2 filtration A KAR-2in situ
8 r —0— KAR-3 filtration B KAR-3in situ

—O— OR-9 filtration © OR-9insitu

0.001 0.01 0.1 1 10 100

pore size, um
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(°C), pH, salinity (TDS, mg/L), conductivity (R, m8cm) and oxygen saturation (%) values

ANNEX A

Table A3.1. Trace and major elements (ug/L), dissolved orga@don (mg/L), anions
(mg/L) concentrations measured in the samples (@r@2 alkalinity (mMol/L), temperature

measured in-situ in water samples of the study,9208d — non determined, cont —
contamination, trace — trace concentrations.

OR-9 OR-6 OR-2 OR-1 OR-8 KAR-7KAR-6 KAR-2 KAR-5 KAR-4 KAR-1 KAR-3
T°C 17.2 21.7 18.9 12.8 17.8 19 26 17.2 16 16.4 17.916.3
pH 4.3 6.3 6.3 6.7 7.5 6.95 7.01 5.54 6.92 735 772 6.87
R 57.4 20.8 18.1 14.39 42.5 10.7 235 35.3 32.2 24.123.0 23.7
TDS 31.9 10.2 8.22 8.45 23.3 5.42 105 195 182 413 124 12.9
O, sat. 40 85 nd 90 100 90 90 75 95 100 100 100
Alk. 0.00 0.22 0.15 0.28 0.54 nd nd 0.11 nd 0.25 270. 0.33
Cr 0.689 0.325 0.3971 0.4207 0.640 nd nd 0.089 nd 89.0 3.69 0.082
Slofa 0.062 0.32 1.1246 0.8945 0.0439 nd nd 0.056 nd 230.0 0.026 trace
NO;3 0.116 0.0292 0.4971 0.3932 0.0784 nd nd nd nd nd d n nd
DOC 144 18 18 16 7 20 27 16 32 29 11 11
Na 980 984 834 1041 1212 878 707 7110 1024 1496 71011132
Mg 264 591 498 923 1736 535 693 616 1250 1421 947 1661
K 315 37 5 249 843 208.4 48.38 627.5 194.2 419.1 6.818 272.4
Ca 708 3237 2178 3275 5902 1787 2725 2597 5446 584@540 3300
Si 1863 1870 1070 2862 1280 1697 652.7 2816 2669 2436 2308 2505
Al 168 117 134 89 14 56 228 352 83 160 111 52
Ti 1.28 0.63 0.48 0.64 0.36 0.40 1.32 1.98 086 91.6 0.95 0.58
\% 0.28 0.12 0.13 0.11 0.09 0.09 0.27 1.68 0.32 0.50 0.32 0.09
Cr 0.45 0.28 0.31 0.31 0.06 0.15 0.23 0.84 0.30 0.600.32 0.34
Mn 28.5 13.3 59 30.0 0.2 341 19.75 14.09 65.59 522 83.86 12.08
Fe 2580 123.9 167 167.6 9.6 80.73 757.3 3695 3081 5754 1998 1815
Co 0.61 0.06 0.09 0.18 0.01 nd 0.20 0.24 0.36 231 480 0.08
Ni 1.16 0.56 0.57 0.63 0.20 0.236 0.433 1.100 0.4380.945 0.619 0.703
Cu 1.50 0.45 0.46 0.86 0.60 0.559 0.411 2.244 0.328.816 0.691 1.260
Zn 23.2 1.8 1.4 15.6 1.7 2.6 6.1 51 3.2 6.9 43 25
Ga 0.020 0.002 0.002 0.005 0.004 0.004 0.026 0.039.011 0.049 0.016 0.005
Ge 0.006 0.002 0.002 0.006 0.002 0.002 0.004 0.012.007 0.014 0.004 0.004
As 0.396 0.104 0.121 7.407 0.067 0.088 0.208 0.32®.169 0.335 0.357 0.316
Rb 0.844 0.245 0.142 0.917 0.938 0.510 0.196 0.870.5310 0.886 0.540 0.515
Sr 6.7 7.9 6.3 9.4 11.3 9.8 15.6 18.7 345 438 222. 17.2
Y 0.102 0.077 0.093 0.126 0.016 0.042 0.141 0.283 .10  0.197 0.110 0.070
Zr 0.056 0.058 0.062 0.117 0.035 0.042 0.072 0.178.090 0.186 0.092 0.074
Mo 0.008 0.002 0.003 0.006 0.072 0.046 0.016 0.069.143 0.090 0.107 0.074
Cd 0.063 0.010 0.018 0.005 0.015 0.012 0.016 0.036.0060 0.226 0.020 0.146
Cs 0.006 0.001 0.000 0.021 0.001 0.004 0.002 0.005.0040 0.008 0.005 0.001
Ba 13.9 59 7.3 9.0 55 2.2 7.3 4.2 6.9 12.2 5.7 3|8
La 0.122 0.101 0.146 0.192 0.032 0.090 0.328 0.57D.236 3.391 0.524 0.101
Ce 0.270 0.144 0.287 0.268 0.038 0.143 0.635 1.565.4130 5.103 0.753 0.177
Pr 0.031 0.026 0.037 0.051 0.006 0.023 0.097 0.16@.060 0.545 0.098 0.027
Nd 0.122 0.099 0.147 0.204 0.023 0.084 0.371 0.624.221 1.592 0.329 0.113
Sm 0.022 0.018 0.023 0.034 0.004 0.014 0.058 0.1049.035 0.070 0.037 0.018
Eu 0.005 0.004 0.005 0.009 0.001 0.003 0.013 0.02D.009 0.017 0.009 0.005
Gd 0.020 0.031 0.038 0.030 0.004 0.012 0.043 0.093®.033 0.119 0.038 0.017
Tb 0.003 0.002 0.003 0.004 0.000 0.001 0.004 0.01®.003 0.007 0.004 0.003
Dy 0.017 0.013 0.014 0.023 0.002 0.008 0.026 0.058.020 0.045 0.023 0.012
Ho 0.003 0.003 0.003 0.005 0.000 0.001 0.005 0.01®.004 0.007 0.004 0.003
Er 0.010 0.007 0.010 0.013 0.001 0.004 0.014 0.03®.012 0.022 0.011 0.008
m 0.001 0.001 0.001 0.002 0.000 0.001 0.002 0.004.002 0.003 0.002 0.001
Yb 0.011 0.008 0.009 0.016 0.001 0.004 0.014 0.028.011 0.021 0.011 0.008§
Lu 0.001 0.001 0.001 0.002 0.000 0.001 0.002 0.004€.002 0.003 0.002 0.001
Hf 0.002 0.005 0.004 0.004 0.002 0.003 0.005 0.0080.005 0.010 0.006 0.004
W 0.003 0.002 0.001 0.003 0.001 0.001 0.004 0.011.0010 0.006 0.004 0.010
Pb 0.476 0.013 0.008 0.025 0.028 0.098 0.313 0.986.090 0.352 cont 0.098
Th 0.010 0.019 0.019 0.031 0.003 0.007 0.015 0.03®.021 0.035 0.021 0.018
U 0.003 0.003 0.002 0.008 0.024 0.013 0.004 0.022.010 0.013 0.019 0.048
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Table A3.2. Trace elements (ug/L) and dissolved organic caifpeg/L) concentrations in
filtrates (2009) and dialysate 1 kDa (2010, D1l)tlé soil solution (OR-9) of Vostochniy
stream watershed, nd — non determined, cont — icoméion.

OR-9 20 um 10 ym 5pum 0.8um 0.22um 0.1 pum 100 kD&0 kDa 1 kDa D1

Na 1200 1200 1200 1200 1200 1200 1200 980 880 780
Mg 500 500 500 470 470 470 205 155 110 150
Al 620 620 620 490 460 460 270 190 90 40
Si 2000 2000 2000 2000 2000 2000 2000 2000 1800 0200
K 370 370 370 320 320 320 320 240 210 250
Ca 1270 1270 1270 1200 1200 1000 430 430 195 350
Ti 3.9 3.9 3.9 3.2 2.2 1.8 0.5 0.3 0.2 0.3
\Y, 11 11 11 0.99 0.93 0.85 0.6 0.37 0.28 0.12
Cr 11 11 11 0.95 0.74 0.65 0.4 0.26 0.16 0.25
Mn 33 33 33 30 30 26 11.3 8.3 6.3 11.8
Fe 10000 10000 10000 8600 6800 5200 1850 1030 842 85 5
Co 1.15 1.15 1.15 1.00 0.95 0.8 0.33 0.23 0.16 0.33
Ni 2.4 2.4 2.4 2.3 1.8 1.6 0.65 0.55 0.3 0.5
Cu 14 14 14 14 14 0.92 0.38 0.28 0.28 0.2
Zn 13.66 10.97 10.95 10.44 8.5 8.379 5.6 4.97 3.86 3.35

Ga 0.095 0.095 0.095 0.045 0.035 0.035 0.03 0.02 0050. 0.005
Ge 0.01 0.01 0.01 0.009 0.008 0.0065 0.0058 0.0038.0019 0.002
As 0.70 0.69 0.67 0.65 0.52 0.44 0.27 0.20 0.20 60.1
Rb 0.95 0.95 0.95 0.95 0.95 0.95 0.75 0.70 0.60 70.2
Sr 9.6 9.6 9.6 9.6 6.7 6.7 2.8 1.9 1.3 3

Y 0.26 0.26 0.26 0.26 0.19 0.14 0.06 0.04 0.03 0.¢
Zr 0.13 0.13 0.13 0.12 0.1 0.09 0.035 0.017 0.016 .010
Mo 0.02 0.02 0.02 0.02 0.015 0.015 0.005 0.005 1B00 0.006
Cd 0.04 0.04 0.04 0.04 0.02 0.02 0.012 0.01 0.007 .019D
Cs 0.008 0.008 0.008 0.008 0.007 0.006 0.006 0.0040.004 0.001
Ba 11 11 11 11 8 6 2.3 15 0.8 3.4
La 0.25 0.25 0.25 0.25 0.16 0.12 0.03 0.026 0.01 014.
Ce 0.63 0.63 0.63 0.63 0.42 0.31 0.1 0.06 0.04 0.04
Pr 0.071 0.071 0.071 0.071 0.048 0.035 0.012 0.0080.005 0.005
Nd 0.26 0.26 0.26 0.26 0.18 0.15 0.05 0.035 0.025 .020
Sm 0.05 0.05 0.05 0.05 0.036 0.025 0.01 0.006 0.0040.004
Eu 0.013 0.013 0.013 0.013 0.009 0.006 0.003 0.001@.0014  0.0016
Gd 0.09 0.09 0.09 0.09 0.06 0.025 0.01 0.006 0.0060.004
Tb 0.0065 0.0065 0.0065 0.0065 0.0047 0.0035 0.00120.0009 0.0005  0.0005
Dy 0.04 0.04 0.04 0.04 0.03 0.02 0.009 0.005 0.0040.003
Ho 0.008 0.008 0.008 0.008 0.006 0.005 0.0017 20010.0008  0.0007
Er 0.025 0.025 0.025 0.025 0.019 0.0157 0.0068 40.00 0.003 0.002
™™ 0.004 0.004 0.004 0.004 0.003 0.002 0.001 0.0006.0005  0.0002
Yb 0.024 0.024 0.024 0.024 0.017 0.015 0.008 0.0040.004 0.002
Lu 0.003 0.003 0.003 0.003 0.0024  0.0024 0.0013 00&®0 0.0005 0.0002
Hf 0.007 0.007 0.007 0.007 0.006 0.005 0.003 0.0020.002 0.0006
w 0.01 0.01 0.01 0.009 0.005 0.005 0.005 0.0003 nd 0.002
Pb 14 14 14 1.4 0.95 0.53 0.11 0.05 0.03 0.q
Th 0.034 0.034 0.034 0.03 0.025 0.019 0.006 0.002B.0025 0.002

U 0.002 0.002 0.002 0.002 0.002 0.001 0.0005 0.0008.0005  0.0002
DOC 141.44 138.22 137.89  135.20 55.10 38.75 27.14 1.871 11.33
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Table A3.2 continued. Trace elements (pg/L) and dissolved organic carlfmg/L)
concentrations in filtrates (2009) and dialysatkDih (2010, D1) of the upper feeding lake
(OR-6) of Vostochniy stream watershed, nd — noermdehed, cont — contamination.

OR-6 20 um 10 um 5um 0.8um 0.22pum 0.1um 100 kD&0 kDa 1 kDa D1

Na 980 980 980 980 980 980 980 980 980 680
Mg 590 590 590 590 590 590 590 590 475 410
Al 120 120 120 120 120 120 120 110 32 9
Si 2000 2000 2000 2000 2000 2000 2000 2000 1900 0100
K 41 41 41 41 41 41 41 41 37 100
Ca 3200 3200 3200 3200 3200 3200 3200 3200 2200 0 200
Ti 0.72 0.72 0.72 0.65 0.63 0.63 0.62 0.48 0.2 0.13
\YJ 0.11 0.11 0.11 0.10 0.10 0.10 0.10 0.095 0.08 0.1
Cr 0.3 0.3 0.3 0.3 0.28 0.28 0.28 0.28 0.1 0.08
Mn 13 13 13 13 13 12 12 12 9 2.4
Fe 150 142 142 136 124 100 96 68 7 3.7
Co 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.02 20.0
Ni 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.25 50.1
Cu 0.45 0.45 0.45 0.45 0.45 0.45 0.44 0.44 0.21 20.1
Zn 2.1 2.1 1.9 1.8 1.8 1.8 1.8 1.8 1.6 0.7
Ga 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.0038.0003 0.0022
Ge 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.0030.002 0.0025
As 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.082 06D.
Rb 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 2038
Sr 8 8 8 8 8 8 8 8 5.5 4.8

Y 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.07 0.02 H.0D
Zr 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.015 00D.
Mo nd nd nd nd nd nd nd nd 0.005 0.006
Cd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.006 0.003 .003®
Cs 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.0020.001 0.001
Ba 6.3 6.3 6.3 6.3 6.3 6.3 6.3 5.8 3.3 2.9
La 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.077 0.015 0.005
Ce 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.11 0.02  09.(
Pr 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.004 001t
Nd 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.08 0.02 0.006
Sm 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.0150.003 0.001
Eu 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.0030.001 0.0002
Gd 0.02 0.02 0.02 0.018 0.018 0.016 0.016 0.014 0680.0 0.001
Tb 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023.0017 0.0002  0.00001
Dy 0.014 0.014 0.014 0.014 0.014 0.014 0.013 0.01 .00 0.0003
Ho 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.0020.0005 0.00005
Er 0.008 0.008 0.008 0.008 0.007 0.007 0.007 0.0070.002 0.0008
Tm 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.0010.0002 0.0001
Yb 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.0060.002 0.0005
Lu 0.0012 0.0012 0.0012 0.0012 0.0012 0.0012 0.00120.001 0.0002 0.0001
Hf 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.0040.002 0.0001
w nd nd nd nd nd nd nd 0.004 0.0015 0.001
Pb 0.02 0.02 0.02 0.02 0.02 0.02 0.02 nd nd 0.004
Th 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.017 0.002 .00

U 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 .0002 0.0002
DOC 16.71 15.10 15.20 14.88 14.56 14.45 16.28 14.457.68 nd
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Table A3.2 continued. Trace elements (pg/L) and dissolved organic carlfmg/L)
concentrations in filtrates (2009) and dialysatebh (2010, D1) of the middle course (OR-1)
of Vostochniy stream watershed, nd — non determioaadt — contamination.

OR-1 20 um 10 ym 5um 0.8um 0.22pum 0.1pm 100 kO#& kDa 1 kDa D1
Na 900 900 900 900 900 900 900 900 900 990
Mg 550 550 550 550 550 550 550 550 430 890
Al 180 180 180 180 180 180 180 160 60 11
Si 2100 2100 2100 2100 2100 2100 2100 2100 1900 0 2535
K 40 40 40 40 40 40 39 38 26 275
Ca 2100 2100 2100 2100 2100 2100 2100 2020 1430 0 270
Ti 1 1 1 0.93 0.75 0.7 0.6 0.5 0.2 0.3
\YJ 0.165 0.14 0.14 0.137 0.12 0.105 0.09 0.086 0.08 0.03
Cr 0.41 0.41 0.41 0.41 0.41 0.4 0.37 0.35 0.21 0.09
Mn 9.3 8.8 8.8 8.7 8.4 8.3 6.1 5.5 4.2 17
Fe 245 238 237 220 150 120 78 48 8 13
Co 0.1 0.1 0.1 0.1 0.1 0.1 0.08 0.06 0.013 0.06
Ni 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.65 0.4 0.3
Cu 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.7 0.5 0.4b
Zn nd nd nd nd nd nd nd nd nd 2.6
Ga 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.0040.001 0.002
Ge 0.005 0.005 0.005 0.005 0.0045 0.0045 0.0045 036.0 0.002 0.005
As 0.12 0.11 0.11 0.1 0.1 0.1 0.1 0.1 0.07 0.06
Rb 0.26 0.26 0.26 0.26 0.26 0.25 0.25 0.25 0.2 1
Sr 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.6 4.6 8.1
Y 0.18 0.18 0.18 0.18 0.17 0.17 0.16 0.13 0.05 0.01
Zr 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.12 0.03 0D.0
Mo 0.014 0.014 0.014 0.014 0.013 0.007 0.003 0.002 nd 0.006
Cd 0.004 0.004 0.004 0.004 0.004 0.004 0.0035 6.003 0.002 0.003
Cs 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.0010.001 0.004
Ba 9 9 9 9 9 9 9 8 4.8 6.8
La 0.4 0.4 0.4 0.4 0.36 0.36 0.36 0.3 0.08 0.01873
Ce 0.75 0.75 0.75 0.7 0.7 0.7 0.6 0.5 0.16 0.0p5
Pr 0.1 0.1 0.1 0.09 0.09 0.09 0.09 0.07 0.02 0.005
Nd 0.37 0.37 0.37 0.37 0.33 0.32 0.32 0.26 0.09 20.0
Sm 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.04 0.016 0040.
Eu 0.012 0.012 0.012 0.012 0.012 0.011 0.01 0.009 .0030 0.001
Gd 0.05 0.05 0.05 0.05 0.05 0.05 0.046 0.04 0.025 .005%
Tb 0.006 0.006 0.006 0.006 0.006 0.006 0.0055 0.009.0015 0.0005
Dy 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.025 0.01 003®.
Ho 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.0050.002 0.0009
Er 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.0150.006 0.003
Tm 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0020.002 0.0007 0.0004
Yb 0.017 0.017 0.017 0.017 0.017 0.017 0.015 0.0140.006 0.003
Lu 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0020.002 0.001 0.0005
Hf 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.0070.002 0.0004
W nd nd nd nd nd nd nd nd nd 0.0005
Pb 0.03 0.03 0.03 0.03 0.01 0.01 0.01 0.01 nd 0.02
Th 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.005 001X
U 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.007 .00  0.0006

DOC 11.82 14.96 11.8 14.76 13.2 12.77 12.2 10.68 5 7.
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Table A3.2 continued. Trace elements (ug/L) and dissolved organic carkmig/L)

concentrations in filtrates (2010) and dialysatekla (2010, D1) of the terminal lake
Tsipringa (OR-8) of Vostochniy stream watershed,
contamination.

Ad non determined, cont —

OR-8 | 20um 10 um 5um 0.8 um 0.4um  0.22um  0.1um QuUod6 100kDa 10 kDa 1 kDa D1

Na 1200 1200 1200 1200 1200 1200 1200 1200 1200 0 1201200 1200
Mg 1700 1700 1700 1700 1700 1700 1700 1700 1700 01701700 1670

Al 9.0 9.0 9.0 8.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 5.5
Si 1300 1300 1300 1300 1300 1300 1300 1300 1300 01301300 1200
K 820 820 820 820 820 820 820 820 820 820 820 820
Ca 6200 6200 6200 6200 6100 6100 6000 6000 6000 0 6006000 5700
Ti 0.26 0.26 0.26 0.24 0.17 0.17 0.15 0.14 0.14 40.1 0.14 0.15
\/ 0.1 0.1 0.1 0.1 0.1 0.1 0.09 0.075 0.075 0.075 07®. 0.1
Cr 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 70.00.065 0.1

Mn 0.92 0.92 0.92 0.92 0.82 0.82 0.82 0.82 0.82 20.8 0.82 0.46
Fe 17 16.5 16 14 12 12 12 10.2 10.2 10.2 10.2 44
Co 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 10.00.01 0.005
Ni 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 B.07
Cu 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.24
Zn 40 40 40 40 40 40 40 25 25 25 25 0.9
Ga 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003.003 0.003 0.003 0.002
Ge 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002.002 0.002 0.002 0.0004
As cont cont cont cont cont cont cont cont cont tcon cont 0.07

Rb 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Sr 12.9 12.9 12.06 12.12 11.9 11.9 11.82 11.32 211.311.25 11.21 10.51
Y 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.010.01 0.004
Zr 0.009 0.009 0.009 0.009 0.0085 0.0085 0.0085 08m"0 0.0085 0.0085 0.0085 0.002
Mo 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 80.0 0.08 0.073
Cd 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.0030.003 0.003 0.003 0.0017
Cs 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.045 0.045 0.045 04%. 0.0006
Ba 8.0 8.0 8.0 8.0 8.0 8.0 8.0 4.0 4.0 4.0 4.0 4.8
La 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.01 0.01 10.0 0.01 0.006
Ce 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.014 0.014.0140 0.014 0.006
Pr 0.008 0.008 0.008 0.007 0.006 0.006 0.006 0.003).003 0.003 0.003 0.001
Nd 0.033 0.033 0.033 0.025 0.025 0.025 0.025 0.01 010 o0.01 0.01 0.004
Sm 0.005 0.005 0.005 0.005 0.0045 0.0045 0.0045 026.0 0.0026 0.0026 0.0026 0.0015
Eu 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.0045.004 0.004 0.004 0.0001
Gd 0.006 0.006 0.006 0.005 0.005 0.005 0.005 0.0030.003 0.003 0.003 0.000¢4
Tb 0.0005 0.0005 0.0005 0.0005 0.0004 0.0004 0.000a.0004 0.0003 0.0003 0.0003 0.000p3
Dy 0.004 0.004 0.004 0.003 0.003 0.003 0.003 0.0020.002 0.002 0.0017 0.0002
Ho 0.0006 0.0006 0.0006 0.0006 0.0006 0.0006 0.0008.0005 0.0005 0.0005 0.0005 0.00045
Er 0.002 0.002 0.002 0.002 0.0014 0.0014 0.0014 0140 0.0014 0.0014 0.0014 0.0005
Tm 0.0002 0.0002 0.0002 0.0002 0.0001 0.0001 0.00010001 0.0001 nd nd nd
Yb 0.002 0.002 0.002 0.002 0.002 0.002 0.0018 ®%0010.0015 0.0015 0.0015 0.000p
Lu 0.0004 0.0004 0.0004 0.0004 0.0003 0.0003 0.0003.0003 0.0003 0.0003 0.0003 nd
Hf 0.0006 0.0006 0.0006 0.0006 0.0004 0.0004 0.000a.0004 0.0004 0.0004 0.0004 nd
W 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 .0080 0.008 0.008 0.0007
Pb 0.021 0.021 0.021 0.02 0.02 0.01 0.01 0.01 0.010.01 0.01 0.0017
Th 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.0020.002 0.002 0.002 0.0003
U 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.020.019 0.01

DOC 5.20 5.20 5.20 5.20 5.20 5.10 5.10 5.10 5.10 105. 5.10 8.46

128



Table A3.3. Trace elements (ug/L) and dissolved organic caifpeg/L) concentrations in
filtrates (2008) and dialysate 1 kDa (2009, D1}he feeding bog (KAR-2) of Palojoki river
watershed, nd — non determined, cont — contamimatio

KAR-2 100 pm 0.4 um 0.1 um 100 kDa 10 kDa 1 kDa D1
Na 800 800 800 800 800 800 550
Mg 460 460 460 460 450 430 200
Al 285 210 210 205 165 140 31
Si 2200 2200 2200 2200 2200 2200 2200
K 110 110 110 110 110 110 28
Ca 1250 1250 1250 1250 1150 1070 580
Ti 2.2 1.0 1.0 0.86 0.5 0.3 0.16
\Y, 15 0.23 0.23 0.2 0.17 0.17 0.15
Cr 0.75 0.66 0.62 0.58 0.51 0.49 0.25
Mn 48 36 36 36 35 31 18
Fe 3330 876 835 815 520 290 31
Co 0.58 0.48 0.45 0.45 0.44 0.37 0.16
Ni 0.86 0.85 0.85 0.85 0.75 0.62 0.2
Cu 1.6 1.6 1.6 1.6 1.3 1.2 0.45
Zn 10 10 10 10 10 10 4.9
Ga 0.03 0.01 0.01 0.01 0.007 0.0045 0.003
Ge 0.02 0.02 0.02 0.02 0.02 0.016 0.007
As 0.3 0.3 0.3 0.3 0.23 0.23 cont
Rb 0.15 0.15 0.15 0.15 0.15 0.15 0.06
Sr 8.9 8.5 8.5 8.5 7.4 6.5 35

Y 0.19 0.13 0.12 0.12 0.1 0.06 0.013
Zr 0.13 0.12 0.12 0.11 0.08 0.04 0.007
Mo 0.026 0.015 0.015 0.015 0.015 0.002 0.02
Cd 0.08031 0.1245 0.1536 0.1477 0.1165 0.09 0.0%
Cs 0.0007 0.00068 0.00013 0.00013 0.00013 0.00012 .0008
Ba 8.1 6.1 6.1 5.9 4.7 3.1 4.7
La 0.4763 0.2648 0.2207 0.2365 0.1601 0.08 0.016
Ce 1.15 0.7 0.6 0.6 0.43 0.2281 0.045
Pr 0.11 0.07 0.07 0.07 0.05 0.03 0.005
Nd 0.43 0.3 0.25 0.25 0.19 0.12 0.02
Sm 0.065 0.043 0.043 0.043 0.037 0.018 0.004
Eu 0.014 0.01 0.01 0.009 0.007 0.004 0.001
Gd 0.064 0.045 0.04 0.04 0.03 0.018 0.001
Tb 0.0056 0.005 0.004 0.004 0.004 0.0015 0.0006
Dy 0.04 0.02 0.02 0.02 0.02 0.009 0.002
Ho 0.007 0.005 0.004 0.004 0.0036 0.0018 0.0005
Er 0.02 0.014 0.014 0.014 0.01 0.007 0.000y
™m 0.003 0.0022 0.0022 0.002 0.0018 0.0008 0.0004
Yb 0.015 0.01 0.01 0.01 0.01 0.008 0.001
Lu 0.0031 0.0021 0.0018 0.0015 0.0012 0.0008 0.0003
Hf 0.005 0.005 0.005 0.0048 0.0037 0.0017 0.0006
w 0.005 0.005 0.005 0.004 0.003 0.003 0.003
Pb 0.4 0.14 0.14 0.12 0.04 0.007 nd
Th 0.03 0.028 0.02 0.02 0.015 0.005 0.003
U 0.0058 0.0044 0.0044 0.0044 0.0039 0.0018 0.0004
DOC 16.68 16.67 16.57 15.7 14.28 11.29
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Table A3.3 continued. Trace elements (pg/L) and dissolved organic carlfmg/L)
concentrations in filtrates and dialysate 1 kDa)(Dflthe middle course (KAR-2) of Palojoki
river watershed, nd — non determined, cont — coimaton.

KAR-1 100 pm 0.4 um 0.1 um 100 kDa 10 kDa 1 kDa D1
Na 900 900 900 900 900 900 900
Mg 820 820 820 820 820 820 650
Al 70 42 40 40 29 20 4
Si 2000 2000 2000 2000 2000 2000 2000

K 200 200 200 200 200 200 160
Ca 3000 3000 3000 3000 3000 2950 2620
Ti 0.83 0.38 0.36 0.35 0.2 0.2 0.17
\Y 0.25 0.07 0.06 0.06 0.06 0.06 0.03
Cr 0.34 0.24 0.2 0.2 0.2 0.2 0.14
Mn 71 66 65 65 62 60 43
Fe 1363 200 200 200 50 17 7
Co 0.34 0.29 0.26 0.26 0.26 0.26 0.1
Ni 0.48 0.48 0.48 0.48 0.48 0.46 0.17
Cu 14 1.2 1.2 1.2 1.2 11 0.7
Zn 6 6 6 6 6 6 nd
Ga 0.009 0.005 0.004 0.004 0.004 0.003 0.0017
Ge 0.007 0.007 0.005 0.005 0.0035 0.002 0.001
As 0.4 0.4 0.2 0.2 0.18 0.18 cont
Rb 0.4 0.4 0.4 0.4 0.4 0.4 0.37
Sr 18 17 16 16 16 16 13
Y 0.09 0.06 0.05 0.05 0.04 0.02 0.003
Zr 0.07 0.05 0.05 0.05 0.04 0.02 0.001
Mo 0.11 0.1 0.09 0.09 0.09 0.09 0.06
Cd 0.07 0.07 0.07 0.07 0.07 0.06 0.05
Cs 0.0013 0.0013 0.0013 0.0013 0.0013 0.001 0.0008
Ba 45 3.7 3.7 3.7 35 3.2 cont
La 0.21 0.09 0.085 0.085 0.05 0.026 0.004
Ce 0.39 0.17 0.16 0.16 0.09 0.04 0.00y
Pr 0.05 0.02 0.02 0.02 0.01 0.006 0.00y
Nd 0.2 0.09 0.085 0.085 0.045 0.03 0.008
Sm 0.03 0.014 0.014 0.014 0.01 0.003 0.0003
Eu 0.006 0.004 0.003 0.003 0.002 0.001 0.001
Gd 0.03 0.015 0.015 0.015 0.009 0.006 0.0005
Th 0.0032 0.0016 0.0016 0.0014 0.0009 0.0007 ndl
Dy 0.017 0.009 0.009 0.009 0.005 0.004 0.0005
Ho 0.0035 0.002 0.002 0.0017 0.0016 0.0008 ng
Er 0.01 0.006 0.006 0.006 0.004 0.002 nd
™™ 0.0015 0.001 0.001 0.001 0.0004 0.0003 nd
Yb 0.009 0.006 0.005 0.005 0.004 0.001 nd
Lu 0.001 0.0008 0.0008 0.0008 0.0003 0.0002 ng
Hf 0.0033 0.0028 0.0022 0.0019 0.0018 0.0018 0.0003
w 0.01 0.01 0.01 0.01 0.01 0.01 0.003
Pb 0.12 0.05 0.05 0.05 nd nd nd
Th 0.012 0.01 0.01 0.01 0.007 0.004 0.0006
U 0.02 0.015 0.015 0.015 0.014 0.007 0.0004
DOC 12.62 10.93 10.89 10.71 10.5 9.44
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Table A3.3 continued. Trace elements (pg/L) and dissolved organic carlfmg/L)
concentrations in filtrates of the middle cours@R2) of Palojoki river watershed, nd — non
determined, cont — contamination.

KAR-3 100 pm 0.4 um 0.1 um 100 kDa 10 kDa 1 kDa
Na 1100 1100 1100 1100 1100 110(
Mg 1100 1100 1100 1100 1100 1100
Al 88 51 51 51 39 14
Si 2500 2500 2500 2500 2500 250(

K 270 270 270 270 270 270
Ca 3100 3100 3100 3100 3100 3030
Ti 1.2 0.5 0.5 0.4 0.4 0.26
\Y 0.3 0.09 0.09 0.09 0.075 0.07
Cr 0.32 0.3 0.3 0.3 0.3 0.2
Mn 22 11 11 11 11 10
Fe 944 183 181 148 64 6.8
Co 0.15 0.085 0.085 0.085 0.085 0.06
Ni 0.7 0.7 0.7 0.63 0.62 0.47
Cu 1.2 1.2 1.2 1.2 11 0.74
Zn 5 5 5 5 5 4.2
Ga 0.009 0.005 0.005 0.0029 0.0028 0.001
Ge 0.006 0.006 0.006 0.006 0.005 0.005
As 0.32 0.32 0.32 0.25 0.22 0.18
Rb 0.53 0.53 0.53 0.53 0.53 0.53
Sr 17 17 17 17 16 15
Y 0.1 0.07 0.07 0.07 0.05 0.017
Zr 0.1 0.08 0.08 0.08 0.07 0.017
Mo 0.08 0.08 0.08 0.08 0.08 0.08
Cd 0.15 0.15 0.14 0.13 0.13 0.07
Cs 0.0013 0.0013 0.0011 0.0007 0.0007 0.0007
Ba 4.5 3.9 3.8 3.8 3.8 3
La 0.2 0.1 0.1 0.1 0.1 0.017
Ce 0.39 0.18 0.17 0.16 0.11 0.03
Pr 0.057 0.031 0.027 0.025 0.019 0.004
Nd 0.22 0.12 0.11 0.1 0.07 0.014
Sm 0.035 0.02 0.02 0.02 0.013 0.004
Eu 0.007 0.005 0.005 0.003 0.003 0.001
Gd 0.028 0.017 0.017 0.017 0.013 0.002
Th 0.004 0.0025 0.0025 0.0018 0.0016 0.00p2
Dy 0.02 0.014 0.013 0.013 0.009 0.008
Ho 0.0038 0.0028 0.0028 0.0028 0.0017 0.0008
Er 0.012 0.008 0.008 0.0076 0.0068 0.0014
™™ 0.0017 0.0011 0.0011 0.00095 0.0009 0.0001
Yb 0.01 0.007 0.007 0.0062 0.0057 0.0016
Lu 0.0013 0.0012 0.001 0.001 0.0006 0.0004
Hf 0.003 0.003 0.003 0.003 0.003 0.0004
w 0.005 0.005 0.005 0.005 0.005 0.00b
Pb 0.1 0.08 0.08 0.08 0.025 nd
Th 0.018 0.018 0.018 0.018 0.008 0.00B
U 0.6 0.5 0.5 0.5 0.04 0.013
DOC 10.92 10.82 10 9.92 9.71 7.6
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ELECTRONIC ANNEX

ESM-3.1.Description of climate, topography, soil and vetetaof the regions.
3.1.1. North Karelia, NW Russia
3.1.1.1. Climate

The climate of the region is mild-cold, transitibieetween oceanic and continental,
with a determinant influence of the Arctic and Nharn Atlantics. Winter is long and soft,
summer is short and cool. Average temperature noalg is -13°C, and +15°C in July, but
extremes can reach -45° to +35°C in winter and senperiods, respectively. The dominant
wind direction is South-West in winter and NorthsEan summer. Average annual
precipitation amount is between 450 and 550 mmnyrow period lasts from October to
April-May with the average thickness of snow cov8r- 80 cm, but often over than 1 m. The
territory is under the influence of the warm Gutfeam, but microclimatic conditions differ
dramatically because of the large cross-countrguimmer in the deep and sheltered valleys
it's much warmer than on the mountain tops, whereasnter it's much colder in the valleys

where the mountains cold air accumulates.

3.1.1.2. Topography

Tectonics and glaciation shaped the terrain of Kar€rustal snaps and step faults,
reaching in two mutually perpendicular directiotise north-west to south-east and south-
west to north-east have formed as a result of mecforocesses. Traces of glaciation occur in
the glacial landforms that presented in moraingesdextended from the north-west to south-
east.

Much part of the region is a hilly plain with eldias of 200 m. Along the White Sea
coast there is a wide zone of lowland Pribelomoyakaith elevations less then 100 m. In the
western part, on the border with Finland, moraidge Maanselkya is located, it represents a
watershed between the basins of the Baltic and&\Bets.

Our study area is located in the most elevated @aKarelia, in the central part of
Maanselkya. It is a landscape of tectonic denuddtills, plateaus and ridges with an average
altitude of 300-400 meters with separate insulatedsifs (Tunturi).
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3.1.1.3. Hydrology

The region has a well-developed river network fleats via a system of glacial lakes.
The water of small and medium-sized lakes warmgwgR-25 °C in summer. Water is soft,
low mineralized, often with a brown hue becausteetling swamps.

The large number of wetlands is typical featureNofth Karelia. The small marshes
with area from 3-5 to 30-50 hectares are dominakekind of "hanging" (omrotrophic) bogs
is formed on the steep slopes. By the nature aof theding, Karelian rivers belong to the
mixed type, fed by rainfall, bogs, groundwater andwmelt. The rivers break up earlier than
their conjugated lakes and some full of rapids meaadon't freeze at all. The average date of
floods in North Karelia is April 25 - May 5. Thevars freeze in November - December.
Natural fluctuations of water level do not exceest2 m.

Rivers of Karelia are comparably short. Significpatt of their length (up to 50%) may
consist of the flowage lakes. There are « lakerrivaystems, consisting of a chain of lakes
connected by rapids channels. The accumulativeesygstare represented by a lake that
collects the water of many rivers and serves aletoat one larger river are also typical for
Karelia. Another peculiar phenomenon is a bifusrat(splitting) of the water flow. The
average gradient of rivers is about 1 m/km, andou®-5 m/km in the rapids channels. Rivers
of Karelia are very young geologically, and theadb are composed of hard rocks. Because
the rivers are, just started to make the longitaidiprofile, their valleys are not wide
floodplains, and they almost do not have high tersa

Chemical composition of river waters in Karelia determined by the chemical
weathering of silicate parent rocks of the Baltigstalline shield and quaternary deposits, and
the presence of numerous peatlands. Typical vaiesal discharge of solids (TDS) for this
region are 15-30 mg/l (Maksimova, 1967; Zakharowalg 2007), and the concentration of
river suspended matter is very low. The adjacekédabetween the rivers significantly

decrease the size of actual feeding watershedjvea river.

3.1.1.4. Soil, vegetation

The soil cover of the region is very young andsibften absent on ledges of bedrock
and steep slopes. Low temperature in combinatidh igh humidity is responsible for the
slow humification and mineralization of plant rasgd$. Therefore, a lot of organic matter is
accumulated in the form of peaty horizons, and etteb drained sites - in the form of coarse
humus. Predominant soils are illuvial-humic andvilal-ferruginous-humic podzols. All

types of podzols exhibit a highly acidic reactiovddow base saturation of the upper layers.
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Coniferous forests dominate the vegetation of #gton. The main conifers are pine
and spruce. The common deciduous trees are bispenaalder. The sphagnum pine occurs
on the plains, depressions and swamps. Sparse stoyeconsists of mountain ash and
juniper. It is dominated by blueberries and craribsrin the shrub layer, and green mosses in
the lower layer. The rocks are usually covered wdtches of black, gray, yellow, red, brown
crustose lichens. Herbaceous plants are rare. Tdie mushrooms are aspen and boletus.

There are poisonous plants in Karelia such as, tekntowbane, mezereon.
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Table ESM-3.2. The weather characteristics of the samplings gderiby the data of
meteostation 22217 KANDALAKSHA (25m - 67 09N - 32B), www.mundomanz.com

Precipitations, mm| 2007 2008 2009 2010
june 42.3 99.0 68.4 72.8
july 102.8 | 69.7 79.7 37.6
august 38.8 99.3] 1055 65.0
year 602.2| 631.8§ 562.2 5064
Temperature, °C 2007 2008 2009 2010
june 111 11.2 10.6 10.4
july 14.4 13.7 135 16.3
august 14.0 10.7 134 11.9
year 1.7 1.2 0.9 0.1

135



Figure ESM-3.3.Field clean room.

136



Table ESM-3.4. Iron-normalized TE partition coefficient&{; andKy) for the samples of
Vostochniy stream basin and4) for the samples of Palojoki river basin.

OR-9 OR-6 OR-1 KAR-2| KAR-1 KAR-3

TE K1 Ky Kaz Ky Ka1 Ky Ky Ky Ky

Na 0.04 0.05 0.00 0.00 0.00 0.00 0.0 0.00 0.00
Mg 0.36 0.46 0.01 0.01 0.01 0.02 0.08 0.00 0.00
Al 0.48 0.58 0.15 0.16 0.08 0.11 0.25% 0.10 0.10
Si 0.01 0.02 0.00 0.00 0.00 0.01L 0.00 0.90 0.00
K 0.06 0.07 0.01 0.01 0.02 0.03 0.00 0.00 0.00
Ca 0.56 0.73 0.02 0.03 0.02 0.03 0.08 0.00 0.P0
Ti 1.63 1.41 0.12 0.13 0.14 0.1% 1.1% 0.08 0.04
\Y 0.28 0.33 0.01 0.01 0.03 0.03 0.17 0.02 0.01
Cr 0.54 0.51 0.11 0.11 0.04 0.0b 0.1y 0.02 0.02
Mn 0.41 0.53 0.02 0.03 0.04 0.06 0.08 0.01 0.00
Fe 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Co 0.57 0.70 0.14 0.15 0.25 0.38 0.1b 0.01 0.02
Ni 0.72 0.71 0.07 0.07 0.03 0.04 0.18 0.00 0.02
Cu 0.43 0.57 0.06 0.07 0.02 0.0B8 0.16 0.01 0.02
Zn 0.19 2.60 0.01 0.01] nd nd 0.0( 0.00 0.01
Ga 0.87 0.85 0.67 0.74 0.23 0.34 0.60 0.06 0.15
Ge 0.41 0.45 0.03 0.03 0.06 0.0/7 0.1 0.23 0.p1
As 0.24 0.23 0.02 0.02 0.02 0.0p 0.16 0.11 0.03
Rb 0.06 0.08 0.00 0.00 0.01 0.0p 0.0D 0.00 0.00
Sr 0.69 0.59 0.02 0.03 0.02 0.08 0.1p 0.01 0.01
Y 0.83 0.75 0.16 0.18 0.10 0.14 0.58 0.19 0.12
Zr 0.71 0.74 0.20 0.22 0.13 0.19 0.99 0.14 0.14
Mo 1.34 1.27 nd nd nd nd 3.22 0.01 0.0p

Cd 0.51 0.26 0.13 0.14 0.04 0.0p 0.1p 0.02 0.04
Cs 0.11 0.11 0.05 0.06 0.00 0.00 2.31 0.03 0.03
Ba 1.38 1.27 0.05 0.05 0.03 0.0b 0.4B 0.01 0.01
La 2.60 2.12 0.31 0.34 0.15 0.20 1.14 0.23 0.19
Ce 1.60 1.34 0.35 0.39 0.13 0.19 1.0p 0.30 0.19
Pr 1.43 1.22 0.35 0.39 0.13 0.2p 0.6b 0.22 0.26
Nd 1.02 0.88 0.22 0.24 0.12 0.1p 0.74 0.19 0.22
Sm 1.25 1.13 0.25 0.28 0.10 0.15 0.69 0.34 0.15
Eu 0.90 0.77 0.16 0.18 0.11 0.1j7 0.74 0.28 0.15
Gd 1.52 1.27 0.11 0.12 0.04 0.0p 0.74 0.14 0.29
Tb 1.30 1.19 0.57 0.63 0.11 0.1y 1.16 0.12 0.44
Dy 0.98 0.92 0.20 0.22 0.08 0.11 0.60 0.12 0.14
Ho 0.98 0.92 0.16 0.18 0.08 0.11 0.88 0.14 0.10
Er 0.80 0.75 0.16 0.15 0.08 0.11 0.49 0.19 0.18
Tm 0.76 0.71 0.22 0.24 0.10 0.14 0.8 0.22 0.39
Yb 0.54 0.46 0.16 0.18 0.07 0.10 0.12 0.46 0.13
Lu 0.54 0.54 0.27 0.30 0.06 0.08 0.80 0.28 0.08
Hf 0.27 0.28 0.05 0.06 0.09 0.14 0.96 0.0 0.25
W nd nd nd nd nd nd 0.33 0.0 0.00

Pb 4.96 4.33 nd nd nd nd 9.4( nd nd

Th 1.19 1.27 0.49 0.54 0.26 0.39 2.28 0.14 0.19
U 0.33 0.42 0.35 0.39 0.11 0.1y 0.71 0.12 1.45
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Abstract

Variations of stable (Cu, Mg) and radiogenic (Sd)Nsotopic composition in filtrates
and ultrafiltrates of various size fraction haveememeasured in waters of subarctic
watersheds (NW Russia) and in temperate river akel 6f South boreal zone. Large volume
of samples were filtered in the field using cascéllemtion and ultrafiltration employing
progressively decreasing pore size (100, 20, 1@M.&, 0.4, 0.22, 0.1, 0.046, 0.0066 (100
kDa), 0.0031 (10 kDa), and 0.0014 um (1 kDa)) fokd by element isotopic analysis using
Thermal lonization Mass Spectrometers and a Neptaouakicollectror ICP-MS. In boreal
watershed underlined by archean and proterozoksrabe®’SrP°Sr ratio decreases during
ultrafiltration through 1-100 kDa and dialysis by)001 - 0.0004 compared to usual 0.45 pm
filtered water. Despite the dominance of colloidsNd speciation in surface waters, the
isotopic value of Ndsg) in filtrates and ultrafiltrates remains constauthin the uncertainty of

measurements. This indicates the absence of atmosphput of silicate dust for Nd but the
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presence of marine aerosols for Sr and stronglgestgthe small residence time of Sr in
studied surface waters compared to the time ofeacig the isotopic equilibrium between
colloidal (1 kDa - 0.22 um) and truly dissolved {<kDa) pools. The stable isotope
composition of Cu in streams remains constant witt.1 %o during filtration through 100
pm to 1 kDa despite the fact that 40-60% of Cu imasolloidal (1 kDa - 0.22 pm) fraction.
This suggests either the homogeneity of Cu isotgpimmposition with colloidal and truly
dissolved pool or the very fast isotopic exchangee rof aqueous Cu between fulvic
complexes of different molecular weight comparedhe rate of Cu renewal in the river
water. Finally, stable isotope composition of Mgibd in colloidal fraction to 70 % for soils
solution and bog surface water demonstrate vegitsénrichment of 1 kDa fraction in heavy
isotope by only 0.03 and 0.08 %0 which is comparabth the analytical uncertainty.

Despite dramatically different structure of metatlissolved organic matter (DOM)
complexes for Ctf and Md", results of the present work witness high homoiggé stable
isotope composition among filtered (0.22 pum) ardhtiltered (1 kDa) fractions, presumably
due to high rate of isotopic exchange between icizland ionic form of metals. Contrasting
isotopic composition of Sr in ultrafiltered (1 kDepmpared to conventionally filtered (0.22
pm) fractions is a new feature allowing to recamndtrthe degree of atmospheric input in
chemical composition of surface waters which alsivigles new important constraints on the

isotopic composition of Sr carried by small organah boreal rivers to the Arctic ocean.

4.1. Introduction

Traditionally, radiogenic isotopes have been used @ery powerful tool for unraveling
the source of material in rivers helping to chageee the reservoirs of elements at the Earth
surface (Négrel et al., 1993; Cameron et al., 189&ts et al., 2000; Derry et al., 2006). In
particular, measuring Sr isotopes in rivers allowggbrously tracing the contribution of
carbonate versus silicate rock in the cationicrrwater load (Palmer and Edmond, 1992;
Gaillardet et al., 1999) where as Nd was reportetie particularly useful in revealing the
relative contribution of desert dust in large rivehemical composition (Viers and
Wasserburg, 2004) or in the role of different watersses in the oceanic water mass balance
(Porcelli et al., 2009). A powerful method for d@igfuishing different sources of dissolved
material in the river water is measuring radiogesatopes in both conventionally dissolved

(< 0.22 um) and ultrafiltered, colloid-free fraatigViers and Wasserburg, 2004; Bagard et
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al., 2011). Up to present time, however, this méthas been only occasionally used on
monolithological terrain and it certainly requires rigorous calibration for different
ultrafiltered fractions. It can be assumed thabyvjated that the source of material is unique
and no fractionation of radiogenic isotopes is fidssdue to physico-chemical processes, all
filtered and ultrafiltered fractions of the surfagaters should have the same isotopic ratio of
Sr or Nd, regardless of the degree of metal associavith colloids. However, if there are
several sources of dissolved material in the wased the income flux (groundwater,
atmospheric precipitation) is higher than the Htésotopic exchange in the system, i.e., the
residence time of Sr or Nd in the water reserveismall, then the different colloidal and
ultrafiltered fractions will exhibit different isopic ratio. Therefore, the first objective of this
study was to test the hypothesis of Sr and Nd Botequilibrium among different colloidal
fractions and to trace the different sources o$aliged load (rocks, marine aerosols, dust) in
waters of boreal catchments.

The second part of this work is devoted to thetioaation of stable isotopes of major
(Mg) and trace (Cu) elements among different foaxgiof boreal colloids. Mg isotopes were
reported to be particular useful for decipheringacfionation between plants and
soils/solutions (Bolou-Bi et al., 2010), silicat®¢g Villiers et al., 2005; Pogge von
Strandmann et al., 2008), and carbonate (Brenat.e008; Jacobson et al., 2010) rock
weathering including paleoenvironments (Pokrovskyak, 2011) and during biotic and
abiotic carbonate mineral precipitation (Shirokataal., 2011; Mavromatis et al., 2012). In
all these studies, Mg in agueous solution is carsid to be present as ionic or inorganic
complexes of homogeneous isotopic composition. Kewen various natural settings Mg
may form complexes with organic matter whose isetd@ctionation factor is still very
poorly known, except for chlorophyll (Black et a006). The organic-rich boreal waters
having significant proportion of Mg in colloidal (kDa-0.22 um) form offer an unique
opportunity toi) test the hypothesis of two pools of dissolved (dgjloidal and ionic) andl)
check the existence of isotopic equilibrium betweeltoidal and truly dissolved fractions.

In contrast to magnesium, copper is known to beemkin the organic species both
allochthonous soil-derived colloidal (1 kDa - 0.@&n) or heavy molecular weight (HMW)
and autochthonous, phytoplankton-derived Low Mdcuweight (LMW, < 1 kDa)
complexes (McKnight and Morel, 1979, 1980; Ito aBdtler, 2005) having presumably
different stability constants (Hoffmann et al., ZDODifferent stability constants for Cu-
organic ligand complexes in LMW and HMW fractionave been also reported in soll

solutions (Bravin et al., 2012) and in DOM origedtfrom chicken manure (Wang et al.,
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2010). The isotopic composition of copper is fainlgll studied in river waters (Vance et al.,
2008), soils (Bigalke et al., 2010 a, b; 2011) plahts (Weinstein et al., 2011). Provided that
i) the isotopic equilibrium is attained among diffiet colloidal pools and) no reduction of
Cu(ll) - Cu(l) occurs in natural colloids, the €womplexed with strong organic chelates
will be enriched in heavy isotope relative to ungtewed dissolved Cii similar to that of
Fe** (Dideriksen et al., 2008) and Zn(Gélabert et al., 2006; Jouvin et al., 2009). Eiter
finding is in accord with the quantum mechanicdtakations which predict that the heavier
isotope should concentrate in the species in wiighmost strongly bounded (Criss, 1999),
as also proved in the case of other metal comptaxatith organic matter. The difficulties in
applying these principles to natural waters laydistinguishing between different types of
ligands and colloids. Ultrafiltration through pregsively decreasing pore size offers an
elegant way of quantifying copper isotopic compoasitin high and low molecular weight
colloids and organic ligands which will be appliéal, the first time, to boreal stream and bog
water.

To sum up, the main research questions we attemptadswer in this study arg:to
which degree the association of trace elements aulloidal fractions control the variation of
their isotopic composition during filtration andralfiltration from 100 um to 1 kDa, ii) how
the isotopic ratio of radiogenic and stable isosopssociated with organic matter depends on
the type of surface waters (bog and soil solutitadsee and river). It is anticipated that, thanks
to the selection of several contrasting elementgiims of speciation in solution (ionic?Sr
and colloidal Nd for radiogenic isotopes and conileound Cé* and electrostatically bound
Mg** for stable isotopes) it will be possible to pravidew constraints on preservation of
isotopic signature during radiogenic elements fans rivers and to reveal specific physico-
chemical processes responsible for stable isotypeBonation during colloids formation in

surface waters.

4.2. Study sites

The surface waters of the north of boreal regioar(iNKarelia, subarctic zone) and the
south of the boreal region (Central Russia, tenipezane) were investigated in this study
(Fig. 4.1). Both sites are pristine in terms ofdbadustrial or agricultural pollution and
receive only long-range atmospheric impact of nsetm the subarctic zone, we studied the
basins of the Vostochniy stream and the Palojokerri(Fig. 4.1 A), comprising several
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samples of river and stream, the feeding bog @ &id the solil solution (Vostochniy stream
watershed, Fig. 4.1 C and Fig. ESM-4.1). In theperate zone, the Senga river and the
Ignatkovo lake were sampled (Fig. 4.1 D, Fig. ESKI}4Both sites are similar in the sense
that the chemical composition of rivers is con&dllby high amount of bog and peat soils
present within the watershed. As a result, the msasee rich in dissolved organic carbon
(DOC), from 10 to 50 mg/L, originated from orgamich bog waters and peat soil solutions,
the latter having from 60 to 140 mg/L of DOC. Aeteame time, the sites are different in
latitude position (1500 km from north to south)n@te and vegetation primary productivity.

The subarctic river Palojoki has a watershed ok®2 and drains the intrusive rocky
massif Kivakka. It was sampled in the mouth zonemi@bove the terminal Pyaozero lake
(KAR-3) and in the middle part of the flow (KAR-800 m above the point KAR-3). In the
upper reaches of this river, it is fed by a mingophic bog (KAR-2). The bedrock
composition of the watershed is represented by aypegmatic granites, granosyenites,
syenites, syenit-diorites of the low-Proterozoimtike granito-gneisses and biotite, biotite-
amphibolite and amphibolite gneisses and amphéwmlinf the low-Archean and glacial
deposits of Quarternary (Fig. ESM-4.1). The str&&stochniy originates from the system of
interconnected humic lakes (such as OR-6) locatdiinthe bog zone and empties into the
lake Tsipringa. Its length is about 1 km and relatltitude of 50 m, the catchment area is of
0.95 knf. The bedrock of the catchment is represented lbyFmterozoic amphibolitic
gabbroids (Fig. ESM-4.1). The Vostochniy stream wampled in the mouth reach, 1 m
above the mixing with Tsipringa lake (OR-1). Sadlwgion of the peat bog zone of this
watershed was collected from the depth of 5-10rtia piezometer (OR-9). Another example
of organic-rich river feeding fluid is a bog zondjacent to the lake Tsipringa (ZPBL, Fig. 4.1
B). This bog of 1.19 km2 area has a relative algtwf 30 m and it is underlained by early-
Archean biotite granito-gneisses with biotite, heamphibolite and amphibolite gneisses
and amphibolites (Fig. ESM-4.1).

The temperate river Senga is the right tributarthefKlyazma river, a tributary of Oka,
one of the largest right tributary of the VolgaeivThe length of Senga river is about 32 km,
and the catchment area is of 163%kithe bedrock of the catchment is alluvial flat ois of
the Holocene represented by granite moraine dep@3d. ESM-4.2). The lake Ignatkovo is a
humic lake of 0.3 kihlocated within the bog area covered by peat déeposithe Holocene
(Fig. ESM-4.2). Further details of climate, topqarg, soil and vegetation of the two regions
are described in the Electronic Annex (ESM-4.3).
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4.3. Materials and methods
4.3.1. Sampling and filtration

Water samples of the subarctic zone (Vostochnigastr, Palojoki river, bog of
Tsipringa lake basin of the North boreal zone, Kayevere sampled in July 2008 and 2009
and waters of the temperate zone (Senga river gndtdovo lake of South boreal zone
(Meschera, Vladimir region, Central Russia)) weampled in November 2008.

Figure 4.1 presents a simplified scheme of the siteng with sampling points, whereas
the list of sampled waters and their bedrock contipos are presented in Table 4.1. Large
volumes (20-30 L) were collected in pre-cleanechthgrotected PVC bottles for size
fractionation procedure of 100, 20, 10, 5, 0.8, 0.22, 0.1, 0.046, 0.0066 (100 kDa), 0.0031
(10 kDa), and 0.0014 pum (1 kDa) using cascadeafiitn and ultrafiltration conducted
directly in the field conditions using speciallyepared polyethylene-covered clean space
(Fig. ESM-4.4). The main characteristics of thadiion are listed in Table ESM-4.5 and the
scheme of the size fractionation procedure is gindfig. 4.2.

Filtration through 100 pm or pre-filtration was fogmed using nylon net
"Fisherbrand". Cascade frontal filtration with ttiecreasing pore size from 20 to 0.1 pm was
performed using a 250-ml vacuum polycarbonate (&Higene) and nylon membranes
(Osmonics). Frontal ultrafiltration (UF) of the &er 100 - 10 - 1 kDa was performed using a
400-ml polycarbonate cell (Amicon 8400) equippedhwa suspended magnet stirring bar
located beneath the filter to prevent clogging wmigrifiltration. Vacuum filtration was
performed using a portative hand-pump, and theafittation was performed using a
portative automobile leg-pump. The large volumeshaf samples were passed through the
Lavsan (polyethylene tereph-thalate, PETP) fil@r$.4 um pore size and 500 cm? surface
area; in this case, the filtration occurred viavgedional flow (0.3-0.5 kPa).

Between each sample, the filtration system wasnelgay flushing EasyPure water,
then 3% ultrapure HN§) and finally, EasyPure water. Each filter was sohih EasyPure
water during at least 1 day before the experimendtsed only once. During filtration, the
first 50 ml of sample solution were discarded, thallewing saturation of the filter surface
prior to recovery of the filtrate. Discussions bisttechnique and precautions against possible
filtration artifacts are given in Viers et al. (I99 Dupré et al. (1999), Pokrovsky and Schott
(2002), Pokrovsky et al. (2005, 2006, 2010) ancAile et al. (2010).

Dialysis experiments were performed using 20-50pnecleaned dialysis bags placed

directly in the river or bog water (in-situ dialgsi The duration of this dialysis procedure was
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between 72 and 120 h. For dialysis experiments, &=Di€aned trace-metal pure SpectraPor
7 dialysis membranes made of regenerated cellulpdehaving pore sizes of 1 kDa were
thoroughly washed in EasyPure water, filled wittrapure Milli-Q deionized water and then

placed into natural water. The efficiency of thealgsis procedure was evaluated by
comparing major anion concentrations. These coragons were always identical to within

+ 10%, suggesting an equilibrium distribution ofgblved components. Further details of
dialyses experiments procedure are described ig0kasa et al. (2010) and Pokrovsky et al.
(2010, 2012).

4.3.2. Chemical analysis

Water temperature, pH, and conductivity were measun the field. The pH was
measured using a combined glass electrode calibesgainst NIST buffer solutions. Major
anion concentrations (CISQ®, NOy) were measured by ion chromatography (Dionex
2000i) with an uncertainty of 2%. Alkalinity was asired in-situ by acid titration with HCI
using phenolphthalein as indicator followed by Gir@atment method. The dissolved organic
carbon (DOC) was determined using Shimadzu SCN y&eal (Toulouse) and Elementar
TOC analyzer (Moscow) with an uncertainty of 3% andketection limit of 0.1 mg/L.

Major and trace elements (TE) including Fe weresuesd without preconcentration by
ICP-MS (7500ce, Agilent Technologies). Indium angermium were used as internal
standards. The international geostandard SLRS-¥e(lRe Water Reference Material for
Trace Metals certified by the National Research i@dwf Canada) was used to check the
validity and reproducibility of each analysis. A agb agreement between our replicated
measurements of SLRS-4 and the certified valuesSiprNd, Mg and Cu was obtained

(relative difference < 5%).

4.3.3. Isotope analysis

Prior the isotopic separation using chromatogramultimn, filtered acidified water
samples were evaporated in wide mouth Teflon cnatai(300 mL volume) placed on teflon-
coated hotplate at 80°C located within the isolgteticarbonate box (internal air filtered
class A 100). Blank Milli-Q water (apparatus Mii- Element Merck Millipore) was
routinely evaporated using the same procedure.ipgtiaes formed at the bottom of
containers were digested using the mixture of HNB,O, and HF following standard
procedure of organic-rich solid samples digestMiers et al., 2007). The digestion products
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were evaporated and dissolved in HCI or BN@rapure bidistilled acids before introduction
to the column. All sample preparation manipulatiovere performed in clean room class
A10000 and the chromatographic separation was adedun the laminar hood box class

A100 located in the clean room.

4.3.3.1. Strontium

Strontium isotopic ratios were measured by thermaization mass spectrometry
(Finnigan Mat 261) preceded by chemical separatioth chemical extraction of Sr by ion
exchange chromatography using chromatographic rabter.Spec and HF, HNQOand HCI
acids in a clean room. Data correction was baseth@systematic analysis of the NBS 987
standard. The average value®88r°Sr for NBS 987 standard (0.710248) was found to be
0.710250 £ 0.000010 (n = 10).

4.3.3.2. Neodymium

Nd isotopic ratios were carried out by thermal maion mass spectrometry (Isoprobe-
T, GV Instrument) at the Laboratory of analyticavdlopment for isotopic and elementary
analysis and by multicollector inductively couplgldsma mass spectrometry (Neptune Plus,
Thermo Fisher Scientific) at the LSCE (Laboratomes Sciences du Climat et de
I'Environnement) laboratory.

Nd was isolated from the bulk sample using twoedéht methods. In the first one (for
the samples analysed by TIMS) the protocol followesl method already described by Pin et
al. (1994) and Pin (1997). The second one isoldtedare earth element using a Tru-Spec
resin (Quidelleur et al., 2009) followed by a higérformance liquid chromatography using a
Luna SCX (Strong Cation Exchange) analytical columithh 2-hydroxy-2-methylbutyric acid
(HMBA, Sigma—Aldrich) complexing agent (Goutelatdaé, 2009, Bourgeois et al., 2011).

For TIMS measurements, Nd was acquired in mulisstatode and using the total
evaporation method (Dubois et al., 1992). This metvas adapted to allow measurements of
low quantity of Nd, between 1 and 5ng (Mialle et, #012). The average value for
13N dA*Nd for the JNd-1 was found to be 0.51204 + 0.00@820).

For MC-ICP-MS measurements, the instrument wasppaai with an Apex system to
increase the sensibility at a value of 420V/ppm. 9dthple were analysed at concentration

around 2 ng-g Data were corrected from mass bias using JNdidl standard bracketing

148



method. Data were also corrected from an residual ®ntamination using the ratio
4SmiM9Sm of 1.08680 + 0.00016 (Isnard, 2005). The paramsgi(0) was determined using
the value t*Nd/*Nd)chur of 0.512638.

4.3.3.3. Copper

Cu isotopic composition was measured on the Nepit@dCP-MS (ThermoFinnigan)
at GET (Toulouse). Cu has two stable isotopes ofsn&8 and 65, which have average
abundances of 69.17% and 30.83%, respectively. &uisolated from the bulk sample using
the purification procedure of Marechal et al. (1968)the AGMP-1 anion exchange resin
(Bio-Rad, USA). Poly-Prep chromatography column8 ¢04 cm) (Bio-Rad, USA) were used
for the elemental separation. After the resin wigared (1.6 mL) with MilliQ deionized
water (18.2 X) and 0.5 N HNQDthe conditioning of the resin (6 mL) and the liogdof the
sample (300 ng of Cu in 1 mL) were performed withl HCI. The hydrogen peroxide was
added into the acid solution at a 0.001% conceatrab avoid the presence of Cu in a
different redox state. The matrix was eluted withmL of 7 N HCl and Cu was collected in
the next fraction (20 mL of 7 N HCI). Because igmtofractionation may occur during the
elemental separation on the ion-exchange resindéhal and Albarede, 2002), we analyzed
only the samples for which the separation procequogluced a 100% vyield, taking into
account the analytical uncertainties (Pokrovskglgt2008). Instrumental mass fractionation
effects were corrected using sample-standard biiagkenethod or internal Zn standard and
an exponential law; all data are presented in detitation with respect to NIST 976

international reference material (Marechal et 889):

°°Cu (%0) = ((GSCU/ 63CU) sample
(e5Cu/63Cu)amc

— 1) *1000

4.3.3.4. Magnesium

Magnesium separation from matrix elements (mainb) @as performed using the
protocol defined by Teng et al. (2007), in whichb+ily of Mg were evaporated to dryness
and re-dissolved in 2 ml 1 N HNOS3 solution. Lasamples were loaded onto Bio-Rad poly
prop 10 ml columns containing AG50W-X12 resin. Mgptbpes were measured with a
Thermo-Finnigan ‘Neptune’ Multi Collector InductiyeCoupled Plasma Mass Spectrometer
(MC-ICP- MS) at GET (Toulouse, France). All solutsowere prepared in 0.32 M HN@nd
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were introduced into the Ar Plasma using a standgméy chamber. Instrumental mass
fractionation effects were corrected using samfdedard bracketing, and all data are
presented in delta notation with respect to DSM8rirational reference material (Galy et al.,
2001):

6XMg (%o) — ((XMg/24Mg)sample
(xMg/24MQ)psms

— 1) *1000

The reproducibility o®*®Mg analyses was typically <0.07 %o as confirmed églicate
analyses of three international Mg reference stalsd@SM-3, CAM-1 and OUMg).

4.4. Results and discussion

4.4.1. Radiogenic Strontium

4.4.1.1. Raio ¥Sr/®®Sr along the watershed profile within the different lithological and
climatic settings

All obtained results on Sr isotopes (Table 4.2) destrate that the most radiogenic Sr is
found in subarctic stream Vostochniy (OR-1) anderiWalojoki (samples KAR series)
draining Archean and Low Proterozoic granites aasidintrusives. The range 8%5rf°sr
values (0.718-0.735) measured in the surface watersimilar to those reported for the soils
of Kivakka intrusion (0.720-0.725) and local grangneisses (Revyakovo et al., 2007). The
temperate river and lake of the Central part ofdRugsamples Seng series) underlained by
young Phanerozoic sedimentary rocks and quaterdeppsits exhibit significantly lower
values of ®’SrP°Sr reflecting both the effect of younger rocks athé importance of
atmospheric precipitation, pronounced at the sohkelarge watershed’SrP°Srynon =0.708)
similar to other regions (Douglas et al., 1995;H3tcet al., 2000; Pierson-Wickmann et al.,
2009; De Souza et al., 2010).

Along the watershed profile of small subarctic atneVostochniy, the isotopic ratio of
radiogenic Sr in the 0.22 or 0.40 um filtrates egstically increases from soil solution (OR-
9) to feeding lake (OR-6) and further to the streaouth (OR-1) with values of 0.724, 0.730
and 0.735, respectively. Given the similarity oé silicate mineral substrate at such a small
distances within the watershed, these differencesignificant and they certainly indicate the
presence of different sources of Sr in the surfaaters. It could reflect the input of highly

radiogenic Sr present in archean rock-hosted gwatets to the river channel at OR-1 and
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influence of atmospheric precipitation via vegetatuptake and release in bog soil profile
(OR-9) and peat bog-hosted shallow lake (OR-6). ihbeease of the Sr isotopic ratio from
OR-6 and OR-9 to OR-1 may reflect an increase ef ¢bntribution of high radiogenic
Archean-hosted groundwaters to the surface wdtassunlikely this trend to be related to the
effect of atmospheric deposits on bog area bectnese deposits should have an isotopic
ratio lower than that of the geological backgro@Rtbbst et al., 2000; De Souza et al., 2010).
An alternative hypothesis would be the preferertiasolution of radiogenic soil minerals as
it is known that significant quantities of of radenic Sr may be leached from K-feldspar
during weathering of granitoids (Bullen et al., TR9Similarly, for the larger subarctic river
Palojoki the®’Srf°Sr value of feeding bog waters is 0.7185 and itsiases to 0.7218 for the
river mouth (see Table 4.2). These observation®borates the previous data of Probst et al.
(2000) who reported the values 88r°Sr equal to 0.721 and 0.724 for soil solution and
stream waters, respectively.

The temperate Senga River exhibits the same vabfie¥SrP®Sr at the different
sampling sites (Seng-1 and Seng-2) whereas theeadjéake Ignatkovo (Ign) appears to be
significantly more radiogenic (0.709 and 0.710pesgively). A possible explanation of this
difference of isotopic signature between the latkehee adjacent river could be the discharge
of deep groundwaters at the lake's bottom; thesangiwaters should be more radiogenic
than surface waters because of their interactich wadiogenic old rocks constituting the
geological substratum. By contrast, the river & éssentially by atmospheric deposits during
sampling period and, consequently, exhibit a Stofs® ratio close to that of the snow. Note
that such a difference between river and lake it ofzserved in smaller watershed of
Vostochniy stream of the subarctic zone (OR-1 amt80samples) because of shallower
depth and smaller size of the lake that feds thketostream. This lake is located within the
raised bog landscape and as such receives minihpat bf deep groundwaters interacting

with old intrusive rocks.

4.4.1.2. Ratio ¥'Sr/®sr in the filtrates and ultrafiltrates

Upon filtration and ultrafiltration of all riverstreams and subarctic bog lake, there is a
measurable and significant decreas&’&fF°Sr ratio, ranging from 3@0° to 210* between
the largest (10-100 um) and the smallest fractibk@a). The main change in Sr isotopic
composition occurs between the size fractions whbee most significant change in Sr
concentration occurs (0.4 um - 100 kDa and 1 - Q@ kDa). Plotted in Fig. 4.3 is the
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difference in®’SrP®Sr value between low molecular weight or LMW fraati(1 or 10 kDa)
and high molecular weight or HMW colloidal fractighO kDa or 100 kDa) as a function of
the percentage of colloidal Sr concentrated indHeactions. It can be seen that the largest
shift towards less radiogenic Sr occurs in sameisbiting the smallest fraction of colloidal
Sr. Moreover, with the increase of the degree adsSiociation with colloids the difference in
isotopic ratio vanishes (Fig. 4.4 A-E). Indeed|] soiution of the Vostochniy stream (OR-9)
exhibits the minimal variations 8fSrf®Sr along the filtration and ultrafiltration seriésee
Table 4.2, Fig. 4.4 F).

Three possible reasons can be responsible fornsgitedecrease SfSrf°Sr value in
cascade filtration and ultrafiltration series obatctic rivers (Fig. 4.4 C) and streams (Fig. 4.4
A, B), all linked to the hypothesis of various stes at the conditions of lack of isotopic
equilibrium in aqueous phase) the presence of silicate river suspended matben fyoung
guaternary depositd) the influence of atmospheric dust deposits, @hdhe influence of
marine aerosols. The first hypothesis involvesgresence of silicate river suspended matter
originating from young quaternary deposits. In tbise thé®’Srf°Sr would increase from
large to small fraction, the latest fraction refieg the truly dissolved Sr originated from
groundwater - base rocks interaction. This hypashe®uld be consistent with the data of
Douglas et al. (1995) who reported the increas&’®f°Sr value in suspended particulate
matter of the Murray-Darling River from large fraet to smaller fraction. However, this
explanation does not stand because of the lacktbfsuspended (> 0.22 um) and colloidal (<
0.22 um) silicate particles as the concentratiotot#l dissolved silica measured by ICP-MS
in different size fractions remains constant witkiri0-20% (Pokrovsky and Schott, 2002;
Vasyukova et al., 2010; llina, 2012). The secong@atiyesis also requires non-negligible
amount of atmospheric silicate dust younger tharPRRhost rocks of watershed which is
still incompatible with constant Si concentrationall fractions and the remoteness of the
study site from the desert provinces. It is alssupported by high stability of Nd isotope
ratios (see next section), a criteria of the effettdesert aeolian deposit (Viers and
Wasserburg, 2004; Grousset and Biscaye, 2005). @dyrast, the hypothesis of marine
aerosols deposition allows a first order explamatibthe observed change in Sr isotopic ratio
along the ultrafiltration series and the differenake this ratio between rivers and soils
solutions. Indeed, the deposition of marine aesoBoim the adjacent Barents Sea, White Sea
and Baltic Sea would shift the Sr ratio towardss lesdiogenic values thus decreasing the
signature of AR-PR intrusive rocks. If the resideticne of water in small spring and humic

lakes is short then the isotopic equilibrium contd be attained and one would observe more
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radiogenic HMW colloids and subcolloidal materiatidess radiogenic "truly dissolved” (< 1
kDa) fraction. This is what we observe in the pnesgtudy with a difference much less
pronounced for soil solutions (OR-9) exhibiting tmenimal difference in Sr isotopic ratio
between different fractions (see Fig. 4.4 F and & 4t2). Moreover, the higher the proportion
of uncomplexed Sr the higher the shift towards id@opic disequilibrium or the more
pronounced the effect of low-radiogenic marine sel®borne Sr. Therefore, high
concentration of colloidal Sr such as that in istidal soil solution and sufficiently long
residence time of fluids in the peatbog allows #Huhievement of minimal difference in
8’Srf°Sr in a series of ultrafiltrates. In constrastatigkly large temperate lake Ignatkovo
(sample Ign) exhibits an increase®@rF°Sr in the LMW ultrafiltrates (Fig. 4.4 D). In acebr
with what is stated in previous section, the uilieried (ionic) fraction of waters of this
temperate lake may have a signature of older rookgpared to the majority of "surface" Sr
originated from quaternary deposits and marinesmso The discharge of deep groundwaters
at the lake's bottom originated from water - Cretars rock (aleurites and sands) interaction
at some depth may well provide the uncomplexed tagggenic fraction detectable by
ultrafiltration.

Interestingly that, in this regard, the differenoetween ultrafiltered (< 1 kDa) and
conventionally filtered (< 0.22 um) fractions ass#b in this study is analogous to the
comparison of Sr isotopic ratio of less radiogesud exchangeable Sr to the more radiogenic
bulk Sr in soils (i.e., Poszwa et al., 2004). Nibtat the variation of Sr isotopic ratio among
filtrates and ultrafiltrates of boreal European eas different from that recently reported in
permafrost-bearing basaltic watershed of Centrbéi&a (Bagard et al., 2011). In the latter
study, the ultrafiltered (< 10 kDa) fraction exhéd c.a. 0.0002 units highd&fSrPesr
compared to < 0.22 um fraction. For large Sibenarrs exhibiting significant discharge
during the spring melt, the lower value in < 0.22 fraction may reflect the influence of
colloids and plant litter lessivates whereas tighér value in LMW fraction corresponds to
the influence of deep underground waters (Bagaad.€2011). In this regard, short residence
time of Sr in the system during the freshet doest allmw the achievement of isotopic
equilibrium between HMW organic (colloidal) phasedaLMW ionic Sf* forms. Thus the
fundamental mechanisms responsible for such arelift® are the same in boreal subarctic
permafrost —free settings and sites with undericoatis permafrost of Central Siberia.
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4.4.2. Nd isotopes

The isotopic composition of Nd remains constanthimithe uncertainty of analyses in
filtrates and ultrafiltrates of the subarctic Vadtaiy stream (OR-1) and the Palojoki river
(KAR-1) as illustrated in Fig. 4.5. At the same @inthe majority of Nd is concentrated in
colloidal form (70 to 90 %). This last result is agreement with that of Andersson et al.
(2001) for the Kalix River. According to these awth the Nd in the Kalix River is mainly
transported in a colloidal phase, dominated by i@ and Fe, with less than 5% of the Nd
being present in the <3 kD fraction "truly dissaVdraction. In accord with our data, the
temporal variations in th&(0) in filtered Kalix River water are small (<2£3units) showing
no obvious relationship with the observed largeatm in Gy (Anderson et al., 2001). The
valueséng(0) in the Kalix River are significantly lower thdhose in the unweathered till and
average bedrock (from -27 to -25 and -22 unitgpeesvely) and show a closer resemblance
with the &yg(0) found in humic and plant material (from -27 44 units). The values
measured in the Kalix River catchment are highemtthose measured in the Karelian
streams in this work&fq(0) = -31 to -40, Table 4.3). Such low values as thtudy match
those reported in waters draining the Precambhagids (-26 in the Baffin Bay, Stordal and
Wasserburg, 1986) being much lower compared tonthpr arctic rivers (from -5 to -14,
Guo et al., 2004; Zimmerman et al., 2009; Pora#llal., 2009). The temperate Senga river,
draining younger silicate and carbonate rocks eklisignificantly smaller value o€ng(0),
13+2, and also does not show any pronounced trehdtliisotopic composition as a function
of the pore size (Fig. 4.5 C).

At the same time, isotopic systematics of Nd induof boreal zone is different from
that in tropical regions. Viers and Wasserburg @0@ported the valugy(0) different by 5
units for 0.22 um and 5 kDa filtrates of Mengongeri (-18.73 and -13.30 respectively).
These authors explained the observed differencéhéyresence of another source of more
radiogenic Nd in ultrafiltrable form, presumablyiginated from the Sahara dust (carbonates
dissolution). This non homogeneous isotopic contmrsiwas explained by the fact that
exchange rate with colloidal Nd originated from teslrock and saprolite weathering was too
slow compared to the rate of water exchange inittee watershed. The most likely cause for
this difference between Scandinavian and Africaifase waters may be the proximity of the
Sahara desert supplying significant amount of dastible material in the latter setting. In
contrast, the effect of marine aerosols, well ptowoed for Sr (see previous section) is not
visible for Nd due to relatively high concentratiof colloidal Nd in organic-rich waters

compared to low Nd concentration in the seawatdmaarine aerosols.
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4.4.3. Copper isotopes

The value of3®°Cu in 0.40 pm filtrates for the Palojoki River (46.+ 0.05 %)
coincides, within the uncertainty, with that of tKalix River, Ottawa River, Tocantins and
Nile. These values are higher than those repodeth& Missouri River (from -0.04 to +0.3
%0) but lower than those of the Amazon River (fro®.64 to +0.7 %0), the Brahmaputra
River (+0.64 %0), the Chang Jang River (from +1tb8+1.55 %0) and the Volga River (+0.65
%o) (Vance et al., 2008). There is no systematicsigdificant difference i®*°Cu among two
sampling points of the Palojoki River and the fegdbog.

In the two sampling points of the Palojoki Rivdrgtconcentration of copper remains
essentially constant in a series of filtrates alétfiltrates (from 100 um to 10 kDa) and only
the smallest (< 1 kDa) dialysate fraction demomstsignificant, (c.a., 65-45 %) decrease of
Cu concentration relative to the previous filtrat€serefore, it was important to assess the
possibility of isotopic fractionation between diéat fractions. However, within the
uncertainty of £0.05 %0 we did not detect any diigce in isotopic composition of copper
among different filtrates and ultrafiltrates (TaBld, Fig. 4.6).

The possible reason of constant Cu isotopic cortipasin each studied ultrafiltration
series may be the presence of a single sourcesainital (soils and vegetation) and the weak
fractionation between HMW organo-ferric colloidsdafitruly" dissolved LMW organic
ligands (< 1 kDa). Since the concentration of dis=t copper in studied waters are rather
pristine, on the order of 1 pg/L, which is simitarthose in large boreal rivers (0.4-0.6 ug/L,
Guay et al., 2010), the atmospheric deposition ff@mzZn smelters of the Kola peninsula is
unlikely. Therefore the weak fractionation of coppetween > 1 kDa and < 1 kDa fractions
may stem from i) the similarity of the nature of-@ilvic complexes of different molecular
size (cf., Vasyukova et al., 2012) and ii) the aloseof specific Cu-binding LMW ligands
originated from phytoplankton exometabolites (eitpffmann et al., 2007). It is known that
the separation through 1-kDa membrane is usedsesaghe proportion of colloidal (i. e. >1
kDa) forms compared to total dissolved contentratd¢ metals (Buffle and van Leeuwen,
1992; Marsac et al., 2010). However, given thafftihvac acids are just a few nm in size (e.qg.,
1.5-2.5 nm, Lead et al., 2000), significant parsoil-derived organic matter can be found in
the 1-kDa dialysate. In all our samples we chedikgdtHPLC analysis that the concentration
of low molecular weight organic acids (formic, acedcids etc.) was negligible compared to
total DOC concentration. As such, the most likebuse of similarity of Cu isotopic
composition among all filtrates and ultrafiltratesthe similarity of LMW and HMW Cu-

fulvic complexes controlling the speciation of teeslements in boreal surface waters.
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Noteworthy that the isotopic results obtained is 8tudy strongly suggest the presence of Cu
exclusively in Cu(ll) form, with negligible amouwtf reduced Cu(l) or Cu-S groups in the
organic matter. In the latter cases, the enrichroémiie reduction product or the sulphydryl
moieties of the fulvic acid would produced a 1 t&dimpoverishment in heavy isotope as it
is known for soil bacteria (Pokrovsky et al., 200&varrete et al., 2011), and S-bearing
proteins (Zhu et al., 2002). The lack of Cu phadaietion contrasts that to Eevhich may be
subjected to photoreduction producing heavy-isotepeched LMW organic complexes
(llina et al., 2012, submitted).

4.4.4. Mg isotopes

The negative values &°Mg measured in this study (c.a. -0.6 %o, Table 4rg)typical
for soils and soil solutions (Tipper et al., 20E0)d lay within the range of river waters
draining basic rocks (-0.96 to +0.64 %., Pogge varar&imann et al., 2008). In the latter
study of organic-poor rivers, the proportion oflocmal Mg fraction ranged between 2 and 8
% and the isotopic signature of different solulskcfions could not be assessed. In Karelian
surface waters, the concentration of colloidal Plak 0.22 pum) Mg was significant only for
samples of soil solution (OR-9) and bog waters (ZP& the subarctic zone (74 and 66 %,
respectively). The other studied river water samgbehibited less than 20% of colloidal Mg
and thus could not be used for isotopic fractimrastudy. For the soil solution and the bog
water, the 1 kDa ultrafiltrate fraction is 0.03 ah@8 %o, respectively, heavier than the 0.22
um fraction. This difference is within the uncentgi of analysis (Fig. 4.7) and it is much
smaller compared to reported variations of Mg ipm@omposition in rivers, soils and plants.
Although we have not assess&tfMg in possible sources of Mg in studied watersheds
(atmospheric precipitation, rocks, soils and plat#r) it follows thatl) the isotopic exchange
of Mg between colloidal and LMW; kpa fractions is faster than the Mg exchange withia th
soil and bog surface waters and incoming souraegiptation, groundwater...) and/gj the
physico-chemical nature (structure and stability M§-organic ligand complexes and
Mg(H»0)s** aqua-ion) is very similar between colloidal and MVl 1,4 fraction. The latter
hypothesis is indirectly supported by essentidikgieostatic (non-covalent) bonding of Mg to
NOM (Tipping, 1994, 1998; Gustafsson, 1999) thaplies the preservation of the first
hydration sphere of organically-bound Mg.
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4.5. Concluding remarks

The radiogenic and stable isotope composition bhrttic and temperate organic-rich
surface waters measured in this study for a sesfesascade filtrates, ultrafiltrates and
dialysates allow a systematic look on the origid &actionation of contrasting elements in
boreal landscapes. Due to high concentration addraygerric and organic colloids controlling
the speciation of soluble (Mg, Sr), insoluble (Nad organic-(Cu) elements, we could assess
the isotopic signatures in both conventionally aligsd (< 0.4-0.22 um) and "truly” dissolved
(< 1 kDa) fractions. The difference in isotopic quosition in various filtrates allowed tracing
the possible presence of marine aerosols (Sr)Heutibsence of solid dust deposition (Nd).
Colloidal and dissolved Cu and Mg exhibit negligildifference in isotopic composition in
the full series of ultrafiltrates down to < 1 kDadtion which strongly suggest the similarity
of the structure and stability of organic complekesling these metals in different fractions.
Since organic and organo-mineral colloids may ctaguin the mixing zone of the river
water with the seawater (Porcelli et al., 1997; {@isson et al., 2000; Pokrovsky and Schott,
2002; Stolpe and Hassellov, 2007), obtained ressiitsd new light on the degree of
transformation of isotopic composition of dissolvadment flux from the land to the Arctic
ocean. In terms of element transfer by small Aratiers to the ocean, it follows that the
isotopic signature of riverine Sr flux to the Arctocean may be measurably affected by
colloids since the LMW, «pa "ionic” fraction is up to 0.0002 units 8fSrP°Sr less radiogenic
compared to usual < 0.22 um fraction; despite thiidance of colloidal Nd in the river
water, the isotopic signature of all filterable dtians including most labile LMW<1 kDa
species remains essentially the same and unaffegtedlloids. Organic and organo-mineral
colloids controlling the speciation of €uand Md" in river waters and soils/bog waters do
not produce any measurable isotope fractionationpewed to LMW ;1 «p, fraction and as
such the isotopic ratio of these metals is unlikelyoe modified by colloidal coagulation in

the mixing zone of the river mouth.
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TABLES

Table 4.1.List of sampled waters and their bedrock compasstio

sample - surface of , .
name description watershed, ki GPS coordinates bedrock composition Age
KAR-1 [Palojoki river, middle course, North Karelia N 66°12°| E 30°28"|Micro-pegmatic granites, Granosyenites, Syenite iy
KAR-2 |Feeding bog of Palojoki river, North Karelia 32 N 66°12°| E 30°29" |Syenite-diorites !
KAR-3 |[Palojoki river, mouth reach, the zone of mixingerand N 66°11°| E 30°34- [Bi0tite garanitogneisses and tributary biotite titse
Pyaozero lake, North Karelia amphibolite and amphibolite gneisses and AR
ZPBL |Bog of the Tsipringa lake basin, North Karelia 1.19 N 66°17] E 30°53" flamphibolites
OR-1 Stream_VQStochnly, mouth reach, the zone of miximgn N 66°18°| E 30°42"
and Tsipringa lake, North Karelia
OR-6 lg};)efl?;dmg lake of stream Vostochniy basin, North 0.95 N 66°18 | E 30°40° |Meta-gabbro Pt
Soil solution of stream Vostochniy basin, about 00 on o oA
OR-9 from the top feeding lake, North Karelia N 66°18") E 30°40
Seng-1 | Senga river, mouth reach, Central Russia 5°N5| E 39°317 géﬁiﬁgg::f aleurite, sand with layers of clays and
163 ’ : . .
. . . o - o~ 4-[Quarternary alluvial flat deposits: sand with grlave
Seng-2 | Senga river, middle course, Central Russia N 55°50°| E 39°24 and pebble, clay loam, sandy clay (to 20 m). K1go-br
Cretaceous: aleurite, sand with layers of clays an v
Ign |Ignatkovo lake, Central Russia 0.76 N 55°6839°26 [sandstones;
Quarternary bog deposits: peat, sandy clay (t0.5 m)
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Table 4.2.Chemical and Sr isotopic composition of filtratesl altrafiltrates.

Sample pore size, ym ®'SrP°Sr % [Sr], ng/L | DOC, mg/L|[Fe], pg/L
Ign/100 pm 100 0.710768 0.000012 3.41 73.0 191
Ign/0.4 pm 0.4 0.710748 0.00002)7 3.4 48.1 164
Ign/100 kDa 0.0066 0.710740 0.000031 3.35¢7 17.2 142
Ign/10 kDa 0.0031 0.710813 0.000099 3.176 15.7 105.

Ign/1 kDa 0.0014 0.710838 0.000037 2.14 12.5 20.42
Seng-2/100 um 100 0.709237 0.000020 124(6 78.0 5385
Seng-2/0.4 pm 0.4 0.709262 0.000028 127 44 .4 743
Seng-2/100 kDa 0.0066 0.709142 0.00001L8 11911 40[7 430
Seng-2/10 kDa 0.0031 0.70914% 0.000027 118/1 317 249
Seng-2/1 kDa 0.0014 0.70912% 0.000026 115{2 23.8 5 14
Seng-1/100 pm 100 0.709361 0.000017 100{2 60.8 4337
Seng-1/0.4 um 0.4 0.709366 0.000017 955 559 1076
Seng-1/100 kDa 0.0066 0.709378 0.0000L6 94.75 51.8 453.4
Seng-1/10 kDa 0.0031 0.709406 0.000024 94.67 35.0 76.0

Seng-1/1 kDa 0.0014 0.709331 0.000008 86.33 30.1 16.0
Snow from the 100 0.708561 0.0000Q08 3934 12.3 14.6
Senga basin 0.22 0.708476 0.000019 2.398 8.4 9.68
KAR-1/100 um 100 0.721109 0.00001P 17.82 12.6 1363
KAR-1/0.4 um 0.4 0.721217 0.00002R 1751 10.9 203
KAR-1/0.1 um 0.1 0.721126 0.000020 16.72 10.9 199
KAR-1/100 kDa 0.0066 0.720949 0.000015 16.57 10.7 192
KAR-1/10 kDa 0.0031 0.721020 0.000029 16.22 105 51.2
KAR-1/1 kDa 0.0014 0.720983 0.000020 14.1p 9.4 17.3
KAR-3/100 pm 100 0.721815 0.000021L 17.21 109 943.9
KAR-3/0.4 um 0.4 0.721805 0.000013 16.94 10.8 182.8
KAR-3/0.1 um 0.1 0.721611 0.00001j7 16.78 10.0 181.5
KAR-3/100 kDa 0.0066 0.721676 0.000023 16.63 9.9 148.2
KAR-3/10 kDa 0.0031 0.721605 0.000022 16.48 9.7 64.49
KAR-3/1 kDa 0.0014 0.721604 0.000013 15.38 7.6 6.804
KAR-3/D1 0.0014 0.720857 0.000016 14.38 53 13.38
OR-9/10 um 10 0.723986 0.0000111 9.778 138.2 9863
OR-9/0.22 um 0.22 0.723956 0.000014 7901 551 6821
OR-9/100 kDa 0.0066 0.723958 0.000011 2802 27.1 1851
OR-6/10 pm 10 0.729898 0.00001)2 8.336 15.2 142.3
OR-6/0.22 pm 0.22 0.729892 0.000017 8.303 14.6 12.9
OR-6/100 kDa 0.0066 0.729843 0.000010 7998 14.3 95.86
OR-6/10 kDa 0.0031 0.729825 0.00000Q9 7927 14.2 67.9
OR-6/1 kDa 0.0014 0.729811 0.000013 550 7.7 6.73
OR-1/10 pm 10 0.735015 0.000009 6.918 15.0 238
OR-1/0.22 pm 0.22 0.735005 0.000014 6.875 12.8 149.7
OR-1/100 kDa 0.0066 0.734996 0.000014 6.5797 11.8 7.7
OR-1/10 kDa 0.0031 0.734998 0.00000Q9 6.564 10.7 48.4
OR-1/1 kDa 0.0014 0.734981 0.000012 4649 7.6 7.89
KAR-1/100 kDa 100 0.720988 0.000021 22.4 10.5 165
KAR-1/10 kDa 0.0066 0.721018 0.000037 2221 9.7 38.3
KAR-1/1 kDa 0.0031 0.720961 0.00001i8 20.38 8.3 18.9
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Table 4.3.Chemical and Nd isotopic composition of filtrateslaultrafiltrates.

pore size. un “*Nd/ *Nd 2 &va(0) | [Nd], ug/L | DOC, mg/L|[Fe], po/L
Seng-1/100 pm*t 100 0.511988 | 0.000096 -12.7#1 0.161 60.81 4387
Seng-1/10 kDa*4 0.0031 0.511910| 0.000032 -14.2+0D.60.029 35.03 76
2009 pore size. um “*Nd/ *Nd 2 Ena(0) | [Nd], ug/L | DOC, mg/L|[Fe], pg/L]
OR-1/0.1 pm** 0.1 0.511050| 0.000017 -31+0.6 0.328 2.19 120.2
OR-1/100 kDa** 0.0066 0.511056| 0.000020 -30.9%£0D.60.326 11.80 77.7
OR-1/10 kDa** 0.0031 0.511045/ 0.0000%9 -31+0.6 0.26 10.69 48.4
OR-1/1 kDa** 0.0014 0.511069| 0.000072 -30.6%0.60.087 7.57 7.9
KAR-1/100 pm* 100 0.510750 | 0.000278  -37+2 0.190 17.68 1882
KAR-1/20 pm* 20 0.510720| 0.0007954 -37+6 0.139 17.72 1708
KAR-1/0.8 pm* 0.8 0.510817| 0.000119 -36+B 0.092 850. 743
KAR-1/100 kDa* 0.0066 0.511048| 0.000189 -31+3 0.052 10.50 165.4
KAR-1/10 kDa* 0.0031 0.510574| 0.000422 -40+4 0.032 729. 38.3
*TIMS
*»* MC-ICPMS
Table 4.4.Chemical and Cu isotopic composition of filtratesl altrafiltrates.

2008 pore size. pm  8°°Cu, %o 20 [Cu], pg/L | DOC, mg/L| [Fe], pug/L
KAR-1/100 pm 100 0.39 0.03 1.37 12.62 1363
KAR-1/0.4 um 0.4 0.46 0.05 1.24 10.93 203.3
KAR-1/10 kDa 0.0031 0.41 0.02 1.18 10.50 51.24

KAR-1/D1* 0.0014 0.46 0.04 0.66 9.44 7.07
KAR-2/0.4 pm 0.4 0.44 0.04 1.33 16.67 876.2
KAR-2/10 kDa 0.0031 0.34 0.05 1.30 14.28 517.3

KAR-2/D1* 0.0014 0.44 0.03 0.45 4.13 30.89
KAR-3/100 pm 100 0.50 0.05 1.26 10.92 943.9
KAR-3/0.4 pm 0.4 0.36 0.05 1.11 10.82 182.8
KAR-3/10 kDa 0.0031 0.40 0.06 1.05 9.71 64.49

*D1 — dialysis 1 kDa
Table 4.5.Chemical and Mg isotopic composition of filtrateslaultrafiltrates.
Sample pore size. um| §°Mg 3*Mg | [Mg], ug/L | DOC, mg/L| [Fe], ug/L
OR-9/0.22 pm 0.22 -0.353 -0.680 410.1 55.1 6821

OR-9/1 kDa 0.0014 -0.342 -0.647 107.2 11.3 842
ZPBL/0.22 pm 0.22 -0.333 -0.645 1144 34.9 9348

ZPBL/1 kDa 0.0014 -0.294 -0.560 392.8 9.96 484
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Vostochniy stream, 2009
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Ignatkovo lake (Central Russia), 2008
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Figure 4.4 continued 2’SrP°Sr and Sr concentration as a function of poreisiziver waters,
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Vostochniy stream (OR-1), 2009

25 0.35
A

{ 030

4 025
-l
= 020 5,
= 30 =+
v 015 T
¥ t ¢ 2

0.10

0.05

35 . L L L Jd 0.00

0.001 0.01 0.1 1 10 100
pore size, im

Palojoki river (KAR-1), 2009

25 0.25
B
{ 0.20
30
_ {015 2
o (=]
< 35 =
w + + 010 Z
40 }
{ 0.05
45 . . : : dJ 0.00
0.001 0.01 0.1 1 10 100

pore size, ym
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concentrations, closed symbols — isotopic ratios.
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Palojoki river, 2008

0.6 6
0.5
04 h
: .|
= I a
O 03 p 2
% : B se5cy -KAR-1 =5
0.2 E : o sscy KAR2 |{ 0.6 2
-l :[ ¢ §%5Cu .KAR-3
|1 'r'\ —=—[Cu], KAR-1 0.4
01 |V -
dialysis ——[Cul.KAR-2 || 5
——[Cu], KAR-3
; ' ' : : d 0.0
0.001 0.01 0.1 1 10 100

pore size, Hm

Figure 4.6.3°°Cu and Cu concentration as a function of pore siz@alojoki river waters,
KAR-3: a mouth reach, KAR-1: middle course, KARf@eding bog, Karelia. Open symbols
— concentrations, closed symbols — isotopic ratios.

174



-0.40 1400
045 . 1 1200
-0.50 | esemg ORs | 1 1000
A5%Mg ZPBL _|
o -0.55 } g 800 3,
= <[Mg]. OR-9 3
“ 060 } smmgrzeBL | { 600 &
065 | 1 400
-0.70 41 200
-0.75 L L . . o0
0.001 0.01 0.1 1 10 100

pore size, ym

Figure 4.7. 3Mg and Mg concentration as a function of pore sizex soil solution of
Vostochniy stream basin (OR-9) and bog (ZPBL) oipfisga lake basin, Karelia. Open
symbols — concentrations, closed symbols — isothios.
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ELECTRONIC ANNEX

Legend to the map:

Middle Proterozoic . Segozero-Onega series.
Sovajaryi suite. First subsuite. Bench of
conglomerates,

Lower Proterozoic. Tungud-Nadvoitsk series.
Panajarvi suite. Keratophyres. Metadiabases,

Micro-pegmatic granites, Granosyenites, Syenites, Syenit-diorites.

Meta-olivinites, Peridotites, Meta-peridotites, Pyrexenites,
Gabbro-norites, Norites, Olivinic Gabbro-norites, Pégmatoid
Gabbro-norites.

Meta-mandelstone, meta-poerphyrites, volcanic

breccias and greenschists. Meta-gabbra.

Dikes of metadiabases and meta-gabbrodiabases, meta-
1 porphyrites  and gabbro-amphibolites:

Archean. Belomorian series. Lower (Keretsk)
strata. Biotite garanitogneisses and tributary
biotite, biotite-amphibolite and amphibolite
eneisses and amphibolites. Early Lower Proterozoic intrusions. Complex of diorites.

‘r:;..LP!.! Upper Proterazoic intrusions. Basic dikes, — = Tectonic contact line, known and probable.

Late Lower Protenesic int usions
1

Figure ESM-4.1.Geological map of Karelia region (NW Russia) wigimgling points.
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Figure ESM-4.2. Quarternary deposits map of Vladimir region (CdntRussia) with
sampling points.
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ESM-4.3.Description of climate, topography, soil and vegetaof the regions.
4.3.1. North Karelia, NW Russia
4.3.1.1. Climate

The climate of the region is mild-cold, transitibieetween oceanic and continental,
with a determinant influence of the Arctic and Nharn Atlantics. Winter is long and soft,
summer is short and cool. Average temperature noalg is -13°C, and +15°C in July, but
extremes can reach -45° to +35°C in winter and senperiods, respectively. The dominant
wind direction is South-West in winter and NorthsEan summer. Average annual
precipitation amount is between 450 and 550 mnfyrow period lasts from October to
April-May with the average thickness of snow cov8r- 80 cm, but often over than 1 m. The
territory is under the influence of the warm Gutféam, but microclimatic conditions differ
dramatically because of the large cross-countrguimmer in the deep and sheltered valleys
it's much warmer than on the mountain tops, wherreasnter it's much colder in the valleys

where the mountains cold air accumulates.

4.3.1.2. Topography

Tectonics and glaciation shaped the terrain of kKar€rustal snaps and step faults,
reaching in two mutually perpendicular directiotise north-west to south-east and south-
west to north-east have formed as a result of mécforocesses. Traces of glaciation occur in
the glacial landforms that presented in moraingesdextended from the north-west to south-
east.

Much part of the region is a hilly plain with eldias of 200 m. Along the White Sea
coast there is a wide zone of lowland Pribelomoyakaith elevations less then 100 m. In the
western part, on the border with Finland, moraidge Maanselkya is located; it represents a
watershed between the basins of the Baltic andé\8e&s.

Our study area is located in the most elevated @laKarelia, in the central part of
Maanselkya. It is a landscape of tectonic denuddiills, plateaus and ridges with an average

altitude of 300-400 meters with separate insulatedsifs (Tunturi).

4.3.1.3. Hydrology
The region has a well-developed river network flats via a system of glacial lakes.
The water of small and medium-sized lakes warmsoup2-25°C in summer. Water is soft,

low mineralized, often with a brown hue becausteelling swamps.
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The large number of wetlands is typical featureNofth Karelia. The small marshes
with area from 3-5 to 30-50 hectares are dominakekind of "hanging" (omrotrophic) bogs
is formed on the steep slopes. By the nature aof theding, Karelian rivers belong to the
mixed type, fed by rainfall, bogs, groundwater andwmelt. The rivers break up earlier than
their conjugated lakes and some full of rapids meaadon't freeze at all. The average date of
floods in North Karelia is April 25 - May 5. Thevars freeze in November - December.
Natural fluctuations of water level do not exceest2 m.

Rivers of Karelia are comparably short. Significpatt of their length (up to 50%) may
consist of the flowage lakes. There are « lakerrivgaystems, consisting of a chain of lakes
connected by rapids channels. The accumulativeesygstare represented by a lake that
collects the water of many rivers and serves aletoat one larger river are also typical for
Karelia. Another peculiar phenomenon is a bifumrat(splitting) of the water flow. The
average gradient of rivers is about 1 m/km, andou@-5 m/km in the rapids channels. Rivers
of Karelia are very young geologically, and theadb are composed of hard rocks. Because
the rivers arejust started to make the longitudinal profile, ithealleys are not wide
floodplains, and they almost do not have high tersa

Chemical composition of river waters in Karelia determined by the chemical
weathering of silicate parent rocks of the Baltigstalline shield and quaternary deposits, and
the presence of numerous peatlands. Typical vatiesal discharge of solids (TDS) for this
region are 15-30 mg/l (Maksimova, 1967; Zakharowalg 2007), and the concentration of
river suspended matter is very low. The adjacekedabetween the rivers significantly
decrease the size of actual feeding watershedjvea river.

4.3.1.4. Soil, vegetation

The soil cover of the region is very young andsibften absent on ledges of bedrock
and steep slopes. Low temperature in combinatidh igh humidity is responsible for the
slow humification and mineralization of plant rasgd$. Therefore, a lot of organic matter is
accumulated in the form of peaty horizons, and etteb drained sites - in the form of coarse
humus. Predominant soils are illuvial-humic andvial-ferruginous-humic podzols. All
types of podzols exhibit a highly acidic reactiovddow base saturation of the upper layers.

Coniferous forests dominate the vegetation of #ggon. The main conifers are pine
and spruce. The common deciduous trees are bispenaalder. The sphagnum pine occurs
on the plains, depressions and swamps. Sparse stoyeconsists of mountain ash and

juniper. It is dominated by blueberries and craribsrin the shrub layer, and green mosses in
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the lower layer. The rocks are usually covered wdtches of black, gray, yellow, red, brown
crustose lichens. Herbaceous plants are rare. Tdie mushrooms are aspen and boletus.

There are poisonous plants in Karelia such as, tekntowbane, mezereon.

4.3.2. Meschera lowland, Vladimir region, Central Rissia
4.3.2.1. Climate

The climate of the region is temperate continewiti very cold long winters and warm
humid summers. Winter is long and soft, summeh@rtsand cool. Average temperature in
January is -10.1°C, and +18.2°C in July, averageuahtemperature is +4.4°C. Annual
average surface temperature is 4.8°C, an ampla@idanual variations is 33.9°C. The frost-
free period lasts from May 20 to September 20. Agerannual precipitation amount is about

700 mm/yr. About 55% (387.5 mm) of precipitatioidan the warm season.

4.3.2.2. Topography

Meshchera lowland is one of the largest woodlaridke Russian Plain. The Northern
boundary of lowland is r. Klyazma, the West one igloskva, the South one is r. Oka and the
East one is the Oka-Tsninsky shaft.

Senga river is a small river; this is a right ttdmy of the r. Klyazma that drains bogs of
Meshchera lowland.

Ignatkovo Lake is a closed lake with marshy shores.

Much of Meschera surface is waterlogged. Klyazmadéerraced surface. Among the
marshes there are a lot of overgrown lakes, cree#tsyw lakes, etc. The average elevations
are in the range 100 - 140 m. Terraces, gullies mwihes network, eolian mounds,
depressions and lakes lowers of Klyazma valley maksignificant variety among the

generally flat topography.

4.3.2.3. Hydrology

By the nature of feed r. Klyazma refers to typicavland rivers of European Russia.
The river depth is 1.5 - 2.5 m; flow rate is 0.8.6 m/sec. The main feeding source in spring
period is snowmelt, in summer-autumn period is,ramd in winter is groundwater. The level
fluctuations of the river (rises to 2.0 - 3.5 msjoring period) are associated with variation of

feeding source.
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Lakes are numerous within Meshchera lowland. Thgelaones have a surface area
of 25 knf. The amplitude of level fluctuations of lakes fisadler than of rivers (0.8 - 1.5 m).
The thicknesses of silt and peat consider aboehtesedimentation in lakes and rivers.

Bogs of Meshchera lowland are difficult or quitepassable; they occupy about
35% of the territory. They are located in areadow¥ relief in the river valleys and low
watersheds (with an altitude of up to 125 m). The&axe of bogs is almost everywhere
forested on 50 - 60%.

4.3.2.4. Soil, vegetation

Meshchera lowland belongs to the southern patefdrest zone, it is characterized by
mixed coniferous and deciduous forests; marsh aeddow vegetation is also widely
distributed.

Low-lying bogs occupy more than half the area osbhera lowland, covered by birch,
aspen and alder trees. Peat of these bogs is ajuality, the degree of decomposition is 20 -
30% and the ash content is 8 - 16%.

Soils substratum is outwash sands fanned and redafiring geological history. The
soils of the region are mainly sod-podzolic, podzgley and podzolic. All types of podzols

exhibit a highly acidic reaction.
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Figure ESM-4.4.Field clean room.
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Table ESM-4.5.The main filtration characteristics.

pore size filer size filter material filter produce filtration pressure filtration unit
100 um 300*300 mm nylon "Fisherbrand", USA graviow -

20 pm @ 37 mm nylon "Osmonics”, GE, USA -80 - 0 kPa "Nalgen”, 250 ml
10 um @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen"”, 250 ml
5 um @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen"”, 250 ml
0.8 um @ 37 mm nylon "Osmonics”, GE, USA -80 - @ kP "Nalgen"”, 250 ml
0.4 um 2*100*250 mm| lavsan Dubna, Russia 3-5m -

0.22 um @ 37 mm nylon "Osmonics", GE, USA -80 Rak "Nalgen", 250 ml
0.1 um @ 37 mm nylon "Osmonics", GE, USA -80 - & kP "Nalgen"”, 250 ml
0.046 um @ 37 mm lavsan Dubna, Russia -80 - 0 kPa Nalgén", 250 ml
100 kDa @76 mm regenerated cellulose "MillipoteSA 0 - 100 kPa "Amicon", 8400
10 kDa @ 76 mm regenerated cellulose "MilliporeSAJ 0 - 350 kPa "Amicon", 8400
1 kDa @76 mm regenerated cellulose "Millipore", AJS 0 - 350 kPa "Amicon", 8400
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Abstract

Significant and systematic variations of iron igptocomposition of different water
sample fractions obtained by frontal cascade fiimmand ultrafiltration have been recorded
in 1) subarctic organic-rich waters of boreal riaed stream, bogs and lakes feeding these
streams and solil solutions in northern taiga zdterdlia, NW Russia) in July 2008 - 2009
and 2) temperate river and lake water of the sonthmreal zone (Central Russia) in
November 2008. Large volume of samples were filtenethe field employing progressively
decreasing pore size (100, 20, 10, 5, 0.8, 0.£2,@2A, 0.046, 0.0066 (100 kDa), 0.0031 (10
kDa), and 0.0014 pm (1 kDa)) followed by major a&rate element, organic carbon and iron
isotope analysis. The latter was performed usingiratuctively coupled plasma mass
spectrometry multicollector. In all 5 river samplésere was a gradual increase 3fFe
relative to IRMM-14 with decrease of the pore sifem +0.4+0.1 %o at 100 um up to
+4.2+0.1 %o at 1 kDa fraction in the subractic zamagl from +0.5+0.2 %0 at 100 um up to
+1.2+0.2 %o at 10 kDa in temperate zone. Peat stitisn yielded constant negati®e’Fe (-
0.3 %o) for fraction 20 um — 10 kDa with further degse to —0.%o. in < 1 kDa ultrafiltrates.
Within the watershed of a subarctic stream in UB2 fraction, there is a strong increase of

5 'Fe from negative values in soil solutions and bagers (-0.3%60) to strongly positive

187



values in feeding lake and terminal river zone §+%.). In well oxygenated rivers and lakes,
total dissolved Fe concentration strongly antidates with &'Fe. In the series of
filtrates/ultrafiltrates of subarctic and temperateeams and rivers, ti8'Fe value decreases
with the increase of the molar ratio Fe/DOC (irdissolved organic carbon).

The results obtained are consistent with availatlermation on mechanisms of Fe
isotope fractionation between aqueous solutionamitgmatter and solid oxy(hydroxides) and
the basic principles of stable isotope fractiomatibhe nature of organo-ferric colloids and
the relative concentration of organic carbon verdissolved Fe in filtrates determine the
pattern of>°'Fe evolution as a function of filter pore size. Ehadied rivers are dominated by
high concentration of colloidal and particulatel80 pum) Fe oxy(hydr)oxide and thus bulk
waters exhibit similar values ob°’Fe close to +0.%o, significantly higher than the
continental crust value (0.1 %o). This values inseedy 1.5-2%. depending on the relative
enrichment of organically-bound Fe(lll) in low moldar weight (LMW) fraction of well
oxygenated waters. The relative enrichment of 1kD@& ultrafiltrates in heavy isotope
suggests that low molecular weight ligands bind Faore strongly than
Fe(ll)oxy(hydr)oxides, in accord with quantum maaits principles. Overall, results of this
work dismiss the previous hypothesis of the donieaaf isotopically heavy Fe(lll)-rich
mineral colloids and isotopically light Fe-orgai@mplexes in boreal waters. Highly positive
5'Fe of the LMW (< 1 kDa) fraction of labile and potially bioavailable Fe in small
subarctic rivers may turn out to be a very impdrtsource of isotopically heavy Fe in the

Arctic Ocean.

5.1. Introduction

Over past decade, there has been an increaseticattenthe biogeochemistry of arctic
and subarctic zones, mainly linked to: 1) theirnesibility to both local (pollution) and
global (climate warming) impacts and, more impattiar2) their pivotal role in the regulation
of the carbon cycle in Earth's Northern hemispheoggably of the organic carbon flux to the
Arctic ocean and C@exchange between the soil, hydrosphere and thesatmre (Fransson
et al., 2001; IPCC, 2007; Bates and Mathis, 20Q@tedstrom and Anderson, 2010). In
contrast to overwhelming number of studies deviadeiogeochemistry of greenhouse gazes
in the boreal zone (Duchemin et al., 1995; Whitmgl Chanton, 2001; Huttunen et al., 2003;

Liikanen et al., 2003), the studies of metal trams@nd speciation remain restricted to a
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small number of "pilot" sites with relatively liglinformation on agueous geochemistry of
metals and their isotopes in the boreal and subarches.

A typical feature of all boreal surface watershisit high concentration of dissolved (<
0.22 um) organic matter (DOM) and iron, notablythe form of Fe(lll)-OM complexes and
colloids (Ingri and Widerlund, 1994; Gustafsson dasichwend, 1997; Gustafsson et al.,
2000; Ingri et al., 2000; Andersson et al., 200dkrBvsky and Schott, 2002; Dahlqvist et al.,
2004, 2007; Pokrovsky et al., 2005, 2006; Bjorkweti@l., 2008; Porcal et al., 2009). Until up
to the present time, the majority of studies ofaidk in boreal zone were dealing with trace
elements and radiogenic isotopes (Ingri and Wiahek|1994; Porcelli et al., 1997; Andersson
et al., 1998, 2001, 2006; Gustafsson et al., 20@j et al., 2000; Porcelli, 2001; Pokrovsky
and Schott, 2002; Dahlqvist et al.,, 2004, 2007; rexdky et al., 2006, 2010, 2012,
Vasyukova et al., 2010). Novel "non-traditionalalde isotope of metals, and notably iron,
offer a new look on the origin and transformatidromyano-ferric colloids in the continuum
soil solution - bog - river - lake, a typical lamdpe setting of subarctic and boreal regions.
Despite the importance of colloidal Fe as a vedbrirace elements (TE) transport in
continental waters (Pokrovsky and Schott, 2002;ll&det et al., 2003; Pokrovsky et al.,
2005; Dahlgvist et al., 2007; Hassellov and Von Rammer, 2008) attempts to quantify Fe
isotope compositions in surface waters are scdragi et al. (2006) measured isotopic
compositions in the particulate fraction of Fe-gamic-rich boreal river and hypothesized at
the basis of soil data (Emmanuel et al., 2005)wwaater data (Bullen et al., 2001) that small-
size Fe-C colloids should have a negai&e value whereas large-size Fe-oxyhydroxide
colloids should be enriched in heavy isotope. Int@ast, Escoube et al. (2009) measured
filtered (0.22 and 0.025 pum) and suspended (> Q&9 fraction of large, Fe, C-poor
temperate river and observed little variationddFe during filtration and ultrafiltration with
colloids being generally more positive than patatel material. Based on available physico-
chemical experimental and modeling data (see Brart al., 2001; Wiesli et al., 2004; Hill
et al., 2009; Beard et al., 2010), one can exgdeat $olid (and, presumably, colloidal) Fe
oxy(hydro)xide formed by Fe(ll) oxidation by biotar abiotic pathways in surface waters
will be enriched in heavy isotope with a fractiaoatfactor relative to aqueous Fe from 1 %o
to 4.5 %o (Bullen et al.,, 2001; Croal et al.,, 20@¥hbar et al., 2005; Beard et al., 2010)
whereas Fe(lll) complexed with strong organic ctedawill be enriched in heavy isotope
relative to uncomplexed dissolved Fe (i.e., by +%8.6 Dideriksen et al., 2008). The latter
finding is in accord with the quantum mechanicdtalations which predict that the heavier

isotope should concentrate in the species in whighbounded most strongly (Criss, 1999),
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as also proved in the case of other metal comptaxatith organic matter (Gélabert et al.,
2006; Jouvin et al., 2009). However, applying thbasic principles for natural colloids is
hindered by the complex nature of Fe-rich organalo@s. First, high resolution
spectroscopic measurements demonstrated the peesetitin the F&-Og octahedra of ferric
colloids, of carboxylate groups that prevents tbe/pers to coagulate and form particulate
oxy(hydr)oxide (Rose et al.,, 1998). Second, thenubal structure of Fe(lll) - LMW
complexes (<1-10 kDa) represented by both soilidu®M and autochthonous microbial
exometabolites or DOM transformation products, resairtually unknown. And third, the
photoreduction of organic-bound Fe(lll) resulting an increase of both Feand total
dissolved Fe in oxygenated surface waters notaloiyg the arctic summer (McKnight et al.,
1988; Kelton et al., 2007) may lead to additionatl et unknown isotope fractionation.
However, as a working hypothesis, we assume tledatige Fe(lll)oxyhydroxide colloids and
particles will be enriched in heavy isotope relatie small-size Fe(lll) organic complexes
whereas Fe(ll)-bearing anoxic groundwater/bog/soiltions solutions will be significantly
lighter compared to Fe(lll)-bearing oxygenated acefwaters.

With the goal of testing the hypothesis of light iBetope in the organic-reach LMW
pool and heavy Fe isotope in Fe-rich colloidal ¢wygl)oxide, this work addresses isotope
fractionation and colloidal speciation of Fe uscanventional size separation technique, on-
site frontal filtration and ultrafiltration. Spewéally, we aimed to 1) test the possibility of the
presence of different pools of Fe colloids havirgfidct isotopic signatures in different size
fractions 2) characterize the transformation oblstasotopic composition of colloidal Fe in
various environments within the same watershed nadompare isotopic signatures of
filtrates and ultrafiltrates in organic-rich riveasd lakes between the arctic and temperate
zone in otherwise similar hydrochemical and litlgpdal environments. We demonstrate
distinct isotopic signatures of dissolved and ddlb iron and systematic evolution of Fe
isotopic composition in subarctic streams in seoksascade filtrates and ultrafiltrates from
100 pum down to 1 kDa. Through detailed analysipadsible experimental artifacts and
comparison with available literature data, we résganew features of Fe isotopic
fractionation that can be potentially applied taide range of boreal surface waters and help

to constrain the isotopic signature of continef&lischarged to the Arctic Ocean.
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5.2. Study area

The surface waters of the north of boreal regioar(iNKarelia, subarctic zone) and the
south of the boreal region (Central Russia, temperane) were chosen for this study (Fig.
5.1). Both sites are pristine in terms of localusttial or agricultural pollution and receive
only long-range atmospheric impact of metals. i ghbarctic zone, we studied the basins of
the Vostochniy stream and the Palojoki river (Fsgl A), comprising several rivers and
streams, the feeding bog or lake and soil solufieig. 5.1 C and Fig. ESM-5.1). In the
temperate zone, the Senga river and the Ignatkake Wwere sampled (Fig. 5.1 D, Fig. ESM-
5.2). Both sites are similar in the sense thatctemical composition of rivers is controlled
by high amount of bog and peat soils present witinwatershed. As a result, the waters are
rich in dissolved organic carbon (DOC, from 10 t rig/L) originating from organic-rich
bog waters and peat soil solutions, the latter igayiom 60 to 140 mg/L of DOC. At the
same time, the sites are different in latitude ga@si(1500 km from north to south), climate
and vegetation. As a result, they can be usede&img the climate warming scenario in the
boreal taiga zone applying the well established@gugh of substitution "space for time" (e.g.,
Frey et al., 2007; Walter et al., 2007).

The subarctic river Palojoki flows out of Kivakkedai lake, it drains the rocky massif
Kivakka from the south and empties into Pyaozeke.ldhe river watershed's area is 32km
its length is about 9 km and relative altitude 66Im. It was sampled in the middle part of
the flow (KAR-1) and in the mouth zone 90 m abofie Pyaozero lake (KAR-3). The
bedrock composition of the watershed is represertgd micro-pegmatitic granites,
granosyenites, syenites, syeno-diorites of the leRveterozoic, biotite granito-gneisses and
biotite-amphibolite and amphibolite gneisses andlabolites of the lower-Archean ang
glacial deposits of Quarternary (Fig. ESM-5.1). Bfveam Vostochniy flows from a system
of interconected humic lakes (such as OR-6) locafi#itiin the bog zone and empties into the
lake Tsipringa. Its length is about 1 km and rekatltitude of 50 m, the catchment area is of
0.95 knf. The bedrock of the catchment is represented twerdProterozoic amphibolitic
gabbro (Fig. ESM-5.1). The Vostochniy stream wamad in the mouth reach, 30 m above
the mixing zone with Tsipringa lake (OR-1). Soillldgmn of the peat bog zone of this
watershed was collected from the depth of 5-10rtia piezometefOR-9). Another example
of organic-rich river feeding water is a bog zomgaaent to the lake Tsipringa (ZPBL, Fig.
5.1 B). This bog of 1.19 km? area has a relativgude of 30 m and underlain by Early-
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Archean biotite granito-gneisses with biotite-anolite and amphibolite gneisses and
amphibolites (Fig. ESM-5.1).

The temperate river Senga is the right tributarthefKlyazma river, a tributary of Oka,
one of the largest right tributary of the Volga &ivThe length of Senga river is about 32 km,
and the catchment area is of 163°kifhe bedrock of the catchment is alluvial flat oifs of
the Holocene represented by granite moraine dep@sg. ESM-5.2). The lake Ignatkovo is
an oligotrophic lake of 0.3 kfrlocated within the bog area covered by peat depasithe
Holocene (Fig. ESM-5.2). Further details of climatgography, soil and vegetation of two
regions are described in the Electronic Annex (ExB)-

5.3. Materials and methods
5.3.1. Sampling, filtration, dialysis

Water samples of the subarctic zone (Vostochnigast; Palojoki river, Bog of
Tsipringa lake basin of North boreal zone (KareN&y Russia)) were sampled in July 2008
and 2009 and the waters of the temperate zone &Sewer and Ignatkovo lake of South
boreal zone (Meschera, Vladimir region, Central $fa)$ were sampled in November 2008.
The list of sampled waters and their bedrock comtipos is given in Table 5.1. Large
volumes (20-30 L) were collected about 0-20 cm Wwedarface in pre-cleaned light-protected
PVC bottles for size fractionation procedure of ,1@0, 10, 5, 0.8, 0.4, 0.22, 0.1, 0.046,
0.0066 (100 kDa), 0.0031 (10 kDa), and 0.0014 unk@h) using cascade filtration and
ultrafiltration conducted directly in the field ng specially prepared polyethylene-covered
clean space (Fig. ESM-5.4). The main charactesistiche filtration are listed in Table ESM-
5.5 and the scheme of the procedure is given inF=y

Filtration through 100 pm or pre-filtration was fmemed using nylon net
"Fisherbrand". Cascade frontal filtration with tiiecreasing pore size from 20 to 0.1 um was
performed using a 250-ml vacuum polycarbonate (dHigene) and nylon membranes
(Osmonics). Frontal ultrafiltration (UF) of the &ex 100 - 10 - 1 kDa was performed using a
400-ml polycarbonate cell (Amicon 8400) equippedhwa suspended magnet stirring bar
located beneath the filter to prevent clogging wmirifiltration. Vacuum filtration was
performed using a portative hand-pump, and theafittation was performed using a
portative air pump. The large volumes of the samplere passed through the Lavsan
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(polyethylene tereph-thalate, PETP) filters of dm pore size and 500 cm? surface area. The
filtration occurred via gravitational flow (0.3-0k3a).

Between each sample, the filtration system wasnelgay flushing EasyPure water,
then 3% ultrapure HN§) and finally, EasyPure water. Each filter was sohih EasyPure
water during at least 1 day before the experimendtsed only once. During filtration, the
first 50 ml of sample solution were discarded, thallewing saturation of the filter surface
prior to recovery of the filtrate. Discussions bisttechnique and precautions against possible
filtration artifacts are given in Viers et al. (I99 Dupré et al. (1999), Pokrovsky and Schott
(2002), Pokrovsky et al. (2005, 2006, 2010), Vasyaket al. (2010).

In the sample of soil solution (OR-9) both filtratend retentates of all pore sizes (20, 5,
0.8 and 0.1 um and 100, 10 and 1 kDa) were analigreBe isotopic composition. A river
sample KAR-1 was 1 kDa-ultrafiltered following tiidnal cascade scheme (Fig. 5.2) and
also ultrafiltered from 0.4 pum fraction without cade mode to check for eventual filtration
artifacts on Fe isotope analysis.

For quality control, MilliQ water was filtered andtrafiltered in the field following
exactly the same procedure as that employed foplesnfractionation. Iron concentration in
blanks has never exceeded 1 % of the minimal vahserved in the ultrafiltrates of natural

waters.

5.3.2. Chemical analysis

Water temperature, pH, dissolved oxygen conceotratand conductivity were
measured in the field. The pH was measured usiognzbination glass electrode calibrated
against NIST buffer solutions. Dissolved oxygen evemeasured using oxymeter «Expert-
001» with Clark oxygen sensor and uncertainty of Bf¥jor anion concentrations (C8Q7,
NO3) were measured by ion chromatography (Dionex 20@@th an uncertainty of 2%.
Alkalinity was measured in situ by Acid titratiomdh Gran treatment method. The dissolved
organic carbon (DOC) was determined using Shima8@N Analyzer (Toulouse) and
Elementar TOC analyzer (Moscow) with an uncertamity83% and a detection limit of 0.1
mg/L.

Major and trace elements including Fe were measwi#ubut preconcentration by ICP-
MS (7500ce, Agilent Technologies). Indium and rinemiwere used as internal standards.
The international geostandard SLRS-4 (Riverine WRigference Material for Trace Metals

certified by the National Research Council of Ca)adas used to check the validity and
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reproducibility of each analysis. A good agreemmgtiveen our replicated measurements of
SLRS-4 and the certified values was obtained ferelements of interest (relative difference
< 5%).

5.3.3. Iron isotope analysis

Filtered and acidified water samples were evapdratehe clean room of class 10 000
and iron was purified using anion exchange chrografgthy in a HCI medium (Strelow,
1980), as outlined in Poitrasson et al. (2004). Wed 0.5 ml of Bio Rad AG1 X4, 200-400
mesh anionic resins loaded in thermoretractabléomefolumns having an internal diameter
of 4 mm. After resin wash using the elution reageand preconditioning, samples were
loaded in 0.5 ml of 6M HCI and the matrix was etute 3 ml of the same acid. Iron was
quantitatively eluted with 2 ml of 0.05M HCI. Puefl iron samples were analyzed in a
0.05M HCI solution. Iron and the internal standd¥d,were set to a concentration of 1 and 3
ppm respectively.

Iron isotope measurements were performed at GET&MRIoulouse using a Thermo
Electron Neptune MC-ICP-MS (Bremen, Germany) foilogvthe methods described in
Poitrasson and Freydier (2005). All analyses apented in the delta notation relative to the
IRMM-014 standard, expressed &3Fe, which represents the deviation in per mil redato

the reference material:

(57 Fe/ 54Fe) sample
(s7Fe/54F€)IrvmMm - o014

5 'Fe (%o) =( - 1) *1000

We also obtained*°Fe values but, since the relationships betw®&fe andd’'Fe of
the samples plot on a single mass fractionatios, lamly &’Fe values are discussed in this
paper. Data quality was checked by reported anslgseur house hematite standard every 5

samples in the analytical sequence.

5.4. Results

Selected chemical and all Fe isotope results goerted in Table 5.2. The studied
waters of the Vostochniy stream, Palojoki Rivem@eRiver and Ignatkovo lake are neutral
with pH ranging from 6.3 to 7.1 whereas the watdrbog and soil solution are acidic with

pH of 4.9 and 3.9, respectively. All waters are lavineralized £ 100 mg/L) with the
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dominance of Ca and HGOons or Ca, Cl and Na ions (soil solution). Therganic ion
charge balanceY[(-Y)/>") is below 0.1 for all samples except soil soluti@ving a deficit

of anions of 0.4-0.5. This deficit is correlatedttwiDOC concentration in filtrates and
ultrafiltrates similar to those reported in otharface waters of North Karelia (Vasyukova et
al., 2010) typical for organic-rich boreal surfagaters (DOC concentration equals to 10-20,
5-20, 20-60, 120-150, 30-80, 15-50 mg/L in Arcticer and stream, lake, bog and soil

solution and temperate river and lake, respect)vely

5.4.1. Evolution of® 'Fe as a function of the pore size

5.4.1.1. Soil solutions and bog waters (subarctic zone)

The values ob°'Fe within the filtrates and ultrafiltrates of seblution (OR-9) ranged
between -0.2 and -0.3 %o for the size fraction ofp@@ to 10 kDa without any significant
dependence on the pore size. The value&®fe measured in the filter retentates ranged
between -0.20 and -0.46 %0 showing a slight decréase by 0.1-0.2 %o) for the fraction of
< 0.1 um (Fig. 5.3).

Similar to the soil solution from Vostochniy streavatershed (OR-9), the evolution of
5 'Fe within the filtration series for the bog zond°@L) does not show any systematic trend,
although more scattered. With the exception offtaetion < 1 kDa (Fig. 5.4) the bog zone is
isotopically heavier than the reference continewtaist value (0.1 %o, Poitrasson, 2006),

whereas the soil solution are much lighter (Fig8).5.

5.4.1.2. Rivers, stream and lakes

All studied rivers, streams and lake of the sull@mtne exhibit a very similar trend in
their 8 'Fe evolution as a function of the filter pore sifhey show a strong increase®fFe
from +0.4...+1 %o for the 1-100 um fraction up to +4%k the smallest, < 1 kDa fraction.
Figure 55 A, B, C and D show this systematic trdod OR-1, OR-6, and KAR-1,
respectively. Note the similarity o¥'Fe — size fraction dependence for the same river
Palojoki (KAR-1) sampled in 2008 and 2009 (Fig. &% The ultrafiltrates of 1 and 10 kDa
of KAR-1 sample collected in 2009 exhibit noticeabkviation from the general trend, likely
reflecting different processes controlling Fe igatccomposition in different size fractions.

A similar evolution of both’Fe and [Fe] as a function of the filter pore siae the

temperate Senga River is shown in Fig. 5.6. Likewtlse subarctic zoné’'Fe values in
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temperate river are above the continental crustreaete but the smallest fraction of 10 kDa
shows only 0.3-0.4 %o increase compared to 100 kD@&.4-um filtrates. Finally, the
temperate lake (sample Ign) exhibit constant valu®'Fe equals to 0.68 0.05%. with no
distinct trend between 0.4 um and 10 kDa filtratese Table 5.2), similar to subarctic peat

bog and soil solution.

5.4.2. Possible artifacts of filtration on isotopeompositions

The main source of possible artifacts of filtrateomd ultrafiltration in the cascade mode
adopted in this study is gradual transformationfittfates after prolonged exposure to
atmospheric air, light, and the presence of aengidacoorganisms. In addition, filter clogging
and modification of the effective pore size is aalgroblem of ultrafiltration (e.g., Viers et
al., 1997; Burba et al., 1998; Benoit and Rozar®91®Dupré et al., 1999; Nifant'eva et al.,
1999; Alekhin et al., 2010) that may significan#lffect iron isotope fractionation. Whereas
the first process is expected to be mostly pronedror partially anoxic and thus "unstable”
soil solutions and bog waters, the second procegsarcur for all studied samples.

These artifacts has been addressed via 1) comparso direct and cascade
ultrafiltration through 1 kDa filter (Fig. 5.5 C)nd 2) analyses of filter retentates in soil
solution sample (Fig. 5.3). It can be seen from Tlable 5.2 that the value of <1 kDa
ultrafiltrate of KAR-1 sample collected in non-cade mode (from 0.4 um filtrate) is equal to
that of the cascade ultrafiltrate within the anabftuncertainty (1.7#0.05 and 1.860.18 %o,
respectively). This strongly suggests negligibletopes separation due to filtration effects
and the absence of systematic transformation aadutation of colloids during to cascade
filtration from 20 um to 10 kDa.

Similarly, soil solution filtrates and ultrafiltras (sample OR-9) exhibiting partially
anoxic conditions ([QF 40 % saturation) demonstrate an agreement betiieemalues of
5 'Fe of retentates and those of filtrates and ultrafes within+0.1...0.2%o (Fig. 5.3). This
important result demonstrates the absence of ggnif precipitation of Fe oxy(hydr)oxide on
filters during cascade filtration. Indeed, a forrmoatof solid insoluble Fe(lll)oxyhydroxide on
the filters could be expected here due to oxydabioRe(ll) initially present in this partially
anoxic sample. This should have brougimt enrichment of retentates in heavy isotopes
relative to filtrates by a minimum of 2.26.3 %. (Beard et al. (2010) following results of
Bullen et al. (2001) on Fe&£bxydation). This is not observed in our experirseience,

Fe(ll) oxydation with Fe(lll) oxy(hydr)oxide formiah is very unlikely during the filtration
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and ultrafiltration procedure used in this studwe@ll, we take these experiments and
observations as an indication that no filtratiomdeis >0.2 %o is induced by our water

treatment procedu res.

5.4.3. Effect of dissolved Fe, organic carbon andeFC ratio in colloids

The values 0®°'Fe exhibit significant correlation with Fe concetin in filtrates and
ultrafiltrates in rivers, streams and lakes withrettion coefficient (B) ranging from 0.83 to
0.98 (Fig. 5.7 A and B). It can be seen from thegpg&es that the lower the Fe concentration,
the higher the enrichment of filtrates in heavytépe. At the same time, the slope &t Fe,

%0] — [Fe, pg/L] relationship ranges from -0.021 Yéwstochniy stream and feeding lake to -
0.0006 for Palojoki and Senga Rivers. In contrésite is no dependence betweégfiFe and
[Fe] for filtrates and ultrafiltrates of soil soloh (OR-9) and bog water (ZPBL) as the
correlation coefficient is less than 0.35. The t§nso lake also shows lighté'Fe despite
moderate Fe concentrations (Fig. 5.7 A) and doefotiow the general trend.

The correlation ob°'Fe with DOC concentration is less pronounced thanwith [Fe]
for subarctic rivers and streams because of ogflgamples (R2 of 0.55 to 0.90, Fig. ESM-5.6
A) but significant for temperate river Senga (R3.897-0.998, see Fig. ESM-6 B). Similar to
what is observed for Fe concentration, there isamelation betweed®'Fe and [DOC] for
filtrates and ultrafiltrates of soil solution anddpwaters (R=0.12-0.40, not shown).

We found that the molar ratio of Fe/C in ultrafities can serve as a useful proxy for Fe
isotopic ratio as it is illustrated for subarctiatershed Vostochniy in Fig. 5.8. It can be seen
from this figure that there is a gradual decreas& t-e from +4 %o to +1 %. when Fe/C
changes from 0.0035 to 0.001. Considering all sathpglers and streams, for a much larger
range of the (Fe/C) parameter, there are two clusteisotopic trends with temperate rivers
being approx 1% isotopically lighter compared ttanetic rivers and lakes at a given Fe/C
ratio (Fig. 5.9).

5.4.4.8°'Fe as a function of pH, redox conditions and landspe setting.

The dependence af'Fe on the pH value in all measured filtrates artdafiltrates
revealed a tendency of the depletion of acidic §#6) fluids in heavy isotopes compared to
neutral waters (Fig. ESM-5.7). However, this obagon may be due to the lower isotopic
signature of organic-rich, partially anoxic bog aratand soil solutions bearing, presumably,
significant amounts of Fe(ll) having lighter isotogomposition compared to Fe(lll) colloids
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and oxy(hydroxides). For well oxygenated surfaceashs and lakes, there is no statistically
significant dependence between Fe isotopic compasind pH.

The evolution o®°'Fe within different landscape settings, soil soluti- feeding lake —
stream demonstrates a clear trend with the minivasles of5'Fe are observed in soil
solution and the maximal ones in the intermediaggling lake (Fig. 5.10). All size fractions
of the soil solution have the negative value“4fe, less than continental crust reference.

Note that the>*’Fe values of 0.22 and 5 pm filtered water of theslfieg lake located at
the upper reaches of Vostochniy stream (OR-6) &€l %o more positive than those in the
stream itself (OR-1). This observation is consisteith the trend of increasiny 'Fe with the
decrease of the pore size (see section 5.4.12anlbe suggested that the coarse subcolloidal
particles (> 0.22 um) have been gravitationallycypiéated in the lake; as a result, the

lakewater has acquired more positive isotopic sigeacompared to the stream.

5.5. Discussion
5.5.1. Size fractionation in different samples anthe magnitude of isotopic variations

Conventional filtration and ultrafiltration of snhddoreal rivers and streams used in this
study revealed unusually large variation of Fedpiat composition & 'Fe) between different
size fractions of water samples with a maximal atugé of 5.1 %0 leading for one of the
highest &'Fe values reported in nature so far'lfe = 4.2 %o). At the same time, the
difference of3°’Fe in dissolved fraction (< 0.22-0.4 pm) betweeffedént types of surface
waters reaches 3 %o. This range is larger than réqadrted in other natural settings from
lower latitudes, such as lake and river suspendatiem(2.0 %o) for particles in Aha lake,
China (Song et al., 2011); dissolved fraction ofried lake (2.7 %.) for Lake Nyos,
Cameroon (Teutsch et al., 2009), and Fe isotopimatian in the Amazon basin (2.25 %o)
(Bergquist and Boyle, 2006). Moreover, the rangésofopic variations in subarctic surface
waters of this study is significantly larger thamatt of boreal river and the Baltic Sea
suspended matter (0.03, 0.66 and 0.3 %o, Beard,e2G)3b, Ingri et al., 2006 and Gelting et
al., 2010, respectively), sediments porewaterfiefsubterranean estuaries (from -3.5 to -7.5
%0, Rouxel et al., 2008) and a temperate river (frdm? to -0.3 % and 0.55-0.78 %o, Fantle
and DePaolo, 2004, and Escoube et al., 2009, risglgl.

A systematic enrichment of filtrates in heavy igmowith the decrease of the size
fraction and Fe/gy ratio strongly suggests that the small size oxgaph colloids are
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isotopically heavy and the large size mineral-gotoids are lighter. This result contrasts the
previous conclusion reached from the analysisw@rrsuspended material (Ingri et al., 2006).
It can be linked to the combination of several psses occurring in boreal aquatic

environments as discussed below.

5.5.2. Mechanisms of colloid formation and evolutio within the watershed

It is generally accepted that in boreal, non-perosifzone, formation of Fe(lll)-bearing
organic colloids occurs at the redox front duridge tmixing of anoxic Fe(ll)-bearing
groundwaters or in deep soil waters with well oxyated DOC-rich surface bog waters or
surface soil horzons; this may also occur in thednlgeic zone of the stream (Pokrovsky and
Schott, 2002; Ingri et al., 2006; Bjorkvald et 2008; Vasyukova et al., 2010). Results of the
present work support this general scheme as datli@ and bogs exhibiting partially anoxic
conditions have distinctly lower value 8FFe compared to well oxygenated river, stream and
lake. Formation of inorganic Fe(lll) oxy(hydr)oxgldrom Fe(ll) aqueous solution brings
about an enrichment of solid phase in 1.5 to 4-%ejative to the fluid (Bullen et al., 2001;
Johnson et al.,, 2002; Skulan et al., 2002; Welchlgt2003; Beard et al., 2010), as also
supported by natural observations (Bullen et &8l012 Teutsch et al., 2009; Song et al., 2011).
The Fe(lll)-bearing particles (1-100 um) and calkisampled in well oxygenated waters in
this study are indeed, 1 to 2 %o heavier compareithécsource material (groundwaters, soil
solution or rocks). However, in conventionally diled fractions (0.22 and 5 um), the largest
isotopic change occurs between the soil solutioR-@) or analogous bog/groundwaters
(ZPBL) and stream-feeding humic lake (OR-6, Fid.0%. This lake is located within the bog
zone but subjected to strong insolation during #retic summer, oxygenation and
(presumably) heterotrophic microbial respirationd gohytoplankton development. These
processes, as described in sections 5.5.3.1-5.bebav may bring about the enrichment of
water in small-size organic Fe(ll, Ill) complexesving distinctly different isotopic signature
compared to the source Fe(lll). This signaturehisnt preserved in the stream until the
terminal large oligotrophic Tsipringa lake where tew processes of colloid transformation
may initiate. An additional reason for heavy Fetope enrichment in stagnant lake water
(OR-6) compared to stream water (OR-1) may be tatwnal sedimentation of large 1-100
um Fe oxy(hydr)oxide particles having low®fFe value compared to smaller particles and
colloids (< 1 pum) given that recent experimentadutes suggest that nanoparticles may
exhibit larger Fe isotope fractionation (Beardletz010).
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5.5.3. Mechanisms of Fe isotopic fractionation

5.5.3.1. Fe(l11) oxyhydroxides formed by Fe(l 1) oxydation

The &'Fe values of soil solution (OR-9) and peat bog (ZPBre lighter than the
continental crust and exhibit similar evolution ®fFe and dissolved Fe concentration in
filtrates and ultrafiltrates series (Fig. 5.3) traugygesting partially anoxic conditions. Part of
the Fé"* of those waters would oxidize to form Fe(lll) sbbxy(hydr)oxides and leading the
remaining solution enriched in light isotopes. Tisign accord both with natural observations
(Bergquist et al., 2006; Wiederhold et al., 2003¢cd&ibe et al., 2009; Teutsch et al., 2009),
and with numerous laboratory measurements of Fetidration during Fe(ll) oxidation (e.g.
Bullen et al., 2001; Beard et al.,, 2010). Note tthet absence of the dependence between
5 'Fe and [Fe] for filtrates and ultrafiltrates of lssdlution (OR-9) and bog (ZPBL) suggests
that the values result from the combination of ntbes one single process.

In contrast to peat soil solution and bog, the absef divalent Fe in well oxygenated
surface rivers, streams and lakes is supportechéyobserved anticorrelation between Fe
concentration in filtrates an®’Fe (Fig. 5.7 A and B). This relationship contrasith a
positive correlation reported betwe&HFe and Fe(ll) concentration in reduced groundwaters
and interpreted as Fe(ll) adsorption on newly fatrie(lll)(hydr)oxide surfaces produced
by injection of oxygen-rich waters (Teutsch et 2005). Therefore, the presence of inorganic
species of Fe(ll) can not be responsible for oleskrivon isotopic composition in well
oxygenated boreal surface waters sampled in thay/ st

The decrease a¥’Fe with the increase of Fe/C in colloids allow egwlation of this
dependence to C/Fe = 0 corresponding t-i@ee ferric colloids (Fig. ESM-5.8). This
extrapolation yields the values &'Fe = +0.30+0.18 %o for Vostochniy stream and its
feeding lake (OR-1 and OR-6) a®d'Fe = +0.40+0.10 %o for the Senga river (Seng-1, 2).
These relatively low values of pure inorganic A@(éixyhydroxides compared & 'Fe = -
0.8-0.9 %o in lowest molecular weight fraction oflsmlution and bog waters (OR-9, ZPBL),
which most likely reflect dissolved Fe(ll) poollak to calculate a minimal fractionation
factor between Fe(Hjueousand Fe(lll) oxyhydroxide occurring at the redomrft during the
formation of colloids. Our calculated values rarfgegm +0.7 to +1.3 %o and is broadly
consistent with the minimal value of +1.3 %. meaduire laboratory experiments (Beard et
al., 1999, 2003a; Bullen et al., 2001; Croal etz004).
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5.5.3.2. Low molecular weight (< 1 kDa) organic complexes of Fe

Compared to temperate and tropical rivers, all &loend subarctic rivers exhibit
elevated proportion of LMW (< 1 kDa) fraction ofgamnic carbon achieving 30-50 % of total
dissolved (< 0.22 pm) DOC (Guo and Macdonald, 2@agkrovsky et al., 2010). Moreover,
in large Siberian rivers during summer baseflow L&V (<1 kDa) fraction constitutes from
60 to 90% of DOC (Prokushkin et al., 2011).

The appearance of low molecular weight autochthsnorganic complexes of Fe
bearing highly positive isotopic signature in oxygeed surface waters of the subarctic zone
may stem fromi) phytoplankton exometabolites productidn), heterotrophic respiration
(mineralization) of organo-ferric colloids by bagtplankton, known for other boreal lakes
(Tranvik, 1988, 1994; Pokrovsky et al., 2011), and photoreduction of Fe(lll).
Phytoplankton has been shown to fractionate Fe ratsvthe enrichment of cells by heavy
isotope relative to aqueous solution, upon adsampdif iron at the cell surfaces. Depending
on the phytoplankton species and the compositidghetulture medium, the cell surface was
found to be enriched by 2:8.6 %o to 2.20.1 %o for F&" containing solution and t8.2 to
1.0+0.2 %o for F&" solution (Mulholland et al., 2010). However, thedtionation of Fe
between cells, colloids and exometabolites remamgown. Assuming that the cell surface
may serve as analogue for cell exometabolites nmdeof Fe local structure, we infer that
adsorbed Fe(lll) present in the form of individ&a+Q; octahedra linked to the phosphoryl or
carboxyl groups of the cell wall (Gonzalez et 2009, 2010), also should form strong bonds
with C, N or P as second neighbor of LMW phytoplamkexometabolites. Similar to zinc,
the enrichment of cell surface (and cell exomet&s) by heavy isotopes may be linked to
shortening of Me-O bonds and decreasing metal'sdomation number (e.g., Gélabert et al.,
2006).

The complexation of aqueous Fe(lll) with strong amg chelates such as
desferrioxamine-B (DFO-B) is known to enrich the-dtganic complexes in heavy isotope
compared F&(H,0)s species with an isotopic shift of 08023 %o (Dideriksen et al., 2008).
This is in accord with quantum mechanical calcaolaiwhich predict that the heavier isotope
should concentrate in the species in which it isinfoed most strongly (Criss, 1999).
However, the relative enrichment of LMW organichriraction (< 1 kDa) compared to Fe-
rich colloids (< 0.22 pm) measured in this studypetween 1.5 and 4.0 %o which is still

higher than that known for strongest chelates. iBlesexplanations for this a priori
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disagreement may include: 1) the relative stabdity MW Fe(lll)-fulvic complexes exceeds
that of the synthetic chelates or 2) the conforamati changes of Fe local structure, and the
dissymmetry of the octahedral environment of Fendowith organic ligands in LMW
fraction is different from Fe chelates. These fextmay lead to additional enrichment of
organic complexes by heavy isotope.

In summertime, the photoreaction of Fe(lll) undee wisible range of light and UV
may produce labile (< 100 Da) Fe, as shown in axpats on boreal stream waters (Kelton
et al., 2007). This photoreduction, which exhilaitdiurnal pattern (Emmenegger et al., 2001),
may lead to a replacement of essentially allochtisrarge-size humic and fulvic complexes
at nighttime by LMW ligands of phytoplankton exomiablites appearing during daytime
photosynthesis especially pronounced in lake gettBhirokova et al., 2010). All studied
subarctic surface waters were sampled in July dutire Arctic summer, then the solar
illumination was the highest. The photoreductionFeflll)organo-ferric colloids remain the
last and virtually unknown possibility of acquiritighly positive values o8°’Fe in LMW
fraction and increasing @& 'Fe during progressively decreasing filtrates andhfiltrates. If
we hypothesize that the small-size organic compglexfephotoreduced Fe are enriched in
heavy isotope with the fractionation factor relatito Fe(lll) source colloids between 1.003
and 1.004, then the progressive increase of &i¢raind ultrafiltrates in isotopically heavy Fe
relative to retentates (or large-size filtrates) wioduce the observed increasedfFe with

decrease af) size fractionji) Fe concentration anl) Fe/C ratio.

5.5.4. Climate and lithological effects on subarativersus temperate watersheds and
consequences for Fe transport to the Arctic Ocean.

The trend of isotopic composition change in thersewf filtration and ultrafiltration is
similar between subarctic and temperate riversstirgams (Fig. 5.9). However, at otherwise
close Fe/C ratios, the absolute value>8Fe are distinctly shifted by -1 %o in temperate
Senga River draining podzol soils developed onaquaty sand alluvial deposits compared to
subarctic Palojoki River draining Archaen and Pmaeic acidic and basic magmatic rocks
overlaid by thin (less than 10 cm) podzol soilssIpossible that the difference in lithological
substrate and the regime of groundwaters definanitial composition of surface waters.
First, the role of groundwater discharge of presnignesotopically light anoxic waters should
be more important in large Senga River compareghtall Vostochniy stream fed by humic

lake (OR-6) and by surface soil runoff waters. $eicdhe concentration of river suspended
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matter in large Senga River (50 - 150 mg/L, Sidkoeri966) is significantly higher than that
in small Palojoki River and Vostochniy stream (< @@/L, this study). Therefore, the
signature of isotopically light silicate materialepent in river-borne particles compared to
more positive value of riverine colloids (e.g., &sbe et al., 2009) may explain the difference
between small subarctic streams and large temperkae And finally, production of Fe
isotopically-heavy LMW organic ligands via photooetion, heterotrophic bacterioplankton
respiration and phytoplankton metabolism may bédht between small subarctic stream
and large temperate river.

Overall, significantly heavier isotopic compositiohsmall subarctic streams compared
to previously reported large temperate and tropinars (Beard et al., 2003b; Fantle and
DePaolo, 2004; Bergquist and Boyle, 2006; Escouba.e2009) or as it is inferred from
boreal river particle analysis (Ingri et al., 2008)ggest that the dissolved load of other large
rivers cannot serve as a proxy for Fe isotopic amsition in the river discharge from the land
to the Arctic ocean. Moreover, even higher enrichiniy heavy isotope of LMW fractions (<
1 kDa) may add very important constrains on terigssotopic signature of Fe transport to
the Arctic Ocean. This small, previously overlooksaluble fraction isi) less likely to
coagulate in the estuarine zone aigl potentially more bioavailable for aquatic
microorganisms compared to usually considered 2 Quéh fraction. Indeed, it has been
recently shown that the isotopic fractionation efduring estuarine mixing is negligible (De
Jong et al.,, 2007; Escoube et al., 2009), even wtnmme is a coagulation of Fe
oxy(hydr)oxide (Bergquist and Boyle, 2006). In esitne mixing experiments, it was also
shown that the iron oxyhydroxide colloids of thgern water aggregate into much larger
particles while the organic colloidal phase remdindgrtually unaffected (Stolpe and
Hassellov, 2007). Therefore, it is not excluded tha isotopic signature of most labile and
potentially bioavailable Fe fraction in the Arcticean will be up to +4 %o, heavier compared
to the silicate terrestrial source material tramsgmbin the form of river suspended matter.
This is constituent with increasingly heav@fFe delivered by rivers to the ocean as latitude
increases as inferred from soil studies (Poitragfaa., 2008). The climate warming in high
latitudes should intensify both photoreduction atehkton exometabolite production due to
the water temperature increase and as such, thvesinput of isotopically heavy Fe to the
Arctic ocean will further increase in the next déesy thereby providing an other, new tracer
of global warming.
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5.6. Conclusions

During filtration and ultrafiltration of organic-nd Fe-rich surface waters of small
boreal watersheds we observed unprecedentedly Vanggtions of Fe isotopic compaosition
(with 3 Fe relative to IRMM-14 ranging from -0.9 to +4.2 %he suboxic groundwater, soil
solutions and bog waters exhibit close to zero, thedefore similar to the continental crust
value, or slightly negative isotopic signatu®'Fe from -0.5 to 0%o). In contrast, the
oxygenated rivers and streams contain HMW colldidgum — 10 kDa) and subcolloidal
particles (40 pm to 0.1 um) having positi®Fe (from 0.5 to 2.0 %.). A novel and
unexpected finding is that small size, Fe-poorjdi-colloids and conventionally dissolved
LMW fraction (< 1 kDa) exhibit even higher enrichntén heavy isotope witl*’'Fe value
reaching up to +4.2 %.. This result does not supfwet common view, established from
analysis of filter particulate material, that bdr€arich soluble fraction should be isotopically
light and colloidal Fe(lll)oxyhydroxide should beotopically heavy. Contrary to what is
expected from laboratory Fe(lll) oxy(hydr)oxide @mpatation from Fe(ll)-bearing aqueous
solutions in inorganic systems, the natural orgmoe colloids are getting progressively
enriched in heavy isotope with the decreasing eir ttmolecular size, i.e., when moving in the
direction "particulate Fe oxy(hydr)oxide dissolved Fe”. The ratio Fe/C in colloids seems to
be one of the major factors controlling their igpto composition; however, there is a
systematic difference id°'Fe dependence on Fe/C between subarctic and tetserdace
waters, possibly, linked to the different naturerofial mineral substrate and bog/soil water
regime.

Tentatively, the observed results could be expthibg a sequence of the following
processes: 1) Fe(ll)-bearing bog and soil solutaidation with formation of isotopically
heavy Fe(lll) large-size organic-rich colloids gpalticles at the redox front between anoxic
soil and groundwaters and organic-rich surfacewatgrs, 2) transformation of organo-ferric
colloids in open-water small lakes and bog watefase or within the stream flow which may
include but not limited toi) photoreduction of Fe(lll) with formation of Fe{brganic
complexes,ii) microbial heterotrophic respiration of dissolvedyanic matter, producing
small size organic ligands complexing Fe(lll) and appearance of phytoplankton LMW
exometabolites complexing Fe(lll). These processesild destabilize the original Fe(lll), C-
bearing colloids and produce more stable autocluih®fre complexes and colloids. All three
possible pools of autochthonous Fe-organic complexeere Fe is bound stronger than in the
Fe(lll) oxy(hydr)oxide polymers are likely to hatieavier isotopic composition compared to
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the source material, as it is known from the basicciples of quantum mechanics. However,
at present, none of the mentioned processes hasshbgcted to laboratory quantification for
Fe isotopic fractionation and as such the futuneeexnental work is needed to calibrate Fe
isotopic fractionation in boreal organic-rich wateihe importance of LMW isotopically
heavy fraction for Fe transport from the land te thrctic Ocean stems from its higher
mobility through the estuarine mixing zone and ptgtentially high bioavailability. As a
result, the small-size, Fe- and organic carbon castal rivers and streams may play very
important and yet underestimated role in the oVémralchemical and isotopic budget of the

Arctic Ocean.
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TABLES

Table 5.1.List of sampled waters and their bedrock compasstio

sampleg

Age

name description GPS coordinateg bedrock composition
KAR-1| Palojoki river, middle course, North Karelia N 6@°1 E 30°28°| Micro-pegmatic granites, Granosyenites, Syenitgsn8-diorites PR
KAR-3 Palojoki river, mouth reach,_ the zone of mixingeriand N 66°11°| E 30°34°| Biotite granitogneisses and biotite, biotite-amoliitle and
Pyaozero lake, North Karelia amphibolites AR,
ZPBL | Bog of the Tsipringa lake basin, North Karelia NBF | E 30°53"
OR-1 Str_ea_m Vostochniy, mouth _reach, the zone of mixingr and N 66°18°| E 30°42"
Tsipringa lake, North Karelia
OR-6| Top feeding lake of stream Vostochniy, North Kaxeli N 66°18 | E 30°40°| Meta-gabbro PR,
OR-9 Soil solu_tlon of stream Vostophnly basin, about B0 omthe N 66°18°| E 30°20°
top feeding lake, North Karelia
Seng-1| Senga river, mouth reach, Central Russia 5°82%| E 39°31°| Cretaceous: aleurite, sand with layers of clayssamtistones;
X - - . .| Quarternary alluvial flat deposits: sand with gricared pebble, clay| K
Seng-2( Senga river, middle course, Central Russia S5780°( E 39°24| |9am, sandy clay (to 20 m). (ng-br
- - - ; v
Ign Ignatkovo lake, Central Russia N 55°5F 39°26" Cretaceous: aleurite, sand with layers of clayssamtistones;

Quarternary bog deposits: peat, sandy clay (t0.5 m)
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Table 5.2.Chemical and isotopic composition of filtrates arigafiltrates.

sample  |[8Fe ()| 2SE |[Fe], ug/llDOC, mg/L| pH Hﬂfgf’ M'”eﬁgff“on' O %
b009
OR-9/20m 0253] 0127 9863 141] 30 0 14 40
OR-9/5pm 0318| 0058 9794 138| 3.9
OR-9/0.8pm 0317| 0038 8613 135| 30
OR-9/0.22um 0288 0128 6821 55 4p
OR-9/100kDa 0.154| 0080 1851 27 4
OR-9/10kDa 0311 0010 1034 12 4.4
OR-9/1kDa 0.833] 0024 842 11 4.6
OR-9/F20um 0210 0.085
OR-9/F5um 0.202| 0.052
OR-9/F0.8um 0320 0.058
OR-9/F0.2211m 0311 0.03D
OR-9/F100kDa 0459 0.01
OR-9/F10kDa 0.422| 0.007
OR-9/F1kDa 0.377| 0.13]
OR-1/5um 0.844| 0028 238 7] 71 174 135 100
OR-1/0.8um 1149| o003l 218 132 70
OR-1/0.22um 2212| 0.06f 150 127 7P
OR-1/0.1um 2.427| 0111 120 122 7D
OR-1/100kDa 3.486| 0140 78 11.8] 7P
OR-1/10kDa 4186| 0111 48 107] 7.2
OR-6/20um 1.857| 0168 150 16.7] 68  13.4p 106 10
OR-6/50m 1.923| 0174 142 151 6.8
OR-6/0.81m 1.939| 0148 136 149| 6B
OR-6/0.22um 2666 0261 124 146 68
OR-6/0.11m 2.922| 0068 100 145 68
OR-6/100kDa 3.215| 0100 96 143| 64
OR-6/10kDa 3.400| 0150 68 142| 6.4
ZPBL/20pum 0.045| 0320 7651 58. 49 253 79.7 5
ZPBL/5UM 0.663 | 0.045 8306 48 4.9
ZPBL/0.8m 0.080| 0.105 9694 41 4.9
ZPBL/0.22um 0.238| 0007 9348 35 5
ZPBL/O.1um 0.121| 0100 9743 32 5
ZPBL/100KDa 0.302| 0037 1257 11 5.1
7PBL/1kDa 0.909| 0.099 49 10 5.3
KAR-1/20pm 0.487 | 0177 1708]  17.7] 66 164 124 10D
KAR-L/51m 0550 | 0.069 1621  111| 6.9
KAR-1/0.8ym 1.054| 0106 743 109 69
KAR-1/0.41m 1251 | 0089 243 10.8 7
KAR-1/0.22um 1.350| 0089 215 10.7 7
KAR-1/0.1pm 1.320| 0057 287 10.6 7
KAR-1/100kDa 1.256| 0080 165 10.5 7
KAR-1/10kDa 1971 | 0119 38 9.7 7.1
KAR-1/1kDa 1.804 | 0189 19 8.3 7.1
KAR-1/0.4um-1kDa | 1.773| 0.046
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Table 5.2, continued.

2008

KAR-1/100um 0.518| 0.081 1363 12.6 6.4 16.41 29.03 00 1
KAR-1/0.4um 1.746 | 0.08¢ 192 10.9 6.5

KAR-1/10kDa 2.259 | 0.123 51 10.5 6.9

KAR-1/1kDa 2.220 | 0.097 17 9.4 7

KAR-3/100um 0.382| 0.083 944 10.9 6.3 20.31L 31.26
KAR-3/0.4um 1.642 | 0.091 183 10.8 6.6

KAR-3/1kDa 2.437 | 0.020 7 7.6 7.5

Seng-1/0.4um 0.637| 0.054 1076 55 710 76.40 1Q
Seng-1/100kDa 0.785 0.058 453 52 70

Seng-1/10kDa 1.240| 0.113 76 35 7.0

Seng-2/100pm -0.024 0.136 5385 79 710 86.99 93.10 00 1
Seng-2/0.4um 0.422| 0.136 743 44 70

Seng-2/100kDa 0.628 0.101 430 41 70

Seng-2/10kDa 0.970| 0.051 92 32 7.0

Ign/0.4pum 0.547 | 0.110 164 48 5.4 6.02 50
Ign/100kDa 0.600 | 0.06% 142 17 5.4

Ign/10kDa 0.639 | 0.043 105 16 5.4

"F" before size fraction stands for filter reteeta{samples from the OR-9 series).
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Soil solution (OR-9), 2009
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Figure 5.3.5°'Fe (closed symbols) and Fe concentration (open skghas a function of pore
size in a soil solution (OR-9) filtrates and retgas of Vostochniy stream basin. The isotopic
composition of the continental crusP{Fe = 0.1 +0.03 %o; Poitrasson, 2006) is shown for
reference.
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Bog (ZPBL), 2009
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Figure 5.4.5°'Fe (closed symbols) and Fe concentration (open slghhs a function of pore
size in a bog (ZPBL) filtrates of Tsipringa lakesbra
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Vostochniy stream (OR-1), 2009
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Figure 5.5.5°'Fe (closed symbols) and Fe concentration (open sighbs a function of pore

size in subarctic surface waters, A: mouth reactiastochniy stream (OR-1), B: feeding lake
of Vostochniy stream basin (OR-6),
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Palojoki river (KAR-1)
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Palojoki river (KAR-3), 2008
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Figure 5.5, continued.3'Fe (closed symbols) and Fe concentration (open sighlas a
function of pore size in subarctic waters, C: meddburse of Palojoki River (KAR-1), D:
mouth reach of Palojoki River (KAR-3).
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Senga river, 2008
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Figure 5.6.5°'Fe (closed symbols) and Fe concentration (open slghhs a function of pore
size in filtrates of temperate Senga River, Sengdresents the mouth reach, and Seng-2
represents the middle course flow.
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Palojoki and Senga Rivers
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Figure 5.9.5°'Fe as a function of molar Fejgratio in filtrates and ultrafiltrates of temperate
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ELECTRONIC ANNEX
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Figure ESM-5.1.Geological map of Karelia region (NW Russia) wigmgpling points.
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ESM-5.3.Description of climate, topography, soil and vegetaof the regions.
5.3.1. North Karelia, NW Russia
5.3.1.1. Climate

The climate of the region is mild-cold, transitibieetween oceanic and continental,
with a determinant influence of the Arctic and Nharn Atlantics. Winter is long and soft,
summer is short and cool. Average temperature noalg is -13°C, and +15°C in July, but
extremes can reach -45° to +35°C in winter and senperiods, respectively. The dominant
wind direction is South-West in winter and NorthsEan summer. Average annual
precipitation amount is between 450 and 550 mnfyrow period lasts from October to
April-May with the average thickness of snow cov8r- 80 cm, but often over than 1 m. The
territory is under the influence of the warm Gutféam, but microclimatic conditions differ
dramatically because of the large cross-countrguimmer in the deep and sheltered valleys
it's much warmer than on the mountain tops, wherreasnter it's much colder in the valleys

where the mountains cold air accumulates.

5.3.1.2. Topography

Tectonics and glaciation shaped the terrain of kKar€rustal snaps and step faults,
reaching in two mutually perpendicular directiotise north-west to south-east and south-
west to north-east have formed as a result of mécforocesses. Traces of glaciation occur in
the glacial landforms that presented in moraingesdextended from the north-west to south-
east.

Much part of the region is a hilly plain with eldias of 200 m. Along the White Sea
coast there is a wide zone of lowland Pribelomoyakaith elevations less then 100 m. In the
western part, on the border with Finland, moraidge Maanselkya is located, it represents a
watershed between the basins of the Baltic andé\8et&s.

Our study area is located in the most elevated @aKarelia, in the central part of
Maanselkya. It is a landscape of tectonic denuddiills, plateaus and ridges with an average

altitude of 300-400 meters with separate insulatedsifs (Tunturi).

5.3.1.3. Hydrology
The region has a well-developed river network flats via a system of glacial lakes.
The water of small and medium-sized lakes warmsoup2-25°C in summer. Water is soft,

low mineralized, often with a brown hue becausteelling swamps.
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The large number of wetlands is typical featureNofth Karelia. The small marshes
with area from 3-5 to 30-50 hectares are dominakekind of "hanging" (omrotrophic) bogs
is formed on the steep slopes. By the nature aof theding, Karelian rivers belong to the
mixed type, fed by rainfall, bogs, groundwater andwmelt. The rivers break up earlier than
their conjugated lakes and some full of rapids meaadon't freeze at all. The average date of
floods in North Karelia is April 25 - May 5. Thevars freeze in November - December.
Natural fluctuations of water level do not exceest2 m.

Rivers of Karelia are comparably short. Significpatt of their length (up to 50%) may
consist of the flowage lakes. There are « lakerrivgaystems, consisting of a chain of lakes
connected by rapids channels. The accumulativeesygstare represented by a lake that
collects the water of many rivers and serves aletoat one larger river are also typical for
Karelia. Another peculiar phenomenon is a bifumrat(splitting) of the water flow. The
average gradient of rivers is about 1 m/km, andou@-5 m/km in the rapids channels. Rivers
of Karelia are very young geologically, and theadb are composed of hard rocks. Because
the rivers arejust started to make the longitudinal profile, ithealleys are not wide
floodplains, and they almost do not have high tersa

Chemical composition of river waters in Karelia determined by the chemical
weathering of silicate parent rocks of the Baltigstalline shield and quaternary deposits, and
the presence of numerous peatlands. Typical vatiesal discharge of solids (TDS) for this
region are 15-30 mg/l (Maksimova, 1967; Zakharowalg 2007), and the concentration of
river suspended matter is very low. The adjacekedabetween the rivers significantly
decrease the size of actual feeding watershedjvea river.

5.3.1.4. Soil, vegetation

The soil cover of the region is very young andsibften absent on ledges of bedrock
and steep slopes. Low temperature in combinatidh igh humidity is responsible for the
slow humification and mineralization of plant rasgd$. Therefore, a lot of organic matter is
accumulated in the form of peaty horizons, and etteb drained sites - in the form of coarse
humus. Predominant soils are illuvial-humic andvial-ferruginous-humic podzols. All
types of podzols exhibit a highly acidic reactiovddow base saturation of the upper layers.

Coniferous forests dominate the vegetation of #ggon. The main conifers are pine
and spruce. The common deciduous trees are bispenaalder. The sphagnum pine occurs
on the plains, depressions and swamps. Sparse stoyeconsists of mountain ash and

juniper. It is dominated by blueberries and craribsrin the shrub layer, and green mosses in

230



the lower layer. The rocks are usually covered wdtches of black, gray, yellow, red, brown
crustose lichens. Herbaceous plants are rare. Tdie mushrooms are aspen and boletus.

There are poisonous plants in Karelia such as, tekntowbane, mezereon.

5.3.2. Meschera lowland, Vladimir region, Central Rissia
5.3.2.1. Climate

The climate of the region is temperate continewiti very cold long winters and warm
humid summers. Winter is long and soft, summehrtsand cool. Average temperature in
January is -10.1°C, and +18.2°C in July, averageuahtemperature is +4.4°C. Annual
average surface temperature is 4.8°C, an ampla@idanual variations is 33.9°C. The frost-
free period lasts from May 20 to September 20. Agerannual precipitation amount is about

700 mm/yr. About 55% (387.5 mm) of precipitatioidan the warm season.

5.3.2.2. Topography

Meshchera lowland is one of the largest woodlaridke Russian Plain. The Northern
boundary of lowland is r. Klyazma, the West one igloskva, the South one is r. Oka and the
East one is the Oka-Tsninsky shaft.

Senga river is a small river; this is a right ttdmy of the r. Klyazma that drains bogs of
Meshchera lowland.

Ignatkovo Lake is a closed lake with marshy shores.

Much of Meschera surface is waterlogged. Klyazmadéerraced surface. Among the
marshes there are a lot of overgrown lakes, cree#tsyw lakes, etc. The average elevations
are in the range 100 - 140 m. Terraces, gullies mwihes network, eolian mounds,
depressions and lakes lowers of Klyazma valley maksignificant variety among the

generally flat topography.

5.3.2.3. Hydrology

By the nature of feed r. Klyazma refers to typicavland rivers of European Russia.
The river depth is 1.5 - 2.5 m; flow rate is 0.8.6 m/sec. The main feeding source in spring
period is snowmelt, in summer-autumn period is,ramd in winter is groundwater. The level
fluctuations of the river (rises to 2.0 - 3.5 msjoring period) are associated with variation of

feeding source.
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Lakes are numerous within Meshchera lowland. Thgelaones have a surface area
of 25 knf. The amplitude of level fluctuations of lakes fisadler than of rivers (0.8 - 1.5 m).
The thicknesses of silt and peat consider aboehtesedimentation in lakes and rivers.

Bogs of Meshchera lowland are difficult or quitepassable; they occupy about
35% of the territory. They are located in areadow¥ relief in the river valleys and low
watersheds (with an altitude of up to 125 m). The&axe of bogs is almost everywhere
forested on 50 - 60%.

5.3.2.4. Soil, vegetation

Meshchera lowland belongs to the southern patefdrest zone, it is characterized by
mixed coniferous and deciduous forests; marsh aeddow vegetation is also widely
distributed.

Low-lying bogs occupy more than half the area osbhera lowland, covered by birch,
aspen and alder trees. Peat of these bogs is ajuality, the degree of decomposition is 20 -
30% and the ash content is 8 - 16%.

Soils substratum is outwash sands fanned and redafiring geological history. The
soils of the region are mainly sod-podzolic, podzgley and podzolic. All types of podzols

exhibit a highly acidic reaction.
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Figure ESM-5.4.Field clean room.
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Table ESM-5.5.The main filtration characteristics.

pore size | filer size filter material filter produce filtration pressure filtration unit
100 pm | 300*300 mm nylon "Fisherbrand”, USA graviow -

20 pm @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen", 250 ml
10 um @ 37 mm nylon "Osmonics", GE, USA -80 - 0 kPa "Nalgen", 250 ml
5um @ 37 mm nylon "Osmonics”, GE, USA -80 - 0 kPa "Nalgen", 250 ml
0.8 um @ 37 mm nylon "Osmonics", GE, USA -80 - @kP "Nalgen”, 250 ml
0.4 um 100*250 mn} lavsan Dubna, Russia 3-5m -

0.22um | @37 mm nylon "Osmonics", GE, USA -80 Rk "Nalgen”, 250 m
0.1pum @ 37 mm nylon "Osmonics", GE, USA -80 - @kP "Nalgen”, 250 ml
0.046 pm| @ 37 mm lavsan Dubna, Russia -80 - 0 kPa Nalgén", 250 ml
100 kDa | @ 76 mm regenerated cellulgséMillipore”, USA 0 - 100 kPa "Amicon", 8400
10 kDa @76 mm regenerated cellulgséMillipore”, USA 0 - 350 kPa "Amicon", 8400
1 kDa @ 76 mm regenerated cellulgseé'Millipore”, USA 0 - 350 kPa "Amicon", 8400
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Figure ESM-5.6.5°"Fe as a function of DOC concentration in filtrabdé®rganic-poor waters
(A) and organic-rich waters (B). OR-1 is mouth teat Vostochniy stream, OR-6 is feeding
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Figure ESM-5.8 Values of 8 'Fe as a function of molar C/Fe ratio in filtratesda

ultrafiltrates of Vostochniy stream and its feediake.
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Chapter 6

Conclusions and perspectives
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6.1. Conclusions

Following conclusions emerge from this study:

. First part of this thesis was aimed at studyingiretorganic matter size distribution
in the natural waters with different redox and lmgimamic conditions in the continuum soil
solution — bog — stream — feeding and terminalddke a small watershed with homogeneous
bedrock composition. The significant and systemalianges of basic DOM and molecular
size parameters occur in the continuum at the whigrt distance, less than 2 km of a
representative boreal subarctic watershed. Suatvalution reflects the complex process of
the interplay between two main sources of DOC +haanic and fulvic acids from the plant
litter and aquagenic exometabolites of phytoplankand macrophytes — both subjected to
bio- and photodegradation, whose degree dependseoresidence time of DOM in a given
aguatic reservoir.

Local hydrological regime, the presence of stagmater bodies and feeding lakes can
significantly affect the original allochthonous s&gure of DOM during its transport from the
soil solution to the stream mouth. Moreover, thec@ll or thermokarst origin of hydrographic
network distribution often suggests the presencdagfe, oligotrophic terminal lakes as
terminus of small subarctic watersheds, in conttaséstuarine mixing zone of the large
rivers. As such, small streams may deliver to tteao the organic carbon that is significantly
chemically fractionated among different size frae and transformed by bio- and photo-

degradation processes.

. In the second part of this work, we investigateel nfolecular weight distribution and
colloidal speciation of trace elements in borealtens from Northern Karelia. The
transformation of allochthonous humic-rich soil lomls and progressive enrichment of
waters by autochthonous DOM within the sequencenfewil solution to the stream and
further to the terminal lakes does not bring aboatsurable change in TE size fractionation.
It follows that both photo-and biodegradation pgsms occurring in studied water systems
cannot significantly modify the relative percentagfeTE in colloidal (1 kDa — 0.22 pm)
fraction. At the same time, we observe a progresdecrease of the degree of TE association
with ferric colloids from soil solution towards therminal lake, also reflected in the decrease
of colloidal Fe concentration. This may reflect rsfigant transformation of colloids

consisting in) photo- and bio-degradation of allochthonous cdideading to sedimentation
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of Fe-rich phases ani progressive enrichment of dissolved pool by automious organic-
rich, Fe-poor dissolve organic matter of periphyama plankton exometabolites.

Given that the climate warming in high latitudedl wroduce higher water temperatures
and as such will intensify 1) primary productivity phytoplankton, notably dominance of
cyanobacteria over other phytoplankton (Carey t28l12); 2) rate of DOM mineralization
of heterotrophic bacterioplankton and 3) photo-ddgtion of colloidal material, the
following changes in colloidal size distributiondanhemical composition may occur. First,
proportion of HMW organic-rich humic-like soil — bee colloids will decrease at the expense
of LMW phytoplankton exometabolites. Second, enkdnmineralization of organo-ferric
colloids will decrease the ability of insolublevlent and tetravalent element to migrate from
the soil and riparian/hyporheic zone to the terinlake. Note that, unlike the permafrost
zone, where the rise of air and soil temperatuteimgrease the thickness of thawing depth
and will intensify the input of colloids from miredrhorizons (cf., Bagard et al., 2011), boreal
non-permafrost zone will be much less affectedigyahange of groundwater regime.

All these aforementioned processes will inevitablgrease the flux of LMW, Fe-poor
organic colloids to the ocean and as such will pia#y deliver more labile and bioavailable
DOC and related trace elements, including metakanigtrients, to the coastal biota. As a
result of the change of the structure of colloiflak to the ocean, significant increase of
productivity of both autotrophic (nutrients) andéretrophic (organic matter) components of
the food chain may occur. During the open water membase-flow period, the flux of
divalent metals such as Cu, Zn, Pb, Cd, Ni, Co Whie present in LMW organic complexes,
much more labile through the estuarine mixing zoni#,therefore increase. In contrast, the
delivery from the land to the ocean of insolublgaient, tetravalent elements (Al, Ga, Y,
REEs, Ti, Zr, Hf, Th) and U present as large-sizgano-ferric colloids will decrease.
However, the magnitudes of these possible changesmpossible to foresee at the present

time.

. The radiogenic and stable isotope composition basttic and temperate organic-rich
surface waters measured in this study for a sesfesascade filtrates, ultrafiltrates and
dialysates allow a systematic look on the origid &actionation of contrasting elements in
boreal landscapes. Due to high concentration addraygerric and organic colloids controlling
the speciation of soluble (Mg, Sr), insoluble (Nahd organic-borne (Cu) elements, we could
assess the isotopic signatures in both conventjodasolved (< 0.4-0.22 pum) and "truly"

dissolved (< 1 kDa) fractions. The difference iotdapic composition in various filtrates
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allowed tracing the possible presence of marinesats (Sr) but the absence of solid dust
deposition (Nd). Colloidal and dissolved Cu and &idnibit negligible difference in isotopic
composition in the full series of ultrafiltrateswdo to < 1 kDa fraction which strongly suggest
the similarity of the structure and stability ofganic complexes binding these metals in
different fractions.

In terms of element transfer by small Arctic riveécsthe ocean, it follows that the
isotopic signature of riverine Sr flux to the Arctbcean may be measurably affected by
colloids since the LMW, ypa "ionic” fraction is up to 0.0002 units 8fSrP°Sr less radiogenic
compared to usual < 0.22 um fraction; despite thimidance of colloidal Nd in the river
water, the isotopic signature of all filterabledtians including most labile LM\ ypaSpecies
remains essentially the same and unaffected bgidellOrganic and organo-mineral colloids
controlling the speciation of Gliand Md" in river waters and soils/bog waters do not

produce any measurable isotope fractionation coeabtar LMW\ 1 xpa fraction.

. During filtration and ultrafiltration of organic-na Fe-rich surface waters of small
boreal watersheds we observed unprecedentedly Vanggtions of Fe isotopic compaosition
(with 'Fe relative to IRMM-14 ranging from -0.9 to +4.2 %dhe suboxic groundwater,
soil solutions and bog waters exhibit close to zemd therefore to the continental crust
value, or slightly negative isotopic signatur®’Ee from -0.5 to 0%.). In contrast, the
oxygenated rivers and streams contain large-siteid® and subcolloidal particles (20 um to
0.1 pm) having positive®'Fe (from 0.5 to 2.0 %o).

A novel and unexpected finding is that small siEe-poor, C-rich colloids and
conventionally dissolved LMW fraction (< 1 kDa) elit even higher enrichment in heavy
isotope withd®'Fe value reaching up to +4.2%.. This result doessupiport the common
view, the natural organo-ferric colloids are gejtiprogressively enriched in heavy isotope
with the decreasing of their molecular size, wéhen moving in the direction “particulate Fe
oxy(hydr)oxide— dissolved Fe”.

The ratio Fe/C in colloids seems to be one of thgnfactors controlling their isotopic
composition; however, there is a systematic diffeeein®'Fe dependence on Fe/C between
subarctic and temperate surface waters, possilked to the different nature of initial

mineral substrate and bog/soil water regime.

. The observed results could be explained by a segueinthe following processes: 1)

Fe(ll)-bearing bog and soil solution oxidation witbrmation of isotopically heavy Fe(lll)
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large-size organic-rich colloids and particles la¢ redox front between anoxic soil and
groundwaters and organic-rich surface bog watgrgasformation of organo-ferric colloids
in open-water small lakes and bog water surfaceithiin the stream flow which may include
but not limited toi) photoreduction of Fe(lll) with formation of Fe{dbrganic complexesi)
microbial heterotrophic respiration of dissolvedamic matter, producing small size organic
ligands complexing Fe(lll) andii) appearance of phytoplankton LMW exometabolites
complexing Fe(lll). These processes should destabithe original Fe(lll), C- bearing

colloids and produce more stable autochthonousRglexes and colloids.

. As a result, the small-size, Fe- and organic carimmncoastal rivers and streams may
play very important and yet underestimated rolehe overall Fe chemical and isotopic

budget of the Arctic Ocean.
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6.2. Perspectives

In the course of this study, a number of new sdierthallenges have been identified.
Like any multidisciplinary study, while providingpé¢ answers to the preidentified objectives,
it opens a number of new frontiers and provides nbeessary background to tackle new
questions. In the near next future, in order tahier advance in our understanding of

biogeochemistry of boreal systems, several nevesgshave to be addressed:

. To get further insights in the structure of orgamimeral colloids collected in natural
waters detailed microscopic/spectroscopic stuanetessary. The size of colloids subjected to
different treatment can be assessed via laser lgraetry, while the chemical structure of
organo-mineral associates can be characterizedg uXimay Synchrotron microscopy
(NEXAFS for C and Fe).

. Further progress can still be done for the undedstg the origin of element in the
rivers. In addition to the effect of soil mineraad rocks dissolution and the groundwater
input, surface soil water transport of plant litteygradation products can be better assessed.
For this, thorough measurements of major group laftp litter chemical composition, its
degradation in soil and further transport to thens via subsurface and surface flow should
be assessed. According to the balance calculatyodaikharova et al. (2007) for Karelia
region, up to 30-40% of major elements and silicghie river water may be originated from
the plant litter degradation. At present, we haveewaluation for the role of plant litter in the
transport of other major and trace elements, nptdiase present in the form of colloids and
further in-situ and laboratory experiments are seagy.

. In order to better distinguish the influence of Wkadiation in OM transformation and

the relative role of organic part of colloids iretbinding of trace metals during migration
from the feeding bogs and lakes to the river flomme experimental studies can be
performed. This can be achieved via exposing oh#taral organic-rich boreal waters in UV-
irradiation for the different time periods followelly split sampling and standard
ultrafiltration procedure in-situ as well as spdygiaesigned laboratory experiments. It will

allow quantifying the impact of photodegradatioroggsses on organo-mineral colloids
distribution.
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. The the next step would be to study the impact afrobial activity (i.e., organic
matter mineralization by typical soil aerobic baete such as Pseudomongs on
biogeochemical cycles of elements through the apglyarallel geochemical, physico-
chemical and microbiological tools is required. &led study of the physico-chemical
processes will be achieved via experimental modetihthe degradation of dissolved and
particulate (bacterial-plankton by heterotrophid solution extracts) organic matter. It will
allow answering the questions: 1) How the carbar lan be changed by the biodegradation
of dissolved humic and fulvic acids? and 2) What ie quantitative relationships between
the organic matter degradation by aerobic bactekaPseudomongsand the modification of
speciation and distribution among different colligools of associated elements?

. Finally, quantitative thermodynamic or, rather, moelynamic modeling of colloid
formation of different size using the results ofs@ade filtration and comparison of the
acquired data with natural observations will alldw ascertain the mechanism of TE
interaction with organo-mineral colloids of the bakzone.

246



BIBLIOGRAPHY

Adani, F., Ricca, G., Tambone, F., and Genevini(2B06). Isolation of the stable fraction
(the core) of the humic aci@hemospheré%(8), 1300-1307.

Albinet, A., Minero, C., and Vione, D. (2010). Pbohemical generation of reactive species
upon irradiation of rainwater: negligible photoait of dissolved organic matter.
Science of the Total Environmeti§16), 3367-3373.

Alekhin, Yu.V., llina, S.M., Lapitsky, S.A., andt8ikova, M.V. (2010). Results of a Study of
Co-migration of Trace Elements and Organic MattemaiRiver Flow in a Boreal
Zone. Moscow  University Bulletin 656), 380 - 386. Doi:
10.3103/S0145875210060050.

Alfaro-De La Torre, M. C., Beaulieu, P. Y., and $ies, A. (2000). In situ measurement of
trace metals in lakewater using the dialysis andr ézhniquesAnalytica Chimica
Acta4181), 53-68.

Allard, B. (2006). A comparative study on the chemhicomposition of humic acids from
forest soil, agricultural soil and lignite depostihd lipid, carbohydrate and amino
acid distributionsGeodermal3Q(1-2), 77-96.

Allard, B., and Derenne, S. (2007). Oxidation ofrtici acids from an agricultural soil and a
lignite deposit: Analysis of lipophilic and hydrapb products. Organic
Geochemistrgg§(12), 2036-2057.

Anbar, A. D., Jarzecki, A. A., and Spiro T. G. (B8)0Theoretical investigation of iron
isotope fractionation between Fe®)s®* and Fe(HO)s*": Implications for iron
stable isotope geochemistyeochimica et Cosmochimica AG8(4), 825-837.

Andersson, P. S., Porcelli, D., Wasserburg, Gardd, Ingri, J. (1998). Particle Transport of
23U- 2% in the Kalix River and in the Baltic Se@eochimica et Cosmochimica
Acta62(3), 385-392.

Andersson, P. S., Dahlqvist, R., Ingri J., and &fssbn, O. (2001). The isotopic composition
of Nd in a boreal river: a reflection of selectmeathering and colloidal transport.
Geochimica et Cosmochimica AG&&4), 521-527.

Andersson, K., Dahlqgvist, R., Turner, D., Stolpe, Barsson, T., Ingri, J., and Andersson, P.
(2006). Colloidal rare earth elements in a boreaérr Changing sources and
distributions during the spring floodseochimica et Cosmochimica Act®(13),
3261-3274.

Apte, S.C., andRogers H.R., (1993). Speciation and partitioning atrazine and gamma-
hexachlorocyclohexane in estuarine wat&sience of the Total Environmeh32,
313-325.

247



Archer, A. D., and Singer, P. C. (2006). An evaluabf the relationship between SUVA and
NOM coagulation using the ICR databas#sournal American Water Works
Associatiorf8(7), 110-123.

Assemi, S., Newcombe, G., Hepplewhite, C., and BiciR. (2004). Characterization of
natural organic matter fractions separated by filttation using flow field-flow
fractionation.Water ResearcB8, 1467-1476.

Baalousha, M., Kammer, F.V.D., Motelica-Heino, Baborowski, M., Hofmeister, C., and
Le Coustumer, P. (2006). Size-based speciatioratiral colloidal particles by flow
field flow fractionation, inductively coupled plasamass spectroscopy, and
transmission electron microscopy/X-ray energy disipe spectroscopy: colloids-
trace element interactioknvironmental science technolog§)(7), 2156-2162.

Baalousha, M., and Lead, J.R. (2007). Charactesizaff natural aquatic colloids (<5 nm) by
flow-field flow fractionation and atomic force mascopy.Environmental science
technologyt1(4), 1111-1117.

Babiarz, C.L., Hoffmann, S.R., Shafer, M.M., HutleyP., Andren, A.W., and Armstrong,
D.E. (2000). A Critical Evaluation of Tangentialell Ultrafiltration for Trace Metal
Studies in Freshwater Systems. 2. Total MercuryMathylmercury Environmental
Science Technolo@A4(16), 3428-3434.

Bagard, M.-L., Chabaux, F., Pokrovsky, O. S., VidtsProkushkin, A. S., Stille, P., Rihs, S.,
Schmitt, A.D., and Dupre, B. (2011). Seasonal \mlityt of element fluxes in two
Central Siberian rivers draining high latitude pafrast dominated areas.
Geochimica et Cosmochimica Acta¥3), 3335-3357.

Balashov, Y.A., Ronov, A.B., Migdisov, A.A., and famskaya, N.V. (1964). The effect of
climate and facies environment on the fractionatainthe rare earths during
sedimentationGeochem. Intl10, 995-1014.

Barreto, S.R.G., Nozaki, J., and Barreto, J.W. 800rigin of Dissolved Organic Carbon
Studied by UV-vis Spectroscopfcta Hydrochimica et Hydrobiological(6), 513-
518.

Bates, N.R., and Mathis, J.T. (2009). The Arctice®t marine carbon cycle: evaluation of
air-sea CQ exchanges, ocean acidification impacts and paterfeedbacks.
Biogeoscience(11), 2433-2459.

Battin, T.J. (1998). Dissolved organic materialgl ats optical properties in a blackwater
tributary of the upper Orinoco River, Venezu€lag. Geochem. 2&61—- 569.

Bau, M. (1999). Scavenging of dissolved yttrium armde earths by precipitating iron
oxyhydroxide: Experimental evidence for Ce oxidafior-Ho fractionation, and
lanthanide tetrad effedgeochim. Cosmochim. Acta,&&7-77.

Bayless, E.R., Bullen, T.D., Fitzpatrick, J.A. (200Use of?’Srf®Sr and$''B to identify
slagaffected sediment in southern Lake Michig&mvironmental Science and
Technology 381330-1337.

248



Beard, B. L., Johnson, C. M., Cox, L., Sun, H., Nea, K. H., and Aguilar, C. (1999). Iron
isotope biosignatureScience 2851889- 1892.

Beard, B.L., Johnson, C.M., Skulan, J.L., NealsérH., Sun, H., and Cox, L. (2003a).
Application of Fe isotopes to tracing the geochengmd biochemical cycling of Fe.
Chem. Geol. 1987-117.

Beard, B.L., Johnson, C.M., Von Damm, K.L., and Bon, R.L. (2003b). Iron isotope
constraints on Fe cycling and mass balance in oxatgel Earth ocean&eology 31
629-632.

Beard, B., and Johnson, C. (2006). Comment on “lA@&awn isotope composition of granites
determined by high resolution MC-ICP-MS”, by F. fasson and R. Freydier
[Chem. Geol. 222 132-14hemical Geolog2351-2), 201-204.

Beard, B.L., Handler, R.M., Scherer, M.M., Wu, Czaja, A.D., Heimann, A., and Johnson,
C.M. (2010). Iron isotope fractionation between emus ferrous iron and goethite.
Earth Planet. Sci. LetR951-2), 241-250.

Benes, P., and Steinnes, E. (1974). Insitu DialysisDetermination of State of Trace-
Elements in Natural-Waterg/ater ResearcB(11), 947-953.

Benoit, G., and Rozan, T. F. (1999). The influerxdesize distribution on the particle
concentration effect and trace metal partitioningrivers. Geochim. Cosmochim.
Acta63(1), 113-127.

Berggren, D. (1989). Speciation of aluminum, cadmiwcopper, and lead in humus soil
solutions — a comparison of the ion exchange colymtedure and equilibrium
dialysis.Int. Environ. Anal. Chem. 33-15.

Berggren, M., Laudon, H., Jansson, M. (2007). Laads regulation of bacterial growth
efficiency in boreal freshwatersGlobal Biogeochem Cycles 21GB4002,
doi:10.1029/2006GB002844.

Bergquist, B.A., and Boyle, E.A. (2006). Iron ispés in the Amazon River system:
Weathering and transport signatureéarth Planet. Sci. Let24§1-2), 39-53.

Bergquist, B.A., and Boyle, E.A. (2006). Iron ispés in the Amazon River system:
Weathering and transport signaturesrth and Planetary Science Lettet481-2),
39-53.

Bigalke, M., Weyer, S., and Wilcke, W. (2010a). @ep isotope fractionation during
complexation with insolubilized humic aci&nvironmental science technology
44(14), 5496-5502.

Bigalke, M., Weyer, S., Kobza, J., and Wilcke, \®010b). Stable Cu and Zn isotope ratios
as tracers of sources and transport of Cu and Zontaminated soilGeochimica et
Cosmochimica Act@4(23), 6801-6813.

249



Bigalke, M., Weyer, S., and Wilcke, W. (2011). SeéalCu isotope fractionation in soils
during oxic weathering and podzolizatioeochimica et Cosmochimica Acta
75(11), 3119-3134.

Bjorkvald, L., Buffam, I., Laudon, H., and Morth, ©2008). Hydrogeochemistry of Fe and
Mn in small boreal streams: The role of seasonalaypdscape type and scale.
Geochim. Cosmochim. Act&(12), 2789-2804.

Black, J. R., Yin, Q.-zhu, and Casey, W. H. (200%). experimental study of magnesium-
isotope fractionation in chlorophyll-a photosyntse§&eochimica et Cosmochimica
Acta 7q16), 4072-4079.

Blum, J. D., Erel, Y., and Brown, K. (1994YSrF°Sr ratios of Sierra Nevada stream waters:
implications for relative mineral weathering ratéeochimica et Cosmochimica
Acta58, 5019-5025.

Bolou-Bi, E. B., Poszwa, A., Leyval, C., and Vigi&. (2010). Experimental determination
of magnesium isotope fractionation during higheanpl growth. Geochimica et
Cosmochimica Acta 18), 2523-2537.

Borg, H., and Andersson, P. (1984). Fractionatibtracze metals in acidified fresh waters by
in situdialysis.Verh. Internat. Verein LimnoR2, 725-729.

Borg, H., Andersson, P., and Johansson, K. (1988)ence of acidification on metal fluxes
in Swedish forest lake&ci. Total Environ. 87-8§8241-253.

Bose, P., and Reckhow, D. A. (2007). The effecobobnation on natural organic matter
removal by alum coagulatioWVater Researchl(7), 1516-1524.

Bourgeois, M., Isnard, H., Gourgiotis, A., StadetmaG., Gautier, C., Mialle, S., Nonell, A.,
et al. (2011). Sm isotope composition and Sm/Eo determination in an irradiated
(153)Eu sample by ion exchange chromatography-gqpadi inductively coupled
plasma mass spectrometry combined with double spi®pe dilution technique.
Journal Of Analytical Atomic Spectromef2§(8), 1660-1666.

Brantley, S. L., Liermann, L., and Bullen, T. DO®). Fractionation of Fe isotopes by soil
microbes and organic acidSeology 286), 535-538.

Brenot, A., Cloquet, Ch., Vigier, N., Carignan, &nd France-Lanord, Ch. (2008).
Magnesium isotope systematics of the lithologicalbried Moselle river basin,
France Geochimica et Cosmochimica Acta2@), 5070-5089.

Buffle, J. (1988). Complexation reactions in aquaystems: an analytical approach. Ellis
Horwood Ltd., Chichester, UK.

Buffle, J., and van Leeuwen, H. (199Environmental particlesLewis Publishers.
Buffle, J., Wilkinson, K. J., Stoll, S., Filella, Mand Zhang, J. (1998). A Generalized

Description of Aquatic Colloidal Interactions: ThHEhree-colloidal Component
Approach Environmental Science and Technol@g(19), 2887-2899.

250



Bullen, T.D., andKendall C. (1998). Tracing of weathering reactions antew#fowpaths: a
multi-isotope approach. In: Kendall, C., McDonndllJ. (Eds.))sotope Tracers in
Catchment HydrologyElsevier Science, Amsterdam, pp. 611-646.

Bullen, T.D., White, A.F., Childs, C.W., Vivit, D.Yand Schulz, M.S. (2001). Demonstration
of significant abiotic iron isotope fractionatiam mature Geology 29699-702.

Burba, P., Aster, B., Nifant'eva, T., Shkinev, ¥nd Spivakov, B.Y. (1998). Membrane
filtration studies of aquatic humic substances #meir metal species: a concise
overview Part 1. Analytical fractionation by mearisequential-stage ultrafiltration.
Talanta45(5), 977-988.

Buschmann, J., and Sigg, L. (2004). Antimony(lindng to humic substances: influence of
pH and type of humic acidEnvironmental science technolog§(17), 4535-4541.

Buurman, P., and Jongmans, A. (2005). Podzolisagioth soil organic matter dynamics.
Geoderma 128-2), 71-83.

Byrne, R.H., and Kim, K.-H. (1990). Rare earth edminscavenging in seawat&eochim.
Cosmochim. Acta 52645-2656.

Cameron, E. M., Hall, G. E. M., Veizer, J., and §se, H. R. (1995). Isotopic and elemental
hydrogeochemistry of a major river system: FraseeR British Columbia, Canada.
Chemical Geology221-4), 149-169.

Carey, C.C., Ibelings, B.W., Hoffmann, E.P., HaomltD.P., and Brookes, J.D. (2012). Eco-
physiological adaptations that favour freshwatemmpacteria in a changing climate.
Water Research012, doi: 10.1016/j.watres.2011.12.016.

Carignan, R., Rapin, F., and Tessier, A. (1985dir8ent porewater sampling for metal
analysis: A comparison of techniqué&seochimica et Cosmochimica Aci&(11),
2493-2497.

Chen, Y., Senesi, N., and Schnitzer, M. (1977)onmiation Provided on Humic Substances
by E4/E6 RatiosSoil Science Society of America Joura#(|2), 352-358.

Chesney, E.J., McKee, B.M., Blanchard, T., and ChaH. (1998). Chemistry of otoliths
from  juvenile menhaden Brevoortia patronus:evahgati strontium,
strontium:calcium and strontium isotope ratios agirenmental indicatoraMarine
Ecology Progress Serid¥1, 261-273.

Chin, Y.-P., Aiken, G., and 'Qoughlin, E. (1994). Molecular Weight, Polydisp¢ysiand
Spectroscopic Properties of Aquatic Humic SubstaBoeironmental Science and
Technology28(11), 1853-1858.

Criss, R.E. (1999)Principles of Stable Isotope DistributiorOxford University Press,
Oxford.

251



Croal, L.R., Johnson, C.M., Beard, B.L., and Newmd@nhK. (2004). Iron isotope
fractionation by Fe(ll)-oxidizing photoautotrophac teria.Geochim. Cosmochim.
Acta 68 1227-1242.

Croue, J.-P., Violleau, D., and Labouyrie, L. (2D0Disinfection by-product potentials of
hydrophobic and hydrophilic natural organic matfesictions: A comparison
between and low-and high-humic water, In Naturaj@ic Matter and Disinfection
By-Products, S. Barrett, S. W. Krasner, and G.L.yAr&ds.,American Chemical
Society Symposium Series /@dashington, D. C., p. 139-153.

Dahlqvist, R., Benedetti, M. F., Andersson, K., fflem, D., Larsson, T., Stolpe, B., and Ingri,
J. (2004). Association of calcium with colloidalrpeles and speciation of calcium in
the Kalix and Amazon river§&eochim. Cosmochim. Acta(@8), 4059-4075.

Dahlgvist, R., Andersson, K., Ingri, J., Larsson, ®tolpe, B., and Turner, D. (2007).
Temporal variations of colloidal carrier phases asdociated trace elements in a
boreal riverGeochimica et Cosmochimica AGt&22), 5339-5354.

Davies, J., Jenkins, A., Monteith, D., Evans, @gd &ooper, D. (2005). Trends in surface
water chemistry of acidified UK Freshwaters, 19882 Environ. Pollut. 137 27-
39.

De Carlo, E.H., Wen, X.-Y., and Irving, M. (1998)he influence of redox reactions on the
uptake of dissolved Ce by suspended Fe and Mn gad#cles.Aquatic Geochem.
3, 357-389.

De Haan, H. (1993). Solar UV-light penetration gmbtodegradation of humic substances in
peaty lake wateiL.imonology And Oceanograpi®g(5), 1072-1076.

De Jong, J., Schoemann, V., Tison, J.L., Becque®ortMasson, F., Lannuzel, D., Petit, J.,
Chou, L., Weis, D., and Mattielli, N. (2007). Pr&imeasurement of Fe isotopes in
marine samples by multi-collector inductively caegblplasma mass spectrometry
(MC-ICP-MS).Anal. Chim. Acta 583), 105-119.

De Souza, G.F., Reynolds, B.C., Kiczka, M., and r@on, B. (2010). Evidence for mass-
dependent isotopic fractionation of strontium ingkaciated granitic watershed.
Geochimica et Cosmochimica AGt49), 2596-2614.

De Villiers, S., Dickson, J. A. D., and Ellam, R..NR0O05). The composition of the
continental river weathering flux deduced from sataw Mg isotopesChemical
Geology216(1-2), 133-142.

Derry, L.A., Pett-Ridge, J.C., Kurtz, A.C. and Tster, J.W. (2006). Ge/Si aridSrf°sr
tracers of weathering reactions and hydrologic \pa$s in a tropical granitoid
systemJour. Geochem. Expl. 8271-274.

Dia, A., Gruau, G., Oliviée-Lauquet, G., Riou, C.oMnat, J., and Curmi, P. (2000). The
distribution of rare earth elements in groundwatassessing the role of source-rock

composition, redox changes and colloidal partict@sochimica et Cosmochimica
Acta64(24), 4131-4151.

252



Dideriksen, K., Baker J.A., and Stipp S.L.S. (200Byuilibrium Fe isotope fractionation
between inorganic aqueous Fe(lll) and the sidensphoomplex, Fe(lll)-
desferrioxamine BEarth Planet. Sci. Lett. 26280- 290.

Dobrovolsky, V.V.Matveeva, G.E., ed. (1983%eography of microelements. Global
dispersion "MysI" Moskva.

Douglas, G.B., Beckett, R., and Hart, B.T. (199Bjactionation and concentration of
suspended particulate matter in natural watdyslrological Processes 1,/7-191.

Douglas, G.B., Gray, L.C.M., Hart, B.T., and Bet¢kd®. (1995). A strontium isotopic
investigation of the origin of suspended particeilatatter (SPM) in the Murray-
Darling River system, Australidseochimica et Cosmochimica AG&(18), 3799-
3815.

Douglas, G., Palmer, M., Caitcheon, G., and Bay(2003). The provenance of sediments in
Moreton Bay , Australia : a synthesis of majoracer element and Sr-Nd-Pb isotopic
geochemistry , modelling and landscape analygigrobiologia494(1-3), 145-152.

Drever, J.1. (1982)The geochemistry of natural wateRrentice-Hall, Inc.

Dubois, J.C., Retali, G., and Cesario, J. (199tdpic analysis of rare earth elements by
total vaporization of samples in thermal ionizatimass spectrometrynt.J.Mass.
Spectr. lon Procesk20, 163-177.

Duchaufour, P. (1951). Lessivage et podsolisatkevue forestiére francaise ,1662-674.
Duchaufour, P. (1997Abrégé de pédologi€&ditions Masson, 5 ed.

Duchemin, E., Lucotte, M., Canuel, R., and Chanavet] A. (1995). Production of the
greenhouse gases ¢ldnd CQ by hydroelectric reservoirs of the boreal region.
Global Biogeochem. Cyclé&¢4), 529.

Dupré, B., Viers, J., Dandurand, J.-L., Polve, Benézeth, P., Vervier, Ph., and Braun J.-J.
(1999). Major and trace elements associated witloids in organic-rich river
waters: ultrafiltration of natural and spiked saus. Chemical Geologyl6Q(1-2)
63-80.

Edzwald, J.K., and Tobiason, J.E. (1999). Enhammmabulation: US requirements and a
broader viewWater Science and Technolog)9), 63-70.

Emmanuel S., Erel Y., Matthews A., and Teutsch(2005). A preliminary mixing model for
Fe isotopes in soilhem. Geol. 232-2), 23-34.

Emmenegger, L., Schonenberger, R., Sigg, L., andb8iger, B. (2001). Light-induced
redox cycling of iron in circumneutral lakdsmonol. Oceanogr46(1), 49-61.

Escoube, R., Rouxel, O.J., Sholkovitz, E. and Dan@:F.X. (2009). Iron isotope systematics
in estuaries: The case of North River, MassachaigetbA). Geochim. Cosmochim.
Acta73(14), 4045-4059.

253



Evans, C., Monteith, D., and Cooper, D. (2005). ¢g-0erm increases in surface water
dissolved organic carbon: observations, possiblsesand environmental impacts.
Environ. Pollut. 13755-71.

Eyrolle, F. and Benaim, J. (1999). Metal availasikes on colloidal organic compounds in
surface waters (Brazil)vater Res. 33), 995-1004.

Fantle, M.S., and DePaolo, D.J. (2004). Iron ismtofpactionation during continental
weatheringEarth Planet. Sci. Lett. 22847-562.

Faure, G. (1986). Principles of Isotope Geologyl d. JohnWiley and Sons, Inc., NewYork,
NY. 589 pp.

Fekiacova, Z., Pichat, S., and Trolard, F. (20Bable Fe isotopes - a prospective tool for
investigating soil processekdth World Congress of Soil Science, Soil Solutfons
a Changing World. 1 — 6 August 2010, Brisbane, raliat Published on CD-ROM,
92-95.

Feoktistov, V.M. (2004). Water Chemical Compositiof Karelian Rivers and Their
Dissolved Chemical Discharge into the White S&ater resources ), 631-638.
DOI: 10.1023/B:WARE.0000046901.94291.ca

Filella, M., Rellstab, C., Chanudet, V., and SpaBk,(2008). Effect of the filter feeder
Daphnia on the particle size distribution of inargacolloids in freshwaterd/Vater
Research2(8-9), 1919-1924.

Fleet A.J. (1984). Aqueous and sedimentary geodtenof the rare earth elements. Rare
Earth Element Geochemistienderson P. (ed.), Elsevier, Amsterdam, 343-373.

Fransson, A., Chierici, M., Anderson, L.G., Bussman Kattner, G., Jones, E.P., and Swift,
J.H. (2001). The importance of shelf processestter modification of chemical
constituents in the waters of the Eurasian Arctice@: implication for carbon
fluxes.Cont. Shelf Re21(3), 225-242.

Frey, K.E., and Smith, L.C. (2005). Amplified carboelease from vast West Siberian
peatlands by 210@eophysical Research Lette3g(9), 2-5.

Frey, K.E., Siegel, D.l., and Smith, L.C. (2007edshemistry of west Siberian streams and
their potential response to permafrost degradatéaterResour. Res. 43), 1-15.

Fytianos, K. (2001). Speciation analysis of heawtats in natural waters: a reviedournal
of AOAC International 8%), 1763.

Galillardet, J., Dupre, B., Louvat, P., and Allegte]. (1999). Global silicate weathering and
CO, consumption rates deduced from the chemistry dfelarivers. Chemical
Geologyl591-4), 3-30.

Galillardet, J., Viers, J., and Dupré, B. (2003)acEr Elements in River Waters. (H. D.
Holland and K. K. Turekian, Ed3.)eatise on Geochemistby 225-272. Pergamon.

254



Galy, A., Belshaw, N.S., Halicz, L., and O'NionsKR(2001). High-precision measurement
of magnesium isotopes by multiple-collector induely coupled plasma mass
spectrometrylnt. J. Mass Spectro208, 89-98.

Gelabert, A., Pokrovsky, O., Viers, J., Schott,Bbudou, A., and Feurtetmazel, A. (2006).
Interaction between zinc and freshwater and madieom species: Surface
complexation and Zn isotope fractionati@eochimica et Cosmochimica Adt&(4),
839-857.

Gelting, J., Breitbarth, E., Stolpe, B., Hassellil, and Ingri, J. (2010). Fractionation of iron
species and iron isotopes in the Baltic Sea euplzotie Biogeoscienceg(8), 2489-
2508.

German, C.R., Masuzawa, T., Greaves, M.J., Elddrfiel., and Edmond, J.M. (1995).
Dissolved rare earth elements in the Southern Oc€anum oxidation and the
influence of hydrographyGeochimica et Cosmochimica A&&8), 1551-1558.

Gimpel, J., Zhang, H., Davison, W., and EdwardsCA(2003). In-situ trace metal speciation
in lake surface waters using DGT, dialysis anddilon. Environmental science
technology37(1), 138-146.

Gonzalez, A.G., Pokrovsky, O.S., Shirikova, L.Sokm@vski, G.S., Jimenez-Villacorta, F.,
Gonzalez-Davilla, M., Santana-Casiano, J.M., anchv@ra, E.E. (2009). Speciation
of Fe adsorbed on and incorporated into soil andhtic bacteria: XAS structural
study. Proceedings of 19th Annual V.MGoldschmidt Conference, Davos,
Switzerland, 21-26 juin 200&Geochim. Cosmochim. Act&(13), Suppl. S, p. A453.

Gonzalez, A.G., Pokrovsky, O.S., Shirikova, L.Sokm@vski, G.S., Jimenez-Villacorta, F.,
Gonzalez-Davilla, M., Santana-Casiano, J.M., anchv@ra, E.E. (2010). Speciation
of Fe adsorbed onto and assimilated by bacteriaS X#uctural analysisseophys.
Res. Abstr.EGU General Assembly 2010, Vol. 12, EGU2010-11822

Goutelard, F., Caussignac, C., Brennetot, R., 8taden, G., and Gautier, C. (2009).
Optimization conditions for the separation of raegth elements, americium, curium
and cesium with HPLC techniquelournal of Radioanalytical and Nuclear
Che