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The distribution, speciation, behaviour, and fate of selected trace metals (TM) (Zn Cd, Pb, Cu, Ni, and
Co) were studied in the water column of the highly stratified Krka River estuary, from 2009 to 2013,
covering two contrasting seasons (summer/winterddition, the study involved measurements of
dissolved/particulate organic carbon (DOC/POC) and major phghiemical parameters (salinity,

pH, dissolved oxygen, temperature). Water samples were taken from the three characteristic layers
(brackish, théreshwatesseawater interface (FSI), and seawater). Stripping voltammetry (anodic, and
adsorptive cathodic) was the primary analytical technique, while the diffusion gradient in thin films
(DGT) technique was used as a complementary technique for spatiaisurements.

The concentrations of all TM were lower in the Krka River than in the open Adriatic which allowed the
identification of pathways and processes governing the horizontal and vertical redistribution of TM
across the whole estuary, whethertzel UH DGGHG LQWR WKH V\VWiHRTE\ KXPD(
processes (e.g. scavenging). Monservative behaviour for most of the studied TM observed in the
VXUIDFH OD\HU RI WKH HVWXDU\ ZzDV SULPDULO\ RIEVHG E\
"mapping" of the bay showed that the harbour and nautical marina are the regions with the highest
concentrations of TM. A significant increase of Cu and Zn in the entire estuary transect during the
summer period appeared to be directly linked tmgie nautical activity i.e. caused by the release of

TM from antifouling paints. The scavenging of metals into the deeper layers, along with the longer
residence time of seawater, caused an upstream increase in TM concentrations in the seawater layer.

A very good agreement between the vertical profiles of L2Gile, and dissolved TM concentrations
suggests that the DGT technique can be successfully used to determine potentially bioavailable TM
concentrations in estuarine conditions. The fraction of fzBile TM, which reflects their chemical
speciation (primarily, their binding to natural organic ligands), ranged from > 90% for Cd, to < 20% for
Cu, but also depends on the concentration ratios of metals and organic ligands. VVoltammetric speciation
of Cu stowed the presence of two types of organic ligands that form stroi8(< lod1 < 11.9) and

weak (2, 7.8 <lodk2 < 9.9) Cu complexes. The concentration of weak organic lighs)ds ¢orrelated

with the DOC concentration, and is higher in summmest probably due to the increased biological
activity. The concentration of free Cu ions (the most bioavailable form), at ambient conditions, is
regulated primarily by the complexation with strong ligahds For most of the samples, the calculated

free Cuslightly exceeds the toxic threshafl10 pM. However, these values are the result of applied
methodology of calculation, and does not necessarily reflect real ambient conditions
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Raspodjela i specijacija odabranih metala u tragovima (TM) (Zn Cd, Pb, Cu, Ni i Co), te njihovo
SRQDADQMH L VXGELQD LVWUDALYDQL VX X YRGHQRP VWXSFX
dva ko QWUDVWQD JRGLAQMD GRED OMHWR JLPD X SHULRGX RC
mjerenja otopljenog/partkll® RJ RUJDQVNRJ XJOMLND '2& XEhijskhWwH RVQ
pokazatelja (salinitet, pH, otopljeni kisik, temperatura), a uzork@aMjf X SURYRYHQD X WUL NLC
V O R M D slok; Raloklidé L morski sloj). Voltammetrija s akumulacijom (anodna i adsorptivna
NDWRGQD ELOD MH SULPDUQD DQDOLWLPND WHKQLND GRN N
pasivnog uzorkovaajtemeljena na principu difuzijskog gradijenta u tankom filmu (DGT).

.RQFHQWUDFLMH 70 QLaH VX X ULMHFL .UNL QHJR X YRGL R
identifikaciju puteva i procesa koji reguliraju horizontalnu i vertikalnu preraspodijelu tiélom
HVWXDULMX QHRYLVQR GD OL VX RQL Xn-3tucVSWDRF M QHR/DH QQ Sd
tonjenje- Acavenging 1HNRQJHUYDWLYQR SRQD&ADQMH X SRYUALQVNR
70 X]JURNRYDQR MH SULPDUQR XIQFRVRPNR B WWDOWHX L5 R'G W)XV
]JDOMHYD SRND]DOR MH GD VX OXND L QDXWLpND PDULQD SRG
GD MH |1QDpDMDQ SRUDVW &X L =Q X FLMHORP HVWXDULMX WI
QDXWLpNRPRBUXY RGQRVQR YH]DQL VX ]D RWSXaWDQMH PHW
QHUWLNDOQL WUDQVSRVMD Y B QX IBHE®NVMHVHORMHWHP HA]DGUADY
uzrokovali su uzvodni porast koncentracije TM u morskom sloju.

Vrlo dobroslaganje vertikalnih profila DGTRbilnih i otoplienih koncentracija TM ukazuju da se DGT
WHKQLND PR&H XVSMH&AQR NRULVWLWL ]D RGUHYLYDQMH SR
estuarijskim uvjetima. Udio DGTRabilnih TM odraz je njihove kemijskgscijacije (primarno vezanja

V SULURGQLP RUJDQVNLP OLJDQGLPD WH YDULUD RG ! 1D
omjeru koncentracije metala i organdiganadaVoltammetrijska specijacija Cu pokazala je prisutnost

dva tipa organskiihganad&oji stvaraju jakel(1, 9.6 < lod<1< 11.9) odnosno slabkx( 7.8 < lod<><

9.9) Cu komplekse. Koncentracija slabijin organsiganada(L>) u korelaciji je s koncentracijom

DOGD WH MH YHUD OMHWL QDMY MukivddRtVKphgettabljiisidiosnih BriaY H U D Q
&X YUVWD NRMD MH QDMYLAH ELRUDVSRORALYD SUL RNR
kompleksiranjem s jakim ligandimbf. =D YHULQX X]RUDND LJ]UDpXQDWH YULMH
SUHOD]H JUPQ@XpXL WRGIQRVW RG SO OHYyXWLP WH YULMHC
QDpPpLQD L]JUDpXQD L QH RGUDADYDMX QXaQR VWYDUQR VWDQM

.OM X p QH suidtifitikhpiLestuarij; estuarij rijeke Krke, metali u tragovima; specijacija
metala; difuzijski gradijent tankom filmu; kapacitet kompleksiranja
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Abbreviations and Symbols

Abbreviations and Symbols

Acronyms

Moyl
ASV
CC
CLE-AdCSV
CE
Cl
CuCC
D
DBL
DGT
DO
DOC
DOM
DPV
EDTA
FEP
FSi
Fw
GFF
HDPE
HMDE
HS
HR ICP-MS
Kj or K; ﬂ
Kb
Li
LOD/LOQ
M
MCC
ML
MQ
NOM
NTA
OP
PFA
PP
ppt
POC
RE
RP
SPM
SwW
™
TWA
uv
WE

Inorganic side reaction coefficient for Cu

Anodic Stripping Voltammetry

Pearsorg Correlation Coefficient
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Counter Electrode

Confidence Interval

Copper Complexing Capacity

Diffusion coefficientof metal specie

Diffusive Boundary Layer

Diffusive Gradients in Thirfilms

Dissolved Oxygen

DissolvedOrganicCarbon
DissolvedOrganicMatter

Differential Pulse Anodic Stripping Voltammetry
EthylendiamineT etraacetic Acid

Fluorinated Ethylene Propylene
FreshwateiSeawater Interface layer
Freshwater/Brackish Water layer

*ODVV )LEHU )LOWHU —P
High Density PolyEthylene

Hanging Mercury Drop Electrode

Humic Substances

High Resolutionnductively Coupled Plasma Mass Spectroscopy
Conditional stability constant ofietal complex with-th ligand
Distribution coefficient

i-th Ligand

Limit of Detection/Quantification

Metal

Metal Complexing Capacity

Metal Ligand Complex

Milli -Q Water

Natural Organic Matter

NitriloTriacetic Acid

Open Pore DGT

PerFluoroAlkoxy

Pseud®@olarography

parts per trillion (ng kd)

Particulate Organic Carbon

Reference Electrode
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Suspended Particulate Matter

Seawater layer

Trace Metals

Time Weighted Average
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SBURALUHQL VDAaH\

SURALUHQL VDaHWDN

1. Uvod
1.1. Metali u prirodnim vodama

OHWDOL VX SULURGQL NRQ\®VuhzindX HI®Q W InerdZgi@adivERoim RN R O L &

unesenu sustay gotovo trajno postaju njegovim dijelofrirodne razinenetala wodama
Background RYLVH R SRGUXpMX X NRMHP VH QDOD]H RGQRVQC

PRAaH JRYRULWL R YASIHRG UDOQVRDY W LR EdredilfRmetal @3l Q) U

vodeng sredini koncentracijametala rezultat je niza procesakoji reguliraju njihov

biogeokemijski ciklus Raspon prirodnih koncentracija metalavodama NUHUH VH RG

nekoliko mikrograma do manje od nanograma po litri. Za metale koji su prisutni u vrlo

QLVNLP NRQFHQWUDFLM DBRd® LR Eltgra@uR s Kdasid iz Snonimi

NDR aWwdgow Ketalai mikronutrijentimikroelement D R Gilhi¢faHHQpHVWR VH

nazivajui W H@dNdsnoekoc WR NV LpQ L, WHWDAQL D Q MiBmjéedenXgrénaY QR P

metalimai metaloidimaNRML LPDMX SR]QDWX ELRORAGNX S&XIQNFLMX !

VX SRSXW +J &G $V &U WRHNYEDPQPDOJDULPWWDOEH =Q &X

ILJLRORANRP IXQNFLR Q L YdbreguliXaj@nnégekbidk&iljske frp Ee5ed

DNR VX SULVXWQL X SRYHUDQLP NRQFHQWUDFLMDPD PRJX

SRVUHG QR LP6radne RXiné Fhdtdda u tragovima mogu se povisiti ustijgdvog

DQWURSRJHQRJ XQRYVib aktibrRstibdduiudama) @orodba] Eoljdpkivkede,

industrije, LVSXaWDQMH RyrariecGQihiK g¥rR{SID1)

Prirodni Antropogeni
izvori izvori
} 1 --{Vulkanska aktivnosf —| Promet |- i i1 i
| . [Geotermaind [ Industrija__]- RN
Ispiranje [Komunalni otpad| E E
I stijena [ Poljoprivreda]: 1
Tlo Atmosfera
Biljke
Vodni }1}o]*

Slika 1. Prirodni i antropogeni izvori metala i njihov unos u vodeni sustav




SURALUHQL VDAaHWDN

1.2.Estuariji

2SUHQLWR HVWXDULQBWYWRXU HRED OSRG BRKEKMD JGMH VH ULME
PRUVNRP (VWXDULML VX QDVWDOL WLMHNRP SRGL]DQMD U
*UDGLMHQW VDOLQLWHWD MH NOMXpQD Y DkihlijpkErgkb D NRMD p
VXVWDYD L YDADQ MH ]D FLUNXODFLMX X HVWXDULMLPD ¢
VDOLQLWHWD PRaH ELWL L YHUWLNDOQL 8] PRUIRORJLMX
UDVSRGMHOX VDOLQLWHWD JQPYPDRYPR X\WWVRIWR W R& M HSNOHL P3
PLMHEA&DQMD HVW eshariieMlanoghlira PMMEB BED@QMH QD JUDQLFL ULMI
YRGH NRMH XJURNXMH SURGLUDQMH PRUVNH YRGH D JERJ P
je najdeblji na dijelu prema otvorenom moru, a smanjuje se prema komsuko uslojene

(stratificirane)estuarije(u morima,V PDOLP UDVSRQRP L]JPHYX SOLPH L RV
VWYDUDMX YLVRNR VWUDWLILFLUDQH HVWXDULMH X NRMLF
L GRQML PRUVNL VORM NRMBaAWDL]IEH@DH B VRAE XM 6 B PRSI OR
su zatvorenipJ HPD RFHDQX SOLWNLP SRYUALQVNLP SUDJRP FLUN
- povratni tok slane morske vode blokiran je u dubi®REUR PLMH & @@thadte W XD UL M
SOLPQH VWUXMH X RGQRVX QD ULMHpPpQL WRN IMiR@D MH GRE

u vertikalnom stupcu).

1.3. Metali u tragovima u estuarijima

8 SULURGQRP HNRVXVWDYX MH RG L]X]HWQH YDAQRVWL UD]
PHWDOD X WUDJRYLPD SRWUHEQR MH LPDWL QD XPX L
biogeokemijumetala, posebno u estuarijima, gdje postoji velika razlika u sastavu vode, a

XNOMXpXMH ILILNDOQH L NHPLMVNH SURPMHQH UDVSRGMHC
HW DO 8 HVWXDULMLPD ILILNDOQL SDUWMAHeNUL L ELR(
specijaciju metala u tragovima kroz procese kompleksacije, sorpcije, flokulacije,

SUHFLSLWDFLMH RWDSDQMD L RWSXawDQMD 8 HVWXDUL
saliniteta postoji i gradijent koncentracije kojim se opisuje komplekiR@@D aDQMH PHWDOZL
WUDJRYLPD 2YLVQR R VYRMVWYLPD PHWDOD NDR L R IL]lI
RNROLAQLP QSU |DJDYHQMH XYMHWLPD SRQDaADQMH PRAH
60 'R QHNRQJHUYDWLYQRJ SRQMP@D @M HRAHDW MOD X HWUINDX
GROD]L ]JERJ YDULMDFLMD X LRQVNRM MDNRVWL DGVRUSFI




SBURALUHQL VDAaH\

C*\

\\
ULMHPQL N

J4"end-member" ~

Koncentracija

morski
"end-member"

0 10 20 30 40
Salinitet

Slika2 ,OXVWUDFLMD SRQD&A&DQMD PHWDOD X JUDGLMHQWX

1.4. Specijacija metala u tragovima

Specijacija eNYDOLWDWLYQR L NYDQWLWDW L-X&niskiR @&tadyLYD Q|
metala u tragovima u prirodnim vodamZHPHOMQL UD]JOR]L ]D LVWUDaALY!
specijacije tragova metala u vodenim sustavima je razumijevanje mehanizma pod kojim se
odvia SURFHVY QMLKRYRJ ELRORA&N RQrdspddijdti MemipskimMabikR J N U X a
odnosno specijaciji (Tessier and Turner, 1996) u prirodnim vodama ovise reaktivnost,
transport, ELRUDVSRIORQLYRWRWVLPQRVW PHWDOD2SWHI@IDWRL N U
SpPHFLMDFLMD WUDJRYD PHWDOD PRaAH VH SURPDWUDWL RE
UDVSRGMHOH S Feéfmijskih @hlika bppdradidwd® specijacijpi obzirom na
RGUHYLYDQMH UDVSRGMHOH SR ktiijskaGdetijabijd PLMVNLK REO|

8 SULURGQLP YRGDPD SULVXWQH VX UD]JOLpLWH YUVWH DN
'LMHOH VH QD DQRUJDQVNH L RUJDQVNH OLJDQGH SRYUA4!
ELROR&NH PHPEUDQH 3UHPD WRPH P HWaspodje§ujse DJR Y LF
LIPHYyX RWRSOMHQLK YUVWD L YUVWD YH]DQLK QD pHVWLF
GD RWRSOMHQD IUDNFLMD XNOMXpXMH REOLNH PHWDOD N
SRUD LOL —P  yHV W taFiogy Ritahoiganskii didamskoglL O
SRGULMHWOD PHWDOL X WUDJRY PP R DXNRIORL XQIR WML W
GRYROMQR PDOLK GD SURYX NUR] PHPEUDQX ILOWUD YyHV
L QMLKRYL PHWDEROLDPQVYNSH REDYQWIPLQ BQROL NRML SRW!
NDOFLM NRML SRWMHpX RG XJLQXOLK RUJDQL]DPD L VO




SURALUHQL VDAaHWDN

2GUHYLYDQMH NDSDFLWHWD NRPSOHNVLUDQMD PHWDOD

U prirodnim vodamavezanje metala sinorganskn ligandima je poznab i UDpXQVNL
predvidvo QR UD]XPLMHYDQMH LQWHUDNFLMD L]PHYyX-PHWDOD L
X SULREDO QL i aSteh@®@hbd padrljefdnastala u vodenom stupcu) (Bruland et al.,

2004) i daljge nedovoljno poznat te stoggredstavlja veliki znanstveniazov. Zbog niskih

koncentracija u kojima su prisutni metali u tragovima (do razine pM) i zbog eksperimentalnih
RIJUDQLpHQMD YH]DQLK X] RGYDMDQMH HNVWUDNFLMX L PM
GUXJLK DQDOLWLPNLK WHKQ LAddju irXeRalkdijp DdtathQrgangkih |D NDUD
liganadakoristi neizravan pristup, temeljen na titracijskoj metodologiji (Bruland et al., 2000;

/IRXLV HW DO 2 P D (BROYLLY14,H 982 RADIYP Lhog dobre selektivnosti

i visoke osjetlivostt QDMpHauH VH NRULVWH HOHNWURNHPLMVNH W
otapanja (Garnier et a004) i adsorptivna katodna voltammetrija otapanja s kompetitivnom

izmjenom iona (van den Berg, 198&ektrokemijskim titracijaP D R G Udd patavhitri
kompleksiranja, koncentracija liganada) § uvjetna konstanta stabilnosi{j koje se koriste

X LlUDpXQLPD VSHFLMDFLMH PHWDOD X WUDJRYLPD 2YD P
R G U H y kapBciieka tompleksiranja etala (KKM). KKM VH L]JUDADYD X HNYLYDO
PHWDOD V NRMLPD VH WLWULUD RGQRVQR ]D NRML VH RGUH
se od dodavanja standardne otopine metala u uzorak i mjerenja strujnog odziva sve dok nagib
krivulje ovisnosti struje vrha valalbilnog metala o koncentraciji dodanog metala ne postane
konstantar{Sl. 3)

Slika3. 3ULQFLS RGUHYLYDQMD NDSDFLWHWD NRPSOHNVLUDQMN
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'RELYHQD WLWUDFLMVND N WanydeéroBérigpvan® ivddriz & liskbW LiUD VH £
transformacijskom mé&® GRP 5 X & LWan den Berg, 1982; Gerringaa, 1995) na

temelju koje se, uz pretpostavku prisustva jedne ili dvije Vigdgada RGUHYXMH NDSDF
kompleksiranja prividnakonstanta stabilnosti.

AMQ W X3 V SHdffuAjsK Gradilddiu tankom filmu (DGT)

Tehnika pasivnog uzorkovanja AY QW X3 V S H F L, MilbAjskMykadfert\Waliadkpm
ILOPX '*7 'DYLVRQ DQG =KDQJ NRULVWL VH
slobodnih ona i labilnih kompleksa metala, za koje se smatra darganizmima
potencijalnoE L R U D V PR@IR matayjé da konhgksi metal difundiraju kroz difuzni gel

L YHAX VH QD NRPSOHMVLUDMXUiX VPROX 60

| |
Difuzni
Vezajucisloj gel Membranski

{chelex-lQO) -. filtar
\_\.. |
- N Y Y
- g /_ Coar
P )
5 / -~ Cper
I ’
A ]
I *\
1 l S =
L _ ~ DBL
e— g —h'é
— Ag )

MDL

Slika4d. 6KHPDWVNL SULNDXYHURQHPDBAIMHORP NRML SULND]XI
sloja(Davison and Zhang, 2012).

.RULAWHQMHPJIEHIKODONDPR NRPSOHNVLUDMXUH VPROH '*7 X]I
]D RGUHYLYDQMHa X RNWODDX YPAQYPR HW DO eje 3UHGQ
QMHQYLMWMXZ SULPMHQD SUL pHPX VH VSUMHpPpDYD SURPMH
SUREOHP NODVLPQLK VSHFLMDFLMVNLK DQDOL]D NRMH V
L]lODaX VH X YRGHQL VXVWDY WLMHNRP Riksddhg 8ooQ-RJ YUHP
mjeseca), a dobivena DGODELOQD NRQFHQWUDFLMD MH SURVMHpC
YUHPHQD HIHNW SDPUHQMD
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2. Eksperimentalni dio

Estuarij rijeke Krke nalazi sed LVWRpPpQRM REDOL -DGUDQVNRJ PRUD
estuarija zbog speLILPQRJ SRORADMD L PDOH UD]JOLNH L]JPHYX
NDUDNWHULVWLPpQD ]D -D G U DERUNINGDRhEIbKIiE HMBESKOSRIM HQ SRV
Koncentracija metala u tragovima u rijeci Krki (Cukrov et al., 2008) i u estuariju (Elbaz

Poulichet et al., 1991) je iznimno niska zbog slabih antropogenih aktivnosti i jakog procesa
VDPRSURpLAUDYDQMD JERJ VHGUHQLK EDULMHUD 3RVOM
SRUDVWX VWRJD MH RYR LVWUDALYDQMH SRVYHUHQR DC
GLQDPLNX PHWDOD L RUJDQVNH WYDUL X GYD UD]OLpLW
NRQFHQWUDFLMH PHWDOR X RNRIOJIRMLBDDGE LONEHIHQD L 2
2PDQRYLU HW DO WH MH SRYH]DQ V DQWURSRJHQLP
utjecaj na specijaciju Cu, odnosno na porast koncentracije slobodrfédLGuis et al.,

NRML PRAH ELWL &WHWDQ ]D PLNUR RUJDQL]PH X HVWX

8]JRUNRYDQMH GXa HVWXDULMD ULMHNH .UNH a NP L]JYU
kontrastna periodaljeto (19.07.2011) i zima (28.02.2012), na tri dubine, u sva tri
NDUDNWHULVWLpPpQD YHUWLNDOQD VORMD V FLOMHP RGUH
tragovima u vodenom stup¢®l. 5) Dubine na kojima sgse uzimali X][RUFL RGUHYHQH V
nakon mjerenjdizikalno-kemijskih parametara vodenom stupc(salinitet, otopljeni kisik,

pH, temperatura, fitoplanktonska aktivnos$.R tidbMizorkovan je direktno AW HIORQV NH3
boce visoke kvalitete (FEP, PFA) koje gpgraneSUHPD SURFHGXUL SURSLVDQR
ERFD |D DQDOL]X PHWDOD X WUDJRYLPD D ]D X]RUNH V R\
X]1R U N L WBrpDOh(22D). Dodatno uzorkovanj& R U BsMdR(40 postaja) provedeno

MH X ALEHQVNRP ]JDOMHYX WH QD.08.208RVWDMD S|
8]RUNRYDQMHP SRYUALQH RGUHYHQL VX PRJXuUL L]YRUD ]DJ
UDVSRGMHOX PHWDOD X WUDJRYLPD GXa HVWXDULMD

6 REJLURP QD RGUHYHQX NRQFHQWUDFLMX L UDVSRGMHOX
su dvije postae RMH VX SUHGVWDYOMDOH ARYMPRIEUIBRBRWPMD 0D
ODQGDOLQED SRGUXpMH 1D RYLP SRVWDMD-Reijskc HWDOMQ
parametri u stupcu vode, kao i raspodjela metala u tragovima te njihova specijacija tijekom

dva kontastna perioda (ljeto/zima) tijekom nekoliko godina (081%.07.2009; 30.04.

04.02.2010; 19.0724.07.2010; 13.0718.07.2011; 01.086.03.2012)
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Slika 5. ODSD HVWXDULMD UL MrHpostajardaNtkhnsékt®R)] Qd2{alhqy
mapiranja+).

6SHFLMDFLMD IUDNFLRQDFLMD PHWDOD X WUDJRYLPD
komplementarnih tehnika: voltammetrije anodnog otapanja i difuzijskog gradijenta na
WDQNRP ILOPX '*7 1D WHPHOMX PMHUHQMD YHUWLNDORQ
48h odUHYHQR MH a@HVW GXELQD QD NRMLPD VX SRVWDYOMI
triplikatu na po dvije dubine u svakom sloj& R UdoWaloklina/morski sloj) tijekom cca.

GDQD .RULAWHQH VX GRWQUMWY YRYNWB-EMYOPRDET L Qitsa
manjim porama ~1 nm (RBGT).

Nekoliko puta tijekom svakog dana mjereni su fizikakamijski parametri u stupcu vode,

V FLOMHP RGUHYyLYDQMD WUHQGD JLEDQMD YHUWLNDOQH
svakoj dubini na kojoj su postavljeni DG XUH Yy D M L .DNR EL VH XPDQMLR X!
LOL YDORYD QD RGUADYDQMH GXELQH QD NRMX VX SRVWLC
NRQVWUXNFLMD WHPHOMHQD -@dga. SUdilierk luSpsredhe) BiQ RJI~ S
metodologija za specijacijmetala, tijekom perioda izlaganja D& ronilac je svaki dan

(dva puta ljeti, jedan puta zimi) uzimao uzroke vode na dubinama na kojima su postavljeni

"*7 XUHyDML
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U laboratoriju su potom pripremljeni kompozitni uzokcfiltrirani (otopljeni metali u
tUDJRYLPD L QHILOWULUDQL XNXSQL PHWDOL X WUDJRYLF
otopljena i ukupna koncentracija (Zn, Cd, Pb, Cu, Ni i Co) zakiseljen je sa BINOa pH

L LIORAHQ 89 VYLMHWOX NDNR EL VH UDNH RGL RLINDOOVO
specijacijaCu, su filtrirani i ostavljeni pri prirodnom pH konzervirani samo s 1 M hlaN

=D RGU H ptopp@gV(DOC) i partikulabg (POC) organskog ugljika koristio se

stakleni sustav za filtriranje s vakuum pumpom i stakleni filRG P SUHWKRGQR
L]lYDIJDQ 8]RUFL ]D RGUHYLYDQMH '"2& NRQERHUMM D@L X G
f& 32& MH RGUHYHQ L] NROLpLQH X]JRUND NRMD ]JDRVWDQH
VXVSHQGLUDQLK pHVWLFD 623G8e flRr& ptiesi Ha@dh filtratije.]Za) D]OLNH
DQDOL]X '2& L 32& N-Rdddadahzatq (Shihad2u

Autolab (Methrom/EcoChemie) potenciostat/galvanostat u kombinaciji s troelektrodnim
sustavom 663 VA Stand (Metmn) i sustavom za automatsko doziranje ke¢eWHQ MH ]D
HOHNWURNHPLMVND PMHUHQMD 9LVHUD AaLYLQD NDS SRVOX
$J_$J&0_VDW 1D&O D NDR SURWXPPOWBW®D RGL BWHRIH- D X.RE
standardnog dodatk&n, Cd, Pb, Cu diferencijatnpulsrom voltammetripm anodnog

otapanja (DPASV)a Ni i Co diferencijalnom pulsnom adsorptivnom voltammetrijom

katodnog otapanja (DPAdCSV) dpdatak Nioxima (18 M).

'*7 XUHYyDML VX NRULAWHQL SUH P BReXcaXh) XBridenBadiRL]YRYD D
metala akumulirah na Chelex JHOX QDNRQ HNVWUDNFLMH X NLVH¢
masenom spektrometru visoke rezolucije s induktivnom spregnutom plazmom (HR ICP MS
(OHPHQW 7TKHUPR )LQQLJDQ (IHNWLYQL GLIX]JLMVNL NRH
DGT labilne kolFHQWUDFLMH JERJ VSHFLILPQRVWL VXVWDYD SRV
RGUHYHQL VX ODERUDWRULMVNLP SRNXVRP

'3$69 MH NRULAWHQD ]D RGUHYLYDQMBu KKRGPFLWHWD
KompleksometrijskawW LWUDFLMD VDVWRMDOD VH RG PMHUHQMD SR{¢
potom 15 dodataka Cu, tijekom 23 sata provedbe eksperinBortni pufer (0.01 Mje

GRGDQ ]D RGUADYDQMHWMMHENRPRD BURBY¥HGERSHRBSHULPHQW
obradu podWDND NRUL&AWHOMGLH WLHRIWHRQ X PDWLPpQRP ODI
(LDERUDWRULM ]D IL]Dp 9 R DNQHRPYLLNA X H W VIBLAIRWNDTEQ v3.0
NRUL&WH|@ DA PY AV L Gkoeficlebta WisR Q
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3. Rezultati i rasprava
3.1.0snovnil L ] L-pevnigski parametri estarija rijeke Krke

+LGUROR&ANL XYMHWL X ULMHFL .UNL YDULUDMX L QDMYLAal
1IDMYLAL VX SURWRFL L]JUDPpXQDWL L] SROIZWZNNBO ]D GXalL
90 n’s?), aljetisX 1QDpDMQR P Bs€).Miekom perda uzorkovanja, relativno

niski protoci bili su u ljeto 2011 i 2012 estuariju je koncentracija SPM izrazito niska, no
PRJXUH MH XRpLWL UD]JOLNX X QMSEQRMU BAMNERIGMHOL X
koncentracija raste prema moru (od ~0.4 rhglo ~3 mgL?), au morskom sloju raste u

smjeru prema kopnu (od ~3 mgldo ~6 mgL™). U haloklini koncentracija SPM nalazi se
LIPHYyX RYD GYD WUHQGD D WUDQVSRUW X PRUWXMRP VOF

estuarija

Vertikalni profili saliniteta pokazali su dobro definiranu stratifikaciju u vodenom st(ficu

6B) 'HILQLUDQD L RaAawWuUD KDORNOLQD SRVHEQR MH ELOD
dubini 2 do 3 m, a njena debljina se progresM & YHUDYDOD X VPMHUX PRUD

2 m).

salinitete, zima
7 zima ©
6 1o
morski sloj 5
—~ 57 v o -
- B g o
g 44y o 5 EID E 10
= 2 LI
= |V g s
(%] o

] 3 ERUDWL VORM
0 5 10 15 20 25 30 0 5 10 15 20 25
Udaljenost (km) Udaljenost (km)

Slika 6. A - ovisnostsuspendirane partikulatne tvari (SPM) u sva tri vertikalna sloja, i
B - vertikalna raspodjela saliniteta u cijelom estuariju (zimsko uzorkovanije)

Koncentracije otoplienogrganskog ugljikaelativno su niskeL NUHUX VH RG PJ |/
zimi do 1.8 mg [t ljeti. Dobiveni rezultati za otopljeni organski ugljik (DOC) ukazuju na

neNRQJHUYDWLYQR SRQDADQMH NRMH MH YL&H L]JUD&HQR
aktivnostt 8SUDYR ELROR&GND DNWLYQRVW UH]XOWLUDOD M|

udjelom partikulatnog organskog ugljika u ljetnim mjesecima.
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32 5DVSRGMHOD L SRQD&ADQMH PHWDOD X HVWXDULMX ULMF

Rezultati mjerenja pokazali su da su koncentracije nietsd WUDJRYLPD QLAH X ULMHI
X pLVWRM PRUVNRM YRGL &dWR MH QHXRELpDMHQD VLWXD
]JOQDWQR YHUX NRQFHQWUDFLM X HRHDMOIMODR QLH/WVRU PR UYWDN@M ¥R

ALEHQVNRJ ]JDOMHYD SRNBLIMMHRPMKN BODVX WRGRFERAFIID R R Y H
OXNH L QDXMWSLEAH PDULQH

A B

® ERUDWL )
lieto

v Fsl

O morski [ ]

5 10 15 20 25 30
Udaljenost (km)

Slika7. A tUDVSRGMHOD RWRSOMHQRJ EDNUD SEREWHIIVWINRRP V
zaljevy B +prostorna raspodjela Cu u estuariju rijeke Krkea(tri slojajjeto)

.RQFHQWUDFLMH PHWDOD X WUDJRYLPD XJODYQRP VX YL&H
VD SRYHUDQRP QDXWLPNRP DNWLYQRA&UX X HYWXDULMX RG
L =Q L] SURWXREUDAWDMQLK ERMD V NRMijedn@stiVX SUHP
NRQFHQWUDFLMD =Q &X &G L 3E X SRYUALQVNRP VORMX
zalieva(1520 km) =D YHULQX PHWDOD XRpHQ MH SRUDVW NRQFH

X]YRGQRP VPMHUX &WR VH SRYH]XMH V QMLAIRYRP DNXP:
YUHPHQRP ]DvGdé¢ &DrskDg:djes!. 7B)

8 HVWXDULMX ULMHNH .UNH ]D YHULQNR RHNWD/@OVK YWBRDIR Y DF
u horizontalnom gradijentu saliniteta s obzirom na dvije krajnje lokacije uzorkovanja (tzv.

AH®PGBPEHUVRMH AWRDYQRP SRVOMHGLFD XQRVD PHWDOD X H
]IDOMHYD 2G PMHVWD XQRVD NRQFHQWUDFLMD PHWDOD \
UDJUMHYHQMD DOL WDNRYyHU L X]YRGQR &dWR VH PRAaH REI
tragovimau dublje slojeve te njihovog transporta morskim slojem ispod halokline koji se

NUHUH X REUQXWRP VPMHUX WM X]YRGQR 8 PRUVNRP VOF

gotovo svih metala,aWRPWRHAH REMDVQLWL RIGRRR/®RRdbhiFEKipN RP
modelom.

10
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Koncentracija metala u tragovima u partiknl&M ITUDNFLML RVLP 3E X YHULQL
1 1HAWR MH YHUD WD NRQFHQWUDFLMD X OMHWQRP SHL
SRYH]DWL VD UD]OLpaWRRYRHA WRGBPG BUHGORAHQ PRGIH
SRQD&E&DQMD NRHILRoMIe@GEWE dkbntdttatije parikieHvari. Za Zn,

&G L &R XWYUYHQD VX QHIJDWLYQD RGVWXSDQMD RG SUHC(
rezultate zimskog uzodvanja, dok su rezultati za ljetno uzorkovanje pokazali pozitivho

odstupanje za sve metale.

33.3ULPMHQD '"*7 WHKL.QUXNHV]PHALR@DFLMX PHWDOD X WUDJR

'*7 WHKQLND NRUL&A&WHQD MH |]D RGUHYLYDQMH VSHFLMDF
potenFLMDOQR ELRUDVSRORALYH NRQFHQWUDFLMH X YHU\
rijeke Krke tijekom 3 ljetna i 2 zimska periordLMHNRP L]JORAHQRVWL '*7 X
RGUHYHQLP GXELQDPD X]LPDQL VX L GLVNUHWQL X]RUFL
kompR]LWQL X]J]RUFL 3UYD VHULMD XJ]RUNRYDQMD X OMHWI
NRQWUDVWQD SRBE DR pAMD RRYRPIPEHGHROWDWL YHUWLNDOQ
otopljenih i DGFlabilnih koncentracija metala u tragovima (Zn, Cd, Pb, Cu, Ni, 120)
ApLVWRMHpLL RISFORWMDML MDVQR SRND]XMX SRYLAHQH NRQF
I Zn na potonjoj lokaciji.

6 REJLURP QD UD]OLpLW VDVWDY YRGH X NRMLPD VX ELOL
je potrebno provijeriti difuziske RHILFLMHQWH PHWDOD X SULPLMHQWNM
2GUHYLYDQMD HIHNWLYQRJ GLIX]JLMVNRJ NRHILFLMHQWD 1
je u kontroliranim laboratorijskim uvjetima, u sastavu otopina koji odgovaraju slatkoj, slanoj

i vodi srednjeg saliteta. Dobiveni rezultati pokazali su relativno dobro slaganje s

literaturnim vrijednostima.

,] JODYQLK ]QDpDMNL YHUWLNDOQLK SURILOD VYDNRJ PH\
DGT-ODELOQH IUDNFLMH XJODYQRP VXNODOG@®ltabivaH GD M
koncentracija manja od otopljergika8 SULND]XMH WLSLPpQL SUIBFRRWHIQ IGRE L
problemi s primjenom ove tehnike odnosne se uglavnhom na Zn, i vezani su za relativho

YLVRNH YULMHGQRVWL AEODQND3 3WD® B HNRM G WH WD]|@LLL
YHOLPLQL SRUD GLIX]JQRJ JHOD W]Y ARSHQ SRUH3 23 a
QLVX GDOL UH]XOWDWH XRELDpD MHQ@HE [] D QH. MIRQIFH @ W B lY
V 53 UD]JOLNRYDQMH Y H skih{kargpleksa metalh) adnasnolLddbiRede) 1Q

JRWRYR LVWRYMHWQH YULMHGQRVWL aWR MH WDNRYHU

11
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SRND]DQR MH GD VH SRPRUX "*7 WHKQLNH RGUHYXMH VDPR (
AaWR MH RSHUDW LIabina kgnbentr&cifaR dafj@ udio Dddbilne koncentracije
UD]OLpLW ]D SRMHGLQL PHWDO JRWRYR -40%&0@,déh '*7 ODEL
RYLVL SULPDUQR R LQWHUDNFLML PHWDOD V SULURGQRP RL
organskinkompleksa (Sl. 9).

Cu (nM) Cu (nM) Cu (nM) Cu (nM)
4 8 12 16 0 4 8 12 160 4 8 12 16 0 4 8 12 16

Dubina (m)

——— e ———
———— e —————

-

9 2009 07 2010 02 201007 2011 07 2012 03

0 10 20 30 0 10 20 30 0 10 20 30 O 10 20 30 0 10 20 30
salinitet salinitet salinitet salinitet salinitet

Slika 8. Vertikalni profili otopljenoge DGT-labilnog Cu na postaji Martinska.

M == BW
100 A @l FSl
I E sW
w 80 -
[
ke
- _
o 60 I I
a
X
Q] J
S 40
<
20 A
0
Cd Pb Cu Ni Co

Slika 9. Srednja vrijednost postkh DGT-ODELOQLK PHWDOD |]D VYDNL SRMH
RGYRMHQL VORM %pikakiijds¢eukupuBB@dnuNriesnosiisve dubine)

12
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3.4. Primjenaelektrokemijske tehnika specijacijlbakra

SULPMHQRP PHWRGH RGUHYLYDQMD NDSDFLWHWD NRPSC
RWDSDQMHP $69 XWYUVHQR MH GD EDNDUdvatipa V RUJL
kompleksa (Cuk i CuL> SUL pHPXRPSOHNVL LPDMX YHUX SULYL
VWDELOQRVWL D NRQlgahaddVp FQIMD WIHNVIRRIDR &IELIK. WLS |
10). Temeljem parametara kompleksiranja dobivenih iz opisanih pokusd,Dp XQDWR MH G
koncentracija slobodne (hidratizirane) vrste bakra?{Cu vodenom stupcu (vrsta koja se
VPDWUD QDMYLdH ELRUDVSRORALYRP D WLPH L WRNVLpC
od 10 pM.

Ljeto 2009 Zima 2010 Ljeto 2010 Ljeto 2011 Zima 2012

Dubina (m)
© o ~ (2] (2] = w N = o
Nl_ »-!_ Ml_ J_
£8353

0 50 100 1500 50 100 1500 50 100 1500 50 100 1500 50 100 150
[L] (nM) [L] (nM) [L] (nM) [L] (nM) [L] (nM)

—e— logK (c),
—y— logKj (c)
—@— logK, (p)
= logK, (p)

7 8 9 10 11 12 137 8 9 10 11 12 137 8 9 10 11 12 137 8 9 10 11 12 13 7 8 9 10 11 12 13
logK logK logK logK logK

Dubina (m)

© O N OO O~ W N P O

Slika 10. Vertikalni profili koncentracije i pvidne konstante stabilnosti jakog ([L1], logK1)
i slabog ([L2], logK2)liganadaza sve provaene eksperimentee Fi S SR]QDpDYDMX ApLV
RGQRVQR ARQHpPLAUHQX3® ORNDFLMX

Usporedbom rezultata koncentraciie DGASV-ODELOQRJ &X RGUHAvi¢QH SRPF
WHKQLNH XWYUyHQR MH YUOR GREUR VODJDQMH WUHQG
RGUHYHQH QLaH YULMHGQRVWL &WR MH X VNODGX V
1HUDYQRWH&aQH WHKQLNH NRMH VX NRULAWHQHNX RYRP
NLQHWLpPpN Hinsti¢ RvjiRionH ¥ DQ /HHXZHQ HW DO =ERJ W
PHWDOD NRML VX LIPMHUHQL RYLP WHKQLNDPD RYLVH F

13
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metal/ligand) DOL L R RSHUDWLYQLP YUHPHQVNLP VNDODPD R
svojstva) (van Leeuwen et al. 7TRZQ HW DO , 198Dp BtadaiseHW DO
koncentracije izmjerene ovim tehnikama smatraju operativnima i nazivajul&isimima
iiASV-ODELOQLPD 3UHGQRVW NRULAWHQMD '*7 WHKQLNH X |
RPRIJXinBWIPMHUHQMH ODELOQLK PHWDOQLK VSHFLMD WLMH
na ASV kojom se analizira diskretni uzorak, @8V V GUXJH VWUDQH GDMH SXQR "
o0 interakciji metala s organskim ligandima.

Cu ("M) Cu ("M) Cu ("M) Cu ("M) Cu ("M)
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Slika 11. Usporedbaeaktivnih koncentracija Cu dobivenih s OP DGT i ASV tehnikom

35 8VSRUHGED GYLBHYYRMRRLIHDH & AY QDWW

1DMYHUL SRUDVW RREPHDMRYMADMH XQPDULQL X RGQRVX QD
ODUWLQVND RSDAHQ MH ]D &X ,QWHQ]JLWHW SRYHUDQMD \
DGT-ODELOQH QHJR |D RWRSOMHQH NRQFHQWUDFLMH &X a
koncentracije Cu LE R U DB @2 nM Cuiss L QLAaH X PR UVMNRRuY UR M X

RpPpHNLYDQH MHU VH SRVWDMD QDOD]JL X SRGUXpMX PDULQH

LVSLUDQMD &X L] SURWXREUDaAaWDMQLK ERMD 'RELYHQL VX
DGT-labilnih koncentracije Cu.

3XQR EROMH VODJDQMH L]JPHYX YHUWIablROokQricéntrddjdRILOD L]P
Cu dobivenojenddRQHp L dppst RMXWLPpNH RDUAVYR MO XJODYQRP SRV
YLALK NRQFHQW UdbRASMIBbIROg & XD IL Rp H N UDEELI{BRV L p N
prozorad Efektivno vrijeme mjerenja za ASV jel0s, uz debljin difuzijskog sloja od 10

—P L NRHILFLMHQW® < IdoXjJHMKHXUHYDMX '*7 GHESDMLQD GLIX
14
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0.9 mm, efektivnho vrijeme mjereajje 135 min (Zhangand 'DYLVRQ 9DAQR\
debljine difuzijskog slojga RSHUDWLYQR RGUHYLYDQMH ODiBGvOQRV WL

NLQHWLpPpNL GRSULQRW N REMBPEAQMHQR X P&RIJIBOUDGRYLF
/RY @tall,1984;vanLeeuwernret al.,2007, Grackt al, 2009).

labilni Cu (nM) labilni Cu (nM)
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Slikal2 8VSRUHGED NRQFHQWUDFLMD ODELOQRabi&iXi RGUHYH
DGT tehnikom (DGTODELOQL QD ARQHpPpLAUHQRM3 OLMHYR L ApL

Poznata je uloga Cu u prirodnim vodamadnosu na njegoviE LRUDV SRWRE VY RY RV W
prema vodenim organizmima (Fichet et al., 1998; Santore et al., 2001; Ytreberg@&t B,

VWRJD MH YDaAaQR SUDWLWL NRQFHQWUDFLMX RWRSOMHQ
YDAaQLMH SR]QDYDWL VSHFLMDFLMX &X SRJRWRYR ]JERJ ¢
niskom koncentracijom DO X HVWXDULMX ULMHNH tUNIR SRUDMWRI
ELRGRVWXSQH IUDNFLMH VORERGQL LRQL L SUHOD]D Wtk
RUJDQL]PH 6XQGD HW DO NDR aWR MH SRND]DR
2009a). No organski ligandi koji imaju visoki afinitet za vezayedominiraju u specijaciji

RWRSOMHQRJ &X %XFN HW DO 7L RUIJDQVNL OLJDC
XPLOQNRYLWR XWMHpX QD VXVWDY VSUMHpPDYDMXiUL XWMH

&X L RGUADYDMXuUL NR Q FHSp gUDRLLMH WORRIBRLUmQWRAEEX X R
mikroorganizme.
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4. Kratki rezime i zakljup FL

Raspodjela i specijacija odabranih metala u tragovima (TM) (Zn Cd, Pb, Cu, Ni i Co), te
QMLKRYR SRQDADQMH L VXGELQD LVWUDALYDQuarjaX X YRGH:
ULMHNH .UNH WLMHNRP GYD NRQWUDVWQD JRGLAQMD GRETL
,VWUDALYDQMD VX REXKYDUDOD Llnod MrgdnskéyMupljikR WR S O M H
'2& 32& WH RV Q R&e@iskih IdokagatdlR (salinitet, pH, otopljekisik,
WHPSHUDWXUD D X]JRUNRYDQMD VX SURYRVYHQD X WUL NI
morski). Voltammetrija s akumulacijom (anodna i adsorptivha katodna) bila je primarna
DOQDOLWLPpND WHKQLND GRN MH |]D VSHFLKd pasivibX NRULAaW

uzorkovanja temeljena na principu difuzijskog gradijenta u tankom filmu (DGT).

.RQFHQWUDFLMH 70 QLAH VX X ULMHFL .UNL QHJR X YRGI
RPRIJXULOR LGHQWLILNDFLMX SXWHYD L SURFH¥D NRML

SUHUDVSRGMHOX 70 X FLMHORP HVWXDULMX 1HNRQ]JHUYD
HVWXDULMD XRpPpHQR ]D YHULQX 70 XJURNRYDQR MH SULP
ALEHQVNRJ |DOMHYD 'HWDOMQR APDSLUDQMHS3 IDOMHYD SI
poGUXpMD V QDMYL&ARP NRQFHQWUDFLMRP 70 3RND]DOR VH (
HVWXDULMX WLMHNRP OMHWQLK PMHVHFL X LIUDYQRM YH]L
YH]IDQL VX ]D RWSXaWDQMH PHWDOD L] SiWrgngpXrRIMWD aWDMQL
GXEOMH WOFRMHYBWMPN3GXOMH YULMHPH |DGUADYDQMD PRU

uzvodni porast koncentracije TM u morskom sloju.

Vrlo dobro slaganje vertikalnih profila DGIabilnih i otopljenih koncentracija TM ukazuju

GD VH '*7 WHKQLND PRAaH XVSMH&AQR NRULVWLWL ]D RGUH
koncentracija TM u estuarijskim uvjetima. Udio D@bilnih TM odraz je njihové&emijske

specijacije (primarno vezanja s prirodnim organskim ligandima), te varira od > 90% za Cd,

GR ]D &X DOL RYLVDQ MH WDNRYHU L R HdahvadeUX NRQFH
Voltammetrijska specijacija Cu pokazala je prisutnost dva tiyganskihliganadakoji

stvaraju jakel(1, 9.6 < lod<1< 11.9) odnosno slabé&A 7.8 < lod>< 9.9) Cu komplekse.
Koncentracija slabijih organskifganada(L.) u korelaciji je s koncentracijom DO& te je

YHUD OMHWL QDMY MHUR M D #iyhostiHK§cendra§jR MdthadnipidneE LR O R & N
&X YUVWD NRMD MH QDMYL4H ELRUDVSRORALYD SUL RNRO
kompleksiranjem s jakim ligandimal( =D YHULQX X]RUDND L]JUDpXQDW
VORERGQRJ &X EODJR 2y B & Dbl L MHGQHFRHDWX WIEBAN W8Hd YULMHG (
VX UH]XOWDW XSRWULMHEOMHQRJ QDpLQD L]JUDpPpXQD L QH ¥
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1. Introduction

1. Introduction

Trace metals are nafiegradable constituents present in aquatic environments, unlike organic
compounds, which undergo degradation by biological or chemical processes. Metal pollution
can occur in rivers, estuaries, and coastal zones by anthropogenis $&ancelustry, traffic,
agriculture, waste waters disposals, fossil fuel burning, and tourism. Natural concentrations of
trace elements that are of prime environmental concern are very low, so the lower the actual
metal concentrations ithe more critial for the ecosystems even small anthropogenicetal
additions. The research focusgenerallydirectedtoward metals having known biological
functiors (e.g. Fe, Cu, Zn, Co) or being highly toxic (e.g. Hg, Cd, As, Qug to their very

low concentratias in natural waterseliableanalyticaldeterminatiorof trace metaldemands

expert knowledge and experience

The total metal concentration in an aquatic environmesssentiallydistributed between
particulate and dissolved formBhis fractionations purely operational and is defined by the

filter cut R 11 RU . An approved fundamental statement is that the reactivity,
transport, bioavailability and/or toxicity for micarganisms in natural waters are dependent

on the speciation of traceetals(Tessier and Turner, 1996)letals such as iron (Fe)ine

(Zn), copper (Cu), nickel (Ni), and cobalt (Co) are the essential micronutrients for marine
phytoplankton, which control primary productivity. Consequently, these metals have a major
influence on the global carbon cycle atidis play a key role in regulating global climate.
However, the availability of these metals to the biota is governed by the distribution of their
chemical forms, i.e. speciation, whereby trace metals are bound by drganéts that may

reduce or enhance metal bioavailability, depending on the metal and the resultidgaredal
complex. Organic ligands are defined as molecules that can bind to, and form a stable complex
with, trace metals in the dissolvptasgtypicaO O\ P RU P 6R WKH W]

concentration, as well as its speciation, is of utmost interest

Understanding the behaviour, fate, and impact of trace metals on the natural ecosystems is of
great interest, even if it is still very complexedto the numerous factors controlling their
biogeochemistry, especially in estuarine environments where a large difference in water
composition exists, which influences both physical and chemical changes of the trace metal
distribution and speciation (Melt et al, 1996). In estuaries, partitioning and speciation of
trace metals, are influenced by changes in the physical parameters and biological activity,
through different processes like complexation, sorption, absorption, flocculation,

precipitation, andlissolution. Trace metal behaviour in estuaries is complex, and its gradient
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Is ascribed to the relationship between concentration and conservative parameters, such as
salinity. Depending on the metal characteristics, as well as the ploy=oacal,
hydrodynamic and environmental (e.g. pollution) conditions, conservative and non
conservative behaviour may occur. Naonservative behaviour of trace metals in the mixing

zone of the estuary, occurs due to variations in ionic strength, adsorption and &iahpgitc

In natural waters, the inorganic speciation of elements is known and predictable, and the
challenging task is to understand the interactions between metals and natural organic matter
(NOM) (either of mainly terrestrial (coastal regions), or altbonous origin, produced by
micro-organisms in the water column) (Bruland et al., 2004). Due to the very low
concentration of metals in seawater, (down to pM level) and experimental limitations in
separating, extracting and measuring the different rnetaplexesdefined by theletection

limit), an alternate, indirect approach for the characterization of +oegahic ligand
interactions is usually practiced. It is based on the titration of the sample, with the target metal
at the natural pH (Brulandt al., 2004). The most widely spread are the electrochemical
techniques because of their good selectivity and high sensitivity: anodic stripping voltammetry
(ASV)(3ODYaLuUBHMRPDQRY L a996¥8Baiér et a.2004) and competitive ligand
exchange adsorptive cathodic stripping voltammetry (AdESV) (van den Berg, B9;

Buck et al., 201R As a result of electrochemical titration, a set of complexation parameters,
ligand concentrationd.{), and conditional stability constants ), are olained, and further

used for the calculation of trace metal speciation

An alternate speciation methodology in recent years has been the technique of passive
sampling that is based on the diffusion gradients mfilnn (DGT) (Davison and Zhang, 1994,

2012). Itis a robust technique that is used to determine the dissolved free metal ions and labile
metal complexes, which represent potentially bioavailable metal forms. By using-@@@lex

as a bindingesin, DGT can determine 24 elents, among which Pb, Zn, Co, Ni, Cu, Cd, Al,

Mn, Fe, CrandU are of environmental significance (Garmo et al., 2003). There are a few
studies in which the DGT technique is used for trace metal speciation in estuaries (Dynn et al.
2007; Warnken et aR004; Forsberg et al2006). The advantage of using the DGT technique

is itsin-situ application. In this way, the change in original speciation is prevented, which is
usually the problem in classical speciation analysis in laboratories. In addition,xSTise

are deployed over an extended period of time (from a few days to approximately two months),

the obtained DGAabile concentration is the average concentration during the deployment
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period (memory effect). This overcomes the problem of, e.g. episodtamination, which
could not be spotted by the classical discrete sampling/speciation methodology

Objectivesand scope othe work

The objective of this work is to explore the influenagiethe variable physicohemical
conditions that exist in stratified estuaries (like the Krka River estuary) submitted to seasonal
anthropogenic pressuit®y touristic boat traffic (e.g. antifouling paint, sacrificial anode), on
the behaviour and fate of trace metdycombiningdifferent analytical and modelling tools

(e.g. sample titration, with additions in logarithmic maahel voltammetric measurement of

the labile metal fraction, followed by the modelling of metal/organic matter interactions), the
main proces controlling spatial/temporal variability of metal content and speciation will be

better understood

Both temporal and spatial field observation studies are expected to provide information on the
dynamics of trace metals in the water column. The distoibuif metals among particulate

and dissolved phases will be examined in relation to the sharp vertical salinity gradient (salinity
change about 30 in 0.5 m). To accomplish this goaintiséu dynamic speciation technique,
Diffusive Gradient in Thin fins (DGT), will be exploited as a comparative technique to the
classical sampling and analysis in the laboratory using electrochemical techniques.
Electrochemical techniques, anodic stripping and adsorptive cathodic stripping voltammetry,
will be used for malytical purposes. In addition to trace metals, natural organic matter will be
characterized by the content of dissolved organic carbon. Due to the very clean water
environment, with concentrations of studied metals gipklevel, clean handling and analysis
protocols will be strictly followed in all stages of the work. Electrochemical speciation by ASV
will be performed for copper by means of titration experiments, from which binding properties

of copper with natural organligands will be determined (copper complexing capacity)

Detailed field work examinations, laboratory experiments, and speciation modelling should
provide answers to some key questions regardingbétaviourof trace metals in the
conditions prevailing in stratified estuaries, e.g. the mechanisms of vertical/horizontal
transport, the regulatiasf partitioning in terms of natural/manmaideut oftrace metals, the
identification and characterization of the joracomponents regulating the physical
fractionation and chemical speciation of trace metals, and the regulation of trace metal
bioavailability.
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2. Literature overview

2.1.Metals in aquatic environment

Metals are natural constituents of every compartment in the environment. Practically all of
the metals from the periodic table occur in broad variety of concentrations and forms in
natural waters.
According to concentrations basic classification of metals in the water:

a) major componentsf seawater metals in concentrations greater than 1 ppm

b) minor componentsmetals in concentrations lower than 1 ppm

c) trace metals metals that occur at picomolar nanomolar level.

Metals could be essential for organisms as nutrients (Cu, Zn, Ni, M@n@doduld become
toxic in concentrations when they exceed critical limits. Most of the trace metals are highly

reactive and important in biogeochemical cycles.

The toxicity, fate and transport of metals could be determined by their individual physico
chemical properties. To understand thHehaviourin the environment it is not enough to
know the total concentration. It is important to know in what form metatsiroand to
understand interdependence of different processes (biological, physical and chemical) in
order to predict theipehaviour

2.1.1. Definition of terminology: heavy metals, toxic metals or trace metals

7KH WhedPnfetals LV DS S O kge GroMy Rf &enebts that are biologically and
industrially important. For long time this was the most widely used and recognized term for
elements, based on their density. According to different density, from 3.5 ¢an? there

can be misunderstandimgn definition for heavy metals about which metals are heavy
PHWDOV )RU GHVFULELQJ SROOXWLRQV DQG WR[LFLW\ D\

collective name for a group of elements that are environmentally important.

Another term that is quittR IWH Q »Xdmétsv3 7KLV WHUP LV HYHQ OHV
because all trace elements could be toxic to living organisms if they are present in excess,

but many of them are essential in small concentrations for the healthy growth of organisms
(Cu, Zn Cr, Mn, Co).7 KH Wtidééknetals LV EURDG H[SUHVVLRQ WKDW HP
morethan on specific properties and inclsdferent elements (like semi metals as Sb and

As) (Hubner et al., 2010)
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2.1.2 Trace metals in natural waters

Most of the netals occur in natural waters at trace levels. Their low concentration in water
does not mean that they are present at low levels in rocks. For instance Fe, Ti and Al are
present in natural waters as trace elements and in rocks they occur as major eRaasots

for describetbehaviour LV WKHLU ORZ PR EsugdceV(Gdillsydetald., POD3). W K TV
Trace elements are sensitive indexes of human impactdeahto global scale. That is why

it is important to understand thehaviourof trace elemts in geological processes, during
chemical weathering and transport by waters. By transport processes and weathering trace
metals get more fractionated than major elements. That fractionation helps to better

understand nature and intensity of these meee

The amount of trace metals in river depend on their mobility during transport and weathering
and their abundances in continental crust. In hydrological system ultimate source of trace
metals is continental crust. In the river basin trace metalsl @aumhe by rock weathering,

wet and dry atmospheric deposition or by anthropogenic activities.

Diagram n Fig. 2.1compiles sources of metals, both natural and anthropogenic, in aquatic
environment. The atmospheric input of trace metals is significardrding to abundare

of trace metals in rain and aerosol solubility. In hydrological system there are a number of
potential point and nepoint sources of metal. Since the beginninthetwentieth century,

the industrial revolution has caused a drastitcdase in the exploitation and processing of
metals, resulting in their release into the environment and release of associated elements with
no economiwalue (Gaillardet et al., 2013Release of metals could be associated with the
use of trace metals mwater treatment, fertilizers, pharmaceuticals, paints. For many trace

metals anthropogenic contributions from different sources far exceed natural levels.

Particles that are transported by large rivers represent complex mixing of primary minerals,
clays, carbonates, oxides and biogenic remaldferent studies have confirmed ath
adsorption processes control the levels of trace elements in large rivers (Shafer et al., 1997;
Smedley and Kinniburg, 2002; Wen et al., 1997)

The determination of concentratis for different trace metals in river water is facilitated in
particular by technical advances of ionic coupled plasma mass spectrometry (ICP MS). That
technique provides rapid measurement for a large number of metals. It is needed to measure
trace metda in order to better understatiteir behaviourduring weathering, transport and

for investigaing pollution and toxicolomal studes
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Figure 2.1. Trace metal pathways to the aquatystem (Gaillardet et al., 2013)

In river water concentrations afice metals span over 10 orders of magnitude, similar to the
range of crustal abundances. The abundance of trace metals in river waters depends on their
mobility in weathering and transport processes and on continental abundances.
Characteristic of trace emals in waters is their dependence on chemical conditions
prevailingin the river (Gaillardet et al., 2013)obility of trace metals in river waters is
result of a complex combination of different factors like their water solubility, the input to
the sysem of no weathering sources like atmospheric of anthropogenic sources, the ability
of the elements to be complexed by fine colloidal material and their affinity for solids (co
precipitation, adsorption, solubility equilibrium). Owing to the global presgsy
contamination of the atmosphere by anthropogenic emissions it is not easy to estimate the
natural input of trace metals to hydro systeimst rain is significant source of metal
transported by the rivers. Dependence of concentration of the trace metaér water on

pH and other chemical variables could be explained by the pH sensitivity of colloids stability
in the aquatic system (Elbd&oulichet, 2005; Huser et al., 2011; Vasyukova et al., 2012).

Studies in estuaries have shown that flocculatoagulation and degradation of colloidal
material controls thbehaviourof metals in the mixing zones between fresh and sea water
(Biati and Karbassi, 2010; Biati et al., 2010)
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To separate trace metals from major and minor metalatural waters corcentration of

— PIR'@ chosenTrace metals can exist in different physical and chemical forms. The
simplest distinctions on particulate and dissolvedforms This operational definition is
EDVHG RQ VHSDUDWLRQ E\ ILOWMW.UVY SRUH VL]HV —P RU
In particulate forms metals could be:

a) adsorbed onto particle surface

b) incorporated within particles of biogenic origin

a. incorporated in the matrix of minerals (i.e. aluminosilicate minerals) o

b. co-precipitated on other antigenic minerals.

2.1.3. Trace metals in seawater

The concentrations and distributions of trace metals in seawater are controlled by a
combination of different processes, such as external sources of trace metals that are delivered
by rivers along sea boundaries, windblown dust fromiseid and arid continental regions

and hydrothermal circulation at mid ocean ridges. Trace metals could be removed from
seawater with processes that include active biological uptake and passive scavenging onto
living or nonliving particulatematerial (Buland and Lohan, 2013Particulate material is
usually internally recycled in the water column or in surficial sediments (sink of trace metals

is generally marine sediments). The concentration of metals in seawater is ranging over 15
orders of magnitudfom most abundant cation &ksodium (concentration 0.5 mof)Lto

iridium that is present at much lower concentrations (~M5% (Fresco et al., 1985)

In surface seawater, a major fraction of many trace metals, especially those that are bioactive
like Zn, Cd, Cu or @ are present as chelates with strong raeitadling organic ligands.

Good correlations among trace metals are reported from a numbaethofs (Hatje et al.,

2001; Shynu et al., 2012; 1994; Walli&ersanach et al., 2009).

Various solublecomplexes and potential colloidal forms are incthdedissolved metals.

The chemistry antbehaviourof many trace metals in the water column is dominated by
complexation, biological assimilation at uptake sites on cell surface and adsorption on
surfacesites of suspendegaharticles (Hering and Morrel, 1990). In seawater trace metals
could be grouped in categories according to their distribution and chdmeicaliourin
seawatecolumn(Bruland and Lohan, 2013)
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1)

2)

3)

4)

5)

2.2.

Conservative type Metals with this type & distribution interact only weakly with
particles. Their oceanic residence time is greater than mixing time of the oceafs (~ 10
yr.) and concentration is maintaining relatively constant ratio to salinity. These metals

are involved in the major biogeochigal cycles of particle formation and destruction.

Nutrient type. Trace metals with distribution of this type are significantly involved in
the internal cycles of biologically derived particulate material. Their concentrations are
lowest in the surface waits where they are assimilated by phytoplankton or adsorbed
by biogenic particles. In the subsurface waters concentrations increase as sinking
particles undergo decomposition or dissolution. Aging of water causes increase of
concentration along the flow fheof water. Their residence type is intermediate from a

few thousand to one hundred thousand years.

Scavenged typeProcess of surface adsorption that is followed by particle settling is
known as scavenging (Turekian, 197Characteristic of trace metaisth this type of
distribution is strong interaction with particles and short oceanic residence time-(~100
1000 yr.). Concentrations tends to be maximal near major sources like atmospheric dust,
hydrothermal vents, bottom sediments or rivers. With gadce from the sources
concentrations decreasing along the flow path of deep water due to continual particle

scavenging.

Hybrid distribution . Several trace etals like copper and iron shadistributions that

are influenced a lot by recycling and intensav&nging processes.

Mixed distribution. Trace metals that exist in various chemical forms have

substatially differentdistributions.

Organic matter in natural waters

To describe hydrocarbon compounds of natural origin (other than living orggnésmd
DOQWKURSRJHQLF VA\VWHP WKH WHUP 3RUJDQ Ldve®OWWHU"
— Blass fibre filtent is possible to distinguish dissolved OM (DOM) from particulate OM

(POM). DOM is present in all aguatic environments and creates ohe targest pools of
UHGXFHG FDUEsuGc® @leddeb &K e, 1995). In freshwater organic matter

could exist in form of dissolved molecules, colloids or particles. It is very important in global

biogeochemical cycles of C, N and P (Carlson, 208 in oceanic carbon budgets
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(Hartnett and Devol, 2003; Hedges, 1992). The concentration &fl DOriver waters
exceeds those of the dissolved trace elements and represents a major commwgantoof
matter in river waters (Wells, 2002). It could anigte from a range of sources, it could be
formed in water due to the microbial degradation or it could come from soils and rocks by
weathering, urban waste water, atmospheric inputs, human activities (Hudson et al., 2007).
The majority of organic carbomithe oceans is in the form of dissolved organic carbon
(DOC). DOC represents one of the largest active organic carbon reservoirs in the biosphere
(Amon and Benner, 1996). Amount of DOC in the oceans could be compared with the
amount of CQ@ carbon in the tmosphere (Mannino and Harvey, 2000). In the upper ocean
and in the coastal zone concentrations of marine DOC are the highest. Characteristic
concentration in surface waters of open ocean are 60 M and in the coastal zone they
FRXOG JR X\, aMiRhen rapidly decrease within a few kilometres of shore (Vlahos

et al., 2002). The majority of DOM consists of humic substances and in a lesser extent of
IXOYLF VXEVWDQFHV '@ARPEDN HW -Bu@ic fraction with& kidv@ VLV W R
molecularclass of compounds, like carbohydrates, polysaccharides, lipids, amino acids,
proteins and resins (Piccolo, 2001) and a humic fraction that is defined as a category of
naturally occurring biogenic, heterogeneous organic substances of high molecular weight
(MacCarthy et al., 1990). Humic substances could be separated according to solubility into
three components: humic acid, fulvic acid and humin (McDonald et al., 2004). Variations in
concentration of organic carbon in river waters reflect terrestrial stmyaychanges and their

export into the ocean have effect on ocean carbon budget and cycling.

As estuaries are highly dynamic systems that are an obligate pathway for material between
rivers and sea, biologically reactive fraction of the riverine organttemeould be almost
entirely mineralized (Hopkins et al., 1997; Moran et al., 1983e estuaries DOC exhibits

a linear distributioras a function of salinitythat suggests conservative mixing (Abril et al.,
2002; Avery Jr. et al., 2003; Dai et é€2012; Dixon et al., 2014). DOC from river water
contains significant labile fraction that is highly variable (Moran et al., 1999). Conservative
DOC behaviourcould be attributed to presence of simultaneous sources and sinks, so net

changes in bulk conceations is small (Moran et al., 1999; Raymond and Bauer, 2000).
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2.3. Coastal environments- Estuaries

Basically, asemienclosed coastalonewherefreshwater from rivers mixes witkeawater

is called estuary. Estuaries were formed throughout thesgekrising and flooding of river
valleys. They represent major biogeochemical interfaces where flux of materials, dissolved
and particulateare brought from the land to the sea. Over the deposition of river material,
coarse grained sediments are depdsitear the mouth and finely grained sediments are

taken further away. Estuarine regions are dynamic both physically and chelffcalB.2.

Adsorption on TMZ
particles / desorption from
seaward-advecting particles

Turbidity
maximum

Figure 2.2 Schematic representation of majaopesses in the estuary

The esult of fresh and seawatearixing is formation of a sharp gradiewf different
parameters like salinity, temperature, pH, dissolved oxygen and concentration. Different
temporal and spatial variability in the estuary have a huge influence on phisicocal
conditions and processes. €de processes are mostly biogeochemical, ldaption,
flocculation or redox cycling afontaminants (Millward and Turner, 1998jirculation and

mixing controls the degree of vertical stratification. That depends on the proportions of
riverine and tidaforcing. During estuarine mixing two neliological and counteractive
processes occur: desorption of metals from particles and the flocculation choretzies

from solution. As seawater weights about 2.5% more than the same volume of freshwater,

seawateis flowing in bottom layer in opposite direction from freshwater at the surface layer.
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Despite strong density stratification these two types of water are often mixed. This mixing

is dependent on the different hydrodynamic and morphologic characterispestioular

estuary

2.3.1. Main types of estuaries

Estuaries could be classified according to different structures like topography, salinity,

waves, tidal influence and etc. The main mechanism that is responsible for mixing, is flow

but therearealso dher processes that have great influence like tide, wind or waves. Tide

represents an important force that causes turbulence and mixing in the estuary. Wind is a

powerful force only when the difference between high and low tide is small. It has great

impad on the shallow estuaries, especially those with large open areas. Internal waves that

affect mixing are generated under influence of wind. Due to the significant differences

between the tides it is possible to have stronger mixing. By reduction tflhdifferences,

mixing becomes weak and stratification is formed.

According to different types of mixing, estuaries could be divided on:

a) Salt-wedge estuaryMixing on the border of freshwater and seawater causes intrusion

of saltwater into the surfacayer with an increase in direction of the sea. Minimal
mixing of salt and fresh water forms a wedge that is the thickest part of the seaward,
and decreases toward the mainland. Due to the minimal mixing of the water, a sharp
change of salinity is formedlong the verticalepthprofile (e.g.Mississippi, Rio de

la Plata, Ebro .UND 5DA&aD F(Big.2.Q) dpending on the flow of the river
shapeof thewedge couldechange. These systems are highly stratified during high
tide, when the seawater cemin the shape of a wedge, and during dry periods wedge
shape may disappear. The water at the bottom is rich in nutrients tiz¢@due to
decomposition of plant and animal remains and causing a stimulation of biological
production in the estuary. V€h organic and inorganic particles that are transferred by
rivers come into contact with salt water they tend to flocculate and precipitate. After
sinking from the upperlayer, material is carried upstreamby salt wedge
Decomposition of organic matter tsato the occurrence of even more nutrients within

the estuary. Inorganic substances are deposited on the bottom, they enrich sediment
and allow the growth of plants in the seawater. In areas where the circulation within
the estuary is strong enough to mm deposited sediment, leaving a stony/rocky
bottom, rooted plants are replaced by algae that can grow on these surfaces.
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River == S = 0.1 % }

Phytoplankton floats freely in the water rich with a large amount of nutrients,
especially near the river, grows quickly and provittesd for zooplankton. As this
community is carried downstream, dead organisms and animal faecal pellets sink to
the bottom and enter in the "wedge" and they could be carried back to the river. Due

to their decomposition water is richer in nutrients.

Lower-salinity. low-density river water flows over
Cross sertion the top of the higher-salinity ocean water,
| e ) —> 5% 7 — 10 % &

) 2 P ] e

Aerial view

mass of salty water that flows

Ocean water forms a wedge-shaped
upstream along estuary bottom.

River and ocean water gradually mix
along length of an estuary, creating a

gradient of increasing salinity.,

Figure 2.3 Schematic representationtbk salt-wedge estuary

b)

Highly stratified estuary. A highly stratified estuary occurs when a range between
high and low tide is small. Their characteristic is dominant influence of river flow with

a great interferencdue to the tidal currents (in large, turbulent rivers mixing of water
column is stronger) and sharp halocline that sepaved¢er column on upper and
lower layers. The salinity in the surface layer increases towards the sea, while the deep
layer retains tathe previous salinity. Stratification in these estuaries are similar to the
salt wedge estuary, but remains strong during the tidal cycle, like those in other fjords

and estuaries where the depth is > 20 m.

Partially mixed estuaries In shallow estuariethe volume of water that flows in and

out of the estuary on the tidal cycles, creates strong currents in the saltier layer due to
WKH YROXPH RI ZDWHU LQ WKH 3WLGDO SULVP" WKDW
mixed estuaries are nutrient trapsitients are brought to the estuary by freshwater

or sea water. From the fresher surface layer particles sink into the saltier layer and
subsurface flow carries them. The deep salty current mixes then into the upper layer

with mineralized plant nutrient$hese estuaries are generally very productive.
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d) Vertically homogeneous estuary (urstratified). Characteristic of wstratified
estuary is the dominant tidal currents as opposed to river (ffagv 2.4) Water is
mixed well without major changes in salinity the vertical water column. Gradual

increase of salinity appears in direction from river to the sea.

Figure 2.4.Schematic representation of vertically homogeneous estuary

2.3.2. Processes in estuaries

Physical processes in estuary could be divitethose related to transport and those related

to sedimentation.

a) Hydrodynamis
Severafactorssuch adbathymetry, bottom roughness, wind, diffusion and boundary
conditions (ex. tidal amplitudeshave an influence in determination of the
contaminants trasport in the estuarBeside the mass transfer that is caused by the

primary circulation, secondary currents could be created due to the tides.

b) Topography
In the estuary topographic features interacts with flow (a tributary junctions, bends,
capes, deepoles and shallows) and lead to formation of secondary flows and waves.
Internal waves are significant feature that appear due to the topography of estuary.
They occur due to longitudinal flow over a shallow area and can lead to additional
mixing. Topograpical features in the estuary may have a significant role in

enhancing the mixing atispersion (Dyer, 1989)
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c) Salinity
Salinity can inhibit vertical vortices due to the vertical gradient and may effect on
sediment transport through increased flocculafidrat is why the knowledge about
salinity distribution is necessary. Middle layer is often called intermediate layer (the
boundary between river and sea water) and it shows a trend that agrees with average
river flow. Appearance of stratification and-deatification in the estuary are very
important processes for the contaminant transport and the flow of river water.

d) Wind
Wind is significant due to the changes that induce. It aftbetsea level, currents
and stratification, gpecially in shallow estuias.

2.3.2.1Sedimentation processes

Sediment in the estuary is formed from inorganic and organic particles that come to the
estuary by river and sea water. "Salt wedge" that floats upstream along the bottom also brings
sediment to the estuary. This maythe same sediment that the river has passed downstream
and deposited on elsewhere in the estuary or suspended particulate matter originating from
the ocean. Suspended sediment may occur in the estuary from the growth of phytoplankton
and excretion fromm@anisms or erosion of sediments. An important process in the estuary
is the flotation process. Aggregates are formed from the particles under the influence of
salinity changes that affects the rate of deposition on suspended solids. The amount of
suspende particles in the estuary varies depending on the oscillation of tidal and seasonal
factors. The combination of erosion and deposition affect the transformation of alluvial
estuary and indicates the dynamic of the process. Variation in the flow rateacse c
sediment resuspension by increasing the concentration of particles suspended in the water

column.

2.3.22 Chemical processes

Chemical processes such as the formation of precipitates, sorption in suspended sediment
and degradation, determine the disition of contaminants in the sediment, water column

and atmospherfig. 2.5) Salinity plays an important role in defining the structural and
functional characteristics of wildlife in the estuary. Changes in the ionic strength of water
are important fochemical processes in the salinity gradient. In seawater, the ionic strength

is stable, however determination of macro constituents and total salinity are based on the

concentration of one of the major constituents. When the river water and seawaigedre m
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in the estuary, the question is what the ionic strength is and what is the lowest salinity at
which Knudsen rule still stands. A change of the particles charge in water that occurs at a
critical salinity of 58 is one of the most important physicalepbmena in the salinity
gradient (Telesh and Khlebovich, 2010). It results in different sedimentary formations on
both sides of the critical salinity due to increased flocculation that affects the physical
properties of water such as transparency (Khlethp\i990). The salinity gradient from 5 to

8 is formed in the nucleus of the estyayd the chemical, physical and biologicalqesses

show no linear dynamic.

Freswater
Seawaterinterface Horohalinlcum
0, CO+HKDIE, K+H
Riverborne Osmoticstress N\
biota Solubleorganic > NH; ENO, BNG,

™ Plasmolysis—»|  material

\ Particulate

organicmaterial

—)| Bacteria \)
Washout

_ - | Cilates |——>

Rotifers \ D;V'nstream

Copepods
Cladocerang

Advectionof
stenohaline
marine biota

0.1 0.2 . 0.5 1 3 5 15
Salinity

Figure 2.5. Biological and chemical processes that occur in the zone of low salinity in the
estuary (McLusky and Elliot, 2004)

There is no linear relationship between chemical species in traces and salinity due to the

different processes that affect their concentration during route through the ésiga?2y6)
Processes that affects dissalvsubstances:

a) Photosynthesigeads to the formation of carbohydrates for feeding the cells and
release oxygen

b) Adsorption and desorptiorsubstances could be removed from the estuary by
adsorption on the particles and desorption with the particles r@tdaces
adsorbed Ca
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c) Coagulation a charge of suspended particles could be neutralized by adsorption
of ions that are present in water and allowed by Van den Waals forces. Deposition
of bigger particles that are formed.

d) Deposition- larger particles areleposited through the water column into the
sediment by removing adsorbed species

e) Reactions in the sedimenany substances are thermodynamically unstable (ex.
organic material) or become like this in the sediment (e.g., metal oxides). New
minerals maybe formed (ex. pyrite). These reactions are the reason why the
sediment pore water may have a different composition of estuarine water above

the sediment. Concentration differences lead to exchange of substances between

the sediment and estuarine wateptlgh diffusion or resuspension.

Figure 2.6.Processes in the estuary

The distribution of chemical species affects biological processes and biological productivity
in the estuary. In many estuaries there is a significant anthropogenic influence ofathemic
species either directly or due to the river inflow. There are complex interactions between
chemical, biological and physical processes in the es(kagy2.7) Since estuaries are time
variable systems with characteristic topography, circulationesidence timéehaviourof

chemical constituents varies from estuary to estuary.

Mixing process in the estuary leads to continuous variations in salinity that corresponds to
the important variables of physical and chemical reactions and ionic strengtangrad
Concentrations in water depend on the geology of the environment and the various
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processes. Major constituents in seawater have a concentration gradient in the same direction
as salinity. Micro constituents are usually present in higher concengahonvers in
comparison to the sea. The concentration of dissolved substances in the river varies, but is

generally between 2600 mgL ™.

Salinity (lonic strength)

' composition mixing pH 5

River water Sea water
Salinity (lonic strength)

3 composition pH »

. Dissolved material
particles

Dissolved material
particles

Isolated water

Ay

—» Redox boundary
(oxidizing - reducing)

Estuarine sediments
*+ —» Exchange

Figure 2.7.Chemical processes in the estuary

The pH of coastal waters is usually around 7.8 or slightly higiter.pH of the river water
varies from acidic water to water with high alkalinity. Extremes are possible but in the
estuary pH is usually between 7.3 and 8.4. Changes of pH with mixing are nonlinear and

additional changes could occur due to primary pradoand respiration.

Oxidation and reduction processes in water represent impphtgsicechemical variables.

In the presence of free oxygen, at concentrations of saturation natural waters are oxidizing
medium. The decomposition of organic matter thahainly caused by bacteria is oxidation
process. At low concentrations of oxygen, nitrate could be used as terminal electron
acceptors. Some ions can be reduced in conditions of different redox potential that can occur
in aqueous systems due to differamounts of oxygen present. After the exhaustion of
nitrate,sulphatesare used for the oxidation of organic matter. Due to the large amounts of
organic matter in sediments of the estuaries, changes in redox conditions from oxidation to

reduction are oftermmediately below the sediment and water border.

Most of the major elements are present in higher concentrations in seawater due to higher
salinity. However metals like Fe, Al, Mn, Zn, Cu, Co, nutrients like P, N, Si and dissolved

organic matter hae usualy higherconcentration in freshwater.
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2.3.3. Trace metals in estuaries

In the estuaries trace metals typically occur at concentration less tHfaS E  L-1).J
Although this concentration is low, their influence is important as micronutrients and due to
their possible toxic effect. Metals fate and transport in the estuaries are controlled by a
variety of factors, from redox, ionic strength, abundance of adsorbing surdacesH
(Turner and Millward, 2002; Wen et al., 1998)ighly dynamic nature in asirine system

is characterized by strong chemical and physical gradients. This makes trace metals cycling
more complex in estuaries than in other aquatstems (Millward and Turner, 1995; Morrel

et al., 1991)

Interactions between particles and traceaiseare important icontrolling concentrations

of trace metals in estuaries. Intense mixing and ionic strength gradients can significantly
affect concentrations of dissolved and particulate metals in the water column through
processes such as sorptiosigtion, flocculation and different biological processes in the
estuarine turbidity maximum (ETM). Processes in estuaries that could change physico
chemical forms or distribution of metals are association/dissociation, adsorption/desorption,
precipitatioridissolution andaggregation/disaggregation (Cob&arcia and Prego, 2004;

Louis et al., 2009; Oursel et al., 2013; Waeles et al., 2009). They are strongly affected by the
abundance of inorganic and organic colloidal material (Dai and Martin, 1995; kil avel

Turner, 1995; Oursel et al., 2013; Santschi et al., 1997; Wen et al., 1999). In controlling
adsorption/desorption of trace metals there are important binding sites on Fe and Mn
oxyhydroxides, carbonates, clays and P®@ysical and chemical forceseacritical in
controllingthe binding of trace metals to particlerfaces (Santschi et al., 1997). On larger
scale internal processes and processes like storm events, tidal exchange, wind effects and
input from rivers also contribute to the overall gaotiing of metals in estuaries. Metal ion
adsorption enhance at a higher pH and decrease at a lower pH. According to Santschi
DGVRUSWLRQ HGJHV LQGLFDWH WKDW ELQGLQJ E\ FDWLR
OLNH"~ 6DQWYVFE Rhtreichefa@ehaviouiin estuaries great influences also have

particleparticle interactions that involves metal oxides, clay minerals and colloids.

The reactivity of metals in estuaries could be interpreted by plotting metal concentrations
along salinity gradint(Fig. 2.8) The simplest distribution pattern is a steady state with two
end member. Metal with conservatibbehaviouris the one that shows linear trend with

salinity.

35



2. Literature overview
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Figure 2.8. lllustration of steady state system with two eneimbers (Wen et al1999)

In the case when metal is showimgon-conservativédbehaviourthere is a net loss or some

20
Salinity

40

gain in the concentrations across a salinity gradient. Extrapolation from high salinities can

\LHOG DQ 3HIIHFWLYH ™ ULYHU F RCeRtta@iheRIMeadRQ\Wcoutd
infer and their total flux could be determined. In the case when £refals are behaving
conservatively. Characteristic of naonservativebehaviouris removal of the metal
(C*>Co) or addition within the estuary (C*< This model with two end members is

commonly used for estimation of river flux to the estuary.

Specific conditions are needed for application of conservatmaviourmodel. The river
flow, stratification and seasonality are related to the high véitiainiherent in these factors

together with their effect upon the metal concentrations in the end me(ivbehg! et al.,

LWK

2000). Salinity is representative variable of the mixing and dilution of the river end member

concentrations into the marine wateattns habitually more diluted (Elb&oulichet et al.,

1996; Nolting et al., 1999; Owens and Balls, 1997). Conservative behaviour was reported

for Cu in many estuaries like Amazon estuary (Boyle et al., 1982), Dungun River estuary

(Tahir et al., 2008)n Ob and Yenisey estuary (Dai and Martin, 1995) and in Rhone estuary,

Wanquan Eiver estuary and Wenchang/Wenjiao River estuary (Fu et al., 2013). Pb showed

conservativebehaviourin Rhone (Dai et al., 1995; Elbd&oulichet et al., 1996) and in
Yenisey estuar (Dai and Martin, 1995); Zn in Scheldt estuary (Zwolsman et al., 1997).

Behaviourof Ni is mostly showing conservatilsehaviouraccording to literature (Dai et al.,

1995; Fu et al., 2013; Hatje, 2003).
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Different factors like the ion exchange, variatidnamic strength, adsorption and biological
uptake could have influence on behaviour of trace metals in the mixing zone of an estuary
so they start to behave as Amomservative. Cu could behave also in4conservative way,

that was recorded in San Fraswm Bay estuary (Eaton, 1979), in Penze River estuary
(Waeles et al., 2008), in Sou#lastern U.S. estuaries (Windom et al., 1983), in Vigo Ria
(SantosEcheanidia et al., 2008) and other estuaries (Koshikawa et al., 2007; Nolting et al.,
1999; Owens and Ha, 1997). That behaviour could be associated to a slight increase of the
strongest ligand which implies both variablesveny during estuarine mixing as in Scheldt
estuary (Nolting et al., 1999; Van den Berg et al., 1987). Cd was showing non coneervativ
behaviour in different estuaries according to literature (Dabrin et al., 2009; Ethdizhet

and Martin, 1987; Owens and Balls, 1997; Tahir et al., 2008; Tang et al., 2002; Waeles et
al., 2009). Cd desorption could be expected in estuaries due tadehkord sulphate
complexation and effects of ionic strength. In Chitimers Co and Pb has showed non
conservative behaviour (Fu et al., 2013). Pb was found to behave ecomsgrvative
manner (Monbet, 2006; Tahir et al., 2008) and results showed thatyeist acting as a sink

for it. Co has showed neronservative behaviour in Mississippi River delta (Shim et al.,
2012).

Trace metals like Zn, Cu, Ni and Co are following spatial trendspeitbentagef organic

matter in the water column. Most of the ia rivers may be in colloidal form, that is critical

in the coagulation/aggregation removal processes of Fe in estuaries (Millward and Turner,
1995). Cd and Ni have a low affinity faolloidal matter (Dai et al., 1995). The limitation

on particlewaterinteractions due to the low particle affinity of Ni and its strong affinity for
DOM, Ni was found to be largely unreactive during mixing in Beaulieu estuary (UK) (Turner
et al., 1998). It was associated with colloidal materials in river and it was cahirgatdow
molecular weight materials with increasing salinity in the Ochlocknee estuary (Powell et al.,
1996).

Trace metals that are particle reactivay.(€b) or have a nutriefike behaviour (eg. Cd)

are typically removed from surface waters via apson in their vertical transport through

the water column. Hydrous oxides of Fe and Mn are important in the sorptive removal of
trace metals in estuaries (Perret et al., 2000; Turner et al., 2004). The distribution of these
carrierphase metals in estues, in lateral and vertical direction, is largely controlled by
particle dynamics contrasting to other metag(Cu, Zn, Co) that are more affected by
biotic uptake processes.
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2.4. Speciation of trace metals in natural waters

The geochemistry and bicailability of metals is controlled by their chemical speciation
(the distribution over various chemical forms/species). To prevent the confusion problem
about expressions, the International Union for Pure and Applied Chemistry (IUPAC) has
defined followingterms (Templeton et al., 2000)
x Chemical species specific form of an element, defined as the isotopic composition,
electronic and oxidation state and/or complex of molecular structure
X Speciation analysis- analytical activities of identifying and/or naa&ing the
guantities of one or more individual chemical species in a sample
X Speciation of an element; speciation distribution of an element amongst defined
chemical species in the system

When speciation is not applicable the term fractionation sHmrilased:
x Fractionation +process of classification of an analyte or a group of analytes from a
certain sample according to physical (e.g. solubility, size) or chemical (e. g.

reactivity, bonding) properties

On the speciation and consequently on the ntglaihd bioavailability strong influence have
natural and anthropogenic changes in environmental conditions. Natural systems are
dynamic and changes in conditions (episodic changes) affect concentrations and speciation

on a short term scale.

To specify thgphysicachemical form of a particular element of interest the term speciation
is usel. Speciation could be definedthree waygFig. 2.9)
¥, First wayis based on the physical attributes like size, density or electrical
charge. Methods for measurementtioése attributes usually are dialysis,
filtration or electrophoresis. These methods are known as fractionation
techniques. Fractionation may be dynamic like filtration or reflects
equilibrium conditions like dialysis.
¥, Second ways based on complex lialti}f and indirectly calculated size from
mass transport phenomena such as voltammetry. This could be defining as
kinetic speciation methods.
¥ Third wayis based on free ion activity or concentration at equilibrium that is
measured by ion selective electrodesechniques of equilibrating a solution

with ion exchange resin. These are equilibrium speciation techniques.
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Figure 2.9. Schematic illustration of three type of speciation: 1) fractionation; 2) kinetic
speciation; 3) equilibriumnspeciation (Lead etl., 1997)

Speciation of metal represents molecular form of metals under which they are transported in
hydro systems. For instance trace metals are transported in surface waters in complexed
forms. Organic or inorganicomplexesrepresent association ah anion and a cation or
neutral molecule. Measuring the concentration of an individual complex is rarely possible.
Most of the techniques for measuring trace metal concentrations give the total concentrations
regardless the speciation. Depending on tteé t@ncentration, pH, Eh conditions, the major
element chemical composition of the water or complexation constants of the assumed
complexes, it is possible to calculate the proportion of metals corresponding to the different
chemical forms. For predictioof toxicity and bioavailability it is crucial to know
concentration of the metal species. Specifically the toxicity of metals depends on their
chemical form in waters more than on totaincentration (Morrel and Hering, 1993)
Complexation inhibit or entmce adsorption on surfaces. In river waters organic ligands are
small organic weak bases like acetate or oxalate andnolecularweight humic acids that
contains carboxylate or phenolate groups. Complexation constants of trace elements in
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aqueous solutio could be determined with different techniques (potentiometry,
spectrophotometry, calorimetry, ion exchange, conductometry) (Nordstrom, 2003)

According to traditional definitions and methods, separations of differently sized metals in

natural watersar&« DVHG RQ D VLQJOH VSOLW LQWR 3SDUWLFXODW
fractionation of trace metal in continental waters depends on the pore size of filters. Due to

the presence of very small particles in solution that pass through filieys were
OSHUDWLRQDOO\ GHILQHG DV D FROORLGDO IUDFWLRQ
dissolved fraction (< 1 njn(Buffle and Van Leeuwen, 1992; Stumm, 1993)e dynamics

of colloids has big influence anodellingof reactive solute transport due to depemze of

toxicity on speciation, abundance anddwvailability of trace metals.

2.4.1 Complexesof trace metalsin natural waters

The concentration of metal ions [M] can be presented as the sum of the concentrations of

different physicechemical forms of ratal ions:
¥ ?L Y ¥2E-3: ?E-F. ?E-Y 304,080
[M™] - concentration of free metal ions (hydrated ion)
> 0 ; @um of the concentrations of inorganic metal complexes

> 0 /{@um of the concentration of organic metal complexes
> Bhrticled - SUM Of the concentrations of chemical species related to particles

In natural waters different types of ligands that complex with metals are present and they

could be divided into four basic groups:

% inorganic ligands OH, CI, CO:*, HCOs, SO

¥ organic ligands including simple organic ligands (such as acetates, oxalates, amino
acids) and macromolecules (humic substance)

¥, particle surface (érrnalsurface OHgroups of Fe and Al)

¥, surfaceof organisms, different biological membranes
Simple schme of interaction of metal ions (M) and ligand (L) shows the formation of a ML.

I E. N1\ GAZ G; 1)
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Where the association constant is marked wiflakd dissociation constant with. Erom
the relationship kand k it is possible to btain stability constant K.

>E R

- L SEPR?

L2 )

Depending on the association and dissociation rate of the metal ion complexes with inorganic

and organic ligands they could be divided into two main grdapge andinert.

Labile complexes are characterized by a dissociation rate constant. In voltammetry
measurements they provide only one peak (peak or wave) independent of the number of
ligands which are bound to the central ion. Due to the increased concentration of complexing
ligand, for the unchanged concentration of dissolved metal, there is a differerscoof
potentialin relation to thaedoxpotentialof free metal ions. It is possible to calculate the
stability constants of the complexes. In anodic voltammetry thétyabf the complex
depends on the time of its retention in the diffusion layer. This residence time is dependent
on the thickness of the diffusion layer, and can be changed by changing the stirring rate of

the solution.

Inert complexes are characteriZeyg the dispute dissociation. Measurements provide two
separate voltammetric signals. The signal on the positive potential corresponds to a reduction
of free and labile complexed metal ions, and that on more negative potential comes from the
reduction of irert complexes. As the complex is more inextpotential of reduction is more

negative.

2.4.2 Trace metals speciation in the estuary

In estuarine waters key processes is organic complexation of metals (Kozelka and Bruland,
1998; Louis et al., 2008; Shart al., 2004; Tang et al., 2001, 2002; Van den Berg et al.,
1987; Wells et al., 1998). Distribution and speciation of trace metals in estuaries depends on
their concentrations and on the concentrations of dissolved complexing ligands and their
associateccoordination sites on colloids and particulates (Kozelka and Bruland, 1998).
Across different estuarine systems number and role of important ligand classes that controls
the complexation of different trace metals is highly variable across differentiestuar
systemsZn and Cd are controlled by three ligand classes in Narragansett Bay (Kozelka and
Bruland, 1998), Pb is controlled by two ligand classes in San Francisco Bay (Kozelka et al.,
1997) and Narragansett Bay (Kozelka and Bruland, 1998) estuanieSu concentrations

of the stronger ligand classiflare equal or greater than total dissolved Cw]Cthis trend
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iIs commonly found in other estuarisgstems (Kozelka and Bruland, 199Bxperimental

and field measurements have shown that productidh pfby phytoplankton occurs in
response to [Cii] concentrations (Bianchi, 2007 case when [i] > [Cup], Cul; is
predominant specie. In estuary with anthropogenic metal inpus],[€auld be greater than

[L1], and weaker ligands pl. and [Ls] may beproduced by bacterioplankton/phytoplankton
WR 2EXIIHU  FemabiagHGu YEKrHon et al., 2000; Kozelka and Bruland, 1998;
Louis et al., 2009)Other studies have shown that the stronger binding ligands are produced
by microorganisms, while the weaikbinding ligands have more humibaracter (Moffett

et al., 1997; Vachet and Callaway, 2003). Some research has shown that typical range of Cu
stability constants aregK f=11-14andlogK %=8-10 (Coale and Bruland, 1988; Donat and
Van den Berg, 1992)n the case of the strong ligand class][IPb and Cu speciation are
controlled by dissolved and colloidal sized ligands in different regions of the bay. In all cases
the weak ligand classes were found in the collgittalsewith stronger more stable ligasd

in the dissolvegbhase (Muller, 1999)Pb is a notbioactive metal that is mostly bound in

the colloidal sized complexes and essential bioactive metals Zn, Cd, Cu are mostlinfo

the dissolved complexes.

2.4.3 Bioavailability and effect of competition

The aim of determining the speciation is to learn more about bioavailability. Free ions of Cd,
Pb, Cu and Alare the most toxic forms of metals in aqueous systems, but their toxicity is
reduced by complexation with natural ligands (Di Toro et al., Rd0Wwas found that Cd

toxic effect towards green algae shows variations depending on the season in a eutrophic
lake. To decrease toxicity of Cd (Mungkung et al., 2001) and Cu (Lorenzo et al., 2002)

humic acid could be added

Decrease of bioavailabilitgf metal ions happens in the presence of humic ligands (HL)
(Penttien, 2010)Reduction of toxicity in hard water can be explained by competition of Cd
and Ca. In the aqueous environment in term of concentration, cations responsible for water
hardness (Cand Mg ions), are significantly represented. They are competitive for the
binding sites as compared to Zn and Cd ions. Although this competition is not fully
explained, the available data suggest that it is one of the reasons for the dectieaise in
bioavailability (toxicity).

Different binding strengths exist due to the heterogeneity of natural organic substances
'aRPEDN HW . Bya discrete model they could be grouped on place of similar
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characteristics for the complexation in seawater. Tthese are binding sites that can be
defined as potential ligands (denoted hwith the lower concentration) and a weak ligand
(denoted by b, with the higher concentration). According to the current knowledge on
dissolved organitigands (Hirose, 1994}heir concentration in the seawater is arouril 1

nM for a strong ligand (1), and 2660 nM for a weak ligand (). The concentration of free

CuU** in seawater affects the reactivity of Cu that is directly linked to its relation to marine
microorganisms (Swa and Guillard, 1976). The concentration of free Cu2+ in the seawater
is calculated as the total concentration of Cu on the basis of the equilibrium model (Hirose,

2007), that is taken into consideration and the effect of Ca and Mg

The concentration diree Ci#* is steadily growing in toxic concentrations of Cu (greater
than 10 pM) (Sunda and Huntsman, 1995), wherein the concentration of total Cu exceeds
that of strong organic ligands. The concentration of fre& Sisteadily growing when the

Cu concetrations are toxi¢greater than 10 pM) (Sunda and Huntsman, 1,98bgrein the
concentration of total Cu exceeds that of strong organic ligands. The concentration of free
Cu?*in the lower valueglower than 10 pM) is within the range of the total Cana@antration

in seawater. With increasing of ligand concentrations, concentration of frédo@s is

shifted towards lower values. These findings suggest that a weaker ligand has a greater
influence than stronger ligand on decreasing of Cu toxicity inm@anicroorganisms. This
agrees with the knowledge that a weaker ligand dominates in the speciation of Cu in coastal

waters where Cu exists in higrmmcentrations (Donat et al., 1995)

Chemical model connected with the reactivity of organic ligandsattegiin the interaction
with trace metals is moderated due to the Ca and Mg complexation. In seawater, the
concentration of ligand is buffered by an excess of Ca and Mg. The concentration of free

ligands is regulated, at low values, by the change of totalestration of ligands in solution.

2.5 Determination of trace metals concentration and speciation

A number of techniques are available to measure chemical speciation and fractionation of
the metals in aquatic environments (Lead et al., 1997). Thebaidqaes have been
developed for determining the physical and chemical form and type of trace metals in aquatic
systems: electrochemical methods (voltammetry with the anode and cathode dissolution,
potentiometry), spectroscopic methods, ion exchange, értradialysis, ultrafiltration,
chromatography and computer modelling (Florence, 1986). It is not possible to determine
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all physicchemical types of trace metals due to the method specificity. Each method is
FKDUDFWHUL]JHG E\ WKH VR 'FZEOHIG PB B QW MKIRQ X LIDARN L

determines only a part of the distribution of trace metals

For trace metal speciation it is important to use robust methods as toxicity and mobility of
trace metals are connected to the metals speciation (Stuohid@ngan, 1996). The first
step in determining speciation of trace metals is to define a certain group of complexes that
needed to be determined. Usually they could be separated by physical shapes and by
chemical species. Physical shapes represent tratasnoennected to a variety of solid
surfaces (colloids, particular particles, different organisms, etc.). Chemical species include
various metal complexes with inorganic and organic ligands that are dissolved in solution.
Following requirements should lgeiided for selection of the method for determination of
WKH PHWDO FKHPLFDO WSHFLHV 1 UQEHUJ

X Ininitial composition of the sample make the least possible changes

x Between sampling and analysis delay should be minimal

x It should have possibility faetermination of the natural metal concentrations (nM,

pM)
x It should be selective for certain forms
X It is preferably to quickly determine at the same time more metals

X Low cost due to the need of a large number of determination

2.5.1. Voltammetric techniques for trace metal speciatiordetermination

Voltammetry techniques have provided a powerful tool for measuring the speciation of trace
metals at low concentrations. Most of the bioactive trace metals ararmaysedvith this
technique. Different forms arinvolved in different biological and geochemical interactions
and hence the cycling of trace metals within the ocean. Studies oimetaé speciation

have impact on ideas of the role of trace metals in biological systems.

Voltammetry procedures likenadic stripping voltammetry have been used extensively for
determination of metal concentration and for making speciation measurements in natural
waters (Buffle, 1988). It is possible to measure both, free metal ions and complex species of
trace metals. Toneasure metals in the complex, the complex must be labile and mobile. If
dissociation occurs in the time needed for the complex to diffuse through the diffusive
boundary layer that surrounds the electrode, criteria for lability is satisfied. Time needed f

dissociation is typically 0.1 seconds. Mobility is determined by movement through the
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ERXQGDU\ OD\HU E\ GLIIXVLRQ ,W LV UHODWHG WR WKH G
size of the complex. For standard laboratory electrodes, where cegpanse to the analyte
LV SURSRUWLRQDO WR WKH VTXDUH URRW RI WKH GLIIXVI

particles are effectively not measured, has been calculated to be about 50 nm (Buffle, 1988

With electrochemical methods like sensiti@eodic stripping voltammetry in differential
pulse (DP) mode it is possible study Zn (Bruland, 1989), Cd (Bruland, 1992), Pb
(Capodaglio et al., 1990) and Cu (Coale and Bruland, 1990). Broader group of trace metals
could be determined with another valtametry technique, adsorptive cathodic stripping
voltammetry (AdCSV) The application of AACSV for speciation studies includes the
addition of known ligand (AL) that creata competitive equilibrium with the natural ligands

for the metal of interest (Vared Berg, 1988). Neutral bisomplex could be formed with

the AL in most of the methods (Bruland et al., 2000)

Complexation oftrace metals with strong metainding organic ligands is important in
surface waters of sea. For instance in surface wateet gercentage of metals are
complexed with organic ligands: around 98%difsolved Zn in surface waters (Ellwood
and Van den Berg, 2000; Lohan et al., 2002), approximately 80% of Cd (Bruland, 1992),
more than 99% of Cu exists as organic complexes (Cadl®auland, 1988; Moffett et al.,
1990). Chemical structure of organic ligands that are involved in binding with metals in sea

water is not very well known

2.5.1.1Anodic stripping voltammetry (ASV)

Anodic stripping voltammetry iatechnique that is ugdeto directly measure the kinetically
labile complexeginorganic and weak organiand free metabns(M"). Sample is titrated

with the metal of interest and at each titration point it is possible to determined
concentrations of the methinding liganéd and conditional stability constants (binding
strengths) for metdigand ligand complexes. Metals that could be determined by ASV are
those that are soluble liguid Hg (forming amalgams)that can be reduced and reoxidized
at the suitable potentials@metals that are chelated with strong organic ligands so they are

kinetically inert.

This method is a twgtep technique that involves a fm@ncentration step and a stripping
step. In the preoncentration step a controlled potential is applied to thrking electrode,

at a potential more negative than the half wave potential of the metal ion while the working
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electrode behaves as a cathode. Duration of this step could be between 5 to 10 minutes.
'XULQJ WKDW WLPH 0 LV FRQWL eXibt® Bg abdlgai.FTH&s D QG
reduction reaction is allowed to take place over a fixed time period and under identical
conditions. For the stripping step, the potential applied to the electrode is reversed, i.e. to
potentials more positive than the halédve poéntial of the metal ion, the working electrode
behaves as an anode. As the applied potential reaches the half wave potential of the metal
ion, oxidation of the amalgam occurs and the metal ion is stripped from the amalgam back
into the solution. The peakugents are produced as the system reaches the oxidation
potentials,that are characteristic for each electrochemical species that is measured. The
deposited analyte is determined by voltammetric procedure and resulting voltammogram

provides the analyticahformation of interest

Some limitations exist in ASV, such as the requirement that the element is reduced to the
elemental state and that is soluble in mercury. Four metals (Cd, Pb, Cu and Zn) can
successfully be determined by ASV.

Problems considergnmetal determination by ASV could be due to too low concentration or
there could be interference such as those due to the formation of insoluble intermetallic
compounds in Hg. When intermetallic compounds are present, the stripping peaks may be
shifted, gverely depressed or abseampletely (Willard et al., 1988Yhe mainadvantage

in this techniqués in the preconcentration st@pior to the voltammetric scan.

2.5.1.2Adsorptive Cathodic stripping voltammetry (AdCSV)

Adsorptive cathodic stripping viaimmetry is a very sensitive technique for the analysis of
numerous trace metals which cannot be determined in water using conventional electrolytic
stripping procedures. The mechanism involves the formation a surface active complexes of
the target metalrf presence of a suitable complexing ligand that is addagvader sample

and forms an adsorptive complex with the trace metal) and interfacial accumulation of
complex onto the workinglectrode. In the most cases, chosen adsorption potential is
slightly more positive than the reduction potential of the ralggahd complex. Deposited
material could be determined by linessran or pulsed voltammetric measurements. The scan
direction is towards more negative potentials and the resulting current is medhweed

current produced is the result of the reduction of adsarietdlcomplex.
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Adsorption process could bescribed (Wang, 1989)
- The metal/ ®>reacts with a ligand L to form the complex in solution
[ EJ.\ . 4% (3)
- Then compéx is adsorbed onto the electrode surface
oaiZan e aioxm (4)
- Following complexation reactions ligand L is adsorbed first
J. eard J. . 0xm (5)
I3 EJ oxm\ . 4% um (6)
- Surfaceactive complex with ligand could be foethnot just with metals and

cations, but also with oxidized or reduced electrochenfarah of the metal

cation
/3 GIA\ [ 3ca )
[ 3G E1JGI ;.\ /3% (8)
k aca aGa; 04, K aca -1aGa; 0 (9)

Adsorptive stripping voltammetry has been applied to the determination of a variety of
inorganic cations at very low concentrations. The cations complex with sadtee
complexing gents (ligands) and detection limits are in rangé’10 10*' M (Skoog et al.,
1996). Ni and Co were determined by method of adsorptive cathodic stripping voltammetry
with addition of Nioxime as ligand and boric puffer to control pH as the formatidmeof
metatligand complex is pH dependent. Contrasted to ASV this method does not require the
metal solubility in Hg, so it could be used for a different trace metals. For speciation studies
AdCSV method could be as well used (i.e. Zn (Ellwood and Van eeg, R000; Lohan et

al., 2002), Cu (Donat and Van den Berg, 1992), Co (Ellwood and Van den Berg, 2001; Saito
and Moffett, 2001), Fe (Bruland et al., 2001)

2.5.2. Diffusive gradient in thin films (DGT) technique

Technique of diffusive gradient in thinrfis (DGT) was created in 1994 by Davison and
Zhang for in situ measurements of labile trace metal species in aquatic environments
(Davison and Zhang, 1994). This technique allows diffusion of chemical species through a
diffusive gel with known diffusion cefficients for the species. DGT devices could be used

in water (Zhang and Davison, 1995), in sediments (Winderlund and Davison, 2007; Zhang
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and Davison, 1995) and in soils (Zhang et al., 2001). Main advantage of DGT technique is
minimization of variationsn speciation for the period of sampling and storage (Lead et al.,
1997). In addition with this technique it is possible to measure more metals at the same time,
for deployment and retrieval it needs shorter effective time and it is relatively inexpensive
Plastic sampling device with an opening, contains a membrane filter, diffusive layer and
binding layer(Fig. 2.10) (Zhang and Davison, 1995)

Diffusive
Binding gel

layer Membrane
\ filter

ﬁ_ YTV
T7777 o /// /_CDGT

o / -~ Cpar

Q \I\ DBL

k— g —fid
“— Ag —>
I I

MDL

Figure 2.1Q Illustration of DGT piston assembly and an expanded view of the binding and
diffusionlayers (Daison and Zhang, 2012)

To determine the diffusible components of water this technigue involves the use of hydrogels
LQ WKH SUHVHQFH RI LRQ H[FKDQJH UHVLQ 7KH 3GLIIXVLEO
layer and accumulate in the binding layer véhmetals bind with resin. The diffusive layer

has a welldefined thickness and normally consists of a polyacrylamide diffusive hydrogel
and a protective membrane filter. The binding layer is made from Ché@xcation
exchange resin embedded in polyaamyide gel. In the diffusion layer concentration
gradient is developed. Concentration is there equal to the bulk concentration on interface
water/filter membrane and it is effectively zero at the binding layer surface (Fig.2ri).

the saturation of biding layer the concentration gradient is maintained. The use of a gel
layer in front of the resin provides a wdkfined diffusive boundary layer that constrains
mass transport and given fully quantitatd&ta (Davison and Zhang, 199#8rocess of
accunulation continues during the deployment time. To calculate the average concentration
of metals during the exposure time it is needed to know time of deployment, temperature of

media, accumulated mass and diffusion coefficient of the analyte.
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2.5.2.1. Factars affecting DGT performance

On accuracy of DGT measurements several factor could have influence: DGT blank
variability, elution factor, diffusive coefficient, diffusive boundary layer, temperature

variations during deployment, and variations in thickruéske diffusive gel.

Effective sampling area According to measurement with |IG®S the effective adsorption

area on the binding layer from simple, mAmomplexing, inorganic solutions were
systematically higher then concentrations measured directlylumicsws. With this error
overestimabn of concentration could be26% more than the area of the DGT device
window (Warnken et al., 2006) his was related with difference between geometric surface
area of DGT (3.14 cfy and effective surface area (3.80%1tFig 2.11) The main reason

for this difference is a fact that the diffusion pathway into the membrane is not vertical then
also lateral on the filter paper, there is extra material supplied at the edges in curved diffusion
paths (Davison and Zhang, Z)1 So the systematic error was suggested to originate from
this fact.

-
o
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Figure 2.11 Sketch of diffusion pathways on the DGT device without convection in
solution. (a) for physical geometric area. (b) effective surbaea (Davison and Zhang,
2012)

Binding layer. DGT with Chelex 100 as resin gel could be used for measurement of 24
elements: Zn, Cd, Pb, Cu, Co, Ni, Al, Mn, Ga, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Tb, Lu and¥ (Garmo et al., 2003). In natural waters, major cations are grashigh
concentrations with very low affinity to Chelex resin. Due to the modification of the binding
layer it is possible to apply DGT for measurements of other metals. For instance with
exchange of Chelex resin with an iron oxyhydroxide it is posgibleneasure anionic
phosphate (Zhang et al., 1998) and inorganic As (Panther et al., 2008), Se in soil (Sogn et
al., 2008) and P, As, V, W, Mo, Sh, U in the sediments (Stockdale et al., 2008, 2010). TEVA
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and Dowex 1x8 anion exchange resin could be usedef@rmination of Tc (French et al.,
DQG 8 /L HW DO &RQFHQWUDWLRQ RI ODELOH +J

methyl Hg (Clarisse and Hintelmann, 2006) could be measured by Thial resin

Diffusive boundary layer (DBL). At the interface b&teen the protective membrane filter

and surrounding water, a thin layer is developing. Transport of elemental species in that layer
is changing from advection and diffusion processes in the sample solution, to diffusion in
the diffusive gel. This layer isalled diffusive boundary layer (DBL). This layer works as

an extension of the diffusion layéfig. 2.10) Initially thickness of the DBL was assumed

to be negligible in well mixed solutions and natunadters (Davison and Zhang, 1994)
however it was sooshown to be significant in stirred solutions at low stirring speeds (Zhang
and Davison, 1995). DBL depends of water flow; it is larger when the flowing is low. In
high flowing waters thickness/ R "%/ ZDV H \0RBnimD(WarkerReQal., 2006),

that is approximately 25% of the DGT diffusive layer thickneg$J

With neglecting the DBL the error is less than 10 % for standard thickness of the gel. In
laboratory conditions DGT devices could be immersed in solution withdeéted vortex

by using amagnetic stirrer, DBL is then around ~ 0.2 mm. If the complexes in solution are
fully labile the contribution of free and complexed metal to the total metal accumulated will
be governed by the rate of diffusion of each species (Scally et al., 2003).

According to new founding the term material diffusion layer (MDL) is now in use. It takes
in account thickness of diffusive layer and membrane filter (Fig. 2.10) (Levy et al., 2012;
Warnken et al., 2006; Webb and Keough, 2002)

Bio-fouling. In natural watersbiofilm could be formed at the surface of DGT as a
consequence of the exposure. Various elements like extracellular polymers from cell
metabolism, algae, bacteria and fungi that creates biofilm, interacts with trace metals through
different processes in wex (van Hullebusch et al., 2003). Problem with appearance of
biofilm on the DGT membrane surface is its influence on the thickness of DBL and possible
modification of diffusion coefficient (Pitchette et al., 2007; Uher et al., 2012). Biofilm effect
couldbe avoid by deployment time less than 7 days in conditions that are suitable for biofilm
growth (Uher et al., 2012)
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Temperature. Temperature is important factor in determination of proper diffusion
coefficient. So it is needed to be measured during gie@at. Temperature data loggers are
usually deployed on the same depth as DGT. Diffusion coefficients are determined for
temperatureange5 f& =KDQJ DQG 'DYLVRQ

pH. Organic complexation in natural waters is mostly controlled by pH due teaiserof
organic acids dissociation with increasing pH, and making more" @DOH groups for

trace metatomplexation (Eby, 2004). DGT measurements could be made in wide pH range.
Limitations are connected only with the characteristics of the bindingtsagad diffusion
coefficients. For instance lowest pH for determination of Cd is betwé&e(dmpel et al.,

2001; Zhang and Davison, 1995) and Cu in synthetic solutions could be measured up to pH
2 (Gimpel et al., 2001)

lonic strength. Research of th®GT properties has showed that DGT could be used in
waters with low ionic strengthl)( down to10 nM (Zhang and Davison, 1995). Further
researches have shown that for 1 mM precision and accuracy are lower (Sangi et al.,
2002; Warnken et al., 2005)uiing the production of DGT it is important to wash diffusive
gels to decrease product of polymerization that were not reacted (Warnken et al., 2005)
According to some research it was concluded that DGT could be used down to | = 0.1 mM
with good precisior{Scally et al., 2006; Warnken et al., 2005)

Capacity of accumulation. Based on the capacity of the adsorbent, in binding layer,
maximum of accumulation is limited. For DGT with ChelE30 resin maximum capacity

IRU '*7 LV DSSUR]J[LEZbkWdDavisenPIR@b)In the oceans due to the low
metal concentrations, maximum accumulation corresponds to 2.5 years, with saturation as
only limiting factor. In coastal water and unpolluted fresh water the concentrations of metals
are usually higher (arounti0 times) so maximum deployment time could be 10 times
shorter, it is around 3 months. Due to the high accumulation deployment time is not often

limiting factor.

2.5.2.2. Diffusion coefficients of trace metals in hydrogel

To interpret DGT measurementsantitatively, in terms of the species present in solution,

it is important to know the diffusion coefficient of each species within the gel. Diffusion
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coefficients that were provide with DGT instructions were determined by DGT Research
Ltd. in the laboraidry at different temperatures according to equation:

oA R = (R A0 . U]
HK&L 55,46]?695>4<fi.l54 1?69 EH'/@:;?L (10)

DandDs DUH WKH GLIIXVLRQ FRHIILFLHQWY RI WKH GHSOR\PH(

However these values onapply to free ions (the true dissolved species). DGT hydrogel
consists of ~10% crodsked polymer that limits permeability of the gel. This lowers
effective diffusion coefficients as the gel becomes tighter. On the rate of diffusion great
influence hasanic strength, composition of solution and pH. In natural waters metals could
be bound to larger molecules to a large extent like fulvic acid. According to 8tally
(2006)diffusion of complex of fulvic acid and metal ions are slower due to highexomialr
weight and larger size in comparison to non complexed metal ions. That is why coefficients
for noncomplexed species leads to errors in calculation of concentrations.

On the other hand in natural water it is not easy to know all species so opratilie,
called DGT labile is in use. Diffusion coefficients could be determined by use of two
independent methods: lmffusion cell (Chang et al., 1998; Osterlund et al., 2010; Zhang
and Davison, 1999) antby direct uptake to DGT device in solution kitknown

concentrations.

Determination by diffusion cell. The diffusion cell consists of two compartments that are
separated by a rubber spacer and clamped tod€&ilge2.12) Compartments are connected
through a hole (diameter 15 mm) in which disc dfudion gels (diameter 2.5 cm and
thickness of 0.82 mm) and protective membrane filter (thickness 0.14 mmjoarged

The filter is exposed to compartment A. During the equilibration period both compartments
shouldbe filled with 0.01 M NaN@® solution In the compartment A solution should be
spiked with standard solutiaf metalsand on that way it will contain the diffusing ions of
interest. In the compartment B M) water and 0.1 M NaOH should be added to
compensate pH and change of volume. Stimxes both compartments continuously and
thermometer in compartment A registeetemperature. Samples should be taken on defined

time during the experimefdrm compartment B or from both compartments

From measured concentrations the mass of andigtediffuse to compartment B could be
calculated. Diffusion coefficientd)pc, could be determined from the slope of the graph
3GLIIXVH PADMAHYV=KDQJ DQG: 'DYLVRQ
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® R4 &

& 1L (11)

0 J+thickness of the gel andtér
C zconcentration in the compartment A

A texposed area of the diffusive gel

Figure 2.12.Diffusion cell for determination of diffusion coefficients

Determination by direct uptake. Experiment set up requires three bottles of at least 2L,
magneticstirrer and NaN® for preparation of solution and NaOH or H@r pH
adjustment. Osterlunet al (2010)prepared 5 V R O X W L RIQ! dRdach analyte in 0.01

M NaNG:s. In each bottle 1.5 L of solution was added and pH was adjusted with 1 M NaOH
or 16 M HNOs to 4, 6 or 8. After two days of equilibration, 1.25 L of each solution was
transferred in new bottles with attached DGT devices in duplicate and temperature logger.
Stirring was adjusted to be similar in all three bottles. Experiment was hold foours.

Effective diffusion coefficientsl{esr) were calculated from equation:

A®U
8ou S (12

M zaccumulated and eluted mass of analyt&ime.
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2.5.2.3. Determination of trace metal concentration by DGT

After defined defmyment timet, binding gel should be retrieved and analys&dalyte is
desorbed/eluted from the binding layer and determined with a suitable analytical technique.
JLENTV ILUVW ODZ RI GLIIXVLRQ GHVFULEHYV WKH IOX[ - WK

A

. L &76 (13)

D - diffusion coefficient
C - concentration

X - distance

X Yy . .
Té- concentration grad|ent

Mass of accumulated metal, M, could be measured after eluting it from Chelex with acid and
it is related to the concentration of metalie solution, C, and the diffusive coefficient of

the metal through the gel, D. Accumulated mass could be calculated with the following
equation:

YB&H P
iU

/ L (14)

(g - thickness of the diffusion layer
t - deployment time
A - area of the gxosed gel

With calculated M it is possible to calculate the flux through diffusion layer through known

open window, A, during deployment time:

/E
, L o (15)

According to this different effective surface area, equation for calcul@ienis:

0p 1 | SBLARE OATIE o
dal CYE yihuio g

(16)

2.5.2.4. Speciation of trace metals by DGT

Speciation is possible to determine by using DGT with a different pore sizes of diffusive gel,
in parallel. It is possibléo distinguish labile complexes based on sizemall (possibly
inorganic complexes) and large (labile organic complexes). Accumulation in the binding

layer is based on size of the pore and lability of complexes. Open pore (OP) DGT have
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diffusive gel porediameter around 5 nm so hydratadions (Zhang and Davison, 1995) and

small complexes (Scally et al., 2003) can move freely

Speciation could be explained by equilibrium reaction of metal ions M, ligands L and the
complex ML:

/| E. ™. (16)
Metal ions are continually removed by adsorption to the binding layer, so the equilibrium in

diffusive layer is disturbed so dissociation of the complex is promote.

For labile complexe¢Fig. 2.13A) there is fast reaction between nhétes and complex

with resin, so concentration on the surface of the resin decrease to virtual 0. As complex
dissociates, all metal ions that are associated with the complex are adsorbed to the binding
layer. Inert complex ofFig. 2.13A)does not dissoate, so analytes from this complex could

not be measured. It is only possible to measure metal ions. When labile complexes are
partially labile (Fig. 2.13A)there is decrease of complex concentration near the binding
surface, but removal is not completarnCentration gradient occurs with constant diffusion

flux, metal contents increases wiitme (Tusseauillemin et al., 2004)
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Figure 2.13 Schematic presentation of the concentration gradient in diffusion layer

illustrating A) labile complexes, B) imecomplexes, C) partially labile complexes

Dissociation is slow and kinetics control accumulation so concentration is dependent on the

thickness of the diffusion layer (thicker diffusion layer need longer dissociation time).

Organic ligands that are gsent in natural waters are often smaller tbanm in size
'DKOTYLVW HW DO . Dép&nplig BhVviabiit) complex of analyte with

organic ligands contributes to the accumulated mass in DGT. These complexes have lower

diffusion coefiFLHQWY WKDQ 3IUHH” LRQV FRQVHTXHQWO\ LW L\

concentration when diffusion coefficients for free metals are used. This is why DGT with
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restrictive pore (RP) wemeveloped (Zhang and Davison, 1998)ith pore size of ~ 1 nm

their goal is to retard larger complexes to a higher extent than the OP DGT. In comparison

23 DQG 53 '*7 LW FRXOG EH FRQFOXGHG WKDW GLIIXVLRQ RI
in RP DGT (Scally et al., 2006)

For a known diffusion coefficients for Bagds in the sample it is possible to estimate
speciation of inorganic and organic labile me@hcentrations (Zhang and Davison, 2000).
DGT with different pore size were used for measurement of diffusion coefficients for some
natural and synthetic orgarligands (Scally et al., 2006; Zhang and Davison, 199R)ss

of analyte accumulated in the DGT is sum of organi@uMand inorganic (IMix) species:

Fyail | g2E T £x (17)

Yy, 572, v Ve, £ V2, 6 ®®
U

[ yail (18)

Experiments have shown that a substantial part of organic complexed metals could pass
through diffusive gels with restrictive pores. Two types of DGT were used (OP and RP) in
a river affected by acid mindrainage (Balistrieri et al., 2007). Calcudais with biotic

ligand model have predicted high degree of complexation of Cd and Cu, with the same
concentrations from OP and RP DGT. This could be partly explained by experiment
conducted with van der Veeken (van der Veeken et al., 2008)ich evideres was found

that implying that gel pore sizes are larger than it was estimated. In solution with latex
particles complexed with Pb, concentrations after equilibration weB®%9in the OP gel

and 65% in RP gel.

2.5.2.5. Practical problemsassociatedd DGT measurements

There is possibility of leakage that occur in the DGT casting from the seal between the piston

and the cap. Testing was performed by Wagn#in his BScthesis (Wagner, 2004%eries

of simple experiments weperformed using DGTprobesloaded with tissue paper in place

of the gel assembly. DGAreparedRQ WKDW ZD\ DUH FDOOHG 3SVHXGR '*7°
during 8 hours ioloureddye solution. Depth was deterrenito submerge the seal between

the base of the piston and the bottoihihe cap, so does the top of the device stay above

solution surfac€Fig 2.14) After 8 hours it was visible that the dye solution was able to enter

in the DGT through the seal between the base of the piston and the bottom of (fRig cap

2.15) To deternme effect of DGT leakage, they were imneate solution(20 mM ionic
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strength)V SLNHG Z L WAKf Cu, Gd,Zn, Pb and U. During retrieval processes 5 mm
annular ring was separated from 19 mm diameter internal disc and they were eluted and

analysedseparately.

Figure 2.14 Pseudo DGT deployed in dgelution (Wagner, 2004)

Figure 2.15 Pseudo DGT after 8 hours of deployment in gigkition (Wagner, 2004)

The annular rings from the duplicate DGT devices contained substantial amountslef meta
that contribute approximately 40% of the total mass accumulated in the whole resin gel.
From the relative standard deviation it is obvious that the leakage is highly variable between
different DGT casings. The results also showed that the mass of awtaiaulated in the
internal disc agrees with the expected theoretical mass indicating that the leaked mass of
metal was essentially contained within the annular ring. It was concluded that removal of the
annular ring section was sufficient to ensure timdy metal ions that enters to the device by

diffusion processes through exposure window were measured.
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2.5.3. Metal complexing capacity (MCC)

Physicechemical form or speciation is an important characterisgedin an attempt to
describe and qumify the bicgeochemical cycles of trace metals (Muller et al., 2001).
According to Campbell (Campbell, 1995) the toxicity of metal ions is far greater than those
of its complexes with naturally occurring ligands. That is why in situ complexation of trace
metals by organic ligands is considered as the main control of bioavailability and toxicity of
trace metals to phytoplankton (Campbell, 1995; Sunda, 1994). Ligands that are present in
natural waters, such as humic acid, fulvic acids, some colloidallpaéx. FeOs, MnOy,

etc) and other inorganic ligands could create inert complexes with metals. From their
concentrations and stability constants with a certain metal it is possible to determine
speciation of that metal and estimate the amount of freal mied inorganic metal species

for the total metal present in a solution, which are potentially bioavailable and toxic.

Total concentration of these ligands;, determines metal complexing capacity (MCC)
(3O0DY&aLU HMWMBXE U , van den Bergl982. For a given metal it is possible to
group together different ligands and describe their ovdrelaviourtowards certain

"average" of properties with conditional stability constadits

Although different methods and protocols of direct chara@goz of metalorganic

complex are reported ithe literature (Wiramanaden et al., 2008), due to very low
concentration of metals in seawater and experimental limitations of separation, extraction

and measurement of different metal complexes, an altenmakieect approach in
characterization of metalrganic ligand interactions is usually practiced by marine chemists

(Bruland et al., 2000; Buck et al., 2012; Campos and Van Den Berg, 1994; Gerringa et al.,

1995; Louis et al., 2009; Monticelliet al.,, 201DPPDQRYLU HW DO 30DYaLu F
5XacLa YDQ GHQ %HUJ ,W LV EDVHG RQ WKH WLW
metal at natural pH as schematically presented in Fig 2.16. Upon addition, metal is
redistributed between different spes; among them one (or groupaisSsDFWLYH™ FRPSRQHQ
which is measured, whereas the rest is considered to represent undetectable (organic)
FRPSOH[HV 7KH PRVW XWLOL]J]HG WHFKQLTXH IRU TXDQWL
electrochemical techniques @luo their good sensitivity and selectivity. Basically two
methods/protocols exist: anodic stripping voltammetry (ASV) and competitive ligand
exchange adsorptive cathodic stripping voltammetry (QJESV).
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Figure 2.16. Basic experiment leading to metabmplexing parameters determination.
Example of one 1:1 metéiand complex.

2.5.3.1. Calculation of complexation parametets theory

When considering determination of metal speciation by common approach using
electrochemical methodseveral assumptien and model simplifications should be
considered Principally, d calculations are based assuming discrete model of binding
strengths (one or more ligand clasdgpswith 1:1 metaligand stoichiometryfurthermore,

full equilibrium should beattained bfore measurement and measured intensgfesuld
correspondonly to specie(s) predicted by the model. The effect of other competitive

reactions as consequence of increased metal concentration, is neglected.

Metal speciation calculations abased orthe mass balance equations of mefdl) @nd
ligands ():
S 2L JEAN: PEAH. ? (19)

>3 L2gdy EAF . ?E A v. &2 (20)

whereT denotes total dissolved metal/ligarid, TUHH P HW D/ L-BDnQ@ all ™
inorganic complg¢ HV i[MM] - sum of all organic complexes with studied metal, and

Ais . ?sum of all other complexes &f with other cations (usually omitted in mass

balance equations).
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Stability constantK RI1 PHWDO FIR ?a$dddi p giveVgddution composition, is
given by:

(21)

where [/ {is the concentration of ligamibn-bound tothe metal.

In practice the sum of free metal concentration and its inorganic species is derndt§d as

whichisre DWHG WR IUHH PHWDO FRQFHQWUDWLRQM=YLD LQRU
[M @M]:>Conditional stability constants of formed metal complexes are expressed either
againstM @ 1 MWW R WKH FRQYHUVLRQNEHWZHHQ WKH WZR LV .

For one ligand mod€[LL) mathematical transformations of above equations provide well
NQRZQ 5X&L0 YDQ GHQ %HUJ 5 9'% 6FDWFKDUG 6&
/| * WUDQVIRUPDWLRQV *HUULQJD HW DO 5XaLa
Scatchard, 1949)

SEA SEA 5

%k - o CR (22)
xR F.fy. 2E-T59

ZESLF-TY L 2E- M7 23

5> AO/EP

While R/VDB and SC transformations produce linear relationship, from which total ligand
concentration and conditional stability constant could be calculated from the slope and the
intercept, the L/G relationship produce curvature shape, antinean fitting is needed.

For two or more ligand models, R/VDRS) and L/G £6) equations could be extded for

additional members on the right side:

>EA A ? E A ?

[
Ay EAS L SV“'#EN'.bs A%? ~ SE>5 A.O?E ®p (29
Ry . PLARRED  AA WD E (26)

5> AOEP 5> AOEP

Both transformations produce curvature shape, providing information on number of ligand
classes present. Estimation of complexing parameters could be performed either by
separately treating different segments of a titration c(quasi linear parts) (Bruland et al.,
2000; Wu and Jin, 2009) or by ndinear fitting (Duran and Nieto, 2011; Garnier et al.,
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E *HUULQJD HW DO ORQWLFHOOL HW DO 3LA&
Kogut, 2001; Wu and Jin, 2009). Aexplicit analytical solution for more than one ligand

model does not exist for Scatchard transformation

Above relationships attained wide popularity because of their simplicity and relatively
straightforward graphical visualization of number of ligarabses, however fitting the data

in those transformations is not mathematically acceptable as the X and Y axes through the
transformations became dependent. This problem could be overcome if explicit analytical
UHODWLRQVKL S YamR usedfar fta Yitting.>Fordoth, 1L and 2imodels, such
relationships exist and are used for calculation of complexation parameters in literature
(Duran and Nieto, 2011; Gerringa et al., 2014; Hudson et al., 2003; Lorenzo et al., 2007).

For 1L-model the following angtical solution is valid

20>¥0 >8FE% A°

- (27)
wherea = (-[M]t+ [L]T+ 1K T (T X 2RMd reDknown solution for roots of quadratic
equation. Similarly, the explicit solution for Zhodel is the equation for roots of ¢ab

¥ ?'L

equation, however due to its complexitis not reported here, and authors are guided to the
OLWHUDWXUH +XGVRQ HW DO . SLAHWD DQG %UDQLFC

The above equations apply directly to the titrations performed by ASV, where measured
currentcorHVSRQGV GLUHFW@ICEBA\RMetba@, & compedind ligand is added

in solution and equation @) is extended for additional member:

Y 3L JEAH: PEAH. ?E AF #.? (29)
Z K H UM(AMipis the sum of ancentrations of all metal species formed by added ligand,
each defined by conditional stability constant whickthabe known:

SECA &

f
-/Eo'%L—ZCE'.h9Aﬁ (29)

It is assumed that the concentrationAdf is sufficiently high that the inorganic species
>0@T FRXOG EH Q-AdISW, MméaduEed signatis(related to the reduction of

accumulated¥IAL]i complex(es). From the equatidzg it follows that
S o#?L -Lepd H.Y (30)

Conditional stability constants of (AL)i complexes are expressed either agailgt r
(M@ IRU D JLYHQ VROXWLRQ FRPSRVLWLRQ $GGLWLRQ
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concentration of added ligandA([]s) is equal to its total concentratiorA(l]t), because its

concentration is much higher than that of metal along the titration curve.

Like for inorganic side reaction coefficient, the conversion factor between ladil@(f] R U

free (M]r) metal and IAL] is the side reaction coefficient of AL defined:
Q%L'Ezo%#.?é‘” L‘ﬁo%l_'go%#.? (31)

In case that more than one complex witls formed withAL, both should be considered in
FDOFXODW LBR/Q RIneasured currents cesponding tojIAL] are transformed

into [M @ 1 NR:Jso>that all above equations for calculation of complexation parameters
could be used for CLAdCSV method as well.

2.5.32. Design of the experiment

Choice of deposition potential for ASV type of me@&suents is important since only free
metaland metal from labile complexes should be measured. Thus checking of the sample by
performing a pseudopolarographic typemeasurement should be don2 F D Q Ravid. U
Branica, 2008 Most inorganic metl species ardabile - electractive. The inert metal
complexes, like complexes with hiorand other organic ligands, at the samesaudation
potential are electmactive.Using more negative potential of accumulation it is possible to
achieve reduction of inert cor@xes. It is therefore important to choose suitaegosition
potential (that will reduce all free and bound mdaigiile, but not inert metal complexes) in
determining the MCC. Selection of deposition gbential is based on recorded
pseudopolarogran{PP) (Fig. 217 2PDQRYLUO HW DO IMXLV HW
pseudopolarogram shows the dependence of the arwdiation peak current of

accumulateanetalsin dependence ovarying deposition potential.

In designing of the experiment one should take cbpeaperly distributing metal additions.
Logarithmic additions based on measuring the ambient metal concentratierbden
adopted as the most useful ones (Garnier et al.,&20@3hoice of other ASV parameters
(scanning technique, modulation amplitudean rate, etc.) should be done, and optimized
vis- j-vis each other and the sensitivity of the measuring system. Once it is decided and
measurements are done, it should result in a titration curve, a data set of signal intensity
versus added metal as showrrig. 2.18. that should be fitted to a chosen model. As mainly
accepted in the recent literature, and supported by the theory, complexometric titration
curves should be fitted to models of one or two (exceptionally more) ligands that form
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complexes withWLWUDWHG PHWDO LRQV LQ RXU FDVH ZLWK FRS

references cited there in). A staibthe-art software ProMCC was on disposition
2PDQRYLU HW D Oofew key painstattehtioVshould be paid, in order to ektra

the most reliable information from the data sets (Fig 2.18).
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3. Experimental part and methodology

3.  Experimental part and methodology
3.1. Study site

The karstic Krka River that is mainly encompabsithin theKrka National Park, is situated

on the eastern coast of the AdriaBiea (Croatia). # catchment area consists of carbonate
rocks and depositsThe content of calcium ions determined at the mouth of the river is
0.0024 moldm (Bilinski et al., 1991) anthe pH is about~ 8.3.The measured flow over
the last 50 years issbween 5 and 450 hs ! with anaverage annual flowf between 40 and

60 n? st. The dimate in this area is typical fahe Mediterranean with hot, dry sumnser
and quite temperatevet wintes.

The river is characterized by numerous lakes formed bybarfiaers, each finishing with

waterfalls. After the last and largest waterfall (Skradinski buk) 23 km kaigwedge type

Krka River estuargtarts(Fig 3.1) A few small villages are located along the foremost part

of the estuary shoreline with approxately 4000 permanent inhabitantéie majority of the
SRSXODWLRQ OLYHV LQ WKH ORZHU SDUW RI WKH HVWXD
area (around 35,000 permanent inhabitants). However, during the summer, the population
increases several timelie to tourism, mainly because the Krka River estuary is a very
DWWUDFWLYH QDXWLFDO GHVWLQDWLRQ 7KXV DORQJ ZL
town, the nautical tourism (more than 1000 berths) is considered to be a serious periodic
(seasoal) anthropogenic treat for the estuary ecosystem. Although Krka National Park, with

over 700,000 visits per year, undergoes high touristic pressure, it is not considered to be a
potential source of pollution for the estuary, because the activities arté waser
management within the Park are strictly controlled and processed. For a long time, the waste
ZDWHUV IURP ALEHQLN ZHUH GLVFKDUJHG GLUHFWO\ LQWHF

waters has been discharged into the open sea, about 5 kith&@mast at a depth of 60 m

Numerous aquaculture plants (~20 fields) for mussels farnhitytilgs galloprovincialig

are located mainly in the lower part of the estuary (Fig. 3.1 and Fig 3.2). A heavy industry

is not currentlydevelopedalong the estugr For years, the main treat was the factory of
HOHFWURGHYV DQG IHUURDOOR\V FORVH WR ALEHQLN )L
production stopped in 1995
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Figure 3.1. Map of the Krka River estuary with marked transect (open diamond$)igimd
resolution mapping (crosses) sampling sites. Right plot shows horizontal bottom depth
transect with marked sites and specific regions.

Due to the low tidal range and sheltered geography this ftidab saltwedge estuary is
permanently verticallgtratified. The three separate layers in a vertical profile exist all along
the estuary and could be easily spotted by scuba diviagpper brackish layer (river water
layer),thefreshwater seawater interface (FSI; middle layer) @ahelbottom seawatr layer.
Halocline witha steep salinity gradient within 1 m range of FSI is usually formediapth

of between 1.5 and 3.5 m, and its shape primarily depends on the location, weather

conditions (wind, precipitation) and hydrological conditions (KrkeeRflow).
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Figure 3.2 Mussel farms in the Krka River estuary

As a result of seawater entrainment, the salinity in the brackish layer increases from the head
of the estuary towards its mouth. Tidal influence is low (the average is 20 cm and the
maximum around 50 cm). Due to the absence of significant anthropogersesalong the

lower part of the Krka River, water that enters the estuary is exceptionally clean in terms of
trace metal concentrations (Cukrov et al., 2008) and biogeochemical markers (Scribe et al.,
1991), and is comparable to pristine world riverdézPoulichet et al., 1991). According

WR /HJRYLU W KH H[F kRadisHHwateaftHseRwatdr RsWiiginly
dependent on the Krka River inflow: forackish watein winter, it is between 6 and 20

days, and in summer, up to 80 days, whereasdawater it is between 50 and 100 days in

winter, and up to 250 days in summer.

3.2. Chemicalsand solutions

The Pllowing chemicals were used this work
x Ultra-pure water (UPW), ASTM type | 0 F(Merck-Millipore)
X 65 %nitric acid(reagentgradeandsuprapur Merck/Kemika)
x AAS standard solutios of metalsl g L™ (Zn, Cd, Pb, Cu, Ni and Co; Flukaérck)
x 102 M Nioxime solution (1,2Cyclohexanedione dioximéjor Ni and Co analysis)
x Boric acid(suprapurMerck or Trace metal basjsSigmag
x Sodium hydroxide30% solution(supraput Merck)
X Sodium acetatanhydrous99,99 gupraput Merck)
x Liquid Hg (for working electrode)
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X 1 M azide solutionNaNs) (Aldrich)
x ICP multrelement standard solution (24 elements in dilute NO
x Indium standard solution (1000 mg'). +as internal standard for IGRS

x Pressurised nitrogen §Ngas,150-200 bar 5.0 purity

All solutions were prepared by using MQ watdn additional purification of any solution

wasdone

3.3. Instrumentation, devicesand consumables

X 3*67%7 1 RU — $ 8pa@énthastagalvanostatontrolled by GPES (General
Purpose Ectrochemical System) 4.9 sofiw (Utrecht, The Neatherland)

x High Resolution Inductively Coupled Plasma Mass Spectrometer, HRMIEP
(Element 2, Thermd-innigan, Bremen, Germany)

X Automateddosing system (Cavro XE 1000 XL 3000 syringe pumps, Tecan, Swiss)

x Hach Lange multiprobelQ40D, OTT MiniSonde 4aand DS5multiprobe

x DGT probesjassive sampley¢DGT Research Ltd., Lancaster, United Kingdom)

X Horizontal water samplefan Dorn type 2.2 [(Wildco)

X Membrandfilters, cellulosenitrate —(Bartoriou$

X Syringemounted capsule filters P F H O-@tae BartbriousMinisart)

x Glass microfiber filters, PgradeGF/F(Whatman)

x 50 mLPlastic syringe

x Polycarbonate filter holdeiSartoriusmodel 16511)

x 10mL glass tubes with silicon cap

X 24 mL glass tubes with silicon/Teflon septum (Wheaton)

X High density polyethylenedHDPE) bottles various voluméNALGENE)

x Fluorinated ethylene propylene (FEP) aRdrfluoroalkoxy (PFA)bottles various
volume, (NALGENE)

34. Cleaning (washing) procedure

Trace metal analysis requires an extremely careful and lengthy cleaning process, because
small amounts of impurities from a variety of sources may contaminate samples. For

sampling and sample storage, only plasticware was used. Bottles were made otdwgh or
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density polyethylene (HDPE, LDPE), fluorinated ethylene propylene (FEP) or
perfluoroalkoxy (PFA), all by Nalgene. All the plasticware was subjected to a thorough

cleaning procedure

Three major steps were used in the cleaning processigaieing (veak detergent), reagent
grade acid cleaning and trace metal grade acid cleaning. For the finaAG&d, Type |
water (labelled herea84 ZDW HU OY OLOOLSRUH 86% ZDV XVHG

After the preliminary preleaning with a weak detergent (only new bafl@lastics (bottles,
syringes, sampler, DGT holders) were first cleaned with 10% H{d@alytical reagent
grade), rinsed several times with MQ water, thlraned with a mixture of MQ water and
1-2% trace metal grade HN(Qxinsed with MQ water anfihally filled with MQ water until
use.Before the final filling, bottles were rinsed with the samgpldter membranes were
rinsed by passing through ~250 mL of MQ water. Glass tubes used for DOC analysis were
cleaned withl0% HNQ (analytical reagent gde), rinsed with MQwater, and calcinated

IR U KR XUV HetMte use, &e horizontal water sampler and DGT holdere

conditioned in the ambient water (brackish or seawater) for at least 24 hours.

Sample handling and preparation of standardtsols were performed using polyethylene
gloves within a laminar cabinet (HEPA 13) when appropriate in order to avoid contamination
of solutions and samples

35. Sampling protocols

Four field campaigns, covering different parts/transects withinestaary (aiming to

investigate trace metal distribution and behaviour) were conducted: the first and second

along the whole estuary transect, involving two contrasting periods of the year (Muly 19

2011 and February $82012), covering 15 sites (KE to KE- WKH WKLUG 3KL

UHVROXWLRQ  PDSSLQJ ZLW K 12Q12ckueriag 40 Hitdd (SB24@®SB - X O\
WKH IRXUWKHFWERQRWADPSOLQJ WUDQVYHUVDO WUDC

HVWXDU\ EDQN NP LQ G(AMHUsDRA 2043)..Samallng Iddatlohs &eD \

presented in Fig3.1, while details about sampling locations are given in Tables 3.1, 3.2 and

3.3).

Additionally, the site in front of the marine station Martinska and the site within nautical

marina Mandalinavere selected for trace metal speciation studies
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35.1. Samplingalong the estuary transect

During the estuary transect campaigns (July2®11 and February #2012), three samples

were collected along the vertical profile at each station. An additional freshwater sample was
collected from the Krka River during the first campaign, which, together with surface samples
at the first sampling site (KE/1) was conslered to be a freshwater emeéember. The

seawater sample at the last site {K&1) was considered to be a seawaterraathber

Table 3.1.Sampling locations along the Krka River estuary transect

Distance from

Site ID Latitude Longitude
waterfalls (km)
KE-1 0.1 43.80771 15.96324
KE-2 3.0 43.82039 15.93794
KE-3 4.6 43.81401 15.92104
KE-4 6.9 43.80796 15.89567
KE-5 9.3 43.80024 15.87167
KE-6 10.6 43.79008 15.86339
KE-7 114 43.79096 15.85244
KE-8 13.8 43.77546 15.84437
KE-9 15.2 43.76353 15.84907
KE-10 19.1 43.73690 15.87998
KE-11 20.1 43.72885 15.88138
KE-12 21.5 43.72557 15.86525
KE-13 22.7 43.72103 15.85275
KE-14 24.9 43.70953 15.83010
KE-15 27.7 43.68997 15.82335

Vertical profiles ofthe main physicechemical parameters (salinitgmperature, pH, and

dissolved oxygen) were measureskitu, at each site by multiprobes (OTTriéiondeda or

DS5 andHach Lange HQ40D), calibrated before each campaign (Fig 3.3).

Figure 3.3 Multiprobes for measurement of physicemcal parameters (éflach Lange

HQ40D, (b) OTT Minisonded4aand(c) OTT multiprobe DS5
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At the 15 sites of the estuary transect campaigns, samples were collected using a van Dorn
type 2.2 L horizontal water sampler (Wildco) at three degiig. 3.4), covering three

different vertical salinity sections: a brackish, a FSI and a seawater layer.

Figure 3.4. Horizontal water sampleandthefilling of aFEP bottle witha sample taken
with the horizontal sampler

The brackish layer was sampled atlgpth of 0.5 m, while the sampling depths at the
halocline (FSI) and in the seawater layer were selected according to measured vertical
salinity profiles and the total water column depth, respectively. Due to the relatively thin
layer of the FSI layer (e.g-30 cm) in the upper estuary, sampling was repeated until a
UHSUHVHQWDWLYH VD P S OFtangd conpavédibithe Diéah Galus\bet@ieéeW K L Q
brackish and seawater layavas taken. On station KE, six samples were taken due to

anoxic condions observed in the bottom seawater layer.

The precleaned FEP bottles were used for sample storage. The FEP bottle was firstly
thoroughly rinsed with the sample and 1 L of the sample was then taken and stored in a
portable refrigerator. Sample treatmeffiltering and acidification) was performed

immediately upon arrival at the laboratory

3.5.2. 3& URVNF WttaRgpersal) transectsampling

A grab sampling technique was used for surface sampling at 10 sites across the transversal
transect of the estuary: a clean 1 L FEP bottle was mounted at the end of a ~3 m aluminium

telescopic pole and after rinsing three times with the ambient watesathgle was taken
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from the boat at a depth of about 0.5 m (Fig 3.5.). Salinity was measured using a

refractometer once samples were delivered to the laboratory

Table32.6 DPSOLQJ ORFD-WHRQVYRQ 3SNXRVYVFH PDSSLQJ ZLWKLQ

Site ID Latitude Longitude
S1 43.738170 15.876634
S2 43.738546 15.877596
S3 43.738786 15.878850
S4 43.739011 15.879680
S5 43.739347 15.880553
S6 43.739565 15.881069
S7 43.739780 15.881642
S8 43.739973 15.882066
S9 43.740184 15.882586

S10 43.740477 15.883197

Figure 3.5 Grab sampling adhe VXU IDFH O D\H UVEXXWLRIQ?® FNIRBRAKIW KR Q 3

sampling.

353. 6DPSOLQJ LQ WKH ALEHQLN %D\

7KH VDPH JUDE VDPSOLQJ WHFKQLTXH GHVEHWVROXWURYLR

surface samplingD W
PRYHPHQW VDPSOHV ZHUH WDNHQ IURP WKH 3IURQW”  VLGH

movement.

Physicachemical parameters were recorded for all stations with multiprobes

VLWHV LQ WKH ALEHQLN

%D\

"KHQ WKH ZL!
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Table 3.3. Sampling locations ofhigh-resolution” VXUIDFH PDSSLQJ ZLWKLQ WK

Bay

Site ID Latitude Longitude
SB1 43.71387 15.84044
SB 2 43.72070 15.85055
SB 3 43.72426 15.85688
SB 4 43.72711 15.86796
SB5 43.72859 15.88008
SB 6 43.73002 15.88397
SB7 43.72618 15.88825
SB 8 43.72274 15.89129
SB9 43.71890 15.89210
SB 10 43.71970 15.89545
SB 11 43.71630 15.89770
SB 12 43.71770 15.90040
SB 13 43.71610 15.90410
SB 14 43.71870 15.89900
SB 15 43.72437 15.89366
SB 16 43.72198 15.90112
SB 17 43.71991 15.90562
SB 18 43.72630 15.89676
SB 19 43.72810 15.89857
SB 20 43.72944 15.89360
SB 21 43.72744 15.89053
SB 22 43.73340 15.88957
SB 23 43.73153 15.88656
SB 24 43.73310 15.88097
SB 25 43.73456 15.88348
SB 26 43.73657 15.88643
SB 27 43.73881 15.88713
SB 28 43.74080 15.88580
SB 29 43.73953 15.88344
SB 30 43.73765 15.88040
SB 31 43.73615 15.87791
SB 32 43.74131 15.87674
SB 33 43.74380 15.88050
SB 34 43.74434 15.87372
SB 35 43.74727 15.87079
SB 36 43.75054 15.86636
SB 37 43.75347 15.86156
SB 38 43.75610 15.85778
SB 39 43.75881 15.85333
SB 40 43.76270 15.84931
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35.4. Samplingand DGT deploymentDW 0D UWd@QNWDIQ" DQG
QDXWLFDO PDULQD 3SROOXWHG"™ VLWHYV

After a general examination of the status of trace naettiibution in the estuary, according

WR PHDVXUHG FRQFHQWUDWLRQV RI WUDFH PHWDOV WZR \
S SROOXWHG” HVWXDU\ UHJLRQV )LJ ([SHULPHQWYV RQ V
in summer (July 8to 13", 2009; July 19 to 24", 2010; July 18 to 18", 2011) and two

times in winter (January 80to February %, 2010 and Marchsito 8" 2012), over the

course of four years

Figure 3.6. XOHDQ ~ 0DUW L Q VoulDted"&it® autRanamhgMandalina)

At these sites, over the course of a few days, vertical profiles of pkgfsétoical parameters

were measured every two to three hours from early morning to late in the evening. Figure

3.7 shows a typical set of temperatures, salinity and lde$ooxygen measurements
FROOHFWHG GXULQJ 3 GHSOR\PHQW™ GD\V 7KH VHOHFWLRQ |

on measured physiechemical parameters (Table 3.4)

Table 34. Sampling and DGT deployment depths for different campdigWé +brackish
water, FSI tHfreshwaterseawater interface and SWseawater)

Layer 2009 07 2010 02 2010 07 2011 07 2012 03
BW 0.50 0.50 0.50 0.50 0.50
BW 1.20 1.20 1.30 1.30 1.30
FSI 2.00 2.00 1.90 1.90 2.10
FSI 2.50 2.50 2.60 2.50 2.60
SW 3.50 3.50 3.50 3.50 3.90
SW 8.00 8.00 8.00 8.00 7.30
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Temperature (°C) Salinity 02 (mg/L)
18 20 22 24 26 28 30 150 180
0 A 0=

i
1

Depth (m)
o

Figure 3.7. Vertical profiles of physicehemical parameteetthe 3 F O HMaf@inskasite.

Before the experiment, DGT holders were conditioned in the ambient water (brackish or
seawater) for at least 24 hours. Befdeployment, DGT holders were attached to the rope

at defined distances from the buoy and sequentially filled with DGT probes (from the bottom

to the surface) so that holders with D@iobes were immediately placed back in the water
(Fig 3.8)

Figure 3.8 Setup of DGT holder positions (depth) gsrdcedure oDGT deployment

In order to maintain DGT devices at defined depth (salinity ranige) to the influence of
the tide(~50 cm in the Krka River estuaryyind and wavesp 3 F R Xwv@igitH B H FighD Q
is employed. The rope keeping DGT devices atdafined distances from the bufig.
3.9a) was over the pulley on the bottom conneti¢lde airfilled bottle (5 L) which served
as countemveight (Fig 3.9.b).
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Figure 3.9. Buoy at the surfaceo which the ropewas attachedleft) and shematic
representation and actual photo of the couwiEght (right) with holder filled with 3
replicates of OBDGT and RPDGT (at 8 m)

Two types of DGT device were used: opemep(OP) and restited pore (RP). Each time
DGT devicesveredeployed in triplicatateach depth (Fig. 3.9). A temperature/depth sensor
was attached to each DGT holder in order to monitor temperature and to control the

deployment deptfFig. 3.9B, yellow object)

DGT samplers were deployed in water for defined period of {ifisdle 3.5) During the
deploymentperiod DGT-probeswere constantly moving in the holdéue to the influence
of waves and windAfter thedefined period of deployment DGT samplers were taken from

thewater columnwashed with MQ water, put away in gseeparedagsand marked.

Table 3.5. DGT deployment times

Campaign  Hours of deployment

2009 07 127
2010 02 118
2010 07 120
2011 07 123
2012 03 119
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S 4

During the deployment time, ~5 dayghscrete samples were taken ..., sin feam 003

FEP bottles, twice per day in summer, and once in winter, while__________= s o
physicechemical parameters in water columns were measured six R

to eight times per day. Samplezkén by the scuba diver were
delivered to the laboratory immediately after sampling, filteri

and storage

3.6. Sample preparation ous om0

3.6.1. Unfiltered samples \G\

A subsample of an unfiltered sample was transferred from a 1 L FEP bottle (from estuary
transectVDPSOLQJ DQG 3WZR VLWHV"™ LQWR D PO )(3 3)%
samples (collected during the 5 days of DGT deployment) for each-d2@fh were

prepared by collecting 40 g of sample after the samar sampling (once in winter and
twice in ssammer). Concentrations in unfiltered samples in this study represesé¢acithble
(quasitotal) metal concentrations, but within the text are referred to as total metal

concentrations

3.6.2. Filtration under nitrogen pressure

Samples verefiltered under the nitrogen pressure (~1 bariR X J K (47 Bm in
diameter)cellulosenitrate membrane filters (Sartorius) using Sartorius polycarbonate filter
holder (model 16511(Fig. 3.1@). Before filtration of each sample, filter unit anddiltwere
firstly rinsedwith ~250 mLMQ water, and then with250 mL samplewhich was partly
used for rinsing of bottlesAfter this twostep rinsing,~250 mL of sample wadiltered
directly into FEP/PFA bottlesComposite samples were prepanedthe sameway as

previously described for ufiltered samples.

Once collected, filtered and unfiltered samples for trace metal analysis were acidified (pH <

2) by addition of HNQ@ (suprapu). Samples for Cu speciation measurements (composite,
filtered) were letDW WKHLU QDWXUDO S+ DQG ZHUH S&hHVHUYHC
UHIULJHUDWHG DW f& XQLW DQDO\WHYV VWDUWHG
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Figure 3.1Q (a) Polycarbonatasystem for filtration under nitrogen pressuie) glass
sydem for filtration under vacuum and (@ R-@ RDU” ILOWHULQJ

3.6.3. Filtration under vacuum

All tubes, glass filters and glass filtration systems used for dissolved organic/inorganic
carbon (DOC/DIC) and particulate organic carbon (POC) analyses were previously cleaned

with 10% HCI (pro analysis, Fisher Scientific) and rinsed with MQ water, ¢htmnated

IRU K DW f&

Around 300 mL was filtered under vacuum using a glass filtraystem(Wheaton) with

JODVV ILOWHUV :KDWPDQ *)) PP —P 2e60dhO HW DO
surface sampling, an aliquot of an-board fitered sample was used (Fig 3.10b).

The bottle containing ~ 300 mL of sample was weighed before filteringwdued the
VDPSOHYfVY GURS UDWH EHFDPH YHU\ ORZ WKH UHVW RI WKF
The difference in mass is the amount of sawphich passed through the filter membrane.

Samples for dissolved organic carbon (DOC) were prepared in this way, and the filter was

used for POC determination. GF/F filters were saved for POC measurement. Filtered
samples were stored in 24 mL glass tugWheaton, equipped with Teflon/silicone septa)

DQG SUHVHUYHG ZLWK —O RI 0 1D1

Suspended particulate matter (SPM) was quantified by calculating the difference between
the mass of the glass filter bef@ned after filtation. Drying to constant masgas performed
at &
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3.6.4. On-board filtration

'XULQJ AUKHVROXWLRQ VXUIDFH VDPSOLQJ LQ ALEHQLN %D
immediately filtered onERDUG XVLQJ -nitPater; HyOrgaehGuURtyd capsule

filters (Minisart, Sartorius)hat were previously cleaned in the laboratory (Fig 3.10c). Both

filtered and urfiltered samples were collected in 250 mL FEP/PFA bottles and stored in a

portable refrigerator

3.6.5. Sample peparation for electrochemical measurement

All samples fortrace metal analyses (filtered and unfiltered) were acidified with ultrapure
concentrated HN&(suprapurMerck orTraceSelecf OXND WR D S+ RI — O |
250 mL of sample) and irradiated directly in the FEP/PFA bottles with UV light (150 W
mercury lamp, Hanau, Germany) for at least 24 h in order to decompose natural organic
PDWWHU 2PDQRYLUO HW DO &RPSRVLWH VDPSOHV IF

preserved with NajNand stored in a refrigerator

3.6.6. DGT resin gelretrieval

Retrieval of DGTresin gelwas performed immediately after collection of DGT devices from
the water No biofouling on DGT devices was observed upon retrieval from the water after
~5 days of deployment (Fig 3.1DGT-devices removed from the holder weneffirinsed

with MQ water and then stored in properly marked plastic zip bfigs removing excess
MQ water

Figure 3.11.Retrieval and préreatmenof DGT-devices
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A plasticcovered screwdriver was used to twist the covering cap. Aciedid@ned pstic
forceps were used to remove the membraner fppaper cover and diffusive gel, and to
transfer resin gel into the poeaned plastic tube (2 mL, Eppendorf) as shown in Fig. 3.12.
Finally, 1.5 mL of 1 M HNQ (suprapu) was added to the tube in orderextract metals

from the resin. The resin gel was taken out of the tube after ~48 h. DGT extracts (eluates)
were analyzed for metal content withi¥r2 Inonths

\

Figure 3.12. Retrievaland pretreatmenof DGT resin gel.
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3.7. Analytical measurement
3.7.1. Multi -elemental analysisby ICP-MS

A multi-elemental analysis of DGe&xtracts was performed by HR IS (Element 2,
7TKHUPR DW WKH 5XyHU %R&a&NRYLUO ,QVWLWXWH 5%, DW
aliquot of the sample, 0.7 mL weeused in preparation for measuring the sample. Samples
were diluted by 2% HNe&Xsuprapu). Indium (In) was used as an internal standard (1S). The

quantification of metal concentrations was performed using external calibrations

3.7.2. Voltammetric analysisof trace metals

Trace metal concentrations were determined using differential pulse stripping voltammetry:
anodic (DPASV) for Zn, Cd, Pb, and Cu, and adsorptive cathodic (DPAdCSV) for Ni and

Co (10° M Nioxime was sed as a complexing ligand) in theater samples with the
parameters given in Table 3.6. The parameters used for measurements are adopted from
2PDQRYLUO 2PDQRYLU HW DO IRU '3$69 DQG IURP 9
and Van den Berg, 1997) for DPAJCSV. Concentrations of metalsdeéeemined using

the standard addition method

Table 3.6. Parameters for anodic and adsorptive cathdiffierential pulsestripping
voltammetry

P DPASV DPAdCSV
arameters Cd,Pb,Cu_2Zn __ Ni,Co

Depositionpotential (V) -0.8 -1.2 -0.7
Duration(s) 600 60-120 60-120
Desorptionpotential(V) -14 0 0
Duration (s) 2 0 0
Equilibration time (s) 10 10 10
Modulation time (s) 0.05 0.05 0.05
Interval time (s) 0.1 0.1 01
Initial potential (V) -0.75 -1.15 -0.7
End potential (V) 0.020.1 -0.75 -12
Steppotential (V) 0.00195 0.00195 0.00195

Modulation amplitude (V) 0.04005 0.04005 0.04005
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Measurements were carried ouDW URRP WHPSHUIDN XAUtBlab a f &
potentiostat/galvanostats — $ X V8 RIOBESTAT128N) controlled by GPEG>eneral
Purpose Electrochemical Systehp software in a threelectrode cell (663 VA Stand,
Metrohm) (Fig. 3.13). A glass or Teflorelectranalyticalcell with a working volume of
from 10 to100mL was used for measuremeristhree electrode system,registing of

1. a datinum wire sening asthe counterelectrode

2. anAg|AgCl|sat. NaCl electrodserving ashe reference electrode

3. ahangingmercury drop HMDE) (0.25 mn3), serving as thevorking electrode.

(3 autroLas iz O

m -
0068668680080 E =]
“w - -

663 VA Stang

k

, i

Figure 3.13. Top row: PGSTAT 128N andAutolab3 instruments. Bottom rowietrohm
VA 663 electrode system ar®electrode celcompartmentl zelectroanalyticalkell, 2 *
referenceslectrodgRE), 3 tcounterelectrodgCE), 4 £Teflon rotating stirre 5 #Nitrogen
tube(N>), 6 tWorking electode (WE)

The electrode system is computer controlled by instruments, while all other operations
(sample addition, standard additions, drop formation, stirring, etc.) are automatically

controlled by a computer or external hemade programs.

In order to remove dissolved oxygen (interference in voltammetric measurements), the
sample was initially purged with nitrogen for at least 5 minutes prior to measuring. Between
separate measurements in the same sample, the purging time 3é&s. ¥5nitpgen blanket

was maintained over the sample during measurements. The speed of stirring was 3000 rpm.
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Automated analysis.Trace metal analyses were performed using a fully automated system
assembled in our laboratory consistingasfinstrument, a homeade sample changer, and
Cavro syringe pumps (Fig 3.14). Samples were added to the electrochemical cell by the
automated autsampler developed in our laboratory, whereas the addition of standards in
the electrochemical cell was conducted by an automatdglsystem (Cavro XE 1000 and

XL 3000 syringe pumps, Tecan, Swiss)

Figure 3.14. Automated voltammetric system for trace metals analysis

Concentrations of trace metals were determined by meahs sthndard addition method.
$ FHUWLILHG pp6HDZDWHU 5HIHUHQNAFEDODMCHCNRO @asRU 7UD
usedto validate the analysis. All determined metal concentrations were within the certified

limits.

The ESCDSOFT (ElectroChemical Data SOFTe)gsrogramdevelopedn our laboratory
2PDQRYLU DQG % UD QL F Dthe treatm@nipi/voXarirmGgram. Whenthe
automatedanalyses of trace metal concentrations were perfaoraquirposedeveloped

software(VoltAA) wasusedfor data handling
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3.7.3. Voltammetric determination of Cu complexing capacity (CuCC)

For the determination of CuCC, the DPASV method was used. The experiments were
performed using thesame electrochemical system as described in the previous section
(without using thesample changer). In order to diminish the adsorption of Cu into the walls

of cell compartments, a Teflon cell was used. Before measuring, the pH of the samples was
DGMXVWHG WR D S+ RI “ E\ DGGLQJ D ERUDWH EXIIHU
the experiment. The largest difference recorded was 0.1 units. Three automatic burette
systems were used to automate Cu titration (Cavro XE 1000 or XL 3000 syringe pumps,
Tecan, Swiss). The conditions used for the DPASV measurements of tébdedCu ae

presented in Table 3.7

Table 3.7.Parameters for anodic stripping voltammetry used for CuCC measurement.

Parameters DPASV
Deposition potential (V) -0.45 or-0.50
Duration (s) 297
Desorption potential (V) -1.4
Duration (s) 3
Equilibration time (s) 10
Modulation time (s) 0.05
Interval time (S) 0.1
Initial potential (V) -0.5
End potential (V) 0.05
Step potential (V) 0.00195

Modulation amplitude (V) 0.040

20 ml of each sample was titrated wily, ranging from 80 to 500 nM of total Cu
concentration ([Cu) with 15 additions equally distributed in logarithmic scale, i.e. similar
increments in log[Cu](Garnier et al., 2004a; Louis et al., 2008jter eachCu addition,
DPASV measuremestwere repeated each6 min (corresponding to the mimal time
needed to perform an analysis) using the alumseribed procedurfer 1.5 to 2 hIn that
way ~15 voltammograms per additiowere obtainedthe last2 were used for the

construction oacomplexometric titration curve.

Due to methodological/pcedural specifications related to the CuCC measurement, a more
detailed explanation about the applied procedure and data treatment are provided in the

Results section
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3.7.4. Carbon analysis

A TOC-VCSH analyser (Shimadzu) was used to determine DOM#adconcentrations.
Calibration was done with hydrogenophtalate (Shimadzu) and NaN@QO; standard
solutions, respectively, with an accuracy of 0.02 mgQllouis et al., 2009; Oursel et al.,
2013). A satisfactory accuracy of analyses was validated wsrtified reference material
MISSIPPI03 (Environment Canada).

The TOGVCSH analyser coupled with an SSBM00A module was used to determine POC

RQ *)) ILOWHUV 7KH ILOWHUYV ZHUH GULHG WR D FRQVWDQ
for 4 h in ordeto remove all of the inorganic carbon (Lorrain et al., 2003). POC content was
determined by the higWHP SHUDW X U H f& FDWDO\WLFIRR[LGDWL
detection, calibrated with glucose (Analytical reagent grade, Fisher Scientific), with an

accuacy of 0.1 mgC

3.75. Determination of effective diffusion coefficients for OP and RP DGT gels

The DGT diffusion coefficients needed to calculate Di&dile metal concentrationg,ere

supplied by the DGT deviamanufacturer (DGT Resear¢landexperimentally obtained in

0.01 M NaNQ. This ionic strength is not representative of brackish/seawater (Garmo et al.,

2003; Scally et al., 2006). Although the DGFDELOH FRQFHQWUDWLRQ LV Zl1
value, due to the problems associated withutbe of diffusion coefficients in solutions of

different ionic strengthScally et al., 2006 we decided to estimate an effective diffusion
FRHIILFLHQW RI WUDFH PHWDOV XVLQJ WKH 3SGLUHFW XSW

controlled conditions).

For this experimet, three 7 L bottles (the nominal volume of the PET drinking water bottle)
were used. End members (10 L of freshwater and 10 L of seawater) were used to prepare
working samples at three salinities. Water was first filtered under nitrogen pressure as was
previously described and then exposed to UV light in order to decompose organic matter.
Bottles were cut on the bottom and put upside down on a magnetic stirrer with a magnet in
the cap of the bottle (Fig 3.15). In each bottle, 5 L of sample were addeel fiollowing
way.

1) S=0:5L of freshwater

2) S=19: 2.5 L of freshwater and 2.5 L of seawater

3) S =38:5L of seawater
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Figure 3.15. Preparation of sample for DGT diffusive coefficient determination

The oncentratios for each metal usedh the studyare listed in Table 38. Each

concentration is selecte R EH DW O H D V Vémbient KnetalkcéhOe ntvakidpid of

samples was adjusted to be between 7.8 anty8aldition of borate buffetJnder these

conditions, model calculations using Visual MIEQ 3.0 showed that precipitation of any

metal is not likely to occuPrepared samples were left overnight to stabilize under stirred
conditions Temperature RI VDPSOHV GXULQJ WKH H[SHULPHQW ZDV NH

Table 3.8. Concentratiosof metals (in nM) used for the determination of DGT diffusion
coefficients

Metal Final onc (nM)
Cd 100
Pb 100
Cu 500
Zn 1000
Ni 500
Co 100

Five DGT samplers with open pores (OP), and five with restrictive pores (RP) were mounted
on (previously cleaned) prepared plastic holders, and deployed in each of the stirred
solutions for six hours. Before deployment, DGTs were rinsed by immersing tfis,DG

mounted on holders, for a few seconds, in the corresponding washing solution (unspiked
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with metals)with the same salinity as the working sample. Fig 3.16 presents the setup of
DGT probes in holders and in measuring containers. Five mL of samplekeadrtam each

of these bottles at the beginning, after fifteen minutes, after one hour, after two hours, after
four hours, and after six hours. These samples were used to check the concentration of the
added metals during the experiment. The temperatusecaatrolled during subample
retrieval. After six hours, the DGTs were taken out, rinsed with MQ water, and the resin gels

were retrieved as previously described

Figure 3.16 Set up for DGTdiffusion coefficient experiment
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4. Results

4.1  Hydrological conditions of the Krka River

The KrkaRiver flow (measured at the Skradinski Buk) for the period of January 2008 to
December 2013 is presented in Fig. 4.1a. In addition, Fig. 4.1b shows the extracted flow for
the period of our three sampling campaigns. Discharge of the Krka River is generally
characterized by high variability, mainly related to weather conditions, i.e. rain
periods/events. The calculated average flow for the/el3 period (200R013; data
collected up to the time of writing) is 48.9*m!, with a maximum of 327 ms?! and a
minimum of 7.1 ni s* The inset graph representing the monthly average flows during this
period, shows that the highest average flow was during winte®@ae® s'), whereas in
summer, the average flow dropped to <10t If compared to other years,elatively low

flow (never surpassing 100%ns?!) was concluded to be a general characteristic of our
sampling period (July 203July 2012; see red arrows in Fig. 4.1a). Thus, there is a
possibility that some particular trace metal behaviours common for diggharges are

omitted from our work

350

300 A

200 A

150 A

Krka River flow (m3 s'l)

100 A

| Nkt

0 T T T T T T T
1.2008. 1.2009. 1.2010. 1.2011. 1.2012. 1.2013. 1.2014.

Figure 4.1a. Krka River flowfrom 2008to 2013.
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Figure 4.1b. Krka River flow coveringhe period of our sampling campaigns, with dates
indicated by red arrows. Inset: average monthly flow of the Krka Rivehéoperiod of 13
years (20042013).

42. Estuarine major physico-chemical parameters
4.2.1 Suspended particulate matter (SPM)

Fig. 4.2 (upper row) shows the distribution of SPM in relation to salinity and distance (from
the head of the estuary) for thentar period. Although the level of SPM in the estuary is
extremely low and consequently its measurement is susceptible to a relatively high level of
uncertainty, wellseparated trends for all three layers are evident. While the SPM in the
surface layer isncreasing seaward from ~0.4 mgto ~3 mgL?, the level of SPM in the
seawater is further increasing, but in the opposite, landward, direction (from <3 gL

to ~6 mgL?), as a consequence of the progressive enrichment in seawater because of its
longer residence time (100 to 250 days, depending on the season ((1d@8i). In the
halocline, the SPM lies between these two trends, showing that the upward transport from
the seawater layer is regulating the vertical profile of the SPM along the esisiprgjected

by the above described transport model.

The flow of the Krka River during the winter campaign (44s) was below its average
value for this period (70 fis?) (Fig. 4.1b). Weak erosion of the karstic area, associated with
the SPM removadt the waterfalls (Cukrov et al., 2008), caused an extremely low input of

SPM by the river, providing proof of the peculiar biogeochemical processes affecting TM,
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organic carbon behaviour and fatet overrode by the large SPM load usually encountered
in classical estuaries. The ledsfined relationships of SPM with salinity were obtained for
the summer campaign (Fig. 4.2, lower row) probably due to thaegligible contribution

of biogenic paitles to the overall SPM concentration. In relation to distance, two separate
decreasing sections, split at thé"&8n, could be perceived for each layer. Intensive mussel
farming in this region, associated with the increased phytoplankton productiglty @h

saturation was observed in this region, see Fig. 3C) may serve as a possible source of SPM.

Figure 4.2. Distribution of SPM in relation to salinity and distance (from the head of the
estuary) for the three layers, in winter amgdummer. Arrowsndicatethedirection of water
mass flow foithebrackish and seawater layers
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4.2.2. Salinity, temperature and dissolved oxygen

Figs. 4.3AC shows contour plot profiles of temperature, salinity and dissolved oxygen along

the estuarine transect fifteen sites recorded in the winter of 2012 and in the summer of

2011. As expected, in winter 2012, generally low temperatures and salinities were observed

in the upper brackish layer due to the low atmospheric temperature. While the surface layer
tempeDWXUH ZDV PDLQWDLQHG EHWZHHQ -ldd@gxt@nsect,p& DORQJ
increase in salinity (up to twenty) was recorded for the same horizontal profile as a
consequence of progressive freshwater and seawater mixing. The surface layer teenperatur

and salinity reached see DOXHV RQO\ DW WKH ODVW VDPSOLQJ VLWH
qguastconstant depth profile for both parameters. At all other sites, depth profiles showed
well-defined salinity stratification of the water column. A clearnsegtation of the three

separate layers with a sharp halocline (FSI layer) encompassed the first half of the estuary.
Maintained at a depth of between two and three meters, the thickness of the halocline
(spanning an increasingly small salinity range) iasezl seaward and progressively (from

~0.4t0 ~2 m)

,Q WKH VXPPHU FDPSDLJQ DOWKRXJK WKH WHPSHUDWX
VOLJKW LQFUHDVH LQ WHPSHUDWXUH DW WKH VXUIDFH OI
approximately the first 10 laimetres due to solar irradiation, while more intensive mixing
with colderseawater at more downstream sites led to a decrease in surface tarepera

(linear relationship withhte salinity)

Depth profiles showetheoccurrence of the temperature maximthim FSI layer (halocline)

LQ WKH XSSHU HVWXDU\ UHJLRQ DQG LQ WKH GRZQVWUHDP
the mapping campaign (July, 2012; data not shown). The occurrence and the intensity of the
temperature maxima is regulated bBycombinationof atmosphac temperature (solar
irradiation) and entrainment of seawater (mixjrag)d is periodikehaviour over the course
of severaldays/ HJRYLU HW DO E DQG DOVR ZLWKLQ RQH GD\

Due to the low Krka River flow (=10 #8%, Fig. 4.1b) in the summer of 2011, a clear
separation of the three layers with a strong salinity gradient in the halocline was maintained
only for the first five kilometres. However, regardless of the period, it is clear that vertical
salinity stratifi@ation is pronounced along the whole estuary transect, even if the depth of the

halocline and its thickness varied. Our fifteen site profiles of salinity and temperature
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generally correspond with the results and predictions of previous studies perfoarfed at
VHOHFWHG ORFDWLRQV LQ WKH .UND 5LYHU HVWXDU\ /HJ

Figure 4.3. Two-dimensional distributions of temperature (A), salinity (B) and dissolved
oxygen (C) in the Krka River estuary in winter 2012 and in summer 2011.

Relatively homogenous depth profiles of dissolved oxygen corresponding 1b1000
saturation were observed along the estuary in the winter period. However, oversaturation by
oxygen (146180%) at a depth just below the FSI (Fig. 4.3C ) was registersdnimer
FDPSDLJQV IRU WKH PRVW XSVWUHDP HVWXDUDbfYhel JPHQW
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KLJK ELRORJLFDO DFWLYLWLHYVY &HWLQLU HW DO /HIR
Namely, freshwater phytoplankton produced in the Visovac [thleKrka River) sinks and

decomposes a& higher salinity, producing nutrients which favoblooms of marine

phytoplankton at the lower edge of the halocline (Ledg@tial., 1991d)The doserved

temperature maxima additionally contribdite the highbloom development

As a consequence of bloom decomposition, hypoxia in autumn in the Prokljan Lake was
REVHUYHG LQ SUHYLRXV VWXGLHV /HJRYLUO HW DO F &
not observed (as the campaign was conducted in summer), adel@aase in oxygen
saturation, down to 90% in the bottom seawater layer, was measured, which signifies a
decreasing trend, potentially leading to hypoxia in autumn. However, as an isolated case,
localized hypoxic conditions (<2% -Gsaturation) were found in summer in the bottom
seawater layer at the uppermost site {QEThis site is characterized by a specific cuvette
(bottom depth ~7.5 m, Fig.3,right and 3C), in which the seawater residence time is longer
compared to the adjant seawater, enhancing the effect of bacterial mineralization of settled
(and accumulated) biogenic material (e.g. lysed freshwater phytoplankton), which causes a
decrease in oxygen. The effect of low oxygen at this location was found to influence the

vertical distribution of trace metal concentrations, which is discussed later in the text

4.2.3. Dissolved inorganic carbon (DIC) and pH

DIC. In karstic rivers, DIC is mainly derived from carbonate dissolution, which controls the
water pH. The welllefinedrelationships between DIC and salinity (plotted with all three
layers) for both the summer and winter period are presented in Fig. 4.4. If the relationship is
examined, including freshwater and seawaterrarthbers, the conservative behaviour is

not appaent, even if a clear decreasing linear trend is obvious for salinities higher than ~5.
An increase in the DIC value in the surface layer for both periods in the first few kilometres
is likely due to the reestablishment of the carbonate equilibria, iakeipt CQ, which was
previously degassed at the waterfalls. It is higher in winter than in summer due to the better
solubility of CQyin colder water. The range of DIC values along the estuary/salinity gradient
agrees well with the previous study (CauviéX91), with the difference that in the previous
study a linear relationship of DIC versus salinity was estimated, but no separation of DIC by

season was examined
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Figure 4.4. Distribution of dissolved inorganic carbon (DIC) in relation to salinity and
distance for the three layers, in winter (white symbols) and summer period (grey symbols).

The pH measured in the estuary transect in both seasons ranged between 8.7 in the surface

layer at the head of the estuary and 8.1 at the seawater end membér5{FRelatively

high pH values (up to 8.%)ere already recorded along the Krka River at locations after the

waterfalls (Cukrov et al., 2008) as a consequence of ther€fbval (degasing) from the

water (Vukosav et al., 2014)his is also the reason tfe high pH value at the first site

(KE-1) in the estuary, since its position is ~500 m downstream from the last and largest

waterfall of the Krka River. As no clear relationship between pH and salinity was perceived,

pH was plotted in relation to distanaehere a few trends for each layer are distinguishable

(Fig. 4.5)
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Figure 4.5 Spatial distribution of pH for the three layers in winter and summer period.
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In winter, the decrease of pH in the surface layer at the beginning of the estuary (first ~6 km)
Is consistent with the DIC increase (Fig. 4.3), and could be a consequence of the partial
acidification by the C@uptake, as the buffering capacity of freshwater is not high. For the
strong decrease in all three layers observed after the fifteenth kiégmve do not currently

have an explanation, i.e. it could not be unambiguously explained by the variation in any of
the other measured parameters. Comparing the two periods, the winter period pH values in
the surface layer were higher than in bottom sgamlayer (with a few exceptions), while

in the summer period, an opposite relation was observed. Aside from the above mentioned
strong oxygen depletion in the cuvette, the mineralization of organic matter also led to
evident drop of pH to 7.8. Longitudihdistribution of pH within the halocline lies generally
between those of brackish and seawater layer, except in winter for the upper region (up to

15" km), where the lowest pH values were measured

4.2.4. Dissolved and particulate organic carbor(DOC/POC)

DOC. Although previous studies reported that DOC concentratiotine Krka River is
relatively constant throughout the year (mean value of 1.18 mg@Qauwet, 199 our
measurements performed at confrastperiods clearly evidence a diffex@ in DOC
between winter (0.42 mgC1) and summer (1.35 mgCY. Compared to European rivers
like the Rhine (~ 2.9 mgC t), Loire (~3.9 mgC %), Elbe (~ 4.6 mgC t), Thames (~ 5.8
mgC L) (Abril et al., 2002) or Gironde (~ 3.1 mgC)L(Veyssy et al., 1998) concentrations
of DOC measured in the Krka River are extremely low. Comparing the twanemdbers
for the winter and summer period, lower DOas measured in freshwater in winter (0.4
mgC Lt vs. 0.72 mgC ) and higher in summerepiod (1.35 mgC tXvs. 1.0 mgC [).
Higher DOC during summer period in freshwater part is the consequence of the enhanced
biological activity in the Visovac Lake (freshwater pgRgtricioli et al., 1996; Svensen et
al., 2007). Fig. 4.6 presents thetdlsution of DOC ina function of salinity for all three

layers.

Although it is obvious that the linear relationship was not establisheddioe of the
sampling period, the neconservative behaviour is more pronoundedthe summer
campaign. The rangd ®0C values and its distribution along the estuary is in agreement
with studies performed more than 20 years earlier (Cauwet, 1991; Sempere and Cauwet,
1995), showing a persistency of the pristine/oligotrophic nature of the Krka River and its

estuary. Cotrary to our records, a conservative behaviour was found in various
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freshwater/seawater mixing zones such as the Huveaune and the Jarret Rivers plume (Oursel
et al., 2013),W K H S5HEs{uari (Dai et al., 1995), the Mississippi River plume (Guo et al.,
2009, the bay of Saint Louis (Cai et al., 2012), or the Humber Estuary (Ahsaigmdo

and Miller, 1998).However, due to the difference in nature (e.g. water residence time,
estuary morphology, freshwater DOC concentration discharge), a direct comparison
between these aquatic systems is not straightforward. More insight into the DOC distribution
and behaviour in the estuary could be extracted if values for each layer would be plotted

separately in relation to distance (Fig. 4.6)
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Figure 4.6. Distribution of dissolved organic carbon (DOC) in relation to salinity and
distance for the three layers, during the winter and summer period

For both seasons there is a linear increase (of about 0.35 gaf DOC in the surface
layer up to about the ¥Skm. The increase could not be assigned to the external
anthropogenic sources of Skradin town and its nautical marina (located df #ra, 4
between sites K2 and KE3), as the increase of DOC is not elevated after that region, and
as the total increads the same during the summer and the winter period, despite much
higher nautical/touristic activity during the summer period. Mussel farming which is

intensive in the estuary is also discarded as a possible source, since the majority (>90%) of
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farms are dcated downstream of the18m (Fig. 3.1), and as it was found that mussel

farming does not increase DOC (La Rosa et al., 2002). Detailed surface mapping of the
ALEHQLN ED\ )LJ VKRZHG D VOLJKW FKDQJH RI '2& ZLWK
mgCL™, N = 36) suggesting no evidence of urban input from the town or harbour/nautical

marina. Thus, biological processes (e.qg. lysis of freshwater phytoplankton cells in seawater
(Morris et al., 1978)) could be identified as the main sources of DOC whthifirst 15 km,

while, although of small total amount, a partial desorption of organic carbon from the

suspended particulate matter (SPM) could contribute

At more downstream sites (>15 km), DOC maintained a epaasstant level for all three

layers in thewinter period, whereas a linear (conservative) decrease was observed for the
surface and the FSI layer in the summer period, as an result of dilution with seawater
containing a lower DOC concentration. A landward increase of DOC in seawater (with a
much nore pronounced increase in summer compared to winter) is a clear consequence of
the sinking of organic detritus decomposition from the surface layers, combined with the
slow entrainment of seawater (residence time of seawater increases in the upstream
direction). In the FSI layer (halocline), DOC exhibited variable trends for the summer and
winter period, but generally spanned the range of values between the surface and the

seawater layers
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POC. By examining all samples along the estuary transect, a higher average POC value was

obtained in the summer compared to the winter period (0.33 tngnd 0.13 mg L,

respectively;Fig. 4.8). These values are extremely low if compared to other estuaries: the

Scheldt estuary (~18.3 mgC?}, the Loire estuary (~6.3 mgC?Y), the Gironde estuary
(~2.6 mgC 1) or the Elbe estuary (~1.6 mgChL(all values from (Abril et al., 2002)A
general decreasing trend of POC with increasing distance were obtained for the winter and

summer campaigns in all three layers (Fig. 4.8). However, while for the winter campaign a

lower average value and a better expressed decreasing trend of POsunfette layer was

depicted, a higher average POC with more scattered values was observed in summer

The increase of POC in winter halocline samples (compared to the other two layers)

observed in the upper estuary segment could be explained by the acmmuofiadead

freshwater phytoplankton and possible flocculation of terrestrial particulate organic. matter
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When normalized on SPM, a weléfined decreasing trend of POC content, with separated
segments for each layer in the winter period in relation to salinity, was obtained (Fig. 4.9).
The content of the POC fraction decreased considenalthe surface layer at salinities up

to ~15, following the conservative line. Contrarily, points at salinities higher than ~15 are
below this line. The release of organic matter (OM) associated with SPM due to the
competitive effect at increased salieg (considering the prevailing terrigenous, inorganic
nature of SPM supplied by the Krka River) and/or the prevailing biogenic material in
freshwater, could explain the observed POC content trend. In either case, the release of OM
could not be reflectednothe DOC concentration in the surface layer due to the relatively
small total quantity of organic matter bound to SPM (surface layer). A slightly higher POC

content in the FSI layer, than was predicted by the conservative line, could be explained by

the a&cumulation of biogeni® DWHULDO &DXZHW 6HPSHUH DQG &DX
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In the summer period, higher POC concentrations were found in all layers as a result of the
increased phytoplankton productivity. For all three layers, POC content is above the
theoretical conservative line, which denotes a higher biogenic productiotvb“®RAough
phytoplankton productivity in summer did not cause a strong increase of the average SPM,
the organic fraction in particles from the FSI and the seawater layer was increased (compared
to winter). A similar increase of the POC content as wethasconcentration at the lower

edge of the halocline, compared to the overlying and underlying water, was already

registered in previous studies in Kika River (Cauwet, 1991; Sempere and Cauwet, 1995)

4 3. Distribution of trace metals
43.1. End-members

There are only two publications up to now that report concentrations of trace metals in the
freshwater engnember, the Krka River (Table 4.2). Our results confirm persistency of the
.UND 5LYHUYfV SULVWLQH QDWXUH R YwhidhW Hute StiplddlRG R1 P
For our campaign, a surface sample at the first estuary poirtl{KES<0.5) showed
systematically lower concentrations for all studied metals compared to sites upstream of
waterfalls, and thus, this site was considered the-neamber. The decrease in
concentrations of trace metals is probably caused by their removal along the waterfalls
preceding the estuary (46 m of total height) with 17 tufa barriers serving agdtipev et

al., 2008a). In addition, the removal of metalsrnibanced by the formed surfametive foam

rich in organic matter and particles (Schilling and Zessner, 20lEhely, due to higher
biological activity in the upstream Visovac Lake during the summer season, water enriched
with the surface active compountéssours the foam formation that accumulates metals
(Schilling and Zessner, 2011; Zhang et al., 2009), similarly to that described for the sea
surface microlayer (Hunter, 1997; Truesdale et al., 2012). Compared to other Mediterranean
rivers (Table 4.2), aacentrations of trace metals in the Krka River are much lower (Dorten

et al., 1991; Ollivier et al., 2011; Oursel et al., 2013)

For the seawater endember (KE15), there is no difference between winter and summer
concentrations for Zn, Cd, Pb and Cu, hor Ni and Co, slightly higher values were
measured in summer than in wintafthough this site is locatedithin the coastal region,
measured concentrations are very similar to those measured in the open parts of the Adriatic
or the Mediterranean (Annibaldi et al., 2011; Tankere and Statham, T8&63uggests that
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the general contribution of metal inputs from thed to the sea is insufficient to cause a

permanent increase of trace metal concentrations.

Table 4.1 Concentrations of trace metals in the Krka River (freshwatermerdber),
selected Mediterranean rive@ndthe open Mediterranean Sea, as well asges (all
depths) across the estuary transect sites for the winter and summer periods and in the
ALEHQLN ED\ KLJK UHVR O WdirR@QinfizSt8dyQJ VXPPHU

Dissolved (total ) metal concentrations (in nM)

Zn Cd Pb Cu Ni Co
ElbazPoulichet
et al. (1991)+ - 0.044 0.08 1.78 2.47 -
Krka
Cukrov et al. 451 0.018 0.037 1.47
(2006) tKrka (4.63) (0.025) (0.166) (2.52) ) )
Krka zthis study 3.25 0.015 0.03 4.44 2.09 0.31
(8.06) (0.020) (0.14) (6.51) (2.96) (0.6)
KE1-1 (S<0.5) 2.03 0.008 0.02 2.45 1.86 0.24
(2.78) (0.10) (0.09) (3.23) (2.85) (0.36)
KE-15 (S=38) 45 0.067 0.070 3.2 7.0 0.36
(5.2) (0.069) (0.101) (3.6) (7.45) (0.36)

Range winter 2.014.9 0.020.16 0.01-0.22 1.767.29 1.767.29 0.20-0.66
Range summer  2.0.15.3 0.01:0.10 0.020.29 2.4520.2 1.8610.3 0.241.22
ALEHQLN E 7.1-101.0 0.050.21 0.041.11 6.4268.7 5.11-10.70 0.260.51

River

Rhoné 41.3 0.33 32.7 16.7

Huveaunné 52.0 0.07 0.64 27.0 43.0 6.9
Jarret 73.0 0.07 0.37 28.0 29.0 4.1
Po 57.7 0.58 0.72 25.7 - -
Ebro® 42 1.07 0.75 15.3 - -
Arno® 30.6 0.89 1.01 27.5 - -
x\\’/‘;rr'zd average 9.2 0.71 0.38 23 14 2.5
South. Adriatié 2.71 0.076 - 2.95 5.27 -
Central Adriatié - 0.12 0.19 6.3 - -
Mediterraneah 2.7 0.062 - 1.7 2.4 -

Y(Ollivier et al., 2011)%(Oursel et al., 2013§(Dorten et al., 1991f(Tankere and Statham, 199&Annibaldi
et al., 2011)

432. 'LVWULEXWLRQ RI WUDFH PHWDOV ZLWKLQ WKH AaLEHQL

Among the potential poirdource contamination locatignsvhich could affect the

distribution of trace metal concentrations in batiorizontal and vertical direction, the area

RI WKH aLEHQLN WRZQ WKH aLEHQLN ED\ ZDV LGHQWLILHC
the primary source of contaminants was wasater (WW) discharged within the bay, after

the WW output was displaced (in 2007), activities in the harbour, nautical marina and mussel
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IDUPLQJ UHPDLQHG DV WKH PDLQ WKUHDWYV 7KXV D GHWI
Fig. 3.1) was performedn order to identify locations and quantify contamination sources.
Distributions ofdissolved (filtered) and total (unfiltered@n, Cd,Ph Cu, Ni and Can

surface layer are presented as contour plo&gs 4.10a and 4.10b.
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Figure 4.10a. Distribution of dissolved (left) and total (right) concentrations of Zn, Cd and
3E LQ WKH VXUIDFH OD\HU RI WKH AaLEHQLN ED\ 0ODSSLQJ
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Sibenik Sibenik

Figure 4.10h Distribution of dissolved (left) and total (right) concentrations of Cu, Ni and
&R LQ WKH VXUIDFH OD\HU RI WKH AaLEHQLN ED\ ODSSLQJ FI

As expected, the harbour and the nautical marina exhibited the highest concentrations for

most of the metals. Compatto the low levels found within the bay (which are alrehidy

compaed to the endmembers) an increase of all metals occurred at particular locations.
:KLOH LQFUHDVHG =Q a T FRPSDUHG WR ORZ ®OHEYHOW ZLW
bay) wadoundmainly in the nautical marina and harbour (with sharp conaoirdecline

away from the source)DQ LQFUHDVH LQ &X XS WR ai1 FRQFHQWU
DGGLWLRQDOO\ DORQJ WKH ALEHQLN FRDVWDO OLQH GXH W
the phosphate ore transhipment (unloading) showed the highesnt@tions of Cd (up to
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~

al ZKLOH WKH ORFDWLRQ QHDU WKH VKLS RYHUKDXO L
XS WR af 1L ZDV IRXQG LQFUHDVHG RQO\ DW RQH LV
distribution/enhancement was observed for Co concentgatio

"HV S LW H -pEdtiénd rRSponsible for the highest observed concentrations separately for
each metal, correlation coefficients higher than 0.8 obtained for Zn, Cd, Pb and Cu (Table

4.2), point to the same/similar sources considering the whole bay.

Table42. 3SHDUVRQYY FRUUHODWLRQ FRHIILFLHQWY OHYHO R
WUDFH PHWDO FRQFHQWUDWLR QBZ exduededfrom drialydis EH QL N
DV WKH\ DUH RXW RI WKH GaLEHQLN %D\

Element Zn Cd Pb Cu Ni Co
Zn 1
Cd 0.876 1
Pb 0.928 0.895 1
Cu 0.902 0.814 0.901 1
Ni 0.577 0.536 0.647 0.568 1
Co 0.059 -0.048 0.079 -0.022 0.569 1

$ VPDOO EXW VWHDG\ XSVWUHDP LtéwaidPriudsaisifartifag O
locations was registered (Fig. 4.However, the increase should not be connected to the
farming activity, as it was found that DOC is not increased in such areas (La Rosa et al.,
2002). Overall, with the exception of Ni and Co, the detailed mapping revealed that the
harbour and nautical miaa could be considered the main sources of trace metals within the
estuary. If compared to seawater/freshwater-BldPEHUV WKH IROORZLQJ 3H
factors were obtained: 22/50 for Zn, 3/20 for Cd, 16/55 for Pb, 22/27 for Cu, 1.5/6 for Ni

and 1.4/2 fo Co. It is likely that the levels of contamination fluctuate depending on the
activities within the harbour and the nautical marina, and thus, the measured values could be
used only as merits of contamination sources and general levels when considering th
distribution of metals for the overall estuary transect performed at different periods. One of

the main questions is the space and time domain in which increased concentrations influence
the trace metal distribution along the horizontal and verticallp@H ZLWKLQ WKH 3Z

estuary. In this study, we focused only on the space domain

7KH G\QDPLF QDWXUH RI WKH HVWXDU\ HVSHFLDOO\ ZLV

examined by measuring trace metals in the surface layer across the transversal transect
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(direction: left>right of the estuary bank, 0.6 km distance). Fig. 4.11 showabthmed

results for the dissolved and total metal concentrations, as well as a corresponding profile of
salinity. Much higher concentrations at the left (north) side of the estuary (closer to the
ALEHQLN WRZQ ZHUH PHDomoOYeHdbs staliR Aflile Subac® Ryer
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Figure 4.11. Distribution of dissolved and total trace metalshasurface layer along the
transversatransect (lefRULJKW EDQN RI WKH HVWXDU\ ZLWKLQ WKH alL

The observed distribution is mainly related to therbggnamics (movements of surface
water masses) and the dilution effect. Knowing that penirces of trace metals are located
PDLQO\ RQ WKH VLGH RI aLEHQLN WRZQ WKLV GLVWULEXWL
water flowing more on the rightsld RI WKH HVWXDU\ DQG WKH 3SROOXWH
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side, are, in a way, separated, which is clearly visible in the salinity profile. However, such
a large difference in trace metal concentrations between two sides were not observed during
high-resoltion mapping (only 4 points), probably due to different hydrodynamic conditions

at the time of sampling. This profile clearly demonstrates a scenario of highly variable
conditions that occur within the estuary even at a very short distance (0.6 km)afus,
interpretation of the variability of trace metals distribution within the estuary should take

into account possible ndmomogeneous distributions

4.3.3. Distribution of trace metals along the salinity gradient

Fig. 4.12 summarises the distributimfslissolved concentrations of Zn, Cd, Pb, Cu, Ni and

Co along the 15 measured sites in the Krka River estuary within three, vertically separated
layers. A general observation for all metals is that the concentrations increase downstream

in the surface bikish layer (Fig. 4.12, black circles), but also upstré@amadward in the

seawater layer (Fig. 4.12, grey squares). In most cases, the concentrations in the FSI layer

for all metals were between those measured in the two adjacent layers (Fig. 4.12siiang|
Overall, the average trace metal concentrations in all three layers were higher in summer
VDPSOHV WKDQ LQ ZLQWHU 7KLV LV SDUWLFXODUO\ HYL(
concentrations were found in the surface layer in summer, indicatitjoad! input,
SULPDULO\ DV D FRQVHTXHQFH RI LQFUHDVHG QDXWLFCLC
Considering the vertical profile distributions, the average concentration of trace metals
increases with depth, with the exception of Cu in summer. Thesiglifference along the

vertical profile was observed for Pb, pointing to sediments as a potential source of Pb, along

with its accumulation in the seawater layer

A more detailed description and elaboration of the longitudinal and vertical presile®ll

asthe behaviour/fatef trace metalss providedn the Discussion section.
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Figure 4.12. Distribution of dissolvedracemetals inthe brackish, FSI and seawater layers
alongthe estuary transect thewinter and summer period.
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In order to evaluate the Diffusive Gradients in Thin Films (DGT) technique for (operational)
speciation of trace metals across the salinity gradient and additionally to assess its use as a
potential methodology in estimating trace metal bioavailabilityiox for regulatory
monitoring purposes (as suggested by the Water Framework Directive, WFD, 2013), a site
in front of the marine station Martinska was selected as a site representative of the whole
HVWXDU\ H[HPSOLI\LQJ D-régidrO M&Vdloge\viinity FoOtheDse wesX E
beneficial to this study because it allowed a numerous (W LPHV GBNUHKAH®@F\"
measurements of phystahemical parameters at the positions of DGT device deployments
during the deployment periaaf ca. 5 daysA 5-day period was found as an optimal period,
balancing in between a preferred longer deployment due to the low TM concentrations and
capability of everydagliscrete sampliny a diver, becausa additionto DGT deployment

two (summer) or one (winterjstrete samples were collected by a diver at each DGT depth
each day in order to prepare a composite sample (composed of 6 orddtrgulbs) It was
assumedhat composite samplén which the dissolved/total metal concentrations of trace
metals and dis$eed organic carbon (DOC) were measyré representative or the

deployment period

An additionalcomparativesite with increased concentrations of trace metals (representing
WKH 3 SROOXWHG”™ VLWHQ B R W LOFDRD WB GL DIDWK ID@ GVIKGIL QD °

44. Hydrographic conditions

An overview of the hydrographic conditions of the Krka River for the period of the-DGT
deployment campaigns is presented in Fig. 4.13. A previous detailed study performed by
/IHIRYLU UHYHDOHG W K D WiayéikaHd th® d@htkQdf thia hRlbchMieK H vV X L
along the estuary is greatly influenced by the Krka River flow. However, strong weather
conditions (wind/rain) could have a large influence on both the surface salinity and the short

term change of the halocline dep@ur measurements confirm previous observations (inset
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in Fig. 4.13). Among 5 separate D&@mpaigns, only one was conducted in the period of

relatively high Krka River flow (winter, 2010)

€ DGT-campaign periods 30
@ 072011,
300 A >
2 @ 07. 2010.
— £ 20 @ 03 2012.
|w (1]
w
“c 10 @ 07. 2009. 02. 2010.
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Figure 4.13. Krka River flow coveringthe period of our DG¥cammigns, with red
diamonds indicating the dates of each separate campasgn. dependence of tiserface
salinity on Krka River flonat the position of DGTeployment (Martinska)

45. Major physico-chemical parameters duringthe deployment period

45.1. Salinity

As previously shown, the vertical profile of the water column along the Krka River estuary

is characterised by pronounced salinity stratification with the halocline positioned at a depth
of 2-3 m (Martinska site), which is dependent on the KrkaeRflow, and weather
conditions (mainly wind). In Fig. 4.14, vertical profiles of average salinity (for each-DGT
depth) at the DG-Oeployment site (Martinska) for all five sampling events were plotted.
For each campaign, a weleveloped halocline at &pth of between 1.5 and 3 m was formed

for all but the winter 2010 campaign, for which halocline was 1 meter deeper. Positions and
thicknesses of the haloclines were in accordance with the Krka River flow before and at the
time of the DGTcampaign. While e salinity was relatively stable in the surface and
seawater layer during the deployment periods, the same could not be said for other depths.

Fig. 4.15 clearly illustrates the two contrasting cases: while in the summer of 2009 the
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halocline was stable ev the deployment time, a quite variable depth of halocline was
registered in the winter of 2010. For that campaign, depths for the three deepest DGT
positions were changed (moved up) in order to maintain the-pr@des within the adequate

range of salinit.

Salinity
0 5 10 15 20 25 30 35 40
o L L L L L L L
1.
2.
3.
E 4
e
2
8 97
6.
—e— S 2009
—y— W 2010
71 —m— s2010
—— S 2011
81 —a— W2012

Figure 4.14. Vertical profiles of salinity at the positisnof DGT-deploymentdepths
(Martinska) for five DG FcampaignsRed symbols correspond thesummer(S) andblue
to thewinter (W) period.

Figure 4.15. Examples of salinity variation during two D&Bmpaigns: summer 2009 and
winter 2012.The $aded aresrepresent DGIdeployment depth

Salinities measured irthe surface layer duringhe period of DGFdeploymentgFig.4.14)

do nd showa 3 W\ S Lskrrief/winter patterand exemplify contrasting conditions which
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occur in the estuaryVhile salinity inthesummerof 2009 was low, a relatively high salinity

was measured ithewinter of 2012.

,Q QDXWLFDO PDULQD 30DQGDOLQ Bite), dHeEgerm@ralNreKdDd ER XU~ 3
salinity changing with depth was in agreement with the one observed in front of marine
VWDWLRQ ODUWLQVND WKH 3FOHDQ” VLWH +RZHYHU D PX

day-to-day basis in the halocline region

Figure 4.16.Salinity depthtime variation duringhe DGT-campaignn summer 200@t the
ORFDWLRQ RI| QDXWLF D TheRadétd @rBarépresent DG&Xlefldyrent
deptts.

45.2. Temperature

One of the most important parameters for the B&hnique is temperature. Indeed, the

diffusion coefficient of trace metal species used in the calculations of-IBIGHE

concentrations is highly dependent on temperature. Fig. 4.17 shows vertical prfafiies

average temperature at the Martinska site. As expected, a clear seasonal pattern of the
temperature distribution within the vertical profile was recorded: a higher surface
temperature in summer with thermocline, which agrees well with the degtl bélocline,

and a temperature inversion in winter. Vertical profiles of the average temperature at the
SRVLWLRQ RI WKH 3 SROOXWHG" VLWH LQ WKH QDXWLFDO F
UHFRUGHG DW WKH 3FOHDQ" VLWHS8 $hbvisWwno@xaniles of Q DG GL\

112



4. Results

temperature variations during the D@ployment period. While in the summer of 2011,
the temperature was stable during the time of deployment, in the winter of 2012 a high
variability (as was observed of salinity) was recorded

7THPSHUDWXUH f&

5 10 15 20 25 30
0 1 1 1 1

Depth (m)

Figure 4.17. Vertical profiles ofthe average temperature at the positiontloéd DGT-
deployment site (Martinska) for five DGdampaigns.Red symbols correspond tthe
summer (S) anblue to thewinter (W) period.

Figure 4.18.Examples of temperatukariation during two DGIcampaigns: summer 2011
and winter 2012. The shaded areapresenthe range of DGIeployment dep#) and the
lines on the left plot represent the actual variations of the-RiIBployment depths

However, asin-situ temperaturelepth loggers were used to continuously monitoring

temperature (every 15 min), it was assumed that the average diffusion coefficients (based on
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WKH DYHUDJH WHPSHUDWXUH ZHUH VXIILFLHQW HQRXJK
diffusion coefficients ofrface metals

In addition to temperaturéheleft plot in Fig. 4.18 shows the variation of each D@&dpth
GXULQJ GHSOR\PHQW WLPH-ZHKLDRWY RHF KDIQH. BR XCGIW HUL E
Experimental section), the absolute variation in depth was wittin c&h the
temperaturelepth data loggsmvere installed atach DGTdepth). In that wayDGT probes
were maintained ah quasiconstant depth (especially in the FSI layer, halocline)

regardless of the tide, waves or wind influence.

45.3. Dissolved axygen

Although dissolved oxygen by itself is not an important parameter for the calculation of
DGT-labile metal concentrations, it provides a good overview of overall conditions
(chemical and biological) within the water column, which could be of bendfitew
interpreting the observed DGT profiles. Generally, in the winter period, oxygen saturation

was around 10Q10%, while in the summer period, oversaturation {180%) was

measured at the surface and FSI layer, indicating increased biological actigitledV L QLU HW
DO /HIRYLU.HW DO

45.4 Dissolved organic carbon (DOC)

The DOC concentration in front of the Martinska station confirms the results of DOC
PHDVXUHG DORQJ WKH .UND 5LYHU HVWXDU\ &l ULU HW C
winter (0.5-0.8 mgC ) and higher in summef.0-1.4 mgC L) in the upper layer (Fig.

4.19). Thesummer of 2009 showed behaviour similar to that in winter, due to the larger
influence of freshwater. Higher summer concentrations of DOC at théaoddayer are

connected with enhanced biological activity
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Figure 4.19.Vertical profiles of dissolvedrganic carbon (DOC) at the positsoof DGT-
deploymentdepthgMartinska) for five DGFcampaigns.

46. Determination of diffusion coefficients ofmetals

As it was previously mentioned, the D@3 chnique provides an operationally defined
measure of the DGTabile (bioavailable) fraction so interferences can be made with respect
to metal toxicity. It was assumed that D@&bile concentrations represethe sum of the
mainly inorganic fraction and the weak and kineticédllgile organic complexes of trace
metals. Diffusion coefficients of metals, which are supplied by the-B&Jearch company,

are determined in a 0.1 M NaN®olution at a pH of ~ 5 ugyndiffusive cell methodology.
Under these conditions, metals are present primarily as free aqua ions and inorganic species
(mainly hydroxides and carbonates). Generally it was assumed that diffusion coefficients of
different inorganic complexes are the sarhowever some metatganic complexes have
diffusion coefficients much lower than inorganic specigbafig andDavison, 200}
Consequently, DG-Tabile concentrations of trace metals measured in real experiments
correspond to thequivalents of inorganicspecies, and thus are considered operational
YDOXHYV PHDQLQJ 3WBHISQQTGHOMRQGLWLRQ

The two types of diffusion gels (open and restricted pore) used in our work differ in pore
size. According to theory and expectationssésvo type 3V H Hfer@tftactions of metal

speciesConcentrations of DGTabile metals determined by restricted pore DGT should be
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lower thanthosedetermined by open pore DGT probes. This is due to the fact that larger
molecules (e.g. organic complexes) could/shoulghass through the small pores{2hm).

According to DGTResearch, diffusion coefficients determined for open pore-préibes

should be multiplied by a unified factor of 0.7 if restricted pore DGT is used. In practice,

several problems related to the wéahe diffusion coefficient were identified while using

the DGT technique (see Literature overview section). Accomplishing our first field DGT

study, we faced the problem that, for some cases (metals/depths), concentrations of DGT

labile metals determinelly open pore DGT were almost the same or smaller than the
FRUUHVSRQGLQJ RQHVY GHWHUPLQHG E\ UHVWULFWHG SRUF
SGHYHORSHG ™ IRU VXFK REVHUYDWLRQV KRZHYHU EHIRUH
unusual behaviour, weranted to remeasure the diffusion coefficients for both open and

restricted pore DGT in real samples. In this way, the determined diffusion coefficients are
FDOOHG B3HIIHFWLYH G IDekX VAR eddiEiéhal linfluehdd Qf\Vihe 'sample

composition (e.g. ionic strength, inorganic speciation change) or even mechanical/structural
imperfections on the production of DGGHYLFHY DUH WKHUHIRUH 3H[SUHVVH

For each metal of interest, effeaidiffusion coefficients were experimentally determined

(the detailed protocol is described in the Experimental section) for all three water layers:
brackish(S < 2), FSI layer (S = 19) and seawater (S = 38). Experimentally estiDated

values for Zn, CdPb, Cu, Ni, Co, Mn and U are presented in Tal8eAlslightly lower pH

of working samples (UV digested, buffered and spiked with all metals at high concentration)
adjusted to 7.90.15 was not expected to change inorganic speciation of metals tdaehe e

of influencing the diffusion coefficients estimates. All samples were kept at a temperature

of 25.5“ f& 6PDOO YDULDWLRQV GXULQJ WKH K H[SHULPHC

small influence on the final result

%DVHG RQ WKH 3Rlctbdificier@s; dGringl X¢& BIR deployment period, the
calculated decrease in metal concentrations (due to the continuous uptake by DGT devices;
10 pcs in total in each bottle) wagpected to bbelow 5%. Seven separate samples from
each bottle were taker defined periods of time in order to monitor possible decreases in
metal concentrations due to the continuous uptake. The concentrations of metals in these
samples analysed by HRPMS were within 5% of the expected concentrations (recovery
ZDV “ .e. dn the level of prepared/spiked (see Table 3.8). No obvious decreasing
trend for any studied metal with the deployment time was observed. Thus, prepared/spiked

concentrations were used to calculate the diffusion coefficients
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One of the important paARHWHUV LQ '*7 WHFKQLTXH FDOFXODWLRQV
OD\HU ™ "%/ 7KLV FRUUHVSRQGV WR WKH GLIIXVLRQ OD\H
(outside of the probe) that is dependent on hydrodynamic conditions, i.e. on the strength of

the sirring/mixing. In calm waters, such as lakes or seawater, DBL could significantly
influence the calculated concentrations. Although our measurements were performed in
seawater, due to the wind and waves, the (@lfers were constantly moving left to right
HOLPLQDWLQJ LQ WKLV ZzD\ VWDWLRQDU\ FRQGLWLRQV QR
DBL). As described in the Experimental section, five (5) DGT devices were positioned in

two columns (3+2) facing each other (both for OP and RP). Mixing ofahdion was

controlled by a magnetic Teflon bar stirrer at the bottom of the bottle (se8.Fign the
Experimental section). In this way, a slightly different mixing strength was established along

the vertical profile within the bottle, which allowed to check whether the influence of a

different DBL was possible to determine in real conditions. Based on 30 separate results (15

OP and 15 RP), no clear difference was found between DGT devices positioned at the surface
and those positioned deeper ir thottle. Thus, it was concluded that under experimental
conditions, the stirring strength did not have a noticeable influence on the DBL. Based on

this artificial experiment, it was decided that DBL will not be considered as a factor (zero

value assignedj calculations of DGTlabile metal concentrations in real experiments. In
addition, although DBL exists inal DGH[SHULPHQWV LQ RXU FDOFXODW|

via effective diffusion coefficiente).

The experimentally determined averagéef (five replicates) for open pore and restricted
pore DGT, is presented in Fig. 4.20. In addition, Table 4.3 lists some values of characteristic
parameters and extracted results compared with published valtezage values foDe

for examined trace atals (with the exception of Cu) and for both diffusive gel types, do not
show any systematic trends (increasing or decreasing) in regards to the chemical
composition of water (SW, MIX and FW). Thus, it is assumed that under the given
conditions of the sakion compositions, the change in inorganic speciation of trace metals
does not have a measurable influence on the diffusion coefficients. The only systematic
decrease obtained was for Cu. As this trend was not expected, and as currently there is no
reasomble explanation, we decided to avoid the usBeaffor Cu in our calculations, and
instead, we used the value provided by D@3earch with the 0.R-factor applied for RP.

An additional reason to not use the experimentally derived value for Cutisdttainversion

factor between OP and RP diffusion coefficients for Cu was 0.5, which is rather too low
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Figure 4.20. Effective diffusion coefficients for trace metals for open pore (OP) and
restricted pore (RP) diffusive gels and as determined in saraptfferent composition of
major ions: seawater (SW), mixed seawditeshwater (MIX) and freshwater (FW) ah
average temperatuce “ f& XQGHU VWLUUHG FRQGLWLRQV

Table 43. Concentrations of metals used in experiment, average percenta@ dilank
(nonexposed probes), determined effective diffusion coefficieBtss ( cn? s?),
SRIILFLDO™ GLIIXVLRQ FRHIILFRéscakth Odhpa@aPRkExa G EN '*7
difference between the two values aaderagefactor of the diffusion coefficient
conversion for restricted pore geR-factor).

Cd Pb Cu Zn Ni Co

conc. (nM) 100 100 500 1000 500 100
% blank 0.1 0.3 2.2 34 0.1 0.4
PDest T ° 6.18 6.22 5.77 5.68 5.84 6.17
PDpeTResT © 6.09 8.03 6.23 6.08 5.77 5.94
% difference 14 -23 -7.4 -6.5 1.1 3.8

AVG R-factor “ u u u « «
a tdiffusion coefficients@ T =25 f &
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Results obtained for Zn showed a strong influence of high-Diaiik concentrations (nen

exposed DGT). Although a fairly high concentration of Zn (1 uM) was used in the
experiment, the average D@lank concentration was higher than 30% (blank was 26% for

OP , and 42% for RP). Consequently, high standard deviations were obtained, leading to
uncertain values dDest for Zn. Although the difference between ddgir DQG WKH 3RIILFLEL
value is not large-6 %), due to the high and uncertain value ofRheD FW R U “ ZH
GHFLGHG WR XVH WKH 3RIILFLDO” GLIIXVLRQ FRHIILFLHQW

Generally a very good agreement between the effective diffusion coefficients and the
published (official) data was obtained for most metfl K H SH[FHSWLRQ ™ ZDV 3E IF
Deff was 22% underestimated. Contrarily, Garmo et al. (2003) obtained around 20% higher
values in their experiment. The difference between the experimental setup and solution
composition (pH 4.76 and 0.01 M NaN®in thecase of Garmo et al.) may be one of the
UHDVRQV IRU VXFK FRQWUDVWHG YDOXHV $V GLIIHUHQW

literature, we decided to use the values obtained in our experiment

Taking into account uncertainty, estimatfhactors(correction of diffusion coefficients for

RP DGT) for all metals (with the exception of Cu) agreed with the recommended value of

0.7 provided by the DG'Research Company. No systematic trend in RHactor was

observed in relation to the three typesarhples, and thus, average values were calculated

DQG DVVLIJQHG DV 3WUXH™ RQHV IRU IXUWKHU FDOFXODWL

4.7. Vertical distributions of dissolved and DGT-labile concentrations of trace metad
DW O0DUWLOQHNWDIQ ™ 3VLWH

As explained in the Experimentséction, during the DGT deployment time (ca. 5 days)
discrete samples were taken each day (once in winter and twice in summer
morning/afternoon) in order to build a composite sample representative of the time of DGT
exposure. These samples were use@terchine the dissolved and total metal concentrations
(UV digested and acidified) as well as for the Cu speciation analysis using the
electrochemical method determination of Cu complexation parameters (described in
Chapter 11).
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4.7.1. Zinc (Zn)

Vertical profiles of dissolved and DG@#bile concentrations of Zn for each sampling
campaign are presented in Fig. 4.21. While all vertical profiles of dissolved Zn
concentrations showed walkfined trends, only one acceptable profile (having low
uncertanty) of DGT-labile Zn concentrations was obtained: in the summer of 2011.
Although quite comparable vertical trends of D{Gbile and dissolved concentrations were
REWDLQHG LQ WKH VXPPHU RI UHVXOWYV IRU WKLV VHD)
because in the surface layer, D@bile concentrations of Zn (with a slightly higher
uncertainty) exceed those of dissolved Zn. Other seasons showed very scattered vertical
distributions (with high uncertainties), without the expected coherent vergcalst of OP

and RP profiles. In most of these cases, concentrations of OP and/or RifalleT
surpassed those of dissolved Zn. Such results clearly indicate contamination issues (which
were already discussed previously) and thus, hinder the approprsgesment of
operational chemical speciation of Zn based on the DGT technique. It should be pointed out
that the contamination is related to the production of Bp@&¥bes (gels, probably not
sufficiently clean chemicals, or the production process) and rtrt®GT handling. This
conclusion is supported by the simple fact that Zn concentrations measured in DGT extracts
(diluted 3 times) are more than 10 times higher than in discrete samples analysed for
dissolved Zn, for which a wetlefined trend, with lowuncertainty, was obtained for all
campaigns. Note that in both cases, the same chemicals (MQ water and acid) and the same
SFOHDQ" SURWRFRO RI KDQGOLQJ ZzDV XWLOLVHG ,Q DGGLW
(not plotted on graphs) Zn concenimats showed the same trends, confirming the absence

of contamination issues in applied electrochemical methodology

With the exception of the winter of 2012 in which higher concentrations were determined in

the surface layer, for all other campaigns, Yleetical profiles showed generally similar

trends: an increase in concentration down to the FSI layer and then a decrease in the seawater
OD\HU 7KH FRQFHQWUDWLRQ RI =Q LQ WKH VHDZDWHU OD\
while in the surface layeralmost double this difference was measured between two
campaigns (6.3 nM in the winter of 2010 and 13.2 nm in the winter of 2012). Taking into

account that both values correspond to the winter period, it could be concluded that the level

of Zn is not seaswlly dependent. The same conclusion was drawn for this region of estuary

which is elaborated upon in more detail in the Discussion section regarding Chapter |I.
However, a different salinity in the surface layer could explain the observed results: a lower
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salinity was measured in the winter of 2010 (S = 10.8) than in the winter of 2012 (S = 16.7).
As the concentration of Zn in Krka River is on the level & @M (see table 4.1), a higher
flow (lower salinity) caused lower Zn concentrations in the wint@040. This explanation

is also supported by the low Zn concentration in the summer of 2009 (6.9 nM) which is also

characterized by low salinity.

Zn (nM) Zn (nM) Zn (nM) Zn (nM) Zn (nM)
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Figure 4.21 Vertical profiles of dissolved (Diss), open pore (OP) and restricted pore (RP)
DGT-labile concHQWUDWLRQV RI =Q IRU ILYH VDPSOLQJ FDPSDLJ

4.7.2. Cadmium (Cd)

&DGPLXP LV JHQHUDOO\ FRQVULIGHUPIBWDR ERUDD:@GDEB BVONP
IS no contamination issue, regardless of the applied analgsisdology. Accordingly, very
consistent results of vertical profiles of both D4abile and dissolved Cd concentrations

were obtained, as presented in Fig. 4.22. If examined according to depth, it is clear that for
summer 2009 and winter 2010 campaignsjery good correlation of DGIRbile (CC =

0.986) and dissolvedCC =0.952) Cd concentrations with salinity were obtained, suggesting
VLPSOH PL[LQJ RI YHUWLFDOO\ VHSDUDWHG ZDWHU ERGL
campaigns were characterizeglow salinity in the surface water layer, and the two lowest
measured Cd concentrations (the same as observed for Zn). Such conservative behaviour of
Cd with salinity agrees well with the longitudinal profiles of Cd in the surface layer along

the whole stuary transect presented in Fig 4.12, i.e. the concentration of Cd is increasing

with salinity (Cd concentration is primarily regulated by the mixing of freshwater and
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seawater). The concentration of Cd in the seawater layer (at 3.5 and 8 m depthg)ywas fa
stable (~0.080 nM), with variation within onlyY2-pM. With the exception of the winter of
2010, all vertical profiles of DGTabile Cd showed a small, but evident increase in
concentration within the FSI layer. Such an increase was already evidenttexd Krka

estuary and is related tioeaccumulation of particles, organic matter and trace metals in the

)6, OD\HU &aXWLU DQG /HJRYLU
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Figure 4.22 Vertical profiles of dissolved (Diss), open pore (OP) and restricted pore (RP)
DGT-labile concent DWLRQV RI &G IRU ILYH VDPSOLQJ FDPSDLJQV L

The range of dissolved Cd concentrations within vertical profiles lower than 0.04 nM, with
an average uncertainty of 0.009 nM, demonstrates the importance of obtaining high quality
dat from analytical measurements, and at the same time, validates our electroanalytical
procedure. Thus, a very good correlation of Diahile and dissolved Cd concentrations
was obtained for all campaigns (see Table 4.4). As expected, in most casespthediSd
concentration was higher than the D{bile concentration. However, no difference was

found between open pore (OP) and restricted pore (RP)}IBI®@IE concentrations

In addition, a good agreement between dissolved and-BGIE Cd vertical prbles
confirms that a composite sample, compiled from 6 or 12 subsamples, satisfactorily

represented the average dissolved Cd concentration during deployment period (ca. 5 days
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Table 44. SHDUVRQYV &R UUH O@Cyy =RO5)kdentendissaleq @d\Vopen
pore(OP)and restricted por@RP) DGT-labile Cd concentrations (all samples).

Element Dissolved OP RP
Dissolved 1
oP 0.886 1
RP 0.913 0.949 1

4.7.3. Lead (Pb)

Vertical profiles of dissolved and DGabile Pb concentration®r all campaignsare
presented in Fig. 4.23he unique characteristior all profiles is that concentratisiof Pb
increase witlsalinity/depth Such behaviour is in accordance with Weetical profiles of Pb
across the estuary (Fig. 4.12)
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Figure 4.23. Vertical profiles of dissolved (Diss), open pore (OP) and restricted pore (RP)
DGT-ODELOH FRQFHQWUDWLRQV RI 3E IRU ILYH VDPSOLQJ F

$V QRWHG SUHYLRXVO\ WKH ALEHQLN KDUERXUth® QG WKF
nautical marina area) are identified as the main Pb sources. Spreading of Pb occurs in both
horizontal and vertical directions. If concentrations of Pb in the surface layer are examined
according to salinity, a clear relationship with a high coti@a(CC =0.934) is obtained,

suggesting that the level of Pb in the surface layer is regulated mainly by the dilution effect.
&RPSDUHG WIi&n3dR&Md® ([Pb]~0.08M), much higher concentrations of Pb

(average ~0.22 nM) in the seawater layemat position of the Martinska site were found
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(this is not the case for other metals). These elevated concentrations of Pb could be partly
explained by the sinking of partickessociated PDb, its release in the dissolved state, and
accumulation in seawat€eue to the competitive effect of major cations. The release of Pb
from sediment can be not be excluded; however, a more detailed study would be needed in

order to clarify such trends

High correlation CC > 0.95) between DGTabile and dissolved Ptoncentrations for all
campaigns were obtained (see Table 4.5). Dissolved Pb concentrations were always higher
than DGFlabile, meaning that only a fraction of total dissolved Pb was captured by the DGT
device. A very small or no difference was found betmvepen pore (OP) and restricted pore
(RP) DGTFlabile Pb concentrations

Table 45. 3BHDUVRQYV &R UUHOIXyWL=RO5)XhRtindeh disblvedVAlh, open
pore (OP) and restricted pore (RBGBT-labile Pb concentratits (all samples).

Element Dissolved OP RP
Dissolved 1
oP 0.960 1
RP 0.955 0.987 1

4.7.4. Copper (Cu)

Contrary to other trace metals, in most cases, the vertical profiles of both dissolved and DGT

labile Cu concentrations showed a trend opposite to salinity. Except in the winter of 2010,

higher concentrations of Cu were measured in the surface and FSitteyein the seawater

layer. Such a vertically increasing trend was already documented at several estuary sites
ZLWKLQ ALEHQLN %D\ VHH )LJ $V H[SODLQHG LQ W
concentrations in the surface layer measured in the suamadinked to intensive nautical

traffic within the bay, and are derived by a Cu release from antifouling paintsr¢éheted

as a biocide on boats. Due to the high Krka River flow in the winter of 2010 (>16®, m

see Fig. 4.13), a low salinity wascoded in the surface layer at the Martinska site, which
additionally led to low concentrations of Cu. In a way, this occurrence could be described as

D 3lOX-GHIOXWLRQ  HIIHFW 6XFK FRQGLWLRQV GLG QRW RFF
comparativey low Krka River flow (~40 ms?), producing higher salinity at the study site,

and consequently showing a vertical profile similar to the summer campaigns. Whether
separately for each season or mutually for both seasons, the concentration of Cu in the

suface layer shows a very good correlation with salinity {fa&er= 0.99; CGiinter = 0.96,
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CGooth = 0.88), indicating that the level of Cu in the surface layer is regulated by a complex
mechanism of Cu input and hydrodynamic/hydrologic conditions witlkesheary

In Chapter | it is shown that the transport of metals from the source occurs in both the
horizontal and vertical direction. Depending on the hydrodynamic conditions (e.g. flushing
effect), a part of Cu released at the surface is transported dodnmo deeper layers.
However, while 4 times difference was measured in the surface layer between the highest
and the lowest Cu concentration, only a small variability (but related to the concentration at
surface) was observed in the seawater layer ifwitd0%)
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Figure 4.24 Vertical profiles of dissolved (Diss), open pore (OP) and restricted pore (RP)
DGT-labile concentrations aufor five sampling campaignh® W ODUWLQVND 3FOHDC

Table 46. SHDUVRQYV &R UUH OTCYyL=RQ5)sbRtWddn didselv@d\Cu, open
pore (OP) and restricted pore (RB¥T-labile Cuconcentrations (all samples)

Element Dissolved OP RP
Dissolved 1
oP 0.946 1
RP 0.873 0.992 1

The same trends of vertical profiles of dissolved and Bébile Cu concentrations, with
correlation coefficients higher then 0.87, were obtained for all campaigns, (see Table 4.6).
Although it was expected for open pore (OP) DGT devices to provide ligheentrations
of DGT-labile Cu compared to restricted pore (RP) DGT, the obtained differences were
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within the range of measurement uncertainty. As expected, dissolved Cu concentrations were
much higher than DGTabile, pointing to the existence of a laK@e fraction (most probably
organic), not accessible by DGT

4.7.5. Nickel (Ni)

Well-defined vertical profiles of dissolved and D&bile Ni were obtained for all seasons

(Fig. 4.25). Concentrations of Ni increase with salinity/depth (correlation cieiifi 0.963;

all samples) indicating conservative mixing (Fig. 4.26). If examined according to the
conservative line of freshwalseawater enthembers (dashed line in Fig. 4.26),
concentrations of Ni at the Martinska site are slightly increased (~1 rddriace layer)

pointing to an additional supply of Ni within the bay. As shown previously on contour plots

RI ALEHQLN ED\ )LJ E DOWKRXJK 1L FRQFHQWUDWLRQV
of the bay, slightly increased concentrations aresteggd within the nautical marina area

and harbour, which caused the mentioned deviation from the ideal conservative line
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Figure 4.25 Vertical profiles of dissolve(Diss), open pore (OP) and restricted pore (RP)
DGT-labile concentrations dfi for ILYH VDPSOLQJ FDPSDLJQV DW ODUWLQ

A very high correlation coefficient between Ni concentrations and salinity in the surface

layer CC =0.967) points to the stable supply of Ni over time. Due to weak supply of Ni,

the downward transpoof Ni is negligible (differences are within experimental error). Thus,
FRQFHQWUDWLRQV RI 1L LQ WKH VHDZDWHU OD\HU DYHUDJ
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right corner in Fig. 4.26) are the same as those measured in the seawatendret, i.e. in
WKH 3SRSHQ" SDUW RI WKH $GULDW-L%. 6 HD Q0 VHH 7DEC
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Figure 426 'HSHQGHQFH Rl GLVVROYHG 1L FRQFHQWUDWLRQ F
(data of all vertical profiles).

For all campaigns, dissolved Ni concentrations were hitfiaer DG Flabile, indicating that

not all Ni chemical species are accessible by DGT. The same trends of vertical profiles of
dissolved and DGTabile Ni concentrations, with correlation coefficients higher then 0.94,
were obtained for all campaigns (seeblEad7). As for other metals, there is no regular
difference in DGHabile concentrations measured by open pore (OP) and restricted pore
(RP) DGT probes.

Table 47. 3HDUVRQYfV &RUUHODWLRQ &RHIILFLHQWV && S
pore (OP)and restricted pore (RP) DA&bile Ni concentrations (all samples)

Element Dissolved OP RP
Dissolved 1
OP 0.941 1
RP 0.950 0.968 1

4.7.6. Cobalt (Co)

Compared to other metals, vertical profiles of Co showed the highest variability among the

campaigns (Fig. 4.27). No consistent common pattern was found among all data for either
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dissolved or DGTlabile Co concentrations. However, excluding the summed@® 2a clear
decreasing trend of (only) dissolved Co concentrations with salinity was registered-(CC =
0.819). Higher concentrations of Co in the surface layer observed for these campaigns are
generally in agreement with the vertical profiles observeithduhe winter and summer
SWUDQVHFW™ FDPSDLJQV 6HH )LJ IRU WKLV UHJLRQ
Co along the estuary transect, no consistent behaviour between summer and winter was
found. All these data show very high dynamics of Cocemtrations within the estuary.
Excluding again the summer of 2009, although a relatively uniform vertical profile was
obtained for DGTlabile Co concentrations, no correlation with salinity was found. In
addition, with the exception of the summer of 2008 similarity between vertical profiles

of dissolved and DGTabile Co concentrations was obtained (Tab&).4.

Co (nM) Co (nM)

Co (nM) Co (nM) Co (nM)
00 02 04 00 02 04 00 02 04 00 02 04 00 02 04
0 1 1 1 1 1 1 1 1 1 1
-@- Diss
v OP |
1 | & RP '\ \\
\— - Sal \ \
2 ~ .y \
~ ~ \
\ ~ \
3 \ AN \
\ A \ \
_ | ﬂ \ L | \ A4 |
E 4 | | | I
£ | | ! !
o 5 - : I | I
o | | II :
! ' | |
6 1 | | I I
! ' | |
' ' | |
71 1 ' I |
[ ﬂ : | |
8 H o ' a e ' v !
9 2009 07 2010 02 2010 07 2011 07 2012 03
0 10 20 30 O 10 20 30 O 10 20 30 O 10 20 30 O 10 20 30
salinity salinity salinity salinity salinity

Figure 4.27. Vertical profiles of dissolved (Diss), open pore (OP) and restricted pore (RP)

DGT-labile concentrations d@o for five samplig campaignsDW ODUWLQVND

SFOHDQ"

Table 48. SHDUVRQYV &RUUHODWLRQ &RHIILFLH@&9per&k & S

pore (OP) and restricted pore (RP) D{&bile Ni concentrationsithout summer2009
data. In parentheses are provided @ for summer2009data

Element Dissolved OP RP
Dissolved 1
OoP 0.120(0.943 1
RP 0.066(0.960 0.939(0.997) 1
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4 8. Vertical distributions of dissolved and DGTlabile concentrations of trace metals
DW QDXWLFDO PDULQD 3SROOXWHG” VLWH

A FRPSDUDWLYH VWXG\ EHWZHHQ *FOHDQ  DQG B3SROOXW
VXPPHU RI 7TKH QDXWLFDO PDULQD 0DQGDOLQD” zZzDV
high concentrations of some metals in the water column, but with other parameteas simil

WR WKH 3SFOHDQ" ODUWLQVND VLWH 9HU\ FRPSDUDEOH YH
dissolved organic carbon (DOC) for these two sites were obtained (Fig. 4.28). Even though
WKH 3 SROOXWHG” VLWH LV QRW RQ WHEKH RWLRI BWKH BLEHK
(slightly isolated zone), according to the salinity and temperature profiles, the dynamics of
ZDWHU H[FKDQJH DUH VXIILFLHQWO\ 3IDVW™ HQRXJK WR PD
site (which is located within the brackishDWHU 3VWUHDP’

DOC (mgC L™
0.6 0.8 1.0 1.2 14 1.6

-O- Martinska -"clean"”
=¥~ Marina - "polluted"
salinity "clean”
a4~ salinity "polluted"
temp. "clean”
— temp. "polluted”

Depth (m)

5 10 15 20 25 30 35 40
VDOLQLW\ RU WHPSHUL

Figure 4.28. Vertical profiles of dissolved organic carbon (DOC) and salinitytifer
summer 2009 campaignstate . SROOXWHG® UHG DQG 3FOHDQ" JUHHQ

Although located imnareawith alarge number of boats and other marina/harbour activities
close to the sampling sitlgw concentrations of DOC were rather unexpected. However,
that was not the case for some trace metals.
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Comparative vertical profiles of dissolved and D{&lile concetrations at the nautical
marina and Martinska sites were presented in Fig. 4.29. Except Ni, concentrations of all trace
metals measured in the marina were higher in comparison with the concentrations measured
at the Martinska site. On average, Zn concéotma increased 4 times, with a higher increase

in the surface than in the seawater layer. Although statistically not significant, a similar trend
of dissolved Zn concentrations, characterized by the increased concentrations in the FSI
layer, were obtainedt each site. Due to the relatively high concentrations of Zn at the
nautical marina site, it would be expected that contamination issues related to DGT
measurements (observed for the Martinska site) would be greatly eliminated; however,
unfortunately, tht was not the case. Even more so, different concentration profiles of OP
and RP DGTs were also obtained. Again, this makes Zn DGT results not very useful for
VSHFLDWLRQ VWXG\ /RQJHU GHSOR\PHQW WLPHV ZRXOG EFt
contamiration, but a biofouling of DGT devices is another problem in areas of higher
productivity or high particle (inorganic/organic) content

Around 50% higher concentrations of Cd were obtained in the marina site compared to
Martinska. Although with differenttssolute values, a relative increase is in agreement with
the difference obtained during the mapping campaign (surface layer; July, 2012) within
aL EHQLN nMRbMatinska and ~12 nM in marina). As for the Martinska site, vertical
profiles of both disslved and DGHlabile Cd concentrations followed the salinity profile.

No significant difference was found between dissolved and-I2Bile concentrations

Similar vertical profiles, with increasing concentrations of Pb with depth were obtained at
both sitev $W WKH 3SROOXWHG” VLWH 3E FRQFHQWUDWLRQV L
Q0 DW D GHSWK RI P ,Q FRPSDULVRQ ZLWK WKH 3FO|
SRVLWLRQ P IRU ZKLFK 3E FRQFHQWUDWLRQ¥®aseQFUHDVH
ZDV UHFRUGHG :KLOH DW WKH 3FOHDQ" VLWH WKH VDPH Y
labile Pb concentrations were measured, a deviation for the two points in the seawater layer
DQG P DW WKH 3SROOXWHG:?® VLWH ZDV IRXQG
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Figure 4.29. Vertical profiles of dissolved (Diss), open pore (OP) and restricted pore (RP)
DGT-labile concentrations for summer 2009 campaigns at nautical AR OO XWHG™~ JUF
and Martinska3 FOHDQ~ ZKLWH VLWHYV

131



4. Results

7KH KLJKHVW LQFUHDVH LQ FRRFHIQYDUDMA R G RS DUKHHG3? $VFRRO
Martinska site was observed for Cu. The extent of increase diminished with depth and was

higher for DGFODELOH FRQFHQWUDWLRQV WKDQ IRU GLVVROYHCG
surface). Relatively high concentrationfsQu at the surface (32 nM of g4, and low at

the seawater layer (16 nM of &4 were expected because the site is located in the marina

area. As discussed previously, increased concentrations of Cu are the consequence of Cu
leaching from theantifouling paints. Comparable vertical profiles of dissolved and DGT

labile Cu concentrations were obtained

The only metal which retained the same concentrations and same vertical profiles at both
sites was Ni. Such behaviour is not unexpected takittgancount that during the high
UHVROXWLRQ PDSSLQJ VXUYH\ LQ ALEHQLN ED\ VXPPHU
distribution across the bay (Fig. 4.10b). Although a small increase of Ni was observed at a
location near the ship overhaul close to the dimmgite, according to the results, the input

of Ni was minor during sampling in the summer of 2009

7KH KLJKHVW GLIITHUHQFH LQ YHUWLFDO GLVWULEXWLRQV
REWDLQHG IRU &R &RQWUDU\ WR iadsofdizsovet TQinckeasddH ZKH U |
ZLWK GHSWK ZLWK D SURQRXQFHG FRQFHQWUDWLRQ SHDN
the concentration of dissolved Co decreased from 0.38 nM at the surface to 0.27 nM at a

depth of 8 m. Vertical profiles of DGIabile Co concentrations also differ between the two

sites. A relatively high variability of Co distribution was also observed during the high
UHVROXWLRQ PDSSLQJ FDPSDLJQ LQ ALEHQLN ED\ VXPPHL
3SLQFRQVLVWHQW ™ BEveriichl YrofRes ¢ ndtlvahy isudprésiRg
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In order to assess the speciation of Cu within the Krka River estuary under various
environmental and anthropogenic conditions in relation to its bioavailability/toxicity, a
complementary technique knowntag determination of Cu complexing capacity (CuCC),

based on a complexometric titration experiment using the electrochemical measurement
technique, was employed. Measurements were performed on composite samples (filtered,
natural pH) collected during DGTtuglies. Thus, all major physiazhemical conditions

described in the DGT study (Chapter Il) are also valid for the CuCC study and will not be
repeated in this section. Altogether, 36 experiments leading to CuCC determinations, were
performed afterwards. AW KH GHWHUPLQDWLRQ RI &X&& LV JHQHUDC
before presenting the final results, the most significant steps of our methodology are first

elaborated and discussed

49. Setup ofcritical experimental parametersand data treatment methodlogy for
determination CuCC

49.1. Selection of accumulation (deposition) potential

Anodic stripping voltammetry (ASV) is applied for the speciation of Cu, i.e. for the
determination of complexation parameters (ligand concentrati@mg] conditional stability
constantsK ¥ in our study. During the accumulation step in ASV, only a fraction of Cu,
corresponding primarily to inorganic and weak organic complexes, is reduced at the working
electrode (Hg drop). The reduction of other str@md inert complexes is supposed to be
excluded by the proper selection of accumulation (deposition) potential. It was demonstrated
that pseudopolarographic (PP) measurements could provide useful information on the metal
speciation, i.e. existence of gadiarly labile and inert metal complexes (Croot et al., 1999;
GibbonWalsh et al.,, 201 /RXLV HW DO amd BeaRi€aQ 03, 2004;
2PDQRYLU HW DO ,Q RXU VWXG\ ZH XVHG 33 RFFDV
order to get the depdancy of the Cu signal over the wide range of accumulation potential

and to find the optimal potential for the complexometric titration experiment. 3. 4.
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shows a set of pseudopolarograms obtained in the surface sample (summer 2011 campaign)
at differen concentrations of dissolved Cu in the sample (unspiked and spiked). With the
addition of Cu, a clear evolution of the wave@®R5 V, corresponding to the labile, mostly
inorganic Cu fractiors registeredA plateau betweet0.5 V and-1.2 V signifiesthat there

are no other complexes which are reducible at that range. At potentials more negative than
1.2 V a second wave was developed, which represents the reduction of strong (inert) Cu
complexes, or it could be an experimental/methodological issaiedetio the desorption of
surface active substances (SAS) from the Hg drop, consequently providing higher sensitivity

at that very negative range of potential

14
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Figure 4.30. Pseudopolarograms of Cu at different added concentrations (0, 30, 80 and 180
nM) recorded in the surface sample (summer 2011 campaigeF (L80 s). The vertical

grey bar represents the potential of accumulation applied in our complexometric titrations.
Inset: dependence of peak current on the concentration of Cu in the sample

Adsorption of SAS is a known problem in voltammetric measurements, and in our study it

LV WR D ODUJH HIWHQW HOLPLQDWHG E\ DSSO\LQJ WKH 3GH
(2009). Namely, if the accumulation potential is switched to very negatitentials (e.g-

1.4 V) for a short time (e.g. 3 s), at the end of the main accumulation period (e.g. 300 s), an
artefact caused by SAS adsorption is greatly eliminated. In our work, we applied this

modified methodology, for which it was found to provideore reliable results of
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determination of metal complexation (including pseudopolarography and determination of
metal complexing capacity).

The marked area in Fig.30Q denotes the accumulation potentia&45 V or-0.50 V) used

for complexometric tittion experiments. As noted previously, the reduction of Cu
complexes other than labile ones should be avoided. Thus, the selected accumulation
potentials were located only slightly more negative than the position where the maximum

intensity of labile Cu@mplexes reduction was obtained (beginning of plgteau

4.9.2. Equilibration time and titration type

One of the prerequisites for the proper determination of complexation parameters when
using complexometric titration data is that the signal intensibpiained after equilibrium

of the added metal (Cu in this case) is reached. The complexation of added metals with
natural organic ligands is not instantaneous, and some time is needed for signal stability. The
time needed depends on the metal, but alsthersample composition, i.e. other major,
minor and trace elements. There are two basic approaches in performing the titration
experiment. The first utilizes separate samples, which ar¢fpFeX LOLEUDWHG 3RYHUQ
the spiked metal, while the othepmoach is based on the sequehtiahcreasing metal
concentration in the same sample (electrochemical cell). For our study, we applied the latter
approach as it also allows the possibility of determining the complexation parameters by
using the kinetic pproach (Louis et al., 2009). The equilibration of a sample after the
addition of Cu was checked by repetitive measurements of the peak current. An example of
such an equilibration curve is presented in Fig. 4.30. Usually, the last two points, registered
after 1.5 to 2 hours, were taken into account for obtaining the final titration curve (marked

with big circles in Fig. 4.8).

One complexometric titration experiment is composed of 15 Cu additions (+ the

measurement of the initial Cu concentration), whighn total, morethan 23 hours of

automated experiment. In order to avoid evaporation of the sample over a prolonged time,

before entering the cell (the nitrogen blanket needs to be kept over the sample solution in

order to avoid oxygen dissolution), mgen gas was passed through MQ water in order to

be saturated with water vapour. In order to keep the pH of the sample stable over the time
S+ “ D ERUDWH EXIIHU 0O ZDV DGGHG
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Figure 4.31. Dependence of peak curreiy) ontime afterthe addition of Cu to the sample
(surface sample, summer 2011). The red dotted line is the regression lfherdes

Table 49. Methodology of preparing additions for logarithmic type complexometric

titration.

STD Add Conc LgConc V_tot Conc_add

M) (=) (M) (mb)  (nM)
Initial - - 16.00 -7.80 20.00 -
Add 01 10806 70 1950 -7.71 20.07 3.49
Add 02 1.0806 80 23.50 -7.63 20.15 7.46
Add 03 1.0806 110 28.90 -7.54 20.26 12.90
Add 04 10805 10 33.80 -7.47 20.27 17.80
Add 05 1.0805 20 43.70 -7.36 20.29 27.70
Add 06 1.0805 20 53,50 -7.27 20.31 37.50
Add 07 1.0805 20 63.40 -7.20 20.33 47.40
Add 08 10805 30 78.10 -7.11 20.36 62.10
Add 09 1.0805 30 92.80 -7.03 20.39 76.80
Add_10 1.0e05 40 112.00 -6.95 20.43 96.40
Add 11 1.0805 50 137.00 -6.86 20.48 121.00
Add_12 1005 60 166.00 -6.78 20.54 150.00
Add 13 1.0805 80 205.00 -6.69 20.62 189.00
Add 14 10805 80 243.00 -6.61 20.70 227.00
Add 15 1.0804 10 292.00 -6.53 20.71 276.00

STD #concentration of metal in stock solutigkdd +volume of stock solution to
EH D G G H GCohc@total/concentration of metal in solution (titration pojnt)
LgConc xlogarithm of total concentration of metal in solution tot +total
volume of sample (including additiong}onc_add+added mtal concentrations
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The nteraction of metals with active sites of natural organic matter is usually described by
two types of ligands denoted BsandL.. Complexes formed with; are usually stronger,

and concentration of these ligandsoiwerthan that oL. Thus in order to have a sufficient
number of titration points in the range of dominance of both ligands, a logarithmic type of
addition was applied (Garnier et al., 2004). For easy handling, a simple program
(Calc_Log_Conc) was developadd is used to simplify the preparation of the automated
sequence of Cu additions. As a starting point, the user should define the starting volume of
the sample, the initial concentration of Cu in the sample, the number of additions, the
concentration offte highest titration point, and the concentrations of stock solution which
will be used for additions. The program will then automatically redistribute the additions in
logarithmic scale and prepare the file which is needed for automation of the tifalde

4.9).

Once the titration is performed, a corresponding set of voltammograms (at least 32), as
presented in Fig. 423(only one voltammogram per addition is plotted), is obtained.
Depending on the initial concentration of Cu in the sample, a more or less defined peak is
obtained (first black line). A 298econd period of accumulation, followed by-aetond
SGHVRUWWERQZWMYV VXIILFLHQW WR JHMpiKedBatpl®sX UDEOH SHL

30

25 -

20'1_

I (nA)

10 -

-0.5 -0.4 -0.3 -0.2 0.1 0.0
E (V)

Figure 4.32. An example of 16 voltammograms obtained at increasing Cu concentrations
during a complexometric titration experiment of a surface sample, summer 2011 (only one
curve peraddition was plotted). Inset: selected set of voltammograms showing an increase
in the Cu oxidation peak at low additions
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49.3. Treatment of voltammograms- signal intensity feature determination

Once the voltammograms are acquired, the next ste@iBlfoW UDFW ™~ XVHIXO LQIRUPD)
the signal (peak) intensity, needed to construct the complexometric titration curve from

which complexation parameters (ligand concentrations and conditional stability constants)

could be estimated (calculated). DifferehPHDVXUHV"~ FRXOG EH XVHG WR FI
vLIQDO 7KH PRVW XWLOL]J]HG LV WKH SHDN KHLJKW EDVH
approximates the baseline using the straight line (green dotted line in Biy).41®wever,

this method underestimates fieak height (ca. 20% in the presented example), which could

produce an artefact as an additional-lefi LVWLQJ OLIJDQG LQ WKH DQDO\VHG
et al., 2010). To avoid this problem, a curvature baseline should be drawn and subtracted

from each voltemmogram (see Fig. 433)).

25 A 15 2
— smoothed voltammogram — 1stderivative
— "spline" baseline —
2.0 { — baseline-corrected voltammogram 1.0 1
15 0.5 1
<
£ 0.0 1
— 1.0 {
-0.5 1
0.5 1
-1.0 1
0.0 1 -
-1.5
-05 -04 -03 -02 -01 0.0 -05 -04 -03 -02 -01 0.0
EV) EV)

Figure 4.33. (A) An example othe baseline approximation methods (grelshedine +
SWDMQUHILW E GtXcdrva@ile Qgdline  baseline) and (B)aselinecorrected
voltammogram (red curve in A plot) transformed ByDierivative showinghe method of
extraction of signal feature.

However, manual adjustment on a very large number of voltammograms is not practical, and
WKXV D 3FRPSURPLVH" VROXWLRQ ZDV HPSOR\HG D XQLTXF
4.32) was constructed and was subtrafitath each voltammogram. As thadeline of each

separate voltammogram was not always at the same absolute value (see voltammograms in
Fig4.2 WKH SHDN KHLJKW ZDV GLVFDUGHG DV D VLJQDO PHD'
the change in the baseline, the transformation of voltammugtay £ Derivative was

applied as is presented in Fig. 383 Finally, a difference between the maximum and

minimum of the % Derivatives was used as a signal intensity feature (blue arrow in Fig.

4.33B) to construct the complexometric titration curié.of these treatments, including the
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smoothing of the voltammograms were automatically performed using the ECDOSFT
SURJUDP GHYHORSHG LQ RXU ODERUDWRU\ ' 2PDQRYL

voltammetric curves

49.4. Treatment of complexometic titration curves =#fitting to a model

As mentioned above, complexometric titration curves are interpreted assuming a discrete
model which presunsthe existence of one, two or more ligand clas¢asl(> « Ln) with
sufficiently different binding propertie3he most common methods for data treatment i.e.
determination of complexation parameters (ligand concentrations and conditional stability
constants) are known as lineang 5 X alYlDQ GHQ % H U J; véhxiarBerg, 1982),
Scatchard (149) andtransforning Langmuir/Gerringa (Gerringa et al., 9nethods All

these methods are incorporated within the ProMCC software which is used as data treatment
tool 2PDQRYLU HWIi@ @31 shows a snapsbt of the graphical user interface of

the programwith an examplef experimental data fitting.

File Edit Options Misc

[~ =] L oy E 4
LoadMCCdata  Save MCCData Simulation Enor graph Results AL database Exit

Data Table | 1/2 Optimization @ Auplots Numerical Data

Paste X factor [e.g. 16:9) [1e9 Mmeas Titration curve fit ML Langmuir (Geninga)
Paste format | 0.00000e+0 v
Paste ¥ factor (e.0. 169 | 1e:9 1.5607 8 8.08:08 1 %

Titration data [[] Enable Edit data

Cone. Intensity Use
1 [B41100e9 | 393000e10 O 4 )
2 8A1N00e9  400000s10 O 108071 / /
3 1.04100e-8 6.61000e-10 0
4 1041008 408000e10 O
5 1.28900e-8 5.30000e-10 1
[ 1.28300e-8 5.38000e-10 1
7 158700e8  7.58000e10 1
8 156700e8  7.48000e10 1
9 1.98100e-8 1.46700e-9 1
10 198100e8  134100e9 1
11 247100e8  240800e8 1
12 247100e8 2.31800e-3 1
13 297100e8  325%00e3 1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
0

T T T T p-0E+00 T T T
0.0E+00 5.0E-08 1.0E-07 1.5607 2,007 0.0E+00 5.0E-08 1.0E-07 15607
MeTotal Mmeas

14 257100e8 32350069 MmeasML Ruzic/van den Berg ML Mmeas Scatchard
15 3.95100e-8 5.55100e-9
16 3.95100e-8 5.50900e-9

17 4.53100e-8 8.03800e-3

- 10.04 |
18 433100e8  B.04600e3
19 BADI0e8 1196008
20 G40100e8 11950028
21 8.35100e-8 1.79500e-8
22 8.35100e8 1.75000e-8

8.04

1+

P = 6.0 a

23 107900e7 25400068 \

24 107900e7 24380068 \

2 14240007 3706008 & 20 2
2% 1420007  367300e8 1

27 18040067  5.40400e8 0501 o

28 18040067 53680028

29 22040067 759300e8

30 229400e-7 7.45700e-8

0.00 T T T T T T
0.0E+00 5.0E-08 1.0E-07 L.SE-07 0.0E+00 2.0E-08 4.0E-08 6.0E-08 B8.0E-08

31 3.25400e-7 1.15900e-7
32 325400e7 1.14500e-7

Figure 4.34. Snapshot of the ProMCC program showing an example of fitting experimental
GDWD VXUIDFH VDPSOH VXPPHU hEaad ghd dueWhel 3 RLC
is fitted curve.
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On the upper left plot, the signal intensity feature was converted to concentration using the
estimated sensitivity, and plotted against the total metal concentration. Data were visualized

LQ 5XaL0 YDQ GHQ %HUJ 6FDWFKDUG br@ (owd @ff PXerU *HU UL C
right, and upper right, respectively). The blue line is obtained from results of fitting to a

model of two ligands.

The two major starting steps in preparing data for the fitting are the estimation of the
sensitivity (needed to coevt the signal feature to concentration), and the selection of the
correct model (number of ligand classes). These two steps are interconnected, i.e. by
changing the sensitivity in case of the existence of only one ligand class, one can virtually
obtain two ligand classes if the sensitivity is overestimated. Fig gh8ws a Scatchard plot

of a simulated (noised) titration curve for a digand model. In case of a oigand model

and the correct adjustment of sensitivity, the Scatchard plot shoulceke (left plot in Fig.

4.3). For a tweligand model, a curvature shape is expected (see Fid); hBwever, a
similar curvature could be obtained in the case of aligaad model if the sensitivity is
overestimated (in the presented example by only X@$ht plot in Fig. 4.5). Thus, the

setup of the correct sensitivity is a very important step in obtaining reliable complexation

parameters.

10

8 - i sensitivity: +10%

[MLV[M ezl

o)
0 5 10 15 20 25 300 5 10 15 20 25 30
[ML] (nM) [ML] (nM)

Figure 4.3. Simulated ondigand model being shown as a Scatchard plot with the correct
sensitivity (left plotJand 10% of overestimated sensitivity (right plot)

Recursive and direct fitting methods of automatic adjustment of sensitivity are available
ZLWKLQ 3URO&& VHH 2PDQRYLU HW DO IRU GHWDLOV
perfectly on simulated neéd data, real experimental data are much more complex, so
applyingthe automated sensitivity adjustment could, in some cases, lead to highlsiraber

underestimated values. Although both of these methods are utilized in this work as an
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optional controlPHW KRG WKH ILQDO GHFLVLRQ RI WKH 3WUXH"

inspection of all linearized graphs aowthe userexperience

49.5. Complexometric titration curves

Fig. 4.3 shows obtained complexometric titration curf@sall analysed samples linear
(Al) and logarithmic (B1) scale. As it is obvious, differsignal intensities were obtained

for the same total Cu concentration. In part, this is due to the different amount of complexed

Cu, but mostly it is because afifferent measurement setup, i.e. size of the drop, stirring

conditions, etc., which do not have an influerwge the determination of complexation

parameters or the influence is negligible (stirring intensity).

Al
200 4 all measurements N 100 A
°g
¢ 150 ® 8
= * |
T 0,5 & ‘# ° 10
= & gﬁb
o °
8 100 oV & ]
B 11
—
50 1
0.1 4
0 . . . — ey — —
0 100 200 300 400 10 100
[Cu]; (NM) [CulT (nM)
A2 B2 -
/ i
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o — — 1:line / o PR
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Figure 4.36. All complexometric titratio data (36 sets) presented in linear (Al) and
logarithmic scales (B1)Complexometric titrations corresponding to surface samples of

SFOHDQ  DQG 3 SROE2XNMM@I 2000 vAakpaign).
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The two bottom plots in Fig. 4633how examples of titration curves obtained for the same
VHDVRQ VXPPHU EXW IRU WZR GLITHUHQW VLWHV VDP!
same electrode setup was used for both titrations, the same sensitivity was obtained. Log

log plot (B2) cledy demonstrates the differences between these two samples in terms of
distribution of titration points, which have an influence on the determination of complexation

parameters for these two samples (this will be discussed later on in the text).

Most of the 36 complexometric titration data sets were fitted into aligyemd model,

applying the Langmuir/Gerringa fitting routine in LddRJ PRGH 2PDQRYLUO HW DO
Only four datasets, whichcorrespond to the water samples in the upper layer of the
SSRGS VLWH Q Dnamhedtbe@niyarid mQdel. Free ([Cii]) and inorganic

Cu ([Cunor]) at its ambient total dissolved concentration ([wlere calculated (parameters

related to bioavailability/toxicity of Cu) from the accepted parametdesraa by fitting. In

RUGHU WR FDOFXODWH IUHH &X FRQFHQWUDW{N&Q@s DQ LQRL
to be calculated

As the composition of the samples is different depending on the depth/season, this should be

done for each sample sepatgt The concentration of major ions (3Q?, HCGOs, Br, F

, Na¢*, Mg?*, Ca*, K*, SP) is calculated based on the Dittmar law, which assumes the same
proportions between concentrations of major ions in relation to salinity. Only the
concentration otarbonate (HC®) was calculated separately based on the dependence of
GLVVROYHG LQRUJDQLF FDUERQ ',& RQ VDOLQLW\ PHDVXU
winter and summer (see Fig. 4.4). Once the concentrations were calculated (in Excel), a table

with input parameters was loaded into the Visual MINTEQ v3.0 program, which was used

WR ILQDOO\ FDOFXODWH WKH IUHH &X FRQFHQWWDWLRQ I
graphically presented in Fig. #,Xlearly shows the difference between summer antewi

primarily because of the difference in concentration of carbonates, which is the major

inorganic ligand for Cu

All the obtained results are tabulated in Table 4.10 and will be interpreted and discussed
together with other parameters of the same $ssn(season, depth, salinity, content of
'2& « LQ WKH 'LVFXVVLRQ VHFWLRQ
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Figure 437 'HSHQGHQFH RI WKH LQRUJDQLF VbLjsod shlikity FWLRQ
calculated for summer (red) and winter (blue) samples.
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5. Discussion

5.1. Conceptual hydrodynamic model of element transport

Principally, in the absence of additional sources within the two-nesmbers, the
distribution of suspended material and elements within the salinity gradient is regulated by
the physicechemical processes (mainly adsorption/desorption), leading (ushatlyyot
necessarily) to a positive or negative deviation from the theoretical dilution line
(conservative behaviour). For estuaries with a relatively homogenous vertical salinity and
strong currents, the transport of elements is basically consideredat@tedimensional
process. However, a characteristic of the -a@itige estuaries is its strong salinity
stratification in the surface fresh/brackish and underlying seawater layers flowing in opposite
directions (see Scheme 1). Between the two layerspaityeshear is formed, which induces

a progressive increase in salinity (and transport of elements) of the overlying brackish layer,
and the movement of the upper edge of seawater toward thi{eegeavi i 1991). As the
energy of water in stratified estuasiis not high, the diffusional and convective upward
and/or downward vertical transport of elements takes place. This hydrodynamic transport
model was principally considered in explaining the distributions of measured parameters

along the vertical and hiaontal estuarine transect in the following sections.

SuiBuaneds

Seawater layer flow

Scheme 1Principalhydrodynamic and transport model of the Krka River estuary
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5.2 Behaviour of trace metals along the salinity gradient

The main characteristic for all measured metals is thatadheentrations in the freshwater
endmember are lower than in seawater (Table 5.1), both dissolved and total. This is the
opposite of what is true in many other estuaries that are characterized by a high input of
metals in the sea by the riyi@obeloGarada et al., 2004; ElbaPoulichet et al., 1984; Hatje
et al., 2003a; Kraepiel et al., 1997; Oursel et al., 2013; Turner and Millward, 2002; Waeles
et al., 2007; Waeles et al., 2008a). Due to the low SPM input, the impact of removal
processes within estuag mixing zone is diminished, makirige identification of tlese
processes (by comparison of the theoretical dilution curve and the actual concentrations)
much more complicated (Dorten et al., 1991; ElPamlichet et al., 1991; Fu et al., 2013).
In line with this, as the particulate fraction is low, the contribution of potentially released
metals to the dissolved pool is also probably minor. The subsurface maximum ththin
FSI layer previously reported to occur for organic matter and trace metals KBétra.,
.QLHZDOG HW DO /IRXLV HW DO aXwLu DQG /H
in our study mainly due taninsufficient number of points ithevertical profile (only three

points, from which only ongs in the FSI layer)

Table 5.1 Average dissolved metal concentrations (in nM) in each layer for the
winter/summer period and the average dissolved fraction (DF) (all sgmples

Layer Zn Cd Pb Cu Ni Co
Brackish 6.7/7.7 0.052/0.060 0.042/0.074 3.9/11.3 3.7/5.5 0.33/0.38
FSI 7.5/8.5 0.076/0.071 0.055/0.098 4.4/10.2 5.1/6.3 0.36/0.41

Seawater 7.0/8.6 0.081/0.080 0.108/0.118 4.0/5.7 6.4/7.8 0.30/0.51

DF (%) 87/68 93/91 52/36 90/84 92/91  92/83

Shortly, with the exception of Pb, a general characteristic of all atb&ls is a very high
average degree of dissolved fraction (DF; see Table 5.1). The average dissolved fraction was
slightly smaller in summer than in winter, which is probably more a consequence of the

different type of SPM (more of biogenic origin), théconcentration

5.2.1Zinc (Zn)

Distributions of dissolved Zn in relation to salinity and distance along the estuary transect
for the winter and the summer period and for each layer are presented in Fig. 5.1. In the

surface brackish layer, Zn exhildta highly positive deviation from the theoretical dilution
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line for both periods, indicating an additional supply of Zn. As expected, for both sampling
SHULRGYV WKH KLIJKHVW FRQFHQWUDWLRQV ZHUH PHDVXUI
However,obseving the same level of Zn in the winter as for the summer period (~15 nM)

was unexpected, despite the fact that there are decreased activities (touristic) in the winter
SHULRG 7KLV LPSOLHV WKDW WKHUH LV D 3SFRX&MLQXRXV’
QDXWLFDO PDULQD ORFDWHG ZLWKLQ WKH AaLEHQLN ED\ 3
the town probably take place (despite the fact that the majority of waste water is channelized

to a new collector). While for the winter campaign (Fig. 6, p@dtts), Zn concentration

increased progressively from ~2 nM at the freshwaterne@chber up to 15 nM at the
ALEHQLN ED\ DQG WKHQ GHFUHDVHG VHDZdrthberUHDFKLQ.
the summer period (Fig. 5.1, right plots), an additionalease of Zn was observed at the

5" km. This increase is attributed to the intensive touristic activities in summer, especially
related to a large number of boats anchored in front of the Skradin town and entrance to the

National park

Figure 5.1 Distribution of dissolved Zn concentrations in relation to salinity and distance
for the three layers, in the winter and summer period. The dashed line represents the
theoretical dilution line
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Considering the magnitude of the estuary spatial scalendmioned Zn supply in the

surface layer could be considered paatrce inputs. A point source contamination input

in rivers is normally distributed only in the downstream direction. However, although the

surface layer in the Krka River estuary is lodinGRZQVWUHDP WKH REVHUYHG
distribution of Zn in the surface layer could only be justified if a-tirectional transport

model (described in section 5.1.) is respected. Thus, considering thesq@aice supply in

WKH ALEHQLN % Dorted=iQ a Ldgwnwa’sdD (@evtiSal) and seaward (horizontal)

direction. In the seaward direction, a néaear decay with the salinity could be drawn (Fig.

5.1), indicating quastonservative behaviour (considering the seawatemegmber). The

progressive deease of Zn concentrations was also observed in the upstream direction.
However, the concentration is decreasing more rapidly as salinity declines, pointing to a
norrconservative behaviour (regarding the freshwater-reachber). The described
hydrodynamicrtansport model assumes that the seawater layer is progressively enriched by

Zn (with a decreasing vertical gradient). An enrichment of the seawater layer is mainly the
consequence of a vertical transport (i.e. settling) of Zn from the contaminated zdte and
progressive accumulation, amplified by the longer residence time of the seawater flowing
upstream. By an upstream seawater flow, a mixing of the two layers leads to an increase in

Zn in the surface layer, while the concentration in the haloclinenierghty between these

two boundaries, i.e. the same behaviour as observed as for SPM. The same trends were also
REWDLQHG IRU WKH =Q 3FRQFHQWUDWL RKn. Sd@i\casBsE VHU Y HG
a sharper decrease of Zn concentration in theregst direction compared to the the
downstream direction is logical and is a consequence of the partial Zn removal, as well as

the dilution within the seawater layer. The vertical transport of Zn supplied in the surface

layer was reflected along the vertta FROXPQ \LHOGLQJ D *FRQFHQWUDWL
two layers at the source site (Kb, KE-11).

For both campaigns, an upstream increase of Zn was observed in the seawater layer (Fig.

5.1, grey squares). The intensity and the shape of these sgatidddULEXWLRQV DUH D 3Q
of several physic@hemical parameters and processes. The residence time of the seawater

layer increases in the upstream direction, which in combination with a continuous supply

and a low removal from the water column (lom Particulate fraction), produces a
SURJUHVVLYH DFFXPXODWLRQ DQG DQ XSVWUHDP LQFUHD\

higher concentration of Zn in the seawater layer than in the freshwater layer at the first
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sampling point (KEL). Compared to the seater endmember, the concentration in the

seawater layer increased about 3 times for both the winter and the summer period

5.2.2 Cadmium (Cd)

Dissolved Cd concentration in the surface brackish layer showed an increasing trend with
increasing salinity for both periods: from ~0.010 nM in the freshwater, to ~0.070 nM in the
seawater enthember, respectively (Fi§.2). Along the salinity gradienimost of the values

are above the theoretical dilution line, indicating a-nonservative behaviour. Commonly,

this behaviour is ascribed to the competitive effect of the chloride ions, i.e. release of
dissolved Cd from the SPM into solution as a resulthef formation of stablehloro-

complexes (ElbaPoulichet et al., 1996; Elba&oulichet et al., 1991; Kraepiel et al., 1997;

Oursel et al., 2013; Waeles et al., 2008)hough such behaviour is consistent with other

studies, in most of these studibst reported norconservative Cd behaviour in estuarine

mixing, the concentration of SPM was much higher than in our case, and the distribution is
FKDUDFWHULVHG E\ WKH 3 FRQFHQWUDWLRQ SHDN" DSSHD!
(Dabrin et al., 201.3EIbazPoulichet et al., 1996; Elbe&2oulichet et al., 1987; Fu et al.,

2013; Hatje et al., 2003a; Kraepiel et al., 1997; Oursel et al., 2013; Oursel et al., 2014; Paucot

and Wollast, 1997; Waeles et al., 2005; Waeles et al., 2864he particulate caentration

of Cd measured in the freshwater endmber is very low (<10%), the release of Cd from

SPM is excluded as a main contributor to the observed trends in the Krka River estuary
(although it can contribute partly to the overall increase). For hetinter and the summer
SHULRG WKH KLIJKHVW FRQFHQWUDWLRQV mg@highHUH PHL
is consistent with the results of highsolution mapping within the bay (sect#i3.2. Thus,

the observed nenonservative behaviour &@d is primarily ascribed to the poisburce

input, and could be explained by the seaward/landward redistribution by the transport
mechanism previously described for Zrhe smilar trend of Cd with salinity obtained in

previous study with smaller numbed oVLWHY ZDV G HFIREIHG IDWDYWIHHU (O
Poulichet et al., 1991)

Compaed WR =Q D ORZHU DQWKURSRJHQLF 3FRQFHQWUDWLR
obtained due to the much lower relative Cd contribution to the system. No significant
differene between winter and summer Cd spatial distributions in the surface brackish layer
wasfound for most of the estuarine transects. This is consistent to the fact that probably most

of the Cd pollution is related to phosphate ore "production” which is neéasonal as
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nautical activities. Slightly higher (~30%) Cd concentrations measured in summer in the
ALEHQLN ED\ DUH SUREDEO\ D FRQVHTXHQFH RI PRUH LQW
which was identified as the main source. However, this increaseoismall to be
SPHDVXUDEO\" UHIOHFWHG DW PRUH GRZQVWUHDP XSVWUHL

Figure 5.2 Distribution of dissolved Cd concentrations in relation to salinity and distance
for the three layers, in the winter and summer period. The dashed line reptbesents
theoretical dilution line

As for Zn, an upstream increase of Cd concentration in the seawater layer was registered.

The shape of the concentration increase follows that of Zmheomajority of transect,
despitearelatively smaller contribution ainthropogenic Cd from the upper layers. For the
ZLQWHU SHULRG D YHU\ VWURQJ XSVWUHDP LQFUHDVH a i
km (site KE4) was measured. The same relative increase was found also for Co. Currently,

we do not havea reasonald physicechemical explanation/scenario whialould lead to

such a strong increageconcentration of these two metals, other than that the increase is a
consequence of the progressive accumulation accompanied with the absence of removal
processes whichd QRW RFFXU LQ 3ROG™ VHDZDWHU DV LV WKH FD
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be partly supported by the observed trend in particulate fractions of metals, which is the
lowest for Cd and Co. A more detailed study would be needed in order to fully exmain thi

observation.

Contrary to the winter period which is characterised by a strong increase, a drop of Cd in the
seawater layer in the summer period was recorded at the first sampling sitg (KEsS site

is characterised by the cuvette, where anoxic camditoccurred. Anoxic conditions favour

the reduction of sulphate to sulphide (Rigaud et al., 2013), leading to the formation of strong
metatsulfide complexes. The same concentration drop is also observed for Cu, while other
metals showed either an incseg(Zn, Co) or no significant (Pb, Ni) change in concentration.
The formation of CdS precipitates was recently found to control the vertical distribution of
dissolved Cd in oceans at depths characterized by the oxigjierent zones (ODZ)
(Janssen et al2014). In our case, both dissolved and particulate fractions of Cd and Cu
dropped at this location. As the depth range of the seawater layer at this location is relatively
thin (~3 m), a potentially formed sulphide precipitate was already removed fronatee
column at the time of sampling, and thus the drop of both concentrations occurred. Another
possibility which should not be excluded as a possible explanation of the observed
concentration drop is related to the analytical procedure of metal dedgionifNamely, the
determination of dissolved/total metals include acidification to a pH of < 2 antigh
digestion of samples in order to destroy residual organic matter which could interfere with
the measurement. There is a possibility that the for@@8 and CuS complexes, if not
dissociated by the acidification, were not transformed to the measurable species by the
DSSOLHG HOHFWURFKHPLFDO PHWKRG DQG UHPDLQHG 3LQ
highest sulphide stability constants in seawatere found for Cd and Cu (Afarawati and

van den Berg, 1999), which could partly justify the second scenario (Jiann et al., 2005). A
more detailed study is needed in order to explain this observation

5.2.3Lead (Pb)

The same trends of dissolved Pbtle surface brackish layer in relation to salinity and
distance were observed for the winter and summer period (Fig. 5.3). As for all other metals,
the concentration of dissolved Pb increased in the seaward direction from ~0.020 to ~0.050
nM, but showed imgeneral a strong positive deviation from the theoretical dilution line.
However, if examined by separate segments, almost conservative behaviour for Pb was

maintained up to the ~¥%m for the summer period, whereas a negative decline from the
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dilution line is obvious for the first ~10 km in the winter period. Although of a very small

absolute intensity, this decline could be attributed to the removal of Pb, often explained by
rapid sorption of dissolved Pb ontesespended particles and/orgecipitdion with iron

and manganese oxides (Eldaaulichet et al., 1984; Fu et al., 2013; Ouseph, 1992; Waeles
et al.,, 2007; Waeles et al., 2008b). In the summer period this decline was not observed
probably due to the different average nature of SPM and/atyss¢ate equilibrium between

the Pb input and removal from the layer. The positive deviation from the dilution line at
more downstream sites for both periods is primarily caused by the additional anthropogenic
LQSXW RI 3E ZLWKLQ W Kéhda bffPbl dstrifutioDik the sirface Ruyer Wele
noticed in the previous study (Elb&bulichet et al., 1991). The shape of the pyramidal Pb
concentration peak could be generally explained as was for Zn and Cd, and will be not

repeated here

Figure 5.3 Distribution of dissolved Pb concentrations in relation to salinity and distance
for the three layers, in the winter and summer period. The dashed line represents the
theoretical dilution line. Inset: Relationship of dissolved vs. total Pb for the Ndteampty

circles) and summer (S, grey triangles) period

One of the particularities which characterise Pb distribution is a systematically high
concentration increase with depth at almost all sites (much more expressed in the winter than
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in the summer)and an absence of continuous upstream concentration increase in the
seawater layer, the behaviour observed for all other metals. Compared to other metals, Pb is
known as the particleeactive metal. While the dissolved fractions for most of the metals
were quasiconstant along the estuary in all three layers (>80%)), the dissolved fraction of Pb
varied from ~20% at the most upstream site, to ~80% at the seawataeartzer (Fig. 5.4)

for all three layers. The observed trends could not be ascribed exgiusitee change in

SPM concentration, but also to the type of SPM (and potentially to the Pb:SPM ratio). This
could be clearly demonstrated using values obtained at the most upstream sites in winter:
while similar dissolved fractions in brackish and seawktyers (~3810%) were found, a

tenfold difference in SPM concentrations was measured

In the study pedrmed by Elba#Poulichet et a).the concentration of Pb in the seawater
OD\HU 3FRQWLQXRXVO\" LQFUHDVHG LQ D ODQGZDUG GLULI
highest value at the most upstream site-&i& our case, 'Skm). Profiles obtained in our

study showed completely different behaviour: while an increase of Pb was recorded starting
from the seawateren @ HPEHU ZLWK WKH PD[LPXP ZLWKLQ WKH aLEL
concentration was registered thereafter in tfaadward direction, reaching@ Pb
concentration at the most upstream sismaller than those found in the seawater-end
member. This clearly indicates thathe removal processes control the content and
distribution of Pb in more upstream parts, commonigl&ned by Pb scavenging by Mn

and Fe oxyhydroxide (ElbaRoulichet et al., 1984; Turner and Millward, 2002; Waeles et

al., 2008b), a process usually observed in open ocean waters. As Mn and Fe concentrations
were not measured in this study, we cannoficorthat this removal process is dominating.
However, taking into account that a very high correlation factor (CF = 0.941, n = 13, p =

95%) between Pb and Mn was found across the estuary transect (Cukrov et al., 2008b) and
that high concentrations of Mmd Mn-particles were measured in the estuary zone in the

vicinity of the formerferrePDQJDQHVH IDFWRU\ %LOLQVNL HW DO

this assumption seems reasonable in our case as well. The increased Pb concentration in the
seawater lagr is more pronounced and also extended in the winter (up t& #r)3han in

the summer period (up to the¥@5" km), despite the average level of Pb being higher in
summer. This could be explained by the faster settling rate in summer linkedferentd

nature of suspended particles, which is also supported by the higher particulate fraction in
VXPPHU VHH LQVHW LQ )LJ DV ZHOO DV WKH 3HQHUJ\

time (Legoviil 1991). An increase in dissolved (and tofi) with depth is a consequence
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of the accumulation of Pb that has sunk from the surface layer, while its spatial distribution

within the seawater layer is a net result of the above mentioned processes affecting
distribution between the particulate and diged phase. However, the sediment should not

be discarded as a possible additional source of Pb due to numerous biogeochemical processes
within the sediments and at the sediment/water interface (SWI) (CGaetna and Prego,

2004; Dang et al., 2014; Laoo-Cabana et al., 2011; Martino et al., 2002; Rigaud et al.,

2013). The most recent information from the media (July 2014) is that there is an army
VKLSZUHFN DW WKH HQWU D Q FIH), RihictWsakk &t the Bngd biNhE2D\ VL WH
world war. As n that time Pb was used as an antifouling paint and as such tdrpatio

were equipped with Rbatteries, there is a possibility that some portion of increased Pb in

the seawater layer originates from that source. Moreover, an open question remains about

the contribution of Pb released from the lost Pb fishiegghts deposited at the sediment,

ZKLFK ZDV GRFXPHQWHG E\ WKH GLYHU WR EH KHDYLO\ VS|
the bay

Figure 5.4. Distribution of dissolved Pb fraction in relationdgstance for the three layers,
in thewinter and summer period.

5.2.4Copper (Cu)

Among the measured metals, the most variable spatiporal distributions along the
estuary transect were found for both dissolved and total Cu concentrations (Fig. 5.5).
Considering the concentrations of emémbers, only slightly higher concentratioms (
absolute values) were measured in seawater samples (~2.2 nM vs. ~3.3 nM), similar to as
was previously measured by Louis et al. (2.7 nM vs. 4.0 nM) (Louis et al., 2009a) and Elbaz
Poulichet et al. (1.8 nM vs. 4.4 nM) (ElbBpulichet et al., 1991). Irddition, the difference

between winter and summer emgtmber samples was also minor. In contrast to these
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similarities, the dissolved concentrations exhibited quite different -@sterarine

distributions for the winter and summer campaigns, especiallyopreed for the surface

and the FSI layers. With increasing salinity a positive deviation from the conservative line
was a general characteristic for both periods. The maximal level (~7 nM), and a common
trend in the winter period, agree with those meakieElbazPoulichet in May of 1988
(ElbazPoulichet et al., 1991). In both studies, the highest concentrations, ascribed to
SUHJXODU” DQWKURSRJHQLF LQSXW ZHUH PHDVXUHG LQ
1988 study the main source of Cu was likéhe contaminated untreated waste water
discharged within the bay, in our study, the increased Cu originates primarily from the
antifouling paints of the boats, located in the nautical marina, harbour and along the costal
OLQH RI WKH aL E H Qiedfold/iRcre@se i Ee KW\cobceWtration, compared to

the endmembers, was registered (winter period). A direct comparison with other estuaries

is not as straightforward as both the conservative (Abe et al., 2003:Ediodizhet et al.,

1996; Fu et al2013; Koshikawa et al., 2007; Waeles et al., 2009) and theomservative

(Hatje et al., 2003a; Waeles et al., 2008b) dissolved Cu distributions observed- A non
conservative behaviour observed in our, but also in many other estuaries, is attributed to
additional, usually poinrsource, anthropogenic inputs. As presented for other metals, a
vertical and horizontal redistribution of supplied Cu takes place in both the seaward and
ODQGZDUG GLUHFWLRQV SURGXFLQJ D FKazkish &nt/tHdJ LVW L F
FSI layer (Fig. 5.5)

A strong increase of dissolved Cu within the irgstuarine transect was observed in summer

)L J DV ZDV VLPLODUO\ VKRZQ SUHYLRS\RQUMR WO B EDWF
at the 8" km (Skradin villageand the 2) NP ALEHQLN ED\ FDQ EH HDVLO\
Compared to the winter period, dissolved Cu increased threefold (up to ~20 nM) in the
ALEHQLN ED\ ZKHUHDV DW D PRUH XSVWUHDP VLWH VR
sevenfold (~15 nM) increasoccurred. Increased Cu concentrations in the summer period
are primarily the result of intensive touristic activities, i.e. nautical traffic of
pleasure/recreational boats. The exact intensity of nautical traffic (number of passing boats)
is unknown forthe period of sampling, however our recent video monitoring survey
conducted in 2014 (data not shown) showed an exponential increase of boats in the period
from January to August (approximately a tenfold increase). At the summer season peak
(July/August),between 500 and 1500 boats (depending on weather conditions) pass across

the estuary every day. As the majority of boats is protected by antifouling paints containing
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Cu as an active biocide component, it is not surprising that such a high increase of its
concentration occurred in surface layer. Due to the unknown number of boats, their average
size/area and the duration of their stay within the estuary, it is not possible to calculate the

total amount of Cu released this way
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Figure 5.5. Distribution ofdissolved Cu concentrations in relation to salinity and distance
for the three layers, in winter and summer period. Dashed line represents theoretical dilution
line.

Although Cu is highlighted as the main biocide component (~300hag Gu), antifouling

paints also contain high concentrations of Zn (~100 vgf@n) (Singh and Turner, 2009b).

KLOH ERWK &X DQG =Q VKRZHG WZR 3FRQFHQWUDWLRQ" S}t
and 2@ km), an interesting question is the questibparsistency of high Zn concentrations

LQ WKH AaLEHQLN ED\ 7KLV RFFXUUHQFH FRXOG DOVR EH H]
Zn increase in summer at that position. As previously mentioned, the persistency of a high

Zn concentration could be expi@d by the high continuous input of Zn throughout the

whole year, outstripping the input by the boats, while the other hypothesis (expressed as the
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absence of a Zn increase in summer) could be linked to the chemistry of Zn release in relation
to salinity. Namely, Sing and Turner (2009a) showed that the release of Cu increases with
salinity, whereas the dissolution of Zn strongly decreases (Singh and Turner, 2009a).
Although the observed concentration maximum in our study appeared at much higher
salinities 20-30) compared to the range of the highest Zn dissolution decred€y, (O
combination with the temperature and concentration of organic matter (Neira et al., 2009;
Singh and Turner, 2009a), these hypotheses are worth the consideration in potémdial fur

studies

As observed for some other metals, dissolved Cu concentrations in the seawater layer
increased continuously in the upstream (landward) direction as a result of the progressive
accumulation of Cu. The higher increase observed in summer (eldrieerease compared

to the seawater eadember) compared to in winter (twofold) was expected due to the higher
contribution of Cu from the surface layer by downward vertical transport. A decrease of Cu
in the cuvette (Fig. 5.5) at the first site (KEEin summer, already discussed along with Cd
behaviour, could be related to the occurrence of anoxic conditions and the likely formation

of sulphide precipitates

5.2.5. Nickel (Ni)

Among the examined metals, only dissolved Ni concentrations followed/rmar$ervative
behaviour with the salinity (Fig. 5.6). Starting with ~2 nM at the freshwaternesdber,
dissolved Ni increased up to ~6 nM in winter, and ~8 nM in summer, at the seawater end
member. This concentration range fully agrees with that meabyré&dbazPoulichet in

May, 1988 (ElbazPoulichet et al., 1991). A good agreement with the theoretical dilution
line is consistent with the observed stable distribution of Ni concentrations within the
ALEHQLN ED\ L H DEVHQFH R lconsgivatve [EBaPdHiChEtFet BIQ S X W
1996; ElbazPoulichet et al., 1991; Fu et al., 2013; Hatje et al., 2003a; Paucot and Wollast,
1997) and noitonservative behaviour of Ni in the salinity gradient was reported in the
literature (Koshikawa et al., 200@ursel et al., 20)3Vertical concentration profiles of Ni

follow the horizontal one, i.e. the concentration increases with the depth (salinity). The
typical upstream increase of metal concentrations in the seawater layer was also observed
for Ni.
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Figure 5.6. Distribution of dissolved Nconcentrationgn relation to salinity and distance
for the three layers, in the winter and summer period. The dashed line represents theoretical
dilution.

5.2.6. Cobalt (Co)

Horizontal profiles of dissolved Cshowed less defined profiles compared to the other
metals (Fig. 5.7). While in winter, the concentration in the freshwatemamiber (~0.3

nM) was higher than in the seawater eneémber (~0.2 nM), a higher level of dissolved Co
(~0.4 nM) was measured inrmmer in the seawater emsember. A positive deviation from

the theoretical dilution line was observed in winter. Release of dissolved Co was also
observed in mixing zones in studies of other authors (Oursel et al., 2013; Takata et al., 2010).
However, a psitive deviation up to a salinity of 25 in summer was followed by a negative
one (Fu et al., 2013), showing the complex behaviour of Co. As for Ni, there is no additional
DQWKURSRJHQLF LQSXW.RI &R LQ WKH ALEHQLN ED\
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Figure 5.7. Distribution of dissoled Co concentrations in relation to salinity and distance
for the three layers, ithewinter and summer perio@he dashed line represents theoretical
dilution line.

Both the winter and the summer horizontal profiles of dissolved Co in the seawateréaye
characterized by a strong upstream increase. This increase is most probably associated with
the combined effect of the release of dissolved Co from the settled particulate matter and
upstream progressive accumulation in the seawater layer, havamger Iresidence time

(longer in summer than in winter). Contrary to Cd and Cu for which a decrease of
FRQFHQWUDWLRQ ZLWK GHSWK L Q) Wak ébserxdy disaoled CoD W W K
JUHDWO\ LQFUHDVHG 7KH LQFUHDPKY HRW VR HARQ FR X S\WHE
increase of its dissolved Co fraction (88% average in cuvette vs. 77% average for stations 2

to 5). Such behaviour could be related to the link between Co and Mn cycles, i.e.
remobilisation of Co due to the reduction of set&tO,-containing particles as previously

reported in hypoxi@anoxic waters (Canavan et al., 2007; Rigaud et al., 2013). Additional

studies will be required to validate this observation
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5.3. Partitioning of trace metals

With the exception of Pb which was described earlier in the text, concentrations of trace
metals in particulate fraction are below 20% in most of the samples (Fig. 5.8). Slightly higher
average particulate fractions obtained in summer samples are maiclyntbequence of the
differences in SPM nature (more biogenic). Due to the relatively low total quantity, any
release of metals from particles to the dissolved phase in the salinity gradient would hardly
be noticeable if sample treatment as well as theracy and precision of the analytical
WHFKQLTXH ZHUH QRW 2LGHDO’

The particlewater distribution coefficientskp) is an empirical term commonly used to
describe soliesolution interactions, i.e. in combination with SPM, it explains the role of

particlesin trace element behaviour in the solution

Qive
-y L 1. G
7= VE Aepp ”

wherecpartandcgissare metal concentrations in particulate and dissolved form, respectively,

while SPMis concentration of suspended material.

As it depends on nmy factors (e.g. solution and particle composition, speciation, DOC and
SPM concentration, pH, temperature, salinity), a large variation could be expected in
systems that undergo different physattemical changes, implying that the justification of

Kp vaiiation should be taken with caution (Bourg, 1987; Coli&docia et al., 2004; Comans

and Vandijk, 1988; ElbaPoulichet et al., 1996; Fu et al., 2013; Hatje et al., 2003b; Turner,
1996). The direct comparison of results within different studies is thusalmatys
straightforward. In addition, differences ip could also be derived by the applied
analytical/procedural methodologies (total digestion vs. acid leaching). An acid leachable
methodology which was applied in the present case was found to bettdresaverall
behaviour of elements in the salinity gradient, because this fraction of metals could be
considered potentially exchangeable (EWpamlichet et al., 1996), contrary to the total

digestion method which extracts metals from the particledatti

At the level of metals measured in the estuary, the uncertainty of applied analytical
techniques is usually up to 10%. Thus it is reasonable to expect relatively high uncertainties
in parameters related to particulate fraction, such as the distributiffitcieoé Kp. As was
already mentioned abov&p depends on various parameters. Consequently, taking into

account that our data covers two contrasting periods of the year, a large salinity range and
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different physicechemical characteristics of each sepatayer, the wide range of |kg

values obtained in our work was in a way expected

Dissolved metal (nM)

25 0.20
Zn W - slope = 0.87 cd W - slope = 0.93
S - slope = 0.68 S - slope = 0.91
20 A
0.15
15 1 oo oo
e 0.10
v o
10 | ° o
° ° 0.05
5 i
(o] v winter v
©  summer
0 T T T T 0.00 T T :
5 10 15 20 25 259'00 0.05 0.10 0.15
Pb W - slope = 0.52 Cu W - slope = 0.90
0.6 S - slope = 0.36 S - slope = 0.84
20 2
(©)
o
0.4 15
© 10
0.2 oV °
v o
%
o RsisTe0g"00 5
o o %o o
0.0 T T T 0 T . T .
120.0 0.2 0.4 0.6 16 0 5 10 15 20
Ni W - slope =0.91 Co W - slope = 0.92
10 S - slope =0.92 6 1.4 S - slope =0.83
¢
. °Zs 1.2
@
v 1.0
6 0.8 ©
&
v Y
0.6
4 S %o
© 0.4 &
o
2 ¢ 0.2
0 T T 0.0 T T T . T . :
4 6 8 10 12 0.0 0.2 04 06 08 10 1.2 14 16

0.20

Total metal (nM)

Figure 5.8. Relationships of dissolved vs. total metal concentrations for winter (W) and
summer (S) period (all three depths).
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values calculated for dekd logbp, as indicated on plots.

These differences could be reliably explained if the dominant source/composition of SPM is
known (Deycard et al., 2014; Oursel et al., 2014b). The variability of elements partitioning
related to the fluctuatingp could be perceived by plotting the relationship of particulate
metal fraction (in %) on SPM concentration along the lines representing theoretically
expected values for a defined Kg(Deycard et al., 2014; Oursel et al., 2014b). Fig. 5.9

provides suchlpts for the brackish and seawater layers for the winter and summer periods.
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$ UHODWLYHO\ KLJK GLVSHUVLRQ RI YDOXHV VKRZV FRPSC

estuary, in which even a small change in absolute SPM concentration can be strongly

reflected in theKp value. It should be noted, that the dispersion of data is partly caused by
the propagated uncertainty in the parameter estimates due to the very low concentrations of
metals and SPM

If averaged for all samples, the order ofKggvalues (Pb>Zn>Co~Cu>Ni~Cd) generally
agrees with those of other authors (Chiffoleau et al., 1994; Fu et al., 2013; Hatje et al., 2003a;
Munksgaard and Parry, 2001). Compared to results obtained by Fu et al. (2013) for the East
Hainan estuary having similar lef¢ of metal concentrations and SPM (Table 5.2), our
values are slightly lower, indicating on average a different composition of SPM. However,
rather than averaging data, it is more interesting to examine data for possible existing trends
in relation to oher changing parameters (e.g. SPM, salinity). Among the six possible
SLQGHSHQGHQW ™ Kpipdathvnet& @ Yel&ion@Rdrious parameters (salinity,
distance, SPM), only data for the winter campaign and the brackish layer showed a well
defined tendency for all metals: a decrease oKlpgvith distance, i.e. with salinity and/or

an SPM increase (see below)

Table 5.2 Average values of distribution coefficient of metals Kop

logKp (StdDev)
all samples  Winter Summer

Metal (N=98) (N=47) (N=50) (Fu et al.2013
Pb 5.69 (0.35) 5.59 (0.47) 5.73 (0.25) 5.7

Zn  4.93(0.48 4.74 (0.56) 5.09 (0.25) -

Co 4.74(0.48) 4.61 (0.44) 4.84 (0.49) 5.3

Cu 4.69 (0.36) 4.57 (0.46) 4.78 (0.16) 4.8

Ni  4.44 (0.43) 4.50 (0.41) 4.38 (0.43) 5.1

Cd 4.42(0.42) 4.34 (0.51) 4.46 (0.30) 4.8

5.3.1. Distribution of Kp in the surface (brackish) layer

In studies by Turner and Millward (2002) (Turner and Millward, 2002) and Benoit et al.
(1994) (Benoit et al.,, 1994), the authors provided empirical equations to describe the
dependence dfp on salinity Kp=Kp {S+1)P) (whereKp fapplies for the freshwatemd
member) or on SPM (I&p=b+m1 O BRM in which data could be fitted in order to extract
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optimized parameters. The decline K with an SPM increase observed primarily in
systems with high SPM is known as the particle concentration effect (PCE) (Beabi

1994), (Benoit et al., 1994; Jiann et al., 2005; Robert et al., 2004). It is not worthwhile to
expect that only one parameter controls the observed behaviour, but rather a combination of
different parameters (for each metal). The fact that sakamd SPM concentrations usually
covariate makes the individual interpretation of the influence of each variable &® the
distribution complicated (Hatje et al., 2003a). Thus, rather than to separately fit data in the
above two equations, we calculatedhaoretical relationship of I&p vs. SPM for each

metal, presuming a conservative mixing within the salinity gradient, based on the following

equation

whereS LV VDOLQLW\ ZKLO®OHE XBYFOGHSMWEH [ UHVKZDWHU DQC

members, respectively.

Positive or negative deviation from the expected theoretical curve will alentification

of additional factors controlling the partitioning of TM within the salinity gradient, i.e.
between the two ershembers. Figs.10shows obtained values of Igg in relation to SPM
(symbols) and calculated theoretical curves (full lind).good agreement beeen
experimental and expected K values for Pb, Cu and Ni was obtained (Fig. 5.10),
indicating that the decrease of theKegvith the SPM (e.g. salinity) is a simple result of the
conservative mixing of the SPM from the two endmbers, characterisdyy different
properties towards these metals (i.e. differ€p} due to their contrast in origin/nature.
Consequently, even if Cu and Pb are submitted to significant anthropogenic inputs in the
Krka estuary, their dissolved/particulate partitioning is hyacontrolled by the proportion

and affinity of riverine vs. marine particles and less by the salinity changes. However, for
Cd, Co and Zn, the majority of experimental points lie below the expected theoretical curve,
pointing to additional physicohemic# processes influencing the redistribution of metals

between the dissolved and particulate phase
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Figure 5.10 Distribution of the partition coefficient (I¢€p) in the brackish layer for winter
(circles) and summer (squares) periods in relation to SPWMM. lines represent the
theoreticallyexpected relationship based on the conservative mixing (see text for)details

While for Cd and for Zn such deviation could be explained by the formation of ehloro
complexes (salinity and SPM positively correldtdatje et al., 2003a; Waeles et al., 2005)
(Dabrin et al., 2009; Deycard et al., 2014; EHpamulichet et al., 1996; Fu et al., 2013), for

Co, this is less expected considering its inorganic speciation. On the contrary, no evident
trends for other metalsy even an increasing trend with salinity (Fe and Pb) were found (Fu

et al., 2013). Organic complexation ascribed to the decreasekaf tdgCu (Paulson et al.,
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1994) is not assumed to play a significant role in our case due to the low absolute change of
DOC in the salinity gradient.

A clear distinction between freshwatemnd seawatetlerived SPM properties noticed in
winter (independent of salinity effects) was not observed in the summer samples, which are
characterized by a scattered distribution oKlegA slightly higher average & within

the observed range of SPM (Fig. 5.10, squares), implies that ald&genic component of

SPM in summer (due to the higher phytoplankton productivity, as evidenced by POC
content, Fig. 4.9) increases affintgwards metals. However, a common influence of other
factors/processes (e.g. analytical performance, biological uptake of metals, temperature,
etc.) most probably contributed to the observed variability

5.3.2. Distribution of Kp in the bottom (seawater) layer

Besides the previously mentioned winter trends in the brackish layer, if examined in a view
of PCE, a completely opposite trend in the seawater layer in both seasons was observed for
Zn and Pb (an increaseldp with an SPMncrease; data not shown). If examined according

to distance, particles in the upper estuary region (longer residence time) are characterized by
stronger affinities toward metals, which is clearly reflected in the partitioning of Pb and Zn.
Benoit et al(1994) related the PCE effect to the presence of Fe and Al colloids, which also
caused the presence of Pb and Zn, largely in a colloidal fraction. A strong positive correlation
of the particulate Pb and Zn fractions with the Fe colloids were found (Bstralit 1994;
Dassenakis et al., 1997; Fu et al., 2013), while in addition, a positive correlation was found
between particulate Pb and Mn (Admiraal et al., 1995; Dassenakis et al., 1995). Fe and Mn
were not measured in our study, but as high concentsatibln and Fe were found in the
estuary sediments (Bilinski et al., 1996; Cukrov et al., 2008b), the formation of colloidal Fe
and Mn is likely to occur. Progressive accumulation of particles of biogenic origin having a
larger specific surface could alsaplain the observed upstream increase okKihef Zn

and Pb
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5.4. Data quality inanalytical/speciationmeasurements a critical overview

The majority of studiesitended to explain certain processes, behaviours, fate etc. in any of
the environmental compartments (water, soils, sediments, air) rely primarily on experimental
UHVXOWY JDWKHUHG E\ GLITHUHQW DQDO\WLFDO WHFKQL"
measurement data is often underrated, leading to interpretations which do not have a solid
IRXQGDWLRQ ,W LV FRPPRQO\ 3 DFFHSWHG"™ WKDW WKH XC(
techniques is up to 10%. However, in environmental studies, the leaahbftes is often
close to the limits of detection or quantification (LOD or LOQ) of the applied technique,
which consequently increases the uncertainty of an analytical result. An additional aspect
which should be considered in environmental studiesis tRHDQLQJ RI WKH SUHSUI
VDPSOH" 7KH FODVVLFDO DQG UHFRPPHQGHG DSSURDFK
to increase the number of repetitive measurements/samplings. However, as analytical
measurements at trace levels are often time conguwoninexpensive, and additionally
LQFUHDVH ZLWK WKH QXPEHU RI UHSHWLWLYH VDPSOHV W
and thus, the reliability of the collected results rely mostly on the experience and expertise

3(( DSSURDFK™ R petfbxrihp samliddavid Biialyses

,Q WKLV ZRUN WKH WZR DSSURDFKHYV ZHUH FRPELQHG :KL
IRU WKH SUHYLRXVO\ GHVFULEHG *HVWXDU\ WUDQVHFW P
SUHSHWLWLYH DSSURD F Kfiatiol inDroeddRred) pavafEitérsV #ldag tide
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vertical/horizontal profiles was expected to be higher than analytical uncertainties, justified
DGGLWLRQDOO\ E\ WKH DSSOLHG 3(( DSSURDFK”™ 7KH FRQILC
including the representatiH VDPSOH DQG DQDO\WLFDO PHDVXUHPHQW 1

trends in trace metal distributions within all three layers, obtained for different measurement

parameters, and supported largely by low analytical uncertainty. However, due to a small
expected variation in concentration of some trace metals along the vertical profile at sites
ZKHUH 3VSHFLDWLRQ VWXG\" ZDV SHUIR Udesigtentofaitx DGGLWL
OHYHOV RI '*7 GHYLFHV DQ DSSOLHG 3UHS#abmpasiter H DSSUR
samples (612 subsamples), by deploying triplicate DGT devices at each depth and by
repeating analytical measurements. Although some problems regarding blank levels

occurred, in this way, an overall higher confidence in the obtained resultbvaased

5.4.1. Taking into considerationthe level ofa blank

The ultraclean sampling and pesampling handling is a known issue in the analysis of
metals at trace level. The most common risks are associated with Zn contamination. The
operationablank of strictly controlled electroanalytical determination of Zn estimated over
the period of study is up to 0.5 nM. Taking into account the concentrations of Zn measured
in this study, this accounted for not more than 10% of the measured concentratorpie,

which is considered to be insignificant. Blank levels for other measured metals were up to
~5%. As the real blanks were unknown, in this study, concentrations of metals determined
by stripping voltammetry (ASV and AJCSV) were not corrected tewaatc for blanks,
whereas those determined by DGT were corrected, as the exact blanks were measured

As already noted in the Results section, the blank levels of Zn in DGT deviegsglayed)

were significant in comparison to concentrations found inayeil DGT. Table 5.3. lists

average percentages of relative blanks (compared to accumulated metal) for open pore (OP)

and restricted pore (RP) DGT devices for particular campaigns (average for all depths).

These results validate previously mentioned Zn EORELQDWLRQ SUREOHPV )RU W
Martinska site, the blank level accounted for at least 30% (2009 07). Relatively low Zn
EODQNYV DQG ZHUH REWDLQHG IRU WKH 3SROOXWH
higher Zn level in the water column. mfunately, generally high and variable Zn blanks

prevented a reliable assessment of Zn speciation and distribution along the vertical profile

by using DGT technique. HowevengeverthelessZn -DGT profiles were plotted on all

figures in order to keep threcord of obtained Zn distributions
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5. Discussion
For other metals, in most cases, the level of relative blanks were below 10%. Higher blanks

for Pb were observed for 2010 02 and 2010 07 campaigns, and for Cu for two winter
campaigns (2010 02 and 2012 03) while lowetal concentrations were found across the
vertical profile. However, these increased levels of Pb and Cu-Bl&¥ks did not have a
visible influence on the vertical distribution of D&bile concentrations of these metals,
mainly due to the low variation absolute blank concentrations (3 replicates), meaning that
the subtracted blanks represented all other deployed DGT devices quite well. OP blanks were
lower than RP blanks, however according to vertical profiles, that difference did not cause
any signficant deviation between OP and RP vertical profiles

Table 53. Average percentage (%) odlativeblank of open pore (OP) and restricted pore
53 '*7 IRU GLIIHUHQW FDPSDLJQV IRU 3FOHDQ" O0ODUYV
nautical marina site (S).

average % ofelativeblank
Campaign Site DGTtype Zn Cd Pb Cu Ni Co Mn

200007 M OoP 298 3.1 9.8 1.7 2.6 2.7 0.4
200007 M RP 415 64 136 32 74 28 04
2009 07 S OoP 8.3 3.8 4.6 0.5 2.3 3.0 1.0
2009 07 S RP 143 44 5.5 1.0 6.8 3.2 0.9
201002 M OoP 399 65 304 167 6.5 6.2 08
201002 M RP 736 79 509 228 104 101 15
2010 07 M OoP 621 4.0 189 88 7.5 2.0 0.5
201007 M RP 650 65 33.0 138 106 30 06
201107 M OoP 49.7 19 43 5.3 3.0 22 25
2012 (B M OoP 633 58 104 18.9 17 6.3 0.8
2012 (B M RP 516 42 11.8 327 0.9 112 13

5.4.2 Signal intensity (feature) determinationin complexometric titrations

It was shown that the treatment procedure of voltammetric curves, i.e. extraction of signal
intensity (feature), could have a strong influence on the interpretation of the experimental
UHVXOWYV LQ YR GWIDIRID) &¥ Wall a3 bratHed&emaiion of complexation
SDUDPHWHUV &X&& 2PDQRYLUO HW DO 7TKXV VHYHU]I
in order to decide which, of the most relevant methodology, would be applied for all

measurements of CuCC determinations

A test was providedn composite sample taken at 2 m depth, from summer 2009 campaign

Featurs used for further calculation of voltammograms registered for complexometric
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titration on samples of that poimtere peak height, peak arethe 2" derivative of peak

height, the 2" derivative of peak area, and! tlerivative of peak height after baseline
subtraction(Fig.432 in Results sectignThe results of different peak treatments for the
whole series are shown in Fig.11, wherethe Scatchard transformation shows particular
differencesin thefirst additions ofCu. The final results othe fitting of those curves, i.e.
obtained complexometric parameteisLo, logKi, logk2 andpCu with corresponding 95%
confidence intervals are depicted in FBdL2. It is evident that the variability ithefirst data
points of the complexometric titration curve is responsibléHehigh variability of value
and confidence intervalof Li, the first (stronger) ligand concentration. Variability in
determination ot.,, the second ligand concentratiois considerably smalleAs thee are

no defined guidelines or measurasto ZKLFK PHWKR G lespedtikgHrérodsWW
3(( DS SURWDEE KKécidediponto adopt 1 Derivative (green squares in Fig. 5.58
themost suitablesignal featureas a compromisesgarding thaincertainies caused byhe

baselineandbr peak width fluctuatiom signal height determination.

Scatchard plots

10
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8 1 ? < 2nd Der height
B< A 2nd Der area
—— fitted curves
|
%67
£
=
=
= 4 -
2
O T T T T
0 20 40 60 80 100
[ML] (nM)

Figure 5.11 Resuls of different treatmestof voltammograms of the series from Joly
2000 at theMarine station Martinska, from depth of2 m +Scatchard linearization of
original data points
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Figure 5.12. Results of fitting of complexometric titration curves derifiean adifferent
treatment of primary voltammetric signals.

5.5.  Dynamic DGT speciation analysi®f trace metals

Knowledge of the distribution of (toxic) trace metals in various physicochemical forms in
natural aquatic systems is important for predictions of their bioavailability and
environmental impact. The determiimat of metal speciation in such systems is a very
demanding task due to the presence of natural ligands, such as humic substances (HS), with

a range of different complexing properties (heterogeneity). Complexafithnorganic

ligands was found to playanP SRUWDQW UROH LQ BSEXIIHULQJ PHWDO |
in regulating their toxicity in costal environments (Whitby and van den Berg, 2015; Sander
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et al, 2015; Buck et al., 2007). This buffering property is related to their characteristic
heterogeeity in chemical functionality, e.g. number and distribution of functional groups

An additional aspect which should be considered in studies of interactions of trace metals
with heterogeneous natural ligands is their kinetic propgikiastic heterogeeity) (Town

et al., 2009). Kinetic heterogeneity is accessible viaeguilibrium techniquespplied in

this work: anodicstripping voltammetryASV) anddiffusive gradients in thin film (DGT),

each characterised by its own kinetic wind@an Leeuweret al.,2005) Consequently, the
fraction of metal complex species that is measurable by a given technique depends on the
thermodynamic propertiesgetatto-ligand ratig, as well as on the operational timescale of

the chosen techniquginetic properties\van Leeuweret al.,2005; Town et al., 2009;

3 O D ¥tal,1980) Thus the concentratianeasured by these two techniques is considered
purely 3SRSHUDWLRQDO ™ D-QlewAS\abiB. DV '*7

The benefit of applyinghe DGT technique over ASV ithat itprovides ann situ measure
of labile metal speciesver the period of deployment (time weighted average concentration,
TWA), while ASV is restrictedo analysing discrete sample, but capable of providing more

information on metabrganic ligand iteractions.

5.51. Distribution of DGT -labile metals

Fig. 5.13presentghe vertical profiles of OP DGabile fractiors (in percentage) of all

measured metalsAs previouslymentioned due to the problem with high Zn blanks,
inconsistent verticaprofiles, and very ofterexceedingl00% DGFlabile fractions,were

obtained.No such difficulties were found for other metals. Overall, it is obvious that the

fraction of DGTFlabile metals is metadependent and that it slightly varies depending on the
sainity/depth (depending on the campaign). The Di@dile fraction is expected to be

inversely correlated with the portion of metal bound to stronger organic ligands, i.e. a lower
percentage of DGTabile is expected for metals existing in water more asngao
FRPSOH[HV %DVHG RQ WKLV "SULQFLSOH"~ WKH IROORZLQ.
LOOXVWUDWHG LQ )LJ ZDV HIWUDFWHG &X!'&R!1L!3E!&C
and reflects the overall chemical speciation and behaviour of these metals in the

analysed water environments during the deployment period, and does not necessary
FRUUHVSRQG WR RWKHU DTXDWLF HQYLURQPHQWY L H LW
Cu and high Cd average percentage of Cu labile were expecedodtheir known
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complexation characteristics: the strong complexation of Cu with organic ligands, and the

predominance of inorganic Cd to complex with chloride

Figure 5.13. Vertical profiles of DGT-labile metal fractions (in percentagefor all
campaignsNote the differentsscale ranges.

No consistent trersidn the percentage of DGTabile metalsvereobtained among the three
layers(Fig. 5.14) While Cd and @ showed higher DGTabile fractiors in the brackish
water layer BW), for other metis this fraction was higher in seawater layer (SW)eskh
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trends could potentially reflect the difference in metal speciation in relation to complexation
with organic ligands. Howeveif, the percentage of DGTabile metal fractiorsis plottedin
relationto the dissolved metal (Fig. 55), it is obvious that the percentage of D4bile

metakis dependent on the dissolved metal concentration.

Figure 5.14. Average percentage of DA@bile metals for each separate layer along the
salinity gradient (data averaged from all campaighi)mber above banepresent the
overall average percentage (all depths). Uncertainty is expresasthasiard deviation.

The DGT-labile fraction of Cd decreases with an increase in dissolved concentration. Taking
into account that the dissolved Cd concentration is higher in the seawater layer (SW) than in
the brackish BW) layer, that the DOC level is lower in SW thanBfV, and that the
complexation of Cd with chloride is favoured in SW, this trend suggests that the
complexation of Cd with organic ligands is more pronounced in SW thAwinAlthough
observed at low absolute difference, the applied DGT technique was ablevidepan

insight into partial Cd speciation along the vertical salinity gradient in the Krka River

estuary

Contrary to Cdanincreasing trend of DGTabile Cu fractiorwith adissolved concentration

was observedHigher concentrationsf Cu and DOC were generally foundBW than in

SW. Howeverthe concentration and complexatiompertiesoward Cuof existing natural
ligands ZHUH QRW VXIILFLHQW WR B3EXIIHU" LQFUHDVHG &X
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labile Cu fraction at the leveldependendf Cu dissolved concentratioth.thewinter 2010
campaigngcharacterised bg higher dissolved Cu concentration in SW thaBW, and by
auniform distribution of DOC alongith the salinity gradients examined separate{yed
triangles in kg. 5.15) the decreasing trend widmnincreasing concentration wabserved

as inthecase of Cdalsosuggesting stronger complexation of Cu in SW tharBWw.

Applying a similar approachexaminationdata from Fig. 5.14 anBig. 5.15 suggestthat
the complexation of Co is stronger BW than in SW layerwhile from thedatafor Pb and

Ni, no clear conclusions could be drawn

Figure 5.15. Dependence of percentage of open pore (OP)2Bile metals on dissolved
metal concentrations® F O H D Q "ed/doitédhegreSsionine indicate the observed trend.
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Fig. 5.16 presentsan overall percentage open pore (OP) and restricted pore (RP) BGT
labile metals for all depths and all campaigns. As noted previdhsiyifference between
DGT-labile concentrations determined by OP and RP probes is negligélevithin the
experimental error. Thipreventedof getting moreinsight into the distribution ofmetat
organicligand having differentcomplexationproperties In other wordsthe diferences
among the heterogeneous metajanic ligand complexes existing at ambient conditions are

indistinguishable by the two differeappliedDGT types.

Figure 5.16. An overall average percentage of open pore (OP) and restricted po2GRP)
labile metals (all depths, all campaigns). Numsladrove bars indicate ratio between OP and
RP DGTlabile concentrations. Uncertainty is expressed as standard deviation.

A characteristic feature of heterogeneous ligaedg humic substances, H$ that their
affinity for metak is a function of the metab-ligand ratio(Town et al.,2009) Binding of
metalsby HS whichis common in estuary and coastal waters (Whitby and van den Berg,
2015; Sander et al, 2015; Buck et al., 2007), coulddescribedby a distribution
characterisg by theaverageconditionalstability constan{K), as a function athe degree of

the binding site occupatiorin order to apprehend the variations in binding sites affinities
toward metalsD KHWHUR JH Q H liswiro8uadd 7 R H WHDWDcéiHd Bebbtained
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from the slope of a plot of metal binding affinitgreushedegree of site occupatipne. by
plotting DGT-labile concentrationsersusdissolved metal concentrations normalizsd

DOC (Fig. 5.17)

Figure 5.17. DGT-labile Cuconcentrations in relation thedissolved metal concentration
normalized by DOC (metdb-ligand ratio)

7KH SXEOLVKHG YDOXHV RI + IRWM.PHEND QS QCHL, Q& E\ +6 D
1.0 for Cd, and 0.6 for Ni (Town ai, 200 DQG UHIHUHQFHYVY ZLWKLQ WKH P
valus UHSUHVHQW PRUH KHWHURJHQHKRXMIy\horMogexdieoulBKLOH +
binding site distribution. Fig. 57lpresents such a plot from which heterogeneity factors

were estimated for Cd (1.0*Cu (0.59) and Pb (0.92). Due to unreliable results of DGT
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labile Zn thevaluewas not calculated, whildheobtained values for Ni and Co do moake

sense due to étoonarrow range of measured concentrations. The same probtaetad-

narrow examied range of concentrations was dlsfor Cd, and the provided value (1.0%)

was obtained by excluding two winter campaigiitie @lculated heterogeneity factor

reflects not only the distribution of stability constants but #iedlissociation rate cotemts

of existing metal complexes, which came into significance due to the relatively large
GLIIXVLRQ OD\HU WKLFNQHVYV DQG FRQ¥WHeEcaleDVOG\RARQJIJHU |

5.52. Correlation betweenDGT-labile and predicted dynamic metalconcentrations

Considering the environmental relevance of ngethleir spatietemporal distributions are
typically examined in relation to their bioavailability and/or toxicity. According to the most
recent EU directive regarding priority substanceshim field of water policyDirective
2013/39/EU, 2013), bioavailability is listed as a water quality issue for metals. According to
this directive, when assessing the monitoring results against the relevant environmental
quality standards (EQS), the hardsepH, dissolved organic carbon or other water quality
parameters that affect the bioavailability of metals, the bioavailable concentrations being
determined using appropriate bioavailability modelling, may be taken into account. Looking
from an experimetal aspect, the DGT as a dynamic metal speciation technique is widely
applied for monitoring purposes, providing (potentially) bioavailable concentrations of
metals analogue to those derived by mathematical moddll{ag-labile concentrations are

very often compared to those provided by some of modelling tddésylan e al., 2004;
Unswort et al, 2006; Warnkest al., +DQ HW DO 2PDQWNIed HW DO
in most of the cases a very good correlation between measured and predicted labile
corcentrations was found (matching of trends), agreement in absolute values was very
variable. In our study, aomparisonapprach used in work of Han et al. (2014) was
respected. For the calculation of dynamical concentration of metals (predicted), which is
compared finally to measured D@3bile concentrations, the following equation was used:
%o&o _ M8

&yaaa  Swaaa

Cra, CHa andDra , Dua are concentrations ofietal complexes with fulvic (FA) and humic

%aol Waghk Wask

(HA) acids, and corresponding diffusion coefficients, respectively. It should be highlighted
that for this purpose diffusion coefficients for metal complexes with FA and HA are assumed

to be the same as for FA and HA itself. These diffusion coefficieatsiken from the paper
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of Zhang (2004)For modelling of chemical speciation, a free program Visual MINTEQ ver

3.0 was used. The same major anion and cation concentrations as for calculation of Cu
LQRUJDQLF 3VLGH UHDFWLRQ FRs$amlea d¢d@eeponding DBCXV HG
concentration and dissolved metal concentrations were Msmikelling of interactions of

metals with organic ligands was performed by Stockholm Humic Model (SHM). It was
considered that 90% of organic matter is represented hyaRé 10% by HA. No other

adaptation of default parameters was undertaken.

Fig. 5.18 presents obtained results for all metatsle in Table 5.4 obtained correlation
coefficients andhe slops of the linear regression between measured and predicted DGT
labile concentrationgere providedNo consistenperformancavas obtaineamongmetals.

In case of Zn, the disagreement is mainly related to problem of contamination already
discussed previougl For Cd quite well relative (correlation) and absolute (slope around 1)
agreement between two concentrations was obtained. This agreement is mairdytoelate
relatively weak complexation of Cd with organic matie. existence of Cd primarily in

inorganic complexes with chloride

Table 5.4 Pearson's Correlation coefficients and the dagethe linear regression (in
parentheses) between measured and predicted|&ii#& concentrations

Zn Cd Pb Cu Ni Co
all samples 0.76 (0.51) 0.94 (1.03) 0.99(0.68) 0.95(0.35) 0.93 (1.19) 0.12(0.22)
Z R ASRC -0.52¢0.16) 0.90(1.07) 0.96 (0.55) 0.94 (0.56) 0.94 (1.20) 0.11 (0.21)

While a high correlation factors for Pb and Cu were obtained, the predigtatic (abile)
concentrations were lower than the D@ikasuredslope << 1). If only inorganic fraction
of Pb and Cu is considered as dynamic one, the results are evern(arosses in figures
GXH WR WKH VLPLODULWLHV LQ YDOXH?¥df@ btheédmetRlg). SRQ O\
Based on such modelling approaiths unquestionabléhat the part of organic complexes
is accumulated by DGTHowever, he major question is about tié/ R X Offdideigreement
betweenDGT-measured and predictedncentrationsAs a first,there is no evidence that
DOC can be representedly by 90% as FA and 10% as Hike.all other partitioning could
also be possibjeespeciallyin an estuarine zonahereother types of organic mattessued
from estuarine aquatic organisnsspresent which most probably diffemm complexation
characteristiciom classical terrestridlumicsubstancedn our calculationg was assumed

that all metal complexes with FA and HA are labile and accessible to DGT. The only
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difference compared taorganic complexes is the applied diffusion coeffici@mour work

values taken from Zhang (@ DUH Scis! IRU )$ DQG cn?&lfor HA

metal complexes However, recently Balch and X p J X(B0Q5) showed that diffusion
coefficientsfoU SEXON" GLVVROYHG RUJ-Brie§ highemhahHauds @& +6 DU

used for calculationdf the operational diffusion coefficieatof organic méal complexes

areincreased byactor of 3, an overestiman of dynamic metal fractionsf Cu and Pb

occurred.

Figure 5.18. Comparison between measured Dfabile and predicted dynamimetal
concentrations.

Technically, operational diffusion coefficients could be obtained by minimizing the absolute

difference between predicted and measumtcentrations using Solver option in Excel,
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KRZHYHU VXFK 3DGDSWLYH " DSSURDFK LV SXUHO\ VSHFXO

coefficients, there exist strong/inert metal complexes which are not accessible to DGT.

Predicted dynamic metal concenitbasfor Ni and Co are higher than D@Measured, with

the difference that a high correlation was found only forANbetter agreements between
measured DGTabile and predicted dynamic metal concentrations were found in studies
performed in rivergMeylan e al., 2004; Unswort et al, 2006; Warnkstral.,2008; Han et

DO 2P DQRYLU THI®is&/€n expected because the modelling of metal
organic ligand interactions incorporated in programs are basically developed on the basis of

data colletedprimarily in studies performed in freshwater environments.

Thus, the prediction of metal speciation in estuarine or seawater system is still a challenging

task, demandinthe extensive anchore focused studies

5.6.Voltammetric speciation of Cu xdetermination of CuCC

Copperbinding organic ligands make up a subset of natural dissolved organic matter
(DNOM), which tendto dominate the chemical speciation of dissolved Cu in a range of
marine environments (Coale and Bruland, 1988; Sedlak et al.; B#9land et al., 2000;
Buck and Bruland, 2005). In coastal environments, potential sources of these ligands range
from natural humic and fulvic material to urban discharge carrying anthropogenic ligands
like EDTA and NTA. In addition, microorganisms seiv& to copper toxicity are known to

be able to produce coppkinding ligands ina solution themselves, further lowering the
potential toxic conditions of their surrounding environment (Sunda and Huntsman, 1995;
Moffett and Brand, 1996; Gordon et al., 2DOAlthough recent studies have investigated
the conditional stability constants and the distribution of copper binding organic ligands
(Wiramanaden et al, 20Q8information about their chemical structure or important
functional groups involved in coppéinding is lacking. Instead, these ligands are often
describedusing adiscrete modelassumingin most cases redistribution tostronger (L1)

and weaker l(?) ligand classesiepresentinghe averaged affinities oéll individual Cu
ligandswith similar complexing characteristic3hese affinities are expressed in terms of
conditional stability constant&, which describehe distribution of Cu between the CuL
complexesand the Cu ios(expressed either via free hydratedsonthe sum of inorganic

species).

Metal complexation studies are performed in order to determine metal speciation at the

ambient metal concentration, and to determine metal complexation parameters, which could
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be used to predict the metal speciation at any metadentration. The main purpose of these
studies is to estimate the bioavailable metal concentration and to evaluate their. [Decity
describedV S H F L BpprhaRHJs Pespected in our worlResults of ligand concentrations

and conditional stabilityanstants presented in Table 4.10 are plotted in Fi§. 5.1

Figure 5.19. Vertical profiles ofthe concentration and conditional stability constant for

stronger (L1], logKi) and weaker (2], logK2) ligands for all experiments. Ithe first

column SORWDPG GHGRWHOHDQ  DQG 3SROOXWHG” VLWH 8QFH!I
expressed a895% confidence interval (Cl).

With the exception of the four uppermpstints DW WKH 3SROOXWHG™ QDXWLFDO
07 campaign), for all other samplespttypes of ligand classes, stronfjerand weaket.,
were determined. Concentrations of the strongdigand, ranged from 2.7 nM in winter,
up to 28 nM in summer, whereas concentrations of the wéalkigand ranged between 12
and 131 nM (see Table4. These values are within the previously published ranges for
YDULRXV HVWXDU\ VLWHV 30DYaLu HW DO DV ZHOO D
DO 7KH VWURQJHU OLJDQG FODVV QRR0GEOWMHUPLQHG
be due to the shorter accumulation time applied (60 s, compared to 300 s in the other two
studies), which was found to be insufficient to determine labile Cu at low additions

2 P D Q RtYaL,2010)
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Overall, higher total ligand concentratiors ¢ L2) found in the surface layer, compared to

in the seawater layer, are also consistent with two previous studies (Table 5.5). However,
while results obtained in the study of Louis et(2D09 indicated an increasing strength
(conditional stability constants) with an increase in salinity/depth, our results showed a
slight, but opposite trend, which could be perceived visually in Fi@. Athough the
averaged values of the conditional stapitionstants for each layer show similar behaviour
(Table 56), due to the high variability among the sampling campaigns, expressed as a
VWDQGDUG GHYLDWLRQ X6) Ethesd sv@dgédwaluesd/could noQber 3&lO H
statistically to confirmhe observed trends

Table 55. Comparison of Cu complexation parameters in this and previous studies in the
Krka River estuary.

Cur (nM) L1 (nM) L2 (nM) logK1 logK>
30DYaLu H' 1.429.0 ND 57-179 ND 8.79.4
Louis et al, 2009 4.7-8.9 6.07.1 68-139 11.213 8.810
this study 3.7-16.0 2.7-28 12-131 9.611.9 8.49.1

Table 56. Average complexation parameters for strongiey §nd weakerl(y ligands for
the surface brackish layeBW), freshwateirseawater interface layer (FSI) and seawater
layer (SW)

BW FSI SwW
[L1] (nM) * “ *
[L2] (NM) ¢ “ ¢
logK1 : ‘ :
logK2 ‘ ‘ ‘

A slightly higher conditional stability constant at a lower salinity cdaddascribed to the
smaller competition effect of major divalent cations for which the concentration is lower in
the brackish layer. Such trends were described in laboratory conditions by HaFhaijton

et al. (2002), studying copper speciation in esteaconditions with humic acid

Existence of two ligand classes and a relatively large range of obtained conditional stability
constants is also in accordance with the heterogeneity of Cu complexes obtained by
analysing DGTabile results. On average, thencentrations of both ligand classes is higher

in summer than in wintefFig. 5.2). Essentially, an increase in ligand concentration is in
accordance with the increasing DOC concentration, and could be explained by an increase

in primary production during the summer period. Excluding the two uppermost points from
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the Li-plot, statisticly significant correlation coefficients between ligand and DOC

concentrations were obtained. In addition, the range of medsucedcentrations increases
with DOC, which potentially signifies an increased range of binding sites at a higher DOC
concentrdon. However, a more detailed study should be performed in order to confirm such

trends

Figure 5.20. Dependence of the concentration of strondei]Xfand weaker ([2]) ligands
on the concentration of dissolved organic carbon (DOC).

As mentioned pnaously, the purpose of complexation studies is to determine the chemical
speciation of metals, and to estimate the free metal concentration, the form which is
considered to be the most bioavailable, and in the case of Cu, the most toxic. Using estimated
complexation parameters for both ligand classes, the concentration of free Cu was calculated
and plotted in relation to the depth for each sampling campaign (F). 312 dashed
vertical line at a concentration of 10 pM corresponds to the toxicity thicesti Cu as
estimated for marine phytoplankton by Sunda et al. (1987). Except four points corresponding
to the winter 2010 campaign (uppermost depths), the threshold value is surpassed,
suggesting that at these ambient conditions, Cu should be congdeetially toxic. There

is an accepted opinion that in coastal waters, Cu is bound to strong complexing ligands,
diminishing its free concentration to below the toxicity level of 10 pM (Buck et al, 2007). It

is reported that more than 99% of dissolvedatits ambient concentration exist in these
strong complexes. These data are derived prim#rnilyughcompetitive ligand exchange
adsorptive cathodic stripping voltammetry (CRECSV), which is known to provide
higher stability constants than the ASV nathin our study, a much higher degree of labile

Cu is measured, ranging from 5 to almost 30% (70% to 95% of orgaricallyd Cu). The
difference between the two methodologies is that ASV reduces (accumulate) weak organic
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Cu complexes along with the in@gc Cu. However, the conditional stability constant of

Cu complexes in the case of ASV is expressed via free Cu ions, which are obtained using
the side reaction coefficient calculated by only considering inorganic complexes, and not
weak organic complexeghich are reduced along with the inorganic Cu species. This means
that the conditional stability constants of Cu obtained by ASV are underestimated because
they do not account for the side reaction coefficient of weak organic complexes. The exact
side reation coefficient of these complexes is unknown, but if assumed to be just 10 times
higher,thefree Cu concentration would be estimated to be lower by an order of magnitude,

and consequently the organic Cu fraction would increase.

Figure 5.21. Verticaldistribution of calculated free Cu concentration Qu(left plot) and
percentage of ASVabile copper (right plot) for all sampling campaigns

However, it seems that free or organically bound Cu is strongly dependent on the applied
methodology, whedtr CLEADCSV or CLEASV. Namely, by using EDTA as a
competitive ligand in ASV mode, in freshwater samples Wang and Chakrabarti (2008) found
the presence of a very strong copperding ligand with a log~ 20, and a corresponding

very high concentration (alve 100 nM) of the ligand. This is the highest stability constant
ever reported for Cu in natural waters. Applying the same method of calculation, the
estimated free ligand concentration would be several orders of magnitude lower than the one

calculated byYCLE-AdCSV. These results put to question the methodology of the calculation
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of organically bound Cu, and the estimation of its free concentration, and should be further
checked for consistency and correctness.

It was mentioned previously that D@dbile metal concentratiaarean operational value,
dependent on several parameters. The samegfm ASV-labile concentratios, which,
attheambient Cu level correspond to sum of inorganic and weakly bound organic fraction.
Both techniques are considerélgnamic techniquge which means that the measured
concentration depends not only dhe thermodynamic properties of existing metal
complexes but also on kinetic propert{gan Leeuwen et al., 2007)he kinetic properties
areviewed in relation teheso-called kinetic timescale of the technique i.e. kineticdows,

i.e. the effective time availabl®r complex species to dissociate withive diffusion layer.

Both the DGT and ASV technique accumulate metals in the same manner, which is also
assumed to present a basic model of the uptake of metals across the biological membrane.
Thus it is expected that DGT and ASV could provide similar information regarding the
distribution of labile metal species in a particular water environmecramparison between
inorganic Cu estimated by ASV and OP Dgibile Cu is plotted in Fig. 52, while
separate vertical profiles were presented in Fig3.5A2yeneral liner relationship was found

between the twoperationally labile concentrations waltorrelation coefficent of 0.964.

Figure 5.2. Relationship between labile Cu estimated by ASV (assumed to represent
inorganic fraction) and OP DGIabile Cu for all campaigns.
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Most of the valuesirelocated under the 1:1 line, which means that determinedA\SV-

labile concentrations wetewer compaedto those ofDGT, and in average they accoedt

for around 64% othose ofDGT-labile. A relatively good agreement between the two

profiles is even more evident in Fig. 8.2nly the profiles for the first camagn and,

slightly for the second, showeah opposite trend, which could be ascribed to specific
ambient conditionst the siteregarding Cu and DOC levelsA much better agreement

between vertical profiles for that campaign (2009 07) obtaireed the s SROOXWHG™ QD XW

marine site presented in Fig. 8.2 mainlytheconsequence of higher Cu concentration

The smaller labile fraction estimated by ASMsexpected because of the shorter kinetic
window. The effective time of the measurement for the ASV is 0.1 sandiffusion layer
WKLFNQHVMRG D-GR IIXVLRQ FRHAIL Wheke@s\W tReIDGT device
thediffusion layer thicknesssi0.9 mm and the effective measurement time is rhtbtes

(Zhang and Davison, 2000). The importance of the diffusion layer thickgasdingthe
operationatletermination ofability of metal complexes artfieirkinetic contribution tdahe

ASV signa]iV DOUHDG\ GLVFXVVHG LeQalRDQ\ SOYRHYI8BODYaAaLU

van Leeuweret al.,2007, Townet al.,2009).

Figure 5.23. Relationship between labile Cu estimated by ASV (assumed to reptlesent
inorganic fraction) and OP DGIabile Cufor all campaigns.
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Figure 5.24. Relationship between labile Cu estimated by ASV (assumed to repttesent

inorganic fraction) and OP and RPDGIELOH &X 3SROOXWHG” VLWH OHIW S

(right plot).

5.7. Environmental aspects+potential toxicity effects

Due to the known role of Cu in natural waters related to bioavailability/toxicity to aquatic
organisms (Fichet et al., 1998; Santore et al., 2001; Ytreberg et al., 2011), monitoring of its
dissolved concentration in such highly variabystems is of great importance. However,
knowledge of Cu chemical speciatigg of much greater benefit, especially becaase
increasean dissolved Cuin combination with low levels of DOC in the Krka River estyary
may induceanincreased bioavailablerffe ion) fraction surpassinghe toxicity level (10

pM) for some marine organisms (Sunda et al., 1987), as shown recently by Louis et al. (2009)
(Louis etal., 2009a). Ecotoxicologicalpasedmarine acute water quality criteria for metals
intended forthe protection of coastal areas recently proposed by Duran and Beiras (2013)
(Duran and Beiras, 2013) quote 22 nM of dissolved Cu as the upper limit. This is equal to
the highest concentrations we measured along the estuary transect (excluding higlelg elevat
VLWHYV ZLWKLQ WKH aL E BhénaNpifgsunke ) Wi ld rCca@td i tigeJ
intensity of nautical traffic further increas¢lowever, taking into account that dissolved Cu
concentration ZLWKLQ WKH AaLEHQLN ED\ LHatkHé BOQ/ddcenixadowW R
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remained atlevel of ~1.5 mg L}, potentialy harmful effecs are likely to occur for some
sensitive plankton species, which are commonly adapted SULVWLQH" HQYLURC
conditions, as shown by Jean et al. (2018ho found that the zooplankton

diversity/abundance variation is linked to the pollution gradient.

Buck at al. (2007) found thdtssolved copper concentrations throughout3haFrancisco
Bay also correlate positively with dissolved organic matter, supportimgsults from
speciation studies which indicdtéhat organic ligandsvith high-affinity for binding Cu
dominate the chemical speciation of dissol&ad These organic ligands typically bind
>99.9% of the dissolve€u, effectively buffering the system agatnsmall changes in
dissolved copper concentrations, and maintaining fréé €ncentrations well below the

toxicity threshold of ambient aquatic microorganisms.

In an inorganic systemwithout organic ligands, [Cti] can be calculated directly from the

total dissolved copper concentratiqi@ur). For instance, at average pH values in seawater

(pH 81), the inorganic speciation of copfervoursCuCQ as the dominant species, with

7% of the total dissolved inorganic copp@pearings afree hydrated Cii ion. At 30 nM

of dissolved Cuwhich isthe FRQFHQWUDWLRQ |RhQdacen@atih BEQ LN E D\
in the absence of organic chelation would be approximbetiyeen 1 and 2M depending

on the salinity. At these C&' levels the majority of aquatic microorganisms in this

environment would likely suffer from the effects of copper toxicity.

7KH FRUUHODWLRQ EHWZHHQ '2& DQG GLVVROYHG &X RE
summer periods, despite a high level of dissolved Culandbsence of any evidence of Cu
toxicity, suggests that organic complexation is lowering*Qevels to sukoxic levels,

although ASV measurements projected higher free Cu levels
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6. Conclusions

The Krka River estuary is an atypical estuary characterized by a very low input of trace
metals (TM), suspended particulate matter (SPM) and organic carbon (OC) by the river.
From the other side, the adjacent coastal sea features the environment of sgaopérese

particular characteristics, coupled by the three vertically stratified layers, allowed
identification of pathways and processes governing horizontal and vertical redistribution of

TM across the whole estuary, whether they are added in thendygtieuman activity or by
3LQLWX" SURFHVVHV HJ UHPRELOLVDWLRQ IURP WKH VH
DQG WKH 3VHQVLWLYLW\" RI WKH HVWXDULQH V\VWHP DO
and events which influence the biogeochemistryid within the estuary.

The obtained results could be summarized by a few final remarks:

x the significant anthropogenic inputs of some TM especially observed in summer can be
mainly ascribed to nautical activities, as evidenced by the high resoluticacesurf
mapping,

X the nonconservative organic carbon behaviour, mostly linked to biogenic production in
summer which increase both, DOC concentration and POC concentration/content,

significantly affects TM behaviour and fate,

x the dissolved/particulate fractiation of TM appears to be mostly controlled by the
variation of SPM nature along the salinity gradient (winter, surface) and the biogenic

production of SPM (summer, surface),

x the significant increase of most of the TM in the seawater layer is result of TM
scavenging through the FSI coupled with upstream seawater transport and long

residence time, leading also in increase of particulate TM fraction (e.g. Pb),

x the specific TM behaviour identified in the cuvette, a consequence of anoxia conditions
induced ly long water accumulation and settling of orgamat particles, is a situation
not only limited to this restricted area but can occur at a larger scale in the estuary, and
more generally, in many environments submitted to both, strong stratification and

significant organic carbon load,

x the significant anthropogenic TM inputs (e.g. Cu leaching from antifouling paints) in
such a naturally pristine environment may induce harmful effects on sensitive species
VXFK DV SK\WRSODQNWRQ Qe 3DGDSWHG” WR VXFK FR
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X

the studies in such a unique environment allow identification of processes which are
generally overrode by a large load of SPM (and associated elements) from thedriiver an

homogeneous vertical profiles,

very good agreement between the vertical profiles of Ddbile, and dissolved TM
concentrations suggests that the DGT technique can be successfully used to determine

potentially bioavailable TM concentrations in estuadogaditions,

the fraction oDGT-labile TM, which reflects their chemical speciation (primarily, their
binding to natural organic ligands), ranged from > 90% for Cd, to < 20% for Cu, but

also depends on the concentration ratios of metals and organic Jigands

voltammetric speciation &u showed the presence of two types of organic ligands that
form strong (1, 9.6 < lod<1 < 11.9) and weakLp, 7.8 < lod2 < 9.9) Cu complexes.
The concentration of weak organic ligandsy)(is correlated with the DOC
concentration, and is higher in surmneost probably due to thecreased biological

activity,

the range oimeasured total organic ligands concentrations (complexing capacity) is
similar as~30 years ago, confirming the status of the estuary in regards to overall

organic matter content ais characteristics,

the concentration of free Cu ions (the most bioavailable form), at ambient conditions, is

regulated primarily by the complexation with strong ligarid$, (

for most of the samples, the calculated freeslihtly exceeds the toxic threshaifl
10 pM, which can have adverse effects on certain phytoplankton species, especially at
the marina and anchorage sitétowever, these values are the result of applied

methodology of calculation, and does not necedysaflect real ambient conditions

this study showedlsothatthe observed range of trace metals in the Kiskex remained

at the same level as 30 years agmfirmingits verypristine status

A more focused and detailed studies would be needed in order to fully explore and

understand each of the observed specific TM behaviours and their effect onto TM chemical

speciation and fate. Based on the summarized observations and findings, it could be

concluded that the Krka River estuary hosts several particularities which make it a model

site for studies on behaviour and fate of TM as well as of their biogeochemical cycle,

representative for much larger coastal pristine aquatic systems, but als;maeape
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