FACULTY OF SCIENCE

Ana-Marija Cindri¢

DISTRIBUTION, SPECIATION AND FATE
OF TRACE METALS IN THE STRATIFIED
KRKA RIVER ESTUARY

DOCTORAL THESIS

Supervisors:
Dr. Dario Omanovié¢

Dr. Cédric Garnier

Zagreb, 2015.






PRIRODOSLOVNO-MATEMATICKI FAKULTET

Ana-Marija Cindri¢

RASPODJELA, SPECIJACIJA | SUDBINA
METALA U TRAGOVIMA U USLOJENOM
ESTUARIJU RIJEKE KRKE

DOKTORSKI RAD
Mentori:

Dr.sc. Dario Omanovic¢

Dr.sc. Cédric Garnier

Zagreb, 2015.






BASIC DOCUMENTATION CARD
University of Zagreb
Faculty of Science
Department of Geology Doctoral Thesis

DISTRIBUTION, SPECIATION AND FATE OF TRACE METALS IN
THE STRATIFIED KRKA RIVER ESTUARY

Ana-Marija Cindri¢
Ruder Boskovi¢ Institute, Bijenicka cesta 54, 10 000 Zagreb

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/winter). In addition, the study involved measurements of
dissolved/particulate organic carbon (DOC/POC) and major physico—chemical parameters (salinity,
pH, dissolved oxygen, temperature). Water samples were taken from the three characteristic layers
(brackish, the freshwater—seawater 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 speciation measurements.

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, whether they were added into the system by human activity or by “‘in-situ’’
processes (e.g. scavenging). Non-conservative behaviour for most of the studied TM observed in the
surface layer of the estuary was primarily caused by their input in the Sibenik Bay area. Detailed
"mapping"” of the bay showed that the harbour and nautical marina are the regions with the highest
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Raspodijela i specijacija odabranih metala u tragovima (TM) (Zn Cd, Pb, Cu, Ni i Co), te njihovo
ponasanje i sudbina istrazivani su u vodenom stupcu vertikalno uslojenog estuarija rijeke Krke tijekom
dva kontrastna godis$nja doba (ljeto/zima) u periodu od 2009 do 2013. Istrazivanja su obuhvacala i
mjerenja otopljenog/partikulatnog organskog ugljika (DOC/POC), te osnovnih fizicko—kemijskih
pokazatelja (salinitet, pH, otopljeni kisik, temperatura), a uzorkovanja su provodena u tri karakteristi¢na
sloja (bocati sloj, haloklina i morski sloj). Voltammetrija s akumulacijom (anodna i adsorptivna
katodna) bila je primarna analiticka tehnika, dok je za specijaciju koristena i komplementarna tehnika
pasivnog uzorkovanja temeljena na principu difuzijskog gradijenta u tankom filmu (DGT).

Koncentracije TM niZe su u rijeci Krki nego u vodi otvorenog dijela Jadrana, Sto je omogucilo
identifikaciju puteva i procesa koji reguliraju horizontalnu i vertikalnu preraspodjelu TM u cijelom
estuariju, neovisno da li su oni u sustav uneseni ljudskom aktivnoséu ili ,,in-Situ procesima (npr.
tonjenje -,,scavenging®). Nekonzervativno ponasanje u povrsinskom sloju estuarija uoceno za vecinu
TM uzrokovano je primamo unosom metala u podruéju Sibenskog zaljeva. Detaljno ,,mapiranje®
zaljeva pokazalo je da su luka 1 nauticka marina podrucja s najviSom koncentracijom TM. Pokazalo se
da je znacajan porast Cu i Zn u cijelom estuariju tijekom ljetnih mjeseci u izravnoj vezi s pojacanom
nauti¢kom aktivno$¢u, odnosno vezani su za otpusStanje metala iz protuobrastajnih boja s plovila.
Vertikalni transport TM u dublje slojeve (,,scavenging ), te dulje vrijeme zadrzavanja morske vode
uzrokovali su uzvodni porast koncentracije TM u morskom sloju.

Vrlo dobro slaganje vertikalnih profila DGT-labilnih i otopljenih koncentracija TM ukazuju da se DGT
tehnika moze uspjeSno koristiti za odredivanje potencijalno bioraspolozivih koncentracija TM u
estuarijskim uvjetima. Udio DGT-labilnih TM odraz je njihove kemijske specijacije (primarno vezanja
s prirodnim organskim ligandima), te varira od > 90% za Cd, do < 20% za Cu, ali ovisan je takoder i o
omijeru koncentracije metala i organskih liganada. VVoltammetrijska specijacija Cu pokazala je prisutnost
dva tipa organskih liganada koji stvaraju jake (L1, 9.6 < logK1 < 11.9) odnosno slabe (L2, 7.8 < logKz <
9.9) Cu komplekse. Koncentracija slabijin organskih liganada (L2) u korelaciji je s koncentracijom
DOC-a, te je veca ljeti najvjerojatnije zbog povecane bioloske aktivnosti. Koncentracija slobodnih iona
Cu (vrsta koja je najviSe bioraspoloziva) pri okoliSnim uvjetima regulirana je u vecoj mjeri
kompleksiranjem s jakim ligandima (L1). Za vecinu uzoraka izracunate vrijednosti slobodnog Cu blago
prelaze grani¢nu toksi¢nu vrijednost od 10 pM. Medutim, te vrijednosti su rezultat upotrijebljenog
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ProSireni sazetak

1. Uvod
1.1. Metali u prirodnim vodama

Metali su prirodni konstituenti vodenog okolisa. S obzirom da su nerazgradivi, jednom
uneseni u sustav, gotovo trajno postaju njegovim dijelom. Prirodne razine metala u vodama
(,,background*) ovise o podru¢ju u kojem se nalaze, odnosno sastavu stijena i tla, te se stoga
moze govoriti o specifi¢nosti vodnih podruéja s obzirom razinu pojedinih metala (SI. 1). U
vodenoj sredini, koncentracija metala rezultat je niza procesa koji reguliraju njihov
biogeokemijski ciklus. Raspon prirodnih koncentracija metala u vodama kreée se od
nekoliko mikrograma do manje od nanograma po litri. Za metale koji su prisutni u vrlo
niskim koncentracijama (obi¢no manje od 10 mol L), u literaturi se koriste razni sinonimi
kao S§to su tragovi metala i mikronutrijenti/mikroelementi, a odredeni metali Cesto se
nazivaju i teski odnosno eko-toksicni metali. Istrazivanja su uglavnom usmjerena prema
metalima i metaloidima koji imaju poznatu biolosku funkciju poput Fe, Cu, Zn, Co, Se, ili
su poput Hg, Cd, As, Cr toksic¢ni. Primjerice, esencijalni metali (Zn, Cu) vazan su faktor u
fizioloskom funkcioniranju zivih organizama jer reguliraju mnoge biokemijske procese, no
ako su prisutni u pove¢anim koncentracijama mogu imati toksi¢ni utjecaj na Ziva bica, a time
posredno i na ovjeka. Prirodne razine metala u tragovima mogu se povisiti uslijed njihovog
antropogenog unosa kao rezultat razli¢itih aktivnosti poput turizma, prometa, poljoprivrede,

industrije, ispustanje otpadnih voda, izgaranje fosilnih goriva (Sl. 1).

Prirodni Antropogeni
izvori izvori

T
‘- -| Vulkanska aktivnost | —| Promet |— - i
1

I

1

I

! e

! |Geotermalna | Industrija |_,

aktivnost | Rudarenje |__
Ispiranje |Komuna|ni otpad | :
| stijena | Poljoprivreda L
Tlo Atmosfera
Biljke
Vodni okolis

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

Opcenito, estuariji su obalna polu-zatvorena podrucja gdje se rije¢na voda mijesa s
morskom. Estuariji su nastali tijekom podizanja razine mora 1 poplava u rije¢nim dolinama.
Gradijent saliniteta je klju¢na varijabla koja ¢ini estuarije drugacijima od morskih i jezerskih
sustava 1 vazan je za cirkulaciju u estuarijima. Uz uvijek prisutni horizontalni, gradijent
saliniteta moze biti i vertikalni. Uz morfologiju podrucja, na vertikalnu i horizontalnu
raspodjelu saliniteta znac¢ajno utjecu jos i plima, vjetar, valovi i protok rijeke. Prema na¢inu
mijesanja estuariji se dijele na estuarije slanog klina (mijeSanje na granici rije¢ne i morske
vode koje uzrokuje prodiranje morske vode a zbog minimalnog mijesanja nastaje klin, koji
je najdeblji na dijelu prema otvorenom moru, a smanjuje se prema kopnu); visoko uslojene
(stratificirane) estuarije (u morima, s malim rasponom izmedu plime i oseke, manje rijeke
stvaraju visoko stratificirane estuarije, u kojima je vodeni stupac podijeljen na gornji bocati
i donji morski sloj, koje razdvaja osStra haloklina); zasticene estuarije s pragom (djelomi¢no
su zatvoreni prema oceanu plitkim povrsinskim pragom, cirkulacija nije u cijelosti razvijena
- povratni tok slane morske vode blokiran je u dubini); dobro mijesane estuarije (dominante
plimne struje u odnosu na rije¢ni tok, voda je dobro izmijeSana, bez ve¢e promjene saliniteta

u vertikalnom stupcu).

1.3. Metali u tragovima u estuarijima

U prirodnom ekosustavu je od izuzetne vaZnosti razumijevanje ponasanja, sudbine i utjecaja
metala u tragovima. Potrebno je imati na umu razli¢ite faktore koji kontroliraju
biogeokemiju metala, posebno u estuarijima, gdje postoji velika razlika u sastavu vode, a
ukljucuje fizikalne 1 kemijske promjene raspodjele i specijacije metala u tragovima (Muller
et al., 1996). U estuarijima fizikalni parametri i bioloska aktivnost utje¢u na razdjeljivanje i
specijaciju metala u tragovima kroz procese kompleksacije, sorpcije, flokulacije,
precipitacije, otapanja 1 otpustanja. U estuarijskim uvjetima u kojima postoji gradijent
saliniteta postoji i gradijent koncentracije kojim se opisuje kompleksno ponasanje metala u
tragovima. Ovisno o svojstvima metala, kao i o fizikalno kemijskim, hidrodinamic¢kim 1
okoli$nim (npr. zagadenje) uvjetima, ponasanje moze biti i konzervativno i nekonzervativno
(S1. 2). Do nekonzervativnog ponasanja metala u tragovima u zoni mijeSanja, u estuarijima,

dolazi zbog varijacija u ionskoj jakosti, adsorpciji ili bioloSkim utjecajem.
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C*\

rije¢ni ~
J4"end-member" ~

Koncentracija

morski
"end-member"

0 10 20 30 40
Salinitet

Slika 2. Ilustracija ponasanja metala u gradijentu saliniteta (Wen et al., 1999).

1.4. Specijacija metala u tragovima

Specijacija je kvalitativno i kvantitativno odredivanje raspodjele fizicko-kemijskih vrsta
metala u tragovima u prirodnim vodama. Temeljni razlozi za istrazivanje i utvrdivanje
specijacije tragova metala u vodenim sustavima je razumijevanje mehanizma pod kojim se
odvija proces njihovog bioloskog i geokemijskog kruzenja. O raspodijeli kemijskih oblika,
odnosno specijaciji (Tessier and Turner, 1996) u prirodnim vodama ovise reaktivnost,
transport, bioraspolozivost i/ili toksi¢nost metala prema mikroorganizmima. Opcenito,
Specijacija tragova metala moZe se promatrati obzirom na upotrijebljene metode odredivanja
raspodjele pojedinih fizicko-kemijskih oblika (operaciona specijacija) i obzirom na

odredivanje raspodjele pojedinih kemijskih oblika i vrsta (kemijska specijacija).

U prirodnim vodama prisutne su razli¢ite vrste aktivnih mjesta koje vezu metale u tragovima.
Dijele se na anorganske i organske ligande, povrSine Cestica i povrSine organizama (razlicite
biolo§ke membrane). Prema tome, metali u tragovima u prirodnim vodama raspodjeljuju se
izmedu otopljenih vrsta 1 vrsta vezanih na Cestice. Ova operativna definicija podrazumijeva
da otopljena frakcija ukljucuje oblike metala koji prolaze kroz filtar s definiranom veli¢inom
pora (0.45 ili 0.2 um). Cestice koje produ kroz filtar mogu biti anorganskog i organskog
podrijetla, metali u tragovima, a koloidne cestice (pr. Fe(OH)s) mogu biti u formi Cestica
dovoljno malih da produ kroz membranu filtra. Cestice mogu biti organske (Zivi organizmi
1 njihovi metabolicki produkti) i anorganske (razni minerali koji potjecu od stijena, silicij 1

kalcij koji potjecu od uginulih organizama i sl.).
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1.5. Odredivanje kapaciteta kompleksiranja metala

U prirodnim vodama vezanje metala s anorganskim ligandima je poznato i racunski
predvidivo, no razumijevanje interakcija izmedu metala i prirodne organske tvari (kopnenog -
u priobalnim podruéjima ili autohtonog podrijetla - nastala u vodenom stupcu) (Bruland et al.,
2004) i dalje je nedovoljno poznato, te stoga predstavlja veliki znanstveni izazov. Zbog niskih
koncentracija u kojima su prisutni metali u tragovima (do razine pM) i zbog eksperimentalnih
ograniCenja vezanih uz odvajanje, ekstrakciju i mjerenje razlic¢itih kompleksa metala pomocu
drugih analitickih tehnika, uobi¢ajeno se za karakterizaciju interakcija metala i organskih
liganada Kkoristi neizravan pristup, temeljen na titracijskoj metodologiji (Bruland et al., 2000;
Louis et al., 2009; Omanovic et al., 1996; Plavsi¢ et al., 1982, 2009). Zbog dobre selektivnosti
i visoke osjetljivosti najcescée se koriste elektrokemijske tehnike: anodna voltammetrija
otapanja (Garnier et al., 2004) i adsorptivna katodna voltammetrija otapanja s kompetitivnom
izmjenom iona (van den Berg, 1985). Elektrokemijskim titracijama odreduju se parametri
kompleksiranja, koncentracija liganada (Li) i uvjetna konstanta stabilnosti (K'i) koje se koriste
u izracunima specijacije metala u tragovima. Ova metodologija je poznata i pod nazivom
odredivanje kapaciteta kompleksiranja metala (KKM). KKM se izrazava u ekvivalentima
metala s kojima se titrira, odnosno za koji se odreduje specijacija. Postupak odredivanja sastoji
se od dodavanja standardne otopine metala u uzorak i mjerenja strujnog odziva sve dok nagib
krivulje ovisnosti struje vrha vala labilnog metala o koncentraciji dodanog metala ne postane
konstantan (SI. 3).
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Slika 3. Princip odredivanja kapaciteta kompleksiranja metala.
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Dobivena titracijska krivulja interpretira se Ruzi¢-van den Berg-ovom linearizacijskom ili
transformacijskom metodom (Ruzi¢, 1982; Van den Berg, 1982; Gerringa et al, 1995) na
temelju koje se, uz pretpostavku prisustva jedne ili dvije vrste liganada, odreduje kapacitet

kompleksiranja i prividna konstanta stabilnosti.

1.4. ,, In-situ* specijacija - difuzijski gradijent u tankom filmu (DGT)

Tehnika pasivnog uzorkovanja i ,,in-situ specijacije metala, difuzijski gradijent na tankom
filmu (DGT) (Davison and Zhang, 1994, 2012) koristi se za odredivanje otopljenih
slobodnih iona i labilnih kompleksa metala, za koje se smatra da su organizmima
potencijalno bioraspolozivi. Princip rada je da kompleksi metal difundiraju kroz difuzni gel

i vezu se na kompleksiraju¢u smolu (Sl. 4).
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Slika 4. Shematski prikaz DGT uredaja, s uvecanim dijelom koji prikazuje tri karakteristi¢na
sloja (Davison and Zhang, 2012).

Koristenjem Chelex-100 gela kao kompleksirajuc¢e smole, DGT uzorkivaci se mogu koristiti
za odredivanje 24 metala vazna u okolisu (Garmo et al., 2003). Prednost DGT tehnike je
njena ,,in-situ* primjena, pri ¢emu se sprjecava promjena specijacije uzoraka, §to moze biti
problem klasi¢nih specijacijskih analiza koje se provode u laboratoriju. DGT uzorkivaci
izlazu se u vodeni sustav tijekom odredenog vremenskog perioda (od nekoliko dana do ~ 2
mjeseca), a dobivena DGT-labilna koncentracija je prosje¢na koncentracija tijekom tog

vremena (efekt pamcenja).
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2. Eksperimentalni dio

Estuarij rijeke Krke nalazi se na istocnoj obali Jadranskog mora. Vodeni stupac ovog
estuarija zbog specificnog polozaja i male razlike izmedu plime i oscke koja je
karakteristi¢na za Jadransko more je uslojen (postoje bocati sloj, sloj halokline i morski sloj).
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
samoprociS¢avanja (zbog sedrenih barijera). Posljednjih godina nauticki turizam je u
porastu, stoga je ovo istrazivanje posveceno antropogenom utjecaju na specijaciju i
dinamiku metala i organske tvari u dva razli¢ita doba godine (ljeto/zima). Porast
koncentracije metala u tragovima zabiljeZen je u okolici grada Sibenika i $ibenskoj luci
(Omanovi¢ et al., 2006) te je povezan s antropogenim zagadenjem. Uocen je antropogeni
utjecaj na specijaciju Cu, odnosno na porast koncentracije slobodnog Cu?* (Louis et al.,

2009) koji moze biti Stetan za mikro organizme u estuariju.

Uzorkovanje duz estuarija rijeke Krke (~23 km) izvrSeno je na 15 postaja tijekom dva
kontrastna perioda, ljeto (19.07.2011) i zima (28.02.2012), na tri dubine, u sva tri
karakteristi¢na vertikalna sloja, s ciljem odredivanja koncentracije i ponaSanja metala u
tragovima u vodenom stupcu (SI. 5). Dubine na kojima su se uzimali uzorci odredene su
nakon mjerenja fizikalno-kemijskih parametara u vodenom stupcu (salinitet, otopljeni kisik,
pH, temperatura, fitoplanktonska aktivnost). Bocati sloj uzorkovan je direktno u ,.teflonske*
boce visoke kvalitete (FEP, PFA) koje su oprane prema proceduri propisanoj za ¢is¢enje
boca za analizu metala u tragovima, a za uzorke s ostalih dubina koriSten je horizontalni
uzorkivac tipa van Dorn (2.2 L). Dodatno uzorkovanje boc¢atog sloja (40 postaja) provedeno
je u Sibenskom zaljevu (20.07.2012.) te na 10 postaja popre¢nog profila (30.08.2013.).
Uzorkovanjem povrsine odredeni su moguci izvora zagadenja, koji bi mogli imati utjecaj na

raspodjelu metala u tragovima duz estuarija.

S obzirom na odredenu koncentraciju i raspodjelu metala u tragovima u estuariju, izabrane
su dvije postaje koje su predstavljale ,,Cisto” (postaja Martinska) i ,,oneci§¢eno® (marina
Mandalina) podru¢je. Na ovim postajama, detaljnije su proucavani fizikalno-kemijski
parametri u stupcu vode, kao i raspodjela metala u tragovima te njihova specijacija tijekom
dva kontrastna perioda (ljeto/zima) tijekom nekoliko godina (08.07.-12.07.2009; 30.01.-
04.02.2010; 19.07.-24.07.2010; 13.07.-18.07.2011; 01.03-06.03.2012)
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Slika 5. Mapa estuarija rijeke Krke s oznacenim postajama transekta (¢) i detaljnog
mapiranja (+).

Specijacija/frakcionacija metala u tragovima odredena je koriStenjem dviju
komplementarnih tehnika: voltammetrije anodnog otapanja i difuzijskog gradijenta na
tankom filmu (DGT). Na temelju mjerenja vertikalnog profila saliniteta viSe puta tijekom ~
48h odredeno je Sest dubina na kojima su postavljeni DGT uredaji. Oni su postavljeni u
triplikatu na po dvije dubine u svakom sloju (bocati sloj/haloklina/morski sloj) tijekom cca.
5 dana. Koristene su dvije vrste DGT-a, oni s porama veli¢ine 2-5 nm (OP-DGT) i oni sa

manjim porama ~1 nm (RP-DGT).

Nekoliko puta tijekom svakog dana mjereni su fizikalno-kemijski parametri u stupcu vode,
s ciljem odredivanja trenda gibanja vertikalne vodene mase (npr. promjene u salinitetu na
svakoj dubini na kojoj su postavljeni DGT uredaji). Kako bi se umanjio utjecaj plime, vjetra
ili valova, na odrzavanje dubine na koju su postavljeni DGT uredaji, pripremljena je posebna
konstrukcija temeljena na principu “zra¢nog” protu-utega. S ciljem usporedbe dviju
metodologija za specijaciju metala, tijekom perioda izlaganja DGT-a, ronilac je svaki dan
(dva puta ljeti, jedan puta zimi) uzimao uzroke vode na dubinama na kojima su postavljeni
DGT uredaji.
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U laboratoriju su potom pripremljeni kompozitni uzorci - filtrirani (otopljeni metali u
tragovima) 1 nefiltrirani (ukupni metali u tragovima). Dio uzoraka iz kojih se odredivala
otopljena i ukupna koncentracija (Zn, Cd, Pb, Cu, Ni i Co) zakiseljen je sa HNO3z s.p. na pH
< 2 11izlozen UV svijetlu kako bi se razorila organska tvar. Uzorci u kojima se odredivala

specijacija Cu, su filtrirani i ostavljeni pri prirodnom pH konzervirani samo s 1 M NaNs.

Za odredivanje otopljenog (DOC) i partikulatnog (POC) organskog ugljika koristio se
stakleni sustav za filtriranje s vakuum pumpom i stakleni filtar od 0.7 pm (prethodno
izvagan). Uzorci za odredivanje DOC konzervirani su dodatkom 25 pl 1M NaN3z i ¢uvani na
4°C. POC je odreden iz koli¢ine uzorka koja zaostane na filtru nakon filtracije. Koncentracija
suspendiranih Cestica (SPM) odredena je iz razlike mase filtra prije i nakon filtracije. Za
analizu DOC i POC koristen je TOC-VcsH analizator (Shimadzu).

Autolab (Methrom/EcoChemie) potenciostat/galvanostat u kombinaciji s troelektrodnim
sustavom 663 VA Stand (Metrohm) i sustavom za automatsko doziranje Kkoristen je za
elektrokemijska mjerenja. Viseca zivina kap posluzila je kao radna elektroda, kao referentna
Ag|AgCl|sat. NaCl, a kao protuelektroda Pt Zica. Koncentracije metala odredene su metodom
standardnog dodatka: Zn, Cd, Pb, Cu diferencijalno pulsnom voltammetrijom anodnog
otapanja (DPASV), a Ni i Co diferencijalnom pulsnom adsorptivnom voltammetrijom
katodnog otapanja (DPAJCSV) uz dodatak Nioxima (10° M).

DGT uredaji su koristeni prema uputama proizvodaca (DGT-Research). Koncentracija
metala akumuliranih na Chelex-100 gelu, nakon ekstrakcije u kiselini odredena je na
masenom spektrometru visoke rezolucije s induktivnom spregnutom plazmom (HR ICP MS
Element 2, Thermo Finnigan). Efektivni difuzijski koeficijenti koji su potrebni za izraun
DGT labilne koncentracije zbog specifi¢nosti sustava (postojanje tri razli¢ita vodena sloja)

odredeni su laboratorijskim pokusom.

DPASV je koristena za odredivanje kapaciteta kompleksiranja Cu (KKCu).
Kompleksometrijska titracija sastojala se od mjerenja pocetne koncentracije Cu u uzorku i
potom 15 dodataka Cu, tijekom 23 sata provedbe eksperimenta. Boratni pufer (0.01 M) je
dodan za odrzavanje stabilnog pH otopine tijekom provedbe eksperimenta (8.2 = 0.1). Za
obradu podataka koristen je program ProMCC, razvijen u maticnom laboratoriju
(Laboratorij za fizicku kemiju tragova) (Omanovi¢ et al., 2015). Visual MINTEQ v3.0

koriSten je za izracun, tzv. ,,side reaction* koeficijenta (ocu”).
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3. Rezultati i rasprava
3.1. Osnovni fizicko-kemijski parametri estuarija rijeke Krke

Hidroloski uvjeti u rijeci Krki variraju 1 najvise ovise o vremenskim uvjetima (kisni periodi).
Najvisi su protoci, izraunati iz podataka za duzi vremenski period (2008-2014), zimi (80-
90 m3s?), a ljeti su znacajno manji (< 10 m3?). Tijekom perioda uzorkovanja, relativno
niski protoci bili su u ljeto 2011 i 2012. U estuariju je koncentracija SPM izrazito niska, no
moguée je uociti razliku u njenoj raspodjeli u sva tri sloja (SI. 6A). U bocatom sloju
koncentracija raste prema moru (od ~0.4 mgL™* do ~3 mgL™), a u morskom sloju raste u
smjeru prema kopnu (od ~3 mgL™* do ~6 mgL™?). U haloklini koncentracija SPM nalazi se
izmedu ova dva trenda, a transport u morskom sloju utjee na vertikalni profil SPM duz

estuarija.

Vertikalni profili saliniteta pokazali su dobro definiranu stratifikaciju u vodenom stupcu (SI.
6B). Definirana i oStra haloklina, posebno je bila uocljiva u prvoj polovici estuarija, na
dubini 2 do 3 m, a njena debljina se progresivno povecavala u smjeru mora ( od ~ 0.4 do ~
2m).
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Slika 6. A - ovisnost suspendirane partikulatne tvari (SPM) u sva tri vertikalna sloja, i
B - vertikalna raspodijela saliniteta u cijelom estuariju (zimsko uzorkovanje)

Koncentracije otopljenog organskog ugljika relativno su niske i kreéu se od 0.4 mg L™t u
zimi do 1.8 mg L™ ljeti. Dobiveni rezultati za otopljeni organski ugljik (DOC) ukazuju na
ne-konzervativno ponasanje koje je vise izrazeno ljeti nego zimi uslijed pojacane biolosSke
aktivnosti. Upravo bioloska aktivnost rezultirala je i povecanom koncentracijom, ali i

udjelom partikulatnog organskog ugljika u ljetnim mjesecima.
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3.2. Raspodjela i ponasanje metala u estuariju rijeke Krke

Rezultati mjerenja pokazali su da su koncentracije metala u tragovima niZe u rijeci Krki nego
u Cistoj morskoj vodi, $to je neuobicajena situacija jer ve¢ina Mediteranskih rijeka ima
znatno vecu koncentraciju metala nego morska voda. Detaljno istrazivanje u podrucju
Sibenskog zaljeva pokazalo je da su koncentracije metala u tragovima poveéane u podrudju

luke 1 nauticke marine (SI. 7A).
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Slika 7. A — raspodjela otopljenog bakra povrsinskom sloju vodenog stupca u Sibenskom
zaljevu; B — prostorna raspodjela Cu u estuariju rijeke Krke (sva tri sloja, ljeto)

Koncentracije metala u tragovima uglavnom su vise u ljetnom periodu $to se moze povezati
sa povec¢anom nautickom aktivnoS¢u u estuariju, odnosno otpustanjem metala (posebice Cu
i Zn) iz protuobrastajnih boja s kojima su premazana plovila. Najvise vrijednosti
koncentracija Zn, Cu, Cd i Pb u povriinskom sloju zabiljeZzene su u podru¢ju Sibenskog
zaljeva (15-20 km). Za veéinu metala uocen je porast koncentracije u morskom sloju u
uzvodnom smjeru, §to se povezuje s njihovom akumulacijom u tom sloju i s duljim

vremenom zadrzavanja vode morskog sloja (SI. 7B).

U estuariju rijeke Krke za ve¢inu metala u tragovima uoc¢eno je ne-konzervativno ponasanje
u horizontalnom gradijentu saliniteta s obzirom na dvije krajnje lokacije uzorkovanja (tzv.
,.end-members*), §to je uglavnom posljedica unosa metala u estuarij u podruéju Sibenskog
zaljeva. Od mjesta unosa, koncentracija metala se ocekivano smanjuje nizvodno (efekt
razrjedenja), ali takoder i uzvodno, §to se moze objasniti vertikalnim transportom metala u
tragovima u dublje slojeve te njihovog transporta morskim slojem ispod halokline koji se
kre¢e u obrnutom smjeru, tj. uzvodno. U morskom sloju dolazi do povecanja koncentracije
gotovo svih metala, Sto se moze objasniti hidrodinamickim odnosno fizicko-kemijskim

modelom.

10
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Koncentracija metala u tragovima u partikulatnoj frakciji (osim Pb) u vecini uzoraka je ispod
10%. Nesto je veca ta koncentracija u ljetnom periodu u odnosu na zimski, no to se moze
povezati sa razli¢itom prirodom SPM-a. U ovom je radu predlozen model konzervativnog
ponasanja koeficijenta distribucije (Kp) u ovisnosti o koncentraciji partikulatne tvari. Za Zn,
Cd i Co utvrdena su negativna odstupanja od predlozenog teoretskog modela ponaSanja za
rezultate zimskog uzorkovanja, dok su rezultati za ljetno uzorkovanje pokazali pozitivno

odstupanje za sve metale.

3.3. Primjena DGT tehnike za ,,in-situ “ specijaciju metala u tragovima

DGT tehnika koriStena je za odredivanje specijacije metala u tragovima, odnosno njihove
potencijalno bioraspolozive koncentracije, u vertikalnom gradijentu saliniteta estuarija
rijeke Krke tijekom 3 ljetna i 2 zimska perioda. Tijekom izloZenosti DGT uredaja na
odredenim dubinama uzimani su i diskretni uzorci vode iz kojih su potom napravljeni
kompozitni uzorci. Prva serija uzorkovanja u ljeto 2009 obuhvacala je i usporedbu dva
kontrastna podrucja oznacenih kao ,,¢isto” i ,,one¢is¢eno®. Rezultati vertikalnih raspodjela
otopljenih i DGT-labilnih koncentracija metala u tragovima (Zn, Cd, Pb, Cu, Ni, Co) na
,,C1st0]““ 1 ,,onec€iscenoj* postaji jasno pokazuju povisene koncentracije metala, posebice Cu

I Zn na potonjoj lokaciji.

S obzirom na razli¢it sastav vode u kojima su bili izloZeni DGT uredaji, razli¢it salinitet, bilo
je potrebno provjeriti difuzijske koeficijente metala u primijenjenim DGT uredajima.
Odredivanja efektivnog difuzijskog koeficijenta istrazivanih metala u tragovima provedeno
je u kontroliranim laboratorijskim uvjetima, u sastavu otopina koji odgovaraju slatkoj, slanoj
i vodi srednjeg saliniteta. Dobiveni rezultati pokazali su relativno dobro slaganje s

literaturnim vrijednostima.

Iz glavnih znacajki vertikalnih profila svakog metala vidljivo je da su profili za otopljene 1
DGT-labilne frakcije uglavnom sukladni, te da je prema ocekivanjima DGT-labilna
koncentracija manja od otopljene. Slika 8 prikazuje tipi¢ni primjer dobivenih profila. Uoceni
problemi s primjenom ove tehnike odnosne se uglavnom na Zn, i vezani su za relativno
visoke vrijednosti ,,blanka“. Primjena dva razli¢ita tipa DGT uredaja koji se razlikuju po
veli¢ini pora difuznog gela, tzv. ,,open pore* (OP, ~ 5 nm) 1 ,restricted pore* (RP, ~ 1 nm)
nisu dali rezultate uobicajene za rije¢ne sustave (manje DGT-labilne koncentracije odredene
s RP; razlikovanje veli¢inski razli¢itih organskih kompleksa metala), odnosno dobivene su

gotovo istovjetne vrijednosti, Sto je takoder posljedica specifi¢nosti estuarija rijeke Krke.

11
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Pokazano je da se pomoc¢u DGT tehnike odreduje samo dio od ukupne koncentracije metala,

Sto je operativno nazvano DGT-labilna koncentracija, i da je udio DGT-labilne koncentracije

razli¢it za pojedini metal (gotovo 100% Cd je DGT labilno, za razliku od 20-40% Cu), te da

ovisi primarno o interakciji metala s prirodnom organskom tvari, odnosno o stabilnosti/jacini

organskih kompleksa (SI. 9).
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Slika 8. Vertikalni profili otopljenog te DGT-labilnog Cu na postaji Martinska.
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Slika 9. Srednja vrijednost postotka DGT-labilnih metala za svaki pojedinacni vertikalno
odvojeni sloj. Brojevi iznad stupica prikazuju sveukupnu srednju vrijednost (sve dubine).
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3.4. Primjena elektrokemijske tehnike za specijaciju bakra

Primjenom metode odredivanja kapaciteta kompleksiranja voltammetrijom s anodnim
otapanjem (ASV) utvrdeno je da bakar (Cu) s organskim ligandima stvara dva tipa
kompleksa (CulL; i CuLz), pri ¢emu CuLi kompleksi imaju veéu prividnu konstantu
stabilnosti, a koncentracija raspolozivih liganada je niza nego za drugi tip kompleksa (SI.
10). Temeljem parametara kompleksiranja dobivenih iz opisanih pokusa, izracunato je da je
koncentracija slobodne (hidratizirane) vrste bakra (Cu?*) u vodenom stupcu (vrsta koja se
smatra najvise bioraspolozivom, a time i toksi¢cnom) uglavnom iznad grani¢ne vrijednosti

od 10 pM.

Ljeto 2009 Zima 2010 Ljeto 2010 Ljeto 2011 Zima 2012
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Slika 10. Vertikalni profili koncentracije i prividne konstante stabilnosti jakog ([L1], logK1)
i slabog ([L2], logK2) liganada za sve provedene eksperimente. “c” i “p” oznacavaju ,,¢istu‘
odnosno ,,onec¢is¢enu‘ lokaciju.

Usporedbom rezultata koncentracije DGT- i ASV-labilnog Cu odredene pomocu ove dvije
tehnike, utvrdeno je vrlo dobro slaganje trendova, s razlikom da su pomocu ASV metode
odredene nize vrijednosti, Sto je u skladu s karakteristikama tih tehnika (SI. 11).
Neravnotezne tehnike koje su koriStene u ovom radu ASV 1 DGT imaju karakteristicne
kineticke prozore (“kinetic window”) (van Leeuwen et al. 2005). Zbog toga kompleksi

metala koji su izmjereni ovim tehnikama ovise o termodinamickim svojstvima (odnos
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metal/ligand), ali i o operativnim vremenskim skalama odredenih tehnika (kineticka
svojstva) (van Leeuwen et al., 2005; Town et al., 2009; Plavsi¢ et al., 1980). Stoga se
koncentracije izmjerene ovim tehnikama smatraju operativnima i nazivaju DGT-labilnima
ili ASV-labilnima. Prednost koristenja DGT tehnike u odnosu na ASV tehniku je §to ona
omogucava in-Situ mjerenje labilnih metalnih specija tijekom vremena izlozenosti, u odnosu
na ASV kojom se analizira diskretni uzorak, ali ASV s druge strane daje puno vise podataka

o interakciji metala s organskim ligandima.
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Slika 11. Usporedba reaktivnih koncentracija Cu dobivenih s OP DGT i ASV tehnikom.

3.5. Usporedba dvije lokacije: ,,cista“ vs. ,, onecis¢ena

Najveci porast koncentracije na "oneciS¢enoj* postaji u marini u odnosu na "Cistu" postaju
Martinska, opaZen je za Cu. Intenzitet pove¢anja smanjuje se s dubinom i bio je veci za
DGT-labilne nego za otopljene koncentracije Cu (~ 6% vs 4% na povrsini). Relativno visoke
koncentracije Cu u boc¢atom sloju (32 nM Cuudiss) i nize u morskom sloju (16 nM Cugiss) SU
ocekivane, jer se postaja nalazi u podrucju marine. Poveéane koncentracije Cu su posljedica
ispiranja Cu iz protuobrastajnih boja. Dobiveni su usporedivi vertikalni profili otopljenih 1

DGT-labilnih koncentracije Cu.

Puno bolje slaganje izmedu vertikalnih profila izmedu DGT i ASV-labilnih koncentracija
Cu dobiveno je na ,,onecis¢enoj" postaji nauticke marine (SI. 12), $to je uglavnom posljedica
visih koncentracija Cu. Manji udio ASV-labilnog Cu je i o¢ekivan zbog kraceg ,,kinetickog
prozora‘“. Efektivno vrijeme mjerenja za ASV je 0.1 s, uz debljinu difuzijskog sloja od 10

um, i koeficijenta difuzije 5x10° cm? s, dok je u uredaju DGT debljina difuzijskog sloja
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0.9 mm, efektivno vrijeme mjerenja je 13.5 min (Zhang and Davison, 2000). Vaznost
debljine difuzijskog sloja za operativno odredivanje labilnosti metalnih kompleksa i njihov

kineticki doprinos kod ASV, ve¢ je objasnjeno u mnogim radovima (Plavsi¢ et al., 1980;.

Lovri¢ et al., 1984; van Leeuwen et al., 2007, Grad et al., 2009).
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Slika 12. Usporedba koncentracija labilnog Cu odredena elektrokemijskom (ASV-labilni) i
DGT tehnikom (DGT-labilni) na ,,one¢is¢enoj (lijevo) i ,,¢istoj* (desno) postaji.

Poznata je uloga Cu u prirodnim vodama u odnosu na njegovu bioraspoloZzivost/toksi¢nost
prema vodenim organizmima (Fichet et al., 1998; Santore et al., 2001; Ytreberg et al., 2011),
stoga je vazno pratiti koncentraciju otopljenog Cu u sustavima poput estuarija. No jos je
vaznije poznavati specijaciju Cu, pogotovo zbog porasta otopljenog Cu u kombinaciji sa
niskom koncentracijom DOC-a u estuariju rijeke Krke, pri ¢emu moze doé¢i do porasta
biodostupne frakcije (slobodni ioni) i prelaza toksi¢ne granice od 10 pM za neke morske
organizme (Sunda et al., 1987) kao $to je 2009 pokazao Louis u svom radu (Louis et al.,
2009a). No organski ligandi koji imaju visoki afinitet za vezanje Cu dominiraju u specijaciji
otopljenog Cu (Buck et al.,2007). Ti organski ligandi vezu > 99.9 % otopljenog Cu i
ucinkovito utjeCu na sustav, sprjeavajuci utjecaj malih promjena koncentracija otopljenog
Cu i odrzavajuéi koncentracije slobodnog Cu?* ispod granice toksi¢nosti u odnosu na vodene

mikroorganizme.
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4. Kratki rezime i zakljuéci

Raspodjela i specijacija odabranih metala u tragovima (TM) (Zn Cd, Pb, Cu, Ni i Co), te
njihovo ponasanje i sudbina istraZivani su u vodenom stupcu vertikalno uslojenog estuarija
rijeke Krke tijekom dva kontrastna godiSnja doba (ljeto/zima) u periodu od 2009 do 2013.
Istrazivanja su obuhvacala 1 mjerenja otopljenog/partikulatnog organskog ugljika
(DOC/POC), te osnovnih fizicko—kemijskih pokazatelja (salinitet, pH, otopljeni Kisik,
temperatura), a uzorkovanja su provodena u tri karakteristicna sloja (bocati, medusloj 1
morski). Voltammetrija s akumulacijom (anodna i adsorptivna katodna) bila je primarna
analitiCka tehnika, dok je za specijaciju koriStena i komplementarna tehnika pasivnog

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

Koncentracije TM nize su u rijeci Krki nego u vodi otvorenog dijela Jadrana, $to je
omogucilo identifikaciju puteva i procesa koji reguliraju horizontalnu 1 vertikalnu
preraspodjelu TM u cijelom estuariju. Nekonzervativno ponaSanje u povrSinskom sloju
estuarija uoceno za vec¢inu TM uzrokovano je primarno unosom metala u podrucju
Sibenskog zaljeva. Detaljno ,,mapiranje zaljeva pokazalo je da su luka i nauti¢ka marina
podrucja s najviSom koncentracijom TM. Pokazalo se da je zna€ajan porast Cu 1 Zn u cijelom
estuariju tijekom ljetnih mjeseci u izravnoj vezi s pojacanom nautickom aktivnos¢u, odnosno
vezani su za otpuStanje metala iz protuobrastajnih boja s plovila. Vertikalni transport TM u
dublje slojeve (,,scavenging“), te dulje vrijeme zadrZavanja morske vode uzrokovali su

uzvodni porast koncentracije TM u morskom sloju.

Vrlo dobro slaganje vertikalnih profila DGT-labilnih i otopljenih koncentracija TM ukazuju
da se DGT tehnika moZe uspjeSno koristiti za odredivanje potencijalno bioraspoloZivih
koncentracija TM u estuarijskim uvjetima. Udio DGT-labilnih TM odraz je njihove kemijske
specijacije (primarno vezanja s prirodnim organskim ligandima), te varira od > 90% za Cd,
do <20% za Cu, ali ovisan je takoder i o omjeru koncentracije metala i organskih liganada.
Voltammetrijska specijacija Cu pokazala je prisutnost dva tipa organskih liganada koji
stvaraju jake (L1, 9.6 < logK1 < 11.9) odnosno slabe (L2, 7.8 < logK2 < 9.9) Cu komplekse.
Koncentracija slabijih organskih liganada (L2) u korelaciji je s koncentracijom DOC-g, te je
veca ljeti najvjerojatnije zbog povecane bioloske aktivnosti. Koncentracija slobodnih iona
Cu (vrsta koja je najvise bioraspoloziva) pri okoliSnim uvjetima regulirana je u ve¢oj mjeri
kompleksiranjem s jakim ligandima (L1). Za veéinu uzoraka izraCunate vrijednosti
slobodnog Cu blago prelaze grani¢nu toksi¢nu vrijednost od 10 pM, medutim, te vrijednosti

su rezultat upotrijebljenog nacina izracuna i ne odrazavaju nuzno stvarno stanje.
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1. Introduction

Trace metals are non-degradable 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 anthropogenic sources like industry, 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 is, the more critical for the ecosystem is even small anthropogenic metal
additions. The research focus is generally directed toward metals having known biological
functions (e.g. Fe, Cu, Zn, Co) or being highly toxic (e.g. Hg, Cd, As, Cr). Due to their very
low concentrations in natural waters, reliable analytical determination of trace metals demands

expert knowledge and experience.

The total metal concentration in an aquatic environment is essentially distributed between
particulate and dissolved forms. This fractionation is purely operational and is defined by the
filter cut-off (0.45 or 0.2 um). An approved fundamental statement is that the reactivity,
transport, bioavailability and/or toxicity for micro-organisms in natural waters are dependent
on the speciation of trace metals (Tessier and Turner, 1996). Metals such as iron (Fe), zinc
(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 and thus 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 organic ligands that may
reduce or enhance metal bioavailability, depending on the metal and the resulting metal-ligand
complex. Organic ligands are defined as molecules that can bind to, and form a stable complex
with, trace metals in the dissolved phase (typically <0.45 pum or <0.2 pm). So, the total metal

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 complex due to 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 (Muller 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, and dissolution. 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 physico-chemical,
hydrodynamic and environmental (e.g. pollution) conditions, conservative and non-
conservative behaviour may occur. Non-conservative behaviour of trace metals in the mixing

zone of the estuary, occurs due to variations in ionic strength, adsorption and biological input.

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 autochthonous 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 metal complexes (defined by the detection
limit), an alternate, indirect approach for the characterization of metal-organic ligand
interactions is usually practiced. It is based on the titration of the sample, with the target metal
at the natural pH (Bruland et al., 2004). The most widely spread are the electrochemical
techniques because of their good selectivity and high sensitivity: anodic stripping voltammetry
(ASV) (Plavsic et al, 1982; Omanovic et al., 1996; Garnier et al., 2004) and competitive ligand
exchange adsorptive cathodic stripping voltammetry (CLE-AJCSV) (van den Berg, 1989;
Buck et al., 2012). As a result of electrochemical titration, a set of complexation parameters,
ligand concentrations (L), and conditional stability constants (K i), are obtained, 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 in thin film (DGT) (Davison and Zhang, 1994,
2012). It is 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 Chelex-100
as a binding resin, DGT can determine 24 elements, among which Pb, Zn, Co, Ni, Cu, Cd, Al
Mn, Fe, Cr and U 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 (Dunn et al.,
2007; Warnken et al., 2004; Forsberg et al., 2006). The advantage of using the DGT technique
Is its in-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, as the DGTs
are deployed over an extended period of time (from a few days to approximately two months),

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

Objectives and scope of the work

The objective of this work is to explore the influence of the variable physico-chemical
conditions that exist in stratified estuaries (like the Krka River estuary) submitted to seasonal
anthropogenic pressure by touristic boat traffic (e.g. antifouling paint, sacrificial anode), on
the behaviour and fate of trace metals. By combining different analytical and modelling tools
(e.g. sample titration, with additions in logarithmic mode and voltammetric measurement of
the labile metal fraction, followed by the modelling of metal/organic matter interactions), the
main process 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 distribution of 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 goal, the in-situ dynamic speciation technique,
Diffusive Gradient in Thin films (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 analytical 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 at the ppt level, 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 organic ligands will be determined (copper complexing capacity).

Detailed field work examinations, laboratory experiments, and speciation modelling should
provide answers to some key questions regarding the behaviour of trace metals in the
conditions prevailing in stratified estuaries, e.g. the mechanisms of vertical/horizontal
transport, the regulation of partitioning in terms of natural/manmade input of trace metals, the
identification and characterization of the major components regulating the physical
fractionation and chemical speciation of trace metals, and the regulation of trace metal

bioavailability.
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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 components of seawater - metals in concentrations greater than 1 ppm

b) minor components - metals in concentrations lower than 1 ppm

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

Metals could be essential for organisms as nutrients (Cu, Zn, Ni, Mo, Co) and could 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 their behaviour in the environment it is not enough to
know the total concentration. It is important to know in what form metals occur and to
understand interdependence of different processes (biological, physical and chemical) in
order to predict their behaviour.

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

The term “heavy metals” is applied to a large group of elements 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 to 7 g cm™ there
can be misunderstandings in definition for heavy metals about which metals are heavy
metals. For describing pollutions and toxicity aspect, “heavy metals” term is often used as

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

Another term that is quite often use is “toxic metals”. This term is even less appropriate
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). The term “trace metals” is broad expression that emphasis on quantity
more than on specific properties and includes different 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 metals 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 elements. Reason
for described behaviour is their low mobility at the earth’s surface (Gaillardet et al., 2013).
Trace elements are sensitive indexes of human impact from local to global scale. That is why
it is important to understand the behaviour of trace elements 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 processes.

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 metals could come by rock weathering,

wet and dry atmospheric deposition or by anthropogenic activities.

Diagram in Fig. 2.1 compiles sources of metals, both natural and anthropogenic, in aquatic
environment. The atmospheric input of trace metals is significant, according to abundance
of trace metals in rain and aerosol solubility. In hydrological system there are a number of
potential point and non-point sources of metal. Since the beginning of the twentieth century,
the industrial revolution has caused a drastic increase in the exploitation and processing of
metals, resulting in their release into the environment and release of associated elements with
no economic value (Gaillardet et al., 2013). Release of metals could be associated with the
use of trace metals in water 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 remains. Different studies have confirmed that
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 concentrations 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 metals in order to better understand their behaviour during weathering, transport and

for investigating pollution and toxicological studies.
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Figure 2.1. Trace metal pathways to the aquatic system (Gaillardet et al., 2013).

In river water concentrations of trace 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 metals in waters is their dependence on chemical conditions
prevailing in the river (Gaillardet et al., 2013). Mobility of trace metals in river waters is
result of a complex combination of different factors like their water solubility, the input to
the system 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 present day
contamination of the atmosphere by anthropogenic emissions it is not easy to estimate the
natural input of trace metals to hydro systems, but rain is significant source of metal
transported by the rivers. Dependence of concentration of the trace metals in river water on
pH and other chemical variables could be explained by the pH sensitivity of colloids stability
in the aquatic system (Elbaz-Poulichet, 2005; Huser et al., 2011; Vasyukova et al., 2012).

Studies in estuaries have shown that flocculation, coagulation and degradation of colloidal
material controls the behaviour of 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 metals in natural waters a concentration of
10 umol L is chosen. Trace metals can exist in different physical and chemical forms. The
simplest distinction is on particulate and dissolved forms. This operational definition is
based on separation by filters pore sizes (0.45 pm or 0.2 um).
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) or

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 from semi-arid 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 non-living particulate material (Bruland and Lohan, 2013). Particulate 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 magnitude from most abundant cation like sodium (concentration 0.5 mol L™?) to

iridium that is present at much lower concentrations (~0.5 f M) (Fresco et al., 1985).

In surface seawater, a major fraction of many trace metals, especially those that are bioactive
like Zn, Cd, Cu or Co are present as chelates with strong metal-binding organic ligands.
Good correlations among trace metals are reported from a number of authors (Hatje et al.,
2001; Shynu et al., 2012; 1994; Wallner-Kersanach et al., 2009).

Various soluble complexes and potential colloidal forms are included in dissolved metals.
The chemistry and behaviour of many trace metals in the water column is dominated by
complexation, biological assimilation at uptake sites on cell surface and adsorption on
surface sites of suspended particles (Hering and Morrel, 1990). In seawater trace metals
could be grouped in categories according to their distribution and chemical behaviour in
seawater column (Bruland and Lohan, 2013):

24



2. Literature overview

1)

2)

3)

4)

5)

2.2.

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

are involved in the major biogeochemical 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 waters 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 path of water. Their residence type is intermediate from a

few thousand to one hundred thousand years.

Scavenged type. Process of surface adsorption that is followed by particle settling is
known as scavenging (Turekian, 1977). Characteristic of trace metals with 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 a distance from the sources
concentrations decreasing along the flow path of deep water due to continual particle

scavenging.

Hybrid distribution. Several trace metals like copper and iron show distributions that

are influenced a lot by recycling and intense scavenging processes.

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

Organic matter in natural waters

To describe hydrocarbon compounds of natural origin (other than living organisms) and

anthropogenic system the term “organic matter” (OM) is formed. With filtration over 0.7

um glass fibre filter it is possible to distinguish dissolved OM (DOM) from particulate OM

(POM). DOM is present in all aguatic environments and creates one of the largest pools of

reduced carbon on Earth’s surface (Hedges and Keil, 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, 2002) and in oceanic carbon budgets
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(Hartnett and Devol, 2003; Hedges, 1992). The concentration of DOM in river waters
exceeds those of the dissolved trace elements and represents a major component of organic
matter in river waters (Wells, 2002). It could originate 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 carbon in the 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 CO; carbon in the atmosphere (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 - 80 uM and in the coastal zone they
could go up to 200 uM, and then rapidly decrease within a few kilometres of shore (VIahos
et al., 2002). The majority of DOM consists of humic substances and in a lesser extent of
fulvic substances (DZombak et al., 1986). DOC consist of a non-humic fraction with a known
molecular class 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 ecosystem changes 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 organic matter could be almost
entirely mineralized (Hopkins et al., 1997; Moran et al., 1999). In the estuaries DOC exhibits
a linear distribution as a function of salinity, that suggests conservative mixing (Abril et al.,
2002; Avery Jr. et al., 2003; Dai et al., 2012; Dixon et al., 2014). DOC from river water
contains significant labile fraction that is highly variable (Moran et al., 1999). Conservative
DOC behaviour could be attributed to presence of simultaneous sources and sinks, so net

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

Basically, a semi-enclosed coastal zone where freshwater from rivers mixes with seawater
is called estuary. Estuaries were formed throughout the sea level rising and flooding of river
valleys. They represent major biogeochemical interfaces where flux of materials, dissolved
and particulate, are brought from the land to the sea. Over the deposition of river material,
coarse grained sediments are deposited near the mouth and finely grained sediments are

taken further away. Estuarine regions are dynamic both physically and chemically (Fig. 2.2).
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Figure 2.2. Schematic representation of major processes in the estuary

The result of fresh and seawater mixing is formation of a sharp gradient of different
parameters like salinity, temperature, pH, dissolved oxygen and concentration. Different
temporal and spatial variability in the estuary have a huge influence on physico-chemical
conditions and processes. These processes are mostly biogeochemical like, sorption,
flocculation or redox cycling of contaminants (Millward and Turner, 1995). Circulation and
mixing controls the degree of vertical stratification. That depends on the proportions of
riverine and tidal forcing. During estuarine mixing two non-biological and counteractive
processes occur: desorption of metals from particles and the flocculation of metal-humates
from solution. As seawater weights about 2.5% more than the same volume of freshwater,

seawater is 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 characteristics of particular

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 there are also other 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
impact 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 of this tide differences,

mixing becomes weak and stratification is formed.

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

a) Salt-wedge estuary. Mixing on the border of freshwater and seawater causes intrusion
of saltwater into the surface layer 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 formed along the vertical depth profile (e.g. Mississippi, Rio de
la Plata, Ebro, Krka, Rasa, Zrmanja, ...) (Fig. 2.3). Depending on the flow of the river
shape of the wedge could be changed. These systems are highly stratified during high
tide, when the seawater comes in the shape of a wedge, and during dry periods wedge
shape may disappear. The water at the bottom is rich in nutrients that are there due to
decomposition of plant and animal remains and causing a stimulation of biological
production in the estuary. When 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 upper layer, material is carried upstream by salt wedge.
Decomposition of organic matter leads to 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 remove deposited sediment, leaving a stony/rocky
bottom, rooted plants are replaced by algae that can grow on these surfaces.
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Phytoplankton floats freely in the water rich with a large amount of nutrients,
especially near the river, grows quickly and provides food 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..
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Figure 2.3. Schematic representation of the 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 interference due to the tidal currents (in large, turbulent rivers mixing of water
column is stronger) and sharp halocline that separates water column on upper and
lower layers. The salinity in the surface layer increases towards the sea, while the deep
layer retains at the 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.

c) Partially mixed estuaries. In shallow estuaries the volume of water that flows in and
out of the estuary on the tidal cycles, creates strong currents in the saltier layer due to
the volume of water in the “tidal prism” that is confined to a shallow layer. Partially
mixed estuaries are nutrient traps. Nutrients 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 nutrients. These estuaries are generally very productive.
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d) Vertically homogeneous estuary (un-stratified). Characteristic of un-stratified
estuary is the dominant tidal currents as opposed to river flow (Fig. 2.4). Water is
mixed well without major changes in salinity in the vertical water column. Gradual

increase of salinity appears in direction from river to the sea.
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Figure 2.4. Schematic representation of vertically homogeneous estuary.

2.3.2. Processes in estuaries

Physical processes in estuary could be divided on those related to transport and those related

to sedimentation.

a) Hydrodynamics
Several factors such as bathymetry, bottom roughness, wind, diffusion and boundary
conditions (ex. tidal amplitudes) have an influence in determination of the
contaminants transport in the estuary. Beside 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, deep holes 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. Topographical features in the estuary may have a significant role in

enhancing the mixing or dispersion (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 flocculation. That 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 de-stratification 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 affects the sea level, currents

and stratification, especially in shallow estuaries.

2.3.2.1 Sedimentation 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 may be the 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 from organisms 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
suspended 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 rate can cause
sediment re-suspension by increasing the concentration of particles suspended in the water

column.

2.3.2.2 Chemical processes

Chemical processes such as the formation of precipitates, sorption in suspended sediment
and degradation, determine the distribution of contaminants in the sediment, water column
and atmosphere (Fig. 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 for chemical 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 seawater are mixed
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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 5-8 is one of the most important physical phenomena 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 (Khlebovich, 1990). The salinity gradient from 5 to
8 is formed in the nucleus of the estuary, and the chemical, physical and biological processes

show no linear dynamic.
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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 estuary (Fig. 2.6).
Processes that affects dissolved substances:

a) Photosynthesis — leads to the formation of carbohydrates for feeding the cells and
release oxygen

b) Adsorption and desorption — substances could be removed from the estuary by
adsorption on the particles and desorption with the particles (Na* replaces
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 VVan den Waals forces. Deposition
of bigger particles that are formed.

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

e) Reactions in the sediment - many substances are thermodynamically unstable (ex.
organic material) or become like this in the sediment (e.g., metal oxides). New
minerals may be 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 water through diffusion or re-suspension.
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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 of chemical
species either directly or due to the river inflow. There are complex interactions between
chemical, biological and physical processes in the estuary (Fig. 2.7). Since estuaries are time
variable systems with characteristic topography, circulation and residence time behaviour of

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 strength gradient.
Concentrations in water depend on the geology of the environment and the various

33



2. Literature overview

processes. Major constituents in seawater have a concentration gradient in the same direction
as salinity. Micro constituents are usually present in higher concentrations in rivers in
comparison to the sea. The concentration of dissolved substances in the river varies, but is

generally between 20-400 mg L.
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Figure 2.7. Chemical processes in the estuary.

The pH of coastal waters is usually around 7.8 or slightly higher. The 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 production and respiration.

Oxidation and reduction processes in water represent important physico-chemical variables.
In the presence of free oxygen, at concentrations of saturation natural waters are oxidizing
medium. The decomposition of organic matter that is mainly 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 different amounts of oxygen present. After the exhaustion of
nitrate, sulphates are 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 often immediately 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 have usually higher concentration in freshwater.
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2.3.3. Trace metals in estuaries

In the estuaries trace metals typically occur at concentration less than 1 ppb (ug L™).
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 surfaces, and pH
(Turner and Millward, 2002; Wen et al., 1999). Highly dynamic nature in estuarine system
is characterized by strong chemical and physical gradients. This makes trace metals cycling
more complex in estuaries than in other aquatic systems (Millward and Turner, 1995; Morrel
etal., 1991).

Interactions between particles and trace metals are important in controlling 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 sorption/desorption, 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,
precipitation/dissolution and aggregation/disaggregation (Cobelo-Garcia 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; Millward and
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 POC. Physical and chemical forces are critical in
controlling the binding of trace metals to particle surfaces (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 partitioning of metals in estuaries. Metal ion
adsorption enhance at a higher pH and decrease at a lower pH. According to Santschi
adsorption edges indicate that binding by cations are “metal like” and for anions “ligand
like” (Santschi et al., 1997). On trace metal behaviour in estuaries great influences also have

particle-particle interactions that involves metal oxides, clay minerals and colloids.

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

salinity.
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Figure 2.8. Illustration of steady state system with two end members (Wen et al., 1999).

In the case when metal is showing a non-conservative behaviour there is a net loss or some
gain in the concentrations across a salinity gradient. Extrapolation from high salinities can
yield an “effective” river concentrations (C*). With that concentration metal reactivity could
infer and their total flux could be determined. In the case when C*=C, metals are behaving
conservatively. Characteristic of non-conservative behaviour is removal of the metal
(C*>Co) or addition within the estuary (C*<Cop). This model with two end members is

commonly used for estimation of river flux to the estuary.

Specific conditions are needed for application of conservative behaviour model. The river
flow, stratification and seasonality are related to the high variability inherent in these factors
together with their effect upon the metal concentrations in the end members (Michel et al.,
2000). Salinity is representative variable of the mixing and dilution of the river end member
concentrations into the marine water that is habitually more diluted (Elbaz-Poulichet 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), in Ob and Yenisey estuary (Dai and Martin, 1995) and in Rhone estuary,
Wangquan Eiver estuary and Wenchang/Wenjiao River estuary (Fu et al., 2013). Pb showed
conservative behaviour in Rhone (Dai et al., 1995; Elbaz-Poulichet et al., 1996) and in
Yenisey estuary (Dai and Martin, 1995); Zn in Scheldt estuary (Zwolsman et al., 1997).
Behaviour of Ni is mostly showing conservative behaviour according to literature (Dai et al.,
1995; Fu et al., 2013; Hatje, 2003).
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Different factors like the ion exchange, variation of ionic 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 non-conservative. Cu could behave also in non-conservative way,
that was recorded in San Francisco Bay estuary (Eaton, 1979), in Penze River estuary
(Waeles et al., 2008), in South-eastern U.S. estuaries (Windom et al., 1983), in Vigo Ria
(Santos-Echeanidia et al., 2008) and other estuaries (Koshikawa et al., 2007; Nolting et al.,
1999; Owens and Balls, 1997). That behaviour could be associated to a slight increase of the
strongest ligand which implies both variables co-vary during estuarine mixing as in Scheldt
estuary (Nolting et al., 1999; Van den Berg et al., 1987). Cd was showing non conservative
behaviour in different estuaries according to literature (Dabrin et al., 2009; Elbaz-Poulichet
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 to chloride and sulphate
complexation and effects of ionic strength. In China Rivers Co and Pb has showed non
conservative behaviour (Fu et al., 2013). Pb was found to behave on non-conservative
manner (Monbet, 2006; Tahir et al., 2008) and results showed that estuary is acting as a sink
for it. Co has showed non-conservative behaviour in Mississippi River delta (Shim et al.,
2012).

Trace metals like Zn, Cu, Ni and Co are following spatial trends with percentage of organic
matter in the water column. Most of the Fe in 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 for colloidal matter (Dai et al., 1995). The limitation
on particle-water interactions 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 converted into low
molecular weight materials with increasing salinity in the