N

+W

=

UNIVERSITAT be

BARCELONA

Fluxos d’aigua subterrania i concentraci6é de metalls en diposits
marins costaners contaminats: aproximacié metodologica i casos
d’estudi a la costa mediterrania de la Peninsula Ibérica

Submarine groundwater discharge and metal concentration in polluted

coastal marine deposits: methodological approach and case studies on
the Mediterranean coast of the Iberian Peninsula

Marc Cerdi i Doménech

[@oae)

Aquesta tesi doctoral esta subjecta a la llicéncia Reconeixement — NoComercial -
SenseObraDerivada 3.0. Espanya de Creative Commons.

Esta tesis doctoral est4 sujeta a la licencia Reconocimiento — NoComercial -
SinObraDerivada3.0. Espafia de Creative Commons.

This doctoral thesis is licensed under the Creative Commons Attribution —
NonCommercial-NoDerivs 3.0. Spain License.




®

uxos d’aigua subterrania i concentracié de metalls en diposits
Ins costaners contaminats: aproximaci6é metodologica i casos
d’estudi a la costa mediterrinia de la Peninsula Ibérica

Submarine groundwater discharge and metal concentration in polluted coastal marine deposits:
methodological approach and case studies on the Mediterranean coast of the Iberian Peninsula

Marc Cerda 1 Domeénech

Memoria de Tesi Doctoral
Programa de Doctorat en Ciéncies del Mar

UNIVERSITATo:
BARCELONA







aat de
\"\\a Ba’o

UNIVERSITAT s

i+ BARCELONA

Uy, .
+° n;,
ol
/\
N pC

a

Socigncies

Fluxos d’aigua subterrania i concentraci6é de metalls en diposits
marins costaners contaminats: aproximacié metodologica i casos
d’estudi a la costa mediterrania de la Peninsula Ibérica

Submarine groundwater discharge and metal concentration in polluted

coastal marine deposits: methodological approach and case studies on
the Mediterranean coast of the Iberian Peninsula

Memoria de Tesi Doctoral presentada per

Marc Cerda i Doménech

sota la direccid de

Dr. Miquel Canals i Dr. Jaime Frigola

al Departament de Dinamica de la Terra 1 de 'Ocea de la Universitat de Barcelona,
dins del programa de doctorat de Ciéncies del Mar, per optar al grau de Doctor per

la Universitat de Barcelona.

Barcelona, 18 de juny de 2020

Doctorand El Director El Director



Aquesta Tesi ha estat realitzada al Departament de Dindmica de la Terra 1 de 'Ocea de la
Universitat de Barcelona, dins el Grup de Recerca en Geociéncies Marines amb reconeixement
de la Generalitat de Catalunya com a Grup de Recerca Consolidat (ref. 2017 SGR 315).
Durant el periode d’elaboracié de la Tesi el doctorand ha gaudit d’una beca predoctoral
de Formacién de Personal Investigador (FPI) del Ministerio de Ciencia, Innovacién y
Universidades (ref. A-2014-9185). L'estada que el doctorand realitza al Centre Renard de
Geologia Marina (Gant, Bélgica) foren financades pel Ministerio de Ciencia, Innovacién y
Universidades. Altres beques que el doctorand ha rebut per assistir a congressos i cursos
han estat concedides per la Facultat de Ciéncies de la Terra de la Universitat de Barcelona
a través del programa d’Ajuts a la Recerca de la Comissié de Recerca de la Facultat. A
més dels projectes esmentats anteriorment, la recerca que es presenta en aquesta Tesi ha
estat finangada pel projectes MIDAS (ref. 603418) 1 els projectes nacionals NUREIEV (ref.
CTM2013-44598-R) i NUREIEVA (ref. CTM2016-75953-C2-1-R).



A la meva mare 1 pare,
per no deixar-nos caure mai.






“La vida és una unié simbiotica 1 cooperativa que
permet triomfar als que s’associen.”

Lynn Margulis

“El més revolucionari que una persona pot fer és dir
sempre en veu alta el que realment estd passant.”

Rosa Luxemburg






Acte d’agraiment

Sén moltes les situacions i circumstincies que passen al llarg de cinc anys de Tesi. I darrere
d’aquestes coses que se succeeixen hi ha moltes persones que han fet que aquest periode, a
voltes llarg, a voltes sinuds, fos més facil de recérrer. I, Obviament, aquesta Tesi no hauria
estat possible sense tres persones a qui estic profundament agrait. A en Miquel per donar-
me l'oportunitat de ser un membre més del grup de recerca, per confiar en mi per fer aquest
doctorat 1 per guiar-me en el cami. A I’Anna per ensenyar-me tant en tants sentits diferents,
per comptar amb mi en tantes campanyes i per seguir estant al meu costat tot aquest temps.
I finalment, a en Jaime per estar disponible sempre que ho he necessitat i per ajudar-me a
avancar. A totes tres, gricies per les hores dedicades 1 per la motivacié i les ganes de seguir

millorant.

Avui no estaria aqui si no fos perqué un migdia a la Universitat Autonoma de Barcelona en
Jordi Garcia-Orellana va decidir que era una bona idea proposar-me un treball de recerca amb
ell. A ell i a en Valenti Rodellas i1 a I’Albert Folch, un agraiment etern per acompanyar-me

en els meus primers passos en aquest mén i fer possible també aquesta Tesi.

També hi ha altres persones a les quals estic profundament agrait. Persones amb qui he
compartit tants moments sobretot bons, perd alguns també de dolents, tot s’ha de dir. No
sabria per on comengar, perd potser comengaria per 1’Aitor, en Xavi i en David, per les hores
de cafés, de torns de nit, de cerveses, de suport mutu i de confidéncies. I continuaria amb
una persona que va aparéixer un estiu de campanya i de la qual ja no m’he després: gricies
Emma per ser una porta d’emergéncia en tants moments critics perd també per tants instants
de riures 1 alegries. I dbviament, no puc oblidar una persona amb qui he fet el mateix cami,
companya de Tesi, de preocupacions, de lluites, de converses que alliberen, de paraules
que reconforten. Gricies Judit per ser-hi sempre que ho he necessitat. A totes vosaltres,

coneixeu-vos ha estat una de les millors coses que m’han passat aquests cinc anys.

I en aquest cami, no podria oblidar-me de totes les companyes que han omplert de vida,
ciencia 1 alegria les sales 336 1 337: Albert, Merce, Ester, Olaia, Jose Noel, Anna Ayma,
Marta, Liam, Andreu, Patricia, Andrea, Queralt, Nil, Helena, Eduardo, Maria, Xavi, Andreu,
Maria i Rut. Pero també totes les companyes del departament i de la facultat: Toni, Galderic,

Isa, Leo, Patricia, Jose Luis, Josep, Montserrat 1 Magda.

En aquest entramat de persones que fan que la ciéncia avanci, a la universitat tenim companyes
que sén pedra angular. Un agraiment profund i sentit a la Montserrat Guart, per voler

sempre ajudar-me en el Laboratori de Sedimentologia i fer també que aquesta Tesi hagi estat



possible. I a les companyes dels Serveis Cientifics 1 Tecnologics de la UB, especialment a la
Maite 1 a la Barbara que van ser-hi sempre que ho he necessitat per avangar en I'objectiu que

em vaig proposar. Gricies a totes, de tot cor.

Obviously, I can’t forget at Maarteen Van Daele and Marjn Boone from the University of

Gent. But also Karen, my roommate in Gent. Thank you a lot. Dank u!

Probablement tampoc no seria aqui sense un professorat d’educacié primdria i secundaria que
des de la precarietat 1 'amor etern per ’ensenyament, van obrir-me nous camins, paisatges i
horitzons. No sé si llegiran aquestes linies perod gracies Xavier Gual, Lidia Gil, Ferran Gadea

1 Carme Arenas.

I amb una generositat inabastable 1 controlant cada paraula 1 estructura gramatical d’aquesta
Tesi, vull agrair profundament a en Carles 'esfor¢ de corregir-la. Pero també, per ser-hi

sempre que he necessitat la seva ajuda i el seu savi consell. Gricies de tot cor.

Fora i1 dins de la Universitat perd més a prop que mai, hi ha persones que han viscut amb mi
aquesta Tesi. Gricies Mireia, Salva i Elisenda per donar-me suport durant aquests cinc anys.
Gricies per ser inspiracié i ajut i per tots els aprenentatges compartits. I gracies a la Yolanda,
la Montse i ’Adria, i a I'Ivan, el Jordi, el Pau i el Carles i a la Cristina i aviat la Queralt pero
també a la Neus, la Xénia I’Aina, per ser aquella part de la meva vida que un dia arriba i, tot

1 la meva personalitat, arrela per quedar-se i florir.

He de confessar, i he necessitat anys per fer-ho, que viure al meu costat no és cosa facil. Pero
hi ha una persona que hi ha estat més de vuit anys. Al meu costat sabent-se un far per a mi
en aquestes aigiies remogudes. Sense tu, Sandra, no hauria pogut arribar aqui. Has estat al
meu costat quan més ho necessitava. Persistentment i amb tot I’amor del mén em vas fer de

pilar i, avui, aquesta Tesi és també teva.

A les acaballes d’aquest acte d’agraiment em reservo ’espai per a la meva familia. Per a la
meva mare i el meu pare, per ser tossudament generoses. Per deixar-se vida i salut en jornades
laborals inacabables per fer de la nostra vida la millor possible. Res no és facil per a les filles
dels barris obrers, perd gricies mare i pare per fer-nos creure que a la vida s’ha de lluitar. I
gricies també a les meves germanes, Cristina, Laura 1 Eduard, per aprendre ensenyant el que

vol dir la paraula cuidem-nos. Us estimo.

18 de juny de 2020

Barcelona, Paisos Catalans

II









Sumari

RESUM ...ttt et et e e e e e e e e aaeeeans 1
RESUMEI ... ettt e aa e e eeaeeeans 3
ADSITACE cuvivieiieiieeeete ettt ettt ettt ettt b e te e b e era e aaebeertesreenbeeneeaeenns 5
Presentacio de 1a Tesi .....c.ccooveieieieiiiiiiceceeeeee e 9
Objectiu general 1 eSPecifics.......cocvuiuiiiiiiiiiiiiiiiiiiii, 11
Estructura de 1a Tesi..ocouiiiiiiiiiiiceceee e 12
Capitol 1. INtroducCio.........c.cvveuiiiiiriiiiciiciec e 15
1.1 L’estudi dels metalls i metal-loides a ’ocea .............ccoceeveeieieiiieiiinne, 17
1.1.1 Definici6 fisicoquimica de metall 1 metal-loide........ccccvvveuiniiuininnnnnnnee. 17
1.1.2 Fonts de metalls 1 metal-loides a '0ced ......coeevvvveveviieiieieiicieeiee. 19
1.1.3 Distribucié i concentraci6é de metalls i metal-loides a 1'ocea.................. 22
1.1.4 Fluxos de metalls i metal-loides cap a I'oced........cccceevveveiininiiccnnne. 27
1.1.4.1 Descarregues fluvials........coeueivininieecinneccinnieccnecccne 27
1.1.4.2 Deposicid atmoSTeIiCa «...ccovvveveueirievereeiirieieecenieieeceseeneveeeeas 29
1.1.4.3 Abocaments dir€CtES ....ceeevveevveeeieeieieeieeieeeereeeteeereeeeeeereeeaaeens 30
1.1.4.4 Descarrega d’aigiies SUDtEIranies. .......ccooeueueiviruercccinenecencnnne. 32

1.1.5 Contaminaci6 i pol-lucié per metalls i metal-loides
en el Medi MATT ....ocviiiiiiiicecee e 33
1.2 Z0ones d’@STUAL .......c.ooviiniiiiieieeeeeeeeeeee ettt 36
1.2.1 El prodelta del riu BSOS .....cvevvueuinieuiiiiiiiiciniciecccceceeee 39
1.2.2 Daqiiifer de la riera d’Argentona .........cccccceevivivciininincciiiccccne, 41
1.2.3 La badia de Portman .......cccoeveevieiiiieieeieceeeee e 42
1.3 Metodologia ...........ccouiiiiiiiiiiiiiiiciiic s 47
1.3.1 Técniques de MOSLIEIZ .....cveueuirieuiieiiieieiirieiineeieeeree et 47
1.3.1.1 Mostreig d’aigiies SUDLEITANIES .......ccccevvvieviuriiiiiiiiiiiiiieieine 47
1.3.1.2 Mostreig de sediments mMarins.........c.ccceeveeueueenerueeercneenenenennns 50
1.3.2 Técniques analitiques .........cccceeivirieiciiininiciciieccceee s 50
1.3.2.1 Isotops de radi i rad6 en mostres d’aigua.........coceeuevreeueucecnnne. 50
1.3.2.2 Tomografia computeritzada........coeveveuerireereueeninienereirienenenenenns 53
1.3.2.3 Analisi de la composicid elemental ..o 56

\Y



1.3.2.4 Analisi de la susceptibilitat magnética 1

densitat del Sediment.....cc.ecviiuieiiiiiiiiieiieeee e 57
1.3.2.5 Analisi de la concentracié elemental.........ccocovveieeiieiiiniennnnnen. 59
1.3.2.6 Analisi granulometrica.......cocccvvueiviiiiniiiiiniciniiicceccce 60
1.3.2.7 Taxes de sedimentaci6 1 dataci6 dels sediments....................... 61
1.3.4 Tractament i computacié numeérica de les dades........ccceuevrieuenrncnnnnee. 62
Capitol 2. Resultats .........cccoooviiiiiiiiiiiciccecc e 65
2.1 Constraining the temporal variations of Ra isotopes and Rn in the
groundwater end-member: implications for derived SGD estimates......... 67
2.1.1 INtrodUCHON .ottt 68
2.1.2 Study area and methods.......ccccciiiiiiiiiiniiiiiie 70
2.1.2.1 Study area: The Argentona alluvial aquifer and
the oceanographic SEttng ........covveveueiririeieiiririeccee e 70
2.1.2.2 Groundwater monitoring and sample collection..................... 71
2.1.2.3 Analytical methods.........cccocoeuviniiiiiiiiiiiiiiiccce 73
2.1.3 RESULLS .ttt 73
2.1.3.1 Hydrogeological features and dynamics .........cccceueueuiinirnennnne 73
2.1.3.2 Ra isotopes and *?Rn characterization in groundwater.......... 77
D B 3 D T 113 T ) s USRS 78
2.1.4.1 Variability in the activity of “*Rn and the activities
OF R 1SOTOPES....vevvieiiiiiiiieteecte ettt 78
2.1.4.2 Temporal variability of the salinity interface: Implications for
Ra- and Rn-derived SGD estimates.........cooueeeveeereeecieecrieeieeereeeeeeneee 80
2.1.5 COnCIUSIONS. ...covieiiitieiiciecieete ettt et e be e saeens 83
2.1.6 REfEIENCES. ...viivieeiitieieeeeeee ettt et 84

2.2 Calibrating high resolution XRF core scanner data to obtain absolute

metal concentrations in highly polluted marine deposits after two case

studies off Portman Bay and Barcelona, Spain...............ccccoccoooiiiiine. 91
2.2.] INtroduCtion ....cvuiuiiieiciiiiec e 92
2.2.2 Methods ....cuouiiiciciiiiiccccc e 94

2.2.2.1 Study area and sample collection ...........cccccuvueueieiciciciciciccicnnnns 94

VI



2.2.2.2 XRF core scanner analysis ........................................................ 97

2.2.2.3 Geochemical analysis of discrete samples........ccoeueuieninnennnee. 97
2.2.2.4 Standard deviation of XRF-CS and ICP-MS/OES
INCASUTCIIIEIITS ..veevveiientieiteeiteteeite st et eitesteeaesaeesae e b e saeesbeeaesaeesneesnesanns 98

2.2.2.5 Calibration of element intensities

to absOlULtE CONCENTIATIONS. ...cuveuveureeieieieteieereeteere e ete e eae et ereeaeere e 99
2.2.3 Results and diSCUSSION ......ccvieevieeiieiiceiiecteceeeeee e 101

2.2.3.1 Linear function estimated by OLS, WOLS

and WLS methods ......cvoouieiiiiiiieiececeeeetee e 101

2.2.3.2 Errors of calibrated elemental concentrations ....................... 106

2.2.3.3 Sediment quality guideline levels

and XREF-CS CaliDration .eeeeeeeeeeeeeeeeeeee e eeeeaeeeaeaaaaeens 109
2. 2.4 CONCIUSIONS. ¢ttt e e e e e e e e e e e e e e e eeeeeeeeeeseneeees 112
2. 2.5 RO OTOIICES e eeeee et e e e e e e e e e e e e e e e e e e e e eeaaees 113

2.3 Physical and geochemical characterization of a submarine sulfide mine

tailings deposit, Portman Bay, SE Spain ... 121
2.3.1 INtrodUCHON ..ottt ettt ettt reeabeeeeens 122
2.3.2 Geological context and mine tailing disposal ........ccccoccociviniiicnne. 124
2.3.3 Materials and methods ........ccceevvieuieiiieiiiiicieceeeeceeeee e 126

2.3.3.1 Sample collection.......cccvurieiriciniiiiinicinicicecccee 126
2.3.3.2 Analytical procedures ..........ccococviiiiiiiiiiiiiiiiince 127
2.3.3.3 Statistical analysis and numerical models.........ccccoceciinnnes 130
2.3.4 ReSULLS.c.uiiuiiiiiieceeeee ettt eas 131
2.3.4.1 Sedimentological characterization of sedimentary facies....... 131
2.3.4.2 Horizontal distribution of sedimentary facies..........c.ccccucuue.e. 134
2.3.4.3 Sediment geochemistry .........coccccuiiiiiiiiiiiiiiniiiiiiicccae 135
2.3.4.4 Age model and accumulation rates ..........cccccecceiiiriiiinnnnes 139
2.3.5 DISCUSSION c.vvivrieiieetieeieeeteeeteeteesteeteesteeeseesteessseeseesssesnseesseessseenseennns 141
2.3.5.1 Formation of the underwater extension of the mine tailings
AEPOSIE ettt 141
2.3.5.2 Geochemistry of metals and metalloids..........ccccevrrrnnnnnne 146
2.3.5.3. Tracking of metals and metalloids dispersal...............c.......... 146

VII



2.3.5.4 Contamination levels and total mass estimations ................. 150

2.3.5.5 Environmental considerations on metal(loid)s

fluxes to $eafl00r SEAIMENTS weeeveeeeeeeeeeeee et 152

2.3.60 CONCIUSIONS ¢ttt e e e e e e e e e e e e e e e e eeeeeeeseenaaees 153

2. 3.7 RO T OIICES e eeeee et e e e e e e e e e e e e e e e e e e e e eaaaeas 155

2.4 ReSUm dels TeSUITATS .....ooeeeeeieeiieeeeeeeeeeeeeee et e e e 163
Capitol 3. DiSCUSSIO.......c.ceuiuiciiiciiiciciecec e 167

3.1 Variabilitat temporal de la interfase salina: implicacions en la
quantificacio de les descarregues d’aigua subterrania mitjancant I'ais
d’isOtops de Ra 1 22ZRN ...oiiiiiiii e 169
3.2 Flux de metalls i metal-loides per abocament directe als sistemes
COSTATIETS ..ottt 173
3.2.1 Metodologies de quantificacié de les concentracions de metalls i
metal-loides en sediments marins altament contaminats...........ccoeveueuenene. 173
3.2.2 Caracteritzacid sedimentologica 1 distribucié de metalls 1 metal-loides
en sediments marins altament contaminats de la badia de Portman........... 174
3.2.3 Models numeérics de distribucié tridimensional de la concentracié de

metalls i metal-loides en el sediment mari: quantificacié de la massa total

CLEINEIITAL .. eeeee e e et e e e e e e e e e e e e e eeaeeeaaaaaan 177
Capitol 4. Conclusions...........ccccveuieiniinincinictce e 179
Linies d’investigacid fULUTES ..........ccovveuiininiiieiiininiicciecceee e 183
Capitol 5. Bibliografia.............ccccoocuiiiiiiiiiiiccccce e, 187
AATITICX oo aaaaaaaaaa e 225
Index LErMINOLOZIC. ......viiiiiiiciiiiccce e 249
Abreviatures, simbols 1 sigles..............ccccccoiiiiiiiiii 253

VIII









Resum

L’estudi de la concentraci6 i la distribuci6é de metalls i metal-loides en ambients costaners
ha guanyat rellevincia durant els darrers quaranta anys, principalment a conseqiiéncia de
la creixent preocupacié per llurs efectes nocius sobre els ecosistemes 1 la salut pablica. Els
cicles dels metalls 1 metal-loides, amb una gran quantitat de variables fisiques, quimiques,
biologiques i també antropogéniques que hi influeixen, sén extremadament complexos, la qual
cosa en dificulta la comprensié. Per aquest motiu, la millora de les metodologies i I’aplicacié
de noves técniques d’estudi son fonamentals per poder aprofundir en el coneixement dels

processos associats a la contaminaci6 i la pol-luci6 de 'oced per metalls i metal-loides.

En aquest context, aquesta Tesi representa una contribucié al desenvolupamentia la integracié
de les metodologies disponibles per a 'estudi dels fluxos de metalls i metal-loides d’origen
antropogénic cap al medi mari. Per atényer aquest objectiu, la Tesi s’ha centrat en I'estudi de
dues vies d’entrada de metalls 1 metal-loides cap a la mar costanera: les descarregues d’aigua
subterrania (DAS) 1 ’abocament directe de residus en dues arees de la costa mediterrania, la

costa central de Catalunya i la badia de Portman, a Marcia.

En primer terme, s’han abordat les metodologies de quantificacié de les DAS mitjangant
isotops de Ra i *’Rn. L’analisi i monitoratge dels isotops de Ra a I'aqiiifer al-luvial de la
riera d’Argentona al llarg de dos anys ha demostrat que la variabilitat observada en llurs
concentracions, de més d’un ordre de magnitud, estd governada pel desplagament de la posicid
de la interfase salina durant periodes de precipitacions abundants. La variabilitat enregistrada
en les concentracions dels isotops dificulta la determinaci6é d’un valor representatiu de Ra a
Daqiiifer, la qual cosa és un requeriment necessari per quantificar els fluxos de les DAS. Puix
que els fluxos de metalls 1 metal-loides derivats de las DAS s’incrementen significativament
durant els episodis de precipitacions, 1’elevada dindmica dels aqiiifers costaners en régims
micromareals fa necessari un millor coneixement dels processos hidrogeologics locals o
regionals per poder reduir les incerteses associades a la quantificaci6 dels fluxos de metalls 1

metal-loides als sistemes costaners.

En segon terme, la Tesi situa el focus sobre els fluxos de metalls i metal-loides derivats de
I’abocament massiu de residus, sia d’origen industrial i urba, com al prodelta del riu Besos,
o d’origen miner, com a la badia de Portmin. A més, amb 1’objectiu de millorar la resolucié
de l'estudi 1 poder descriure en detall I'evolucié temporal del flux de metalls 1 metal-loides,
s’ha dut a terme I'anilisi dels sediments a molt alta resolucié mitjangant un escaner de
fluorescéncia de raigs X (XRF core scanner). Aquest equipament permet obtenir una gran
quantitat d’informacié en molt poc temps, de manera no destructiva i amb resolucions
impossibles d’aconseguir amb métodes tradicionals de caricter destructiu. Aix{ doncs, s’ha
desenvolupat un procediment de calibratge per transformar les mesures semiquantitatives de

I’XRF core scanner a concentracions totals per diversos metalls i metal-loides (Ti, Mn, Fe, Zn,
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As1Pb). Els resultats demostren que els procediments analitics 1 estadistics desenvolupats en
aquest treball milloren la qualitat de les regressions lineals, amb coeficients de correlaci6 (r%)
superiors a 0,94 1 amb una reducci6 de les desviacions estandards de les funcions obtingudes,
especialment pel métode de regressié ponderat de minims quadrats (WLS). Aixo es tradueix
en una minoracid significativa dels errors associats a les concentracions calibrades de metalls
1 metal-loides, la qual cosa ha permeés quantificar els llindars de concentraci6 establerts en
diverses guies de qualitat del sediment (Sediment Quality Guidelines, SQGs) amb un rang
d’error de 0,4% a 2% pel Fe, 1% a 7% pel Zn, 3 a 14% pel Pb, 1 5% a 16% pel Mn.

Finalment, aquest procediment de calibratge ha estat aplicat a la caracteritzacié fisica i
geoquimica d’un diposit submari altament contaminat generat per I’abocament de residus
miners resultants de 'explotaci6 de jaciments de sulfurs a la badia de Portman. Mitjangant una
metodologia que integra maltiples técniques analitiques fisicoquimiques, sedimentologiques
1 de dataci6 per #°Pb de testimonis de sediment, hom ha identificat sis facies sedimentaries:
quatre pertanyents als residus miners sensu strictu (facies 2, 3, 4 1 5) 1 dues corresponents a
sediments marins amb un cert grau de contaminacié que predaten 1 postdaten el diposit de
residus (facies 1 i 6). Els resultats obtinguts han permés explicar acuradament 1’evolucié del
diposit de residus miners, el qual es concentra principalment al nord-oest de I'area d’estudi
com a resultat no només de la ubicaci6 del punt de descarrega sin6 també de la dindmica
sedimentaria governada per I'efecte dominant de 1'onatge de component est i sud-oest 1 els
corrents litorals associats. De 'analisi geoquimica se’n desprén que les concentracions de
metalls 1 metal-loides al diposit de residus miners sén molt superiors a les reportades en altres
llocs de la mar Mediterrania. En els sediments superficials acumulats després de la finalitzacié
dels abocaments les concentracions de metalls i metal-loides sén encara significativament
superiors als valors naturals previs a lactivitat minera. Aixd, conjuntament amb la
modelitzacié numeérica de les concentracions i les distribucions de metalls i metal-loides en
el sediment mari superficial (14 cm superiors), ha evidenciat I'existéncia d’un flux persistent
cap als sediments més recents 1 cap al fons mari després de vint-i-cinc anys de la clausura de

I’abocament de residus miners.

Per tot plegat, aquesta Tesi contribueix, volem pensar que de manera significativa, a la
millora de les metodologies d’estudi dels fluxos de metalls i metal-loides, i de determinacié
1 quantificacié de llurs concentracions i distribucions al medi mari costaner. L’esforg
d’integraci6 metodologica desenvolupat en aquesta Tesi ha permés assolir una millor
comprensi6 dels processos de contaminacié i de pol-lucid, i demostra que 1'as integrat de
diverses metodologies és clau per a la millora dels programes i actuacions de gesti6 ambiental
que permetin reduir els fluxos de metalls 1 metal-loides d’origen antropogénic cap a 'oced i

els seus efectes sobre 1’ecosistema costaner.
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Resumen

El estudio de la concentracién y la distribucién de metales y metaloides en ambientes costeros,
ha adquirido relevancia en los Gltimo cuarenta afios, principalmente como consecuencia de la
creciente preocupacién por sus efectos nocivos sobre los ecosistemas y la salud puablica. Los
ciclos de los metales y metaloides, con una gran cantidad de variables fisicas, quimicas, biolégicas
y también antropogénicas que influyen, son extremadamente complejos, circunstancia que
dificulta su comprensién. Por este motivo, la mejora de las metodologias y la aplicacién de
nuevas técnicas de estudio es fundamental para poder profundizar en el conocimiento de los

procesos asociados a la contaminacién y la polucién del océano por metales y metaloides.

En este contexto, esta Tesis representa una contribucién al desarrollo y a la integracién de
las metodologias disponibles para el estudio de los flujos de metales y metaloides de origen
antropogénico hacia el medio marino. Para alcanzar este objetivo, la Tesis se ha centrado en el
estudio de dos vias de entrada de metales y metaloides hacia el mar costero: las descargas de
agua subterrinea (DAS) y el vertido directo de residuos en dos areas de la costa mediterranea,

la costa central de Catalufia y la bahia de Portman, en Murcia.

En primer lugar, se han abordado las metodologias de cuantificacién de las DAS mediante
is6topos de Ra y *Rn. El anilisis y el monitoreo de los isétopos de Ra en el acuifero aluvial
de la riera de Argentona, durante dos afios ha demostrado que la variabilidad observada en
sus concentraciones, de mis de un orden de magnitud, estd gobernada por el desplazamiento
de la posicién de la interfase salina durante periodos de precipitaciones abundantes. La
variabilidad registrada en las concentraciones de los isétopos dificulta la determinacién de
un valor representativo de Ra en el acuifero, lo cual es un requisito necesario para cuantificar
los flujos de DAS. Puesto que los flujos de metales y metaloides derivados de las DAS
aumentan significativamente durante los episodios de precipitaciones, la elevada dinimica
de los acuiferos costeros en regimenes micromareales hace necesario un mejor conocimiento
de los procesos hidrogeolégicos locales o regionales para poder reducir las incertidumbres

asociadas a la cuantificacién de los flujos de metales y metaloides hacia los sistemas costeros.

En segundo lugar, la Tesis sittia el foco sobre los flujos de metales y metaloides derivados
del vertido masivo de residuos, sean estos de origen industrial y urbano, como en el prodelta
del rio Besds, o de origen minero, como en la Bahia de Portmin. Ademas, con el objetivo de
mejorar la resolucién del estudio y poder describir en detalle la evolucién temporal del flujo de
metales y metaloides, se ha llevado a cabo el anilisis de los sedimentos a muy alta resolucién
mediante un esciner de fluorescencia de rayos X (XRF core scanner). Este instrumento permite
obtener una gran cantidad de informacién en muy poco tiempo, de modo no destructivo y
con una resolucién imposibles de conseguir con métodos tradicionales de caricter destructivo.
Asi pues, se ha desarrollado un procedimiento de calibracién para transformar las medidas

semicuantitativas del XRF core scanner en concentraciones totales para diversos metales y
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metaloides (Ti, Mn, Fe, Zn, As y Pb). Los resultados demuestran que los procedimientos
analiticos y estadisticos desarrollados en este trabajo mejoran la calidad de las regresiones
lineales, con coeficientes de correlacién (r?) superiores a 0,94 y con una reduccién de las
desviaciones estindares de las funciones obtenidas, especialmente por el método de regresién
ponderado de minimos cuadrados (WLS). Esto se traduce en una minoracién significativa
de los errores asociados a las concentraciones calibradas de metales y metaloides, lo cual ha
permitido cuantificar los umbrales de concentracién establecidos en diversas guias de calidad
del sedimento (Sediment Quality Guidelines, SQGs) con un rango de error de 0,4% a 2% para
el Fe, 1% a 7% para el Zn, 3 a 14% para el Pb, y 5% a 16% para el Mn.

Finalmente, se ha aplicado este procedimiento de calibracién a la caracterizacién fisica y
geoquimica de un depésito submarino altamente contaminado generado por el vertido de
residuos mineros resultantes de la explotacién de yacimientos de sulfuros en la bahia de
Portmén. Mediante una metodologia que integra multiples técnicas analiticas fisicoquimicas,
sedimentolégicas y de datacién por #°Pb de testigos de sedimento, se han identificado seis
facies sedimentarias: cuatro pertenecientes a los residuos mineros sensu strictu (facies 2, 3,
4 y 5) y dos correspondientes a sedimentos marinos con un cierto grado de contaminacién
que pre-datan y post-datan el depésito de residuos (facies 1 y 6). Los resultados obtenidos
han permitido explicar la evolucién del depésito de residuos mineros, el cual se concentra
principalmente al noroeste del area de estudio debido no sélo a la ubicacién del punto de
vertido si no también a la dindmica sedimentaria gobernada por el efecto dominante del oleaje
de componente este y sudoeste y por las corrientes litorales asociadas. Del analisis geoquimico
se desprende que las concentraciones de metales y metaloides en el depdsito de residuos
mineros son muy superiores a las reportadas para otros lugares del Mar Mediterrineo. En los
sedimentos superficiales acumulados posteriormente al cese de los vertidos las concentraciones
de metales y metaloides son atn significativamente superiores a los valores naturales previos
a la actividad minera. Esto, junto con la modelizacién numeérica de las concentraciones y las
distribuciones de metales y metaloides en el sedimento marino superficial (14 cm superiores),
ha puesto de manifiesto la existencia de un flujo persistente hacia los sedimentos mas recientes
y hacia el lecho marino después de veinticinco afios de la clausura de los vertidos de residuos

mineros.

Per todo lo expuesto, esta Tesis contribuye, queremos pensar que de manera significativa,
a la mejora de las metodologias de estudio de los flujos de metales y metaloides, y de
determinacién y cuantificacién de sus concentraciones y distribuciones en el medio marino
costero. El esfuerzo de integracién metodolégica desarrollado en esta Tesis ha permitido
alcanzar una mejor comprensién de los procesos de contaminacién y de polucién, y demuestra
que el uso integrado de diversas metodologias es clave para la mejora de los programas y
actuaciones de gestién ambiental que permitan reducir los flujos de metales y metaloides de

origen antropogénico hacia el océano, asi como sus efectos sobre el ecosistema costero.
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Abstract

The study of the concentration and distribution of metals and metalloids in coastal
environments has gained interest in the last forty years, mainly due to the growing concern
about their harmful effects on the ecosystems and public health. Even so, the elevated
complexity of the metals and metalloids cycles, which are influenced by numerous physical,
chemical, biological and anthropogenic variables, makes their understanding difficult.
Because of this, improving the state of the art methodologies and applying new techniques
is essential to achieve a better knowledge of the processes associated with marine pollution

by metals and metalloids.

In this context, this PhD Thesis represents a contribution to the development and integration
of methodologies for the study of anthropogenic-sourced fluxes of metals and metalloids
into the sea. To achieve this objective, the Thesis is focused in the study of two type
of pathways of metals and metalloids fluxes to the coastal sea: submarine groundwater
discharges (SGD) and direct waste disposal in two areas of the Iberian Mediterranean coast,

which are the central coast of Catalonia and Portman Bay, in Murcia.

Firstly, the Thesis addresses the methodologies for quantifying SGD using Ra and **Rn
isotopes. The analysis and monitoring of Ra isotopes in the alluvial aquifer of the Argentona
torrent during two years has shown that the variability of their concentrations, which is more
than one order of magnitude, is mainly governed by the displacement of the saline interface
during heavy rain periods. The recorded variability of the isotopic concentrations makes
difficult determining a representative value of Ra in the aquifer, which is a requirement to
quantify SGD. Given the significant increase of SGD metals and metalloids fluxes derived
during heavy rain events, the high dynamics of coastal aquifers in microtidal regimes imposes
a better knowledge of the hydrogeological processes at local or regional scales in order to

reduce the uncertainties associated with the quantification of such fluxes in coastal systems.

Secondly, this PhD Thesis focuses in metals and metalloids fluxes from massive coastal
waste accumulations, whether they result from mining activities, as in Portman Bay, or
from industrial and urban sources, as in the Besos River prodelta off Barcelona city. To
improve the fineness of analysis needed to carefully describe the temporal evolution of
metal and metalloids fluxes, we have carried out high-resolution measurements of the
sediments by means of a XRF core scanner. This equipment produces huge amounts of
data within a reduced time of analysis, in a non-destructive way and with resolutions
that are unachievable by traditional, sample destructive methods. A calibration procedure
has been developed to transform the semi-quantitative measurements from the XRF core
scanner into total concentrations of various metals and metalloids (Ti, Mn, Fe, Zn, As
and Pb). The results demonstrate that the analytical and statistical procedures developed

in this study improve the quality of linear regressions, with correlation coefficients (r?)
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above 0.94 and a reduction of standard deviations, especially when applying the weighted
least squares regression method (WLS). This translates into a reduction of errors associated
with the calibrated concentrations of metals and metalloids, which allows quantifying the

concentration thresholds defined by various sediment quality guides (SQG) with an error
range of 0.4% to 2% for Fe, 1% to 7% for Zn, 3% to 14% for Pb and 5% to 16% for Mn.

The same calibration procedure has been applied to the physical and geochemical
characterization of a highly polluted marine deposit originated by the dumping of
mining wastes in Portmin Bay. The application of multiple analytical physicochemical,
sedimentological and *'°Pb dating techniques to a large set of short sediment cores allowed
identifying six main sedimentary facies, four of which correspond to the mine tailings
sensu strictu (facies 2, 3, 4 and 5) and two to contaminated marine sediments that predate
(facies 1) and postdate (facies 6) the mine tailings deposit. The results allow explaining
the evolution of the mine tailings deposit, which mainly concentrate into the northwest
corner of the study area as a consequence not only of the location of the discharge point
but also of the sedimentary dynamics governed by the dominant effect of an easterly and
southwesterly wave pattern and associated littoral currents. The analyses show that the
metals and metalloids concentrations in the main tailings facies are significantly higher than
those commonly found in other regions of the Mediterranean Sea. Within the top layer
of sediments, which formed following the cessation of waste disposal, the concentration
of metals and metalloids is less but still is significantly higher than background natural
values prior to mining activities. This data, together with the numerical modeling of the
concentrations and distribution of metals and metalloids in the uppermost layer of marine
sediments (top 14 cm), evidences a persistent flow to the most recent sediments and the

seafloor twenty-five years after the closure of mine waste discharge.

Finally, the outcomes of this Thesis involve a significant improvement of the methodologies
applied to the study of metal and metalloid fluxes to the marine coastal environment, and
also on the determination and quantification of their concentrations and distributions. The
major effort for methodological integration carried out in this Thesis has led to a better
understanding of the processes controlling those fluxes and the ensuing contamination
and pollution effects. We think that we have also proven that the integrated used of
complementary methodologies is critical for improving environmental management
programs and actions aimed at reducing the fluxes of anthropogenic metals and metalloids

to the ocean and their deleterious effects on marine coastal ecosystems.
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Presentacid
de la Tesi

“Cap cosa torna al no-res,
ans totes, per la disgregacid,
tornen als elements

de la propia matéria.”

Lucreci
De rerum natura (50 aC)

La genesi dels metalls i metal-loides és la historia dialéctica entre el naixement 1
la mort de les estrelles en els camuls galictics. Es en el cor d’aquests sistemes, a
elevades temperatures i pressions, on es desencadenen les reaccions de fusié nuclear
que permetran la formacié dels elements més pesants de la taula periodica. Alguns
d’ells, com el ferro o el niquel, es formaran en el nucli; altres, com la silice, en capes
més exteriors, i els més pesants, com ’or o el mercuri, es generaran durant la formacié
de les estrelles de neutrons. Es al final de la vida de les estrelles, amb el seu col-lapse 1
posterior explosid, quan els metalls i metal-loides seran disseminats arreu de la galaxia

i de les runes cosmiques generades naixeran nous sistemes estel-lars i planetes.

Del polsim metal-lic que emana de les estrelles al floriment de la vida a la Terra,
doncs, alguns metalls, com el ferro, el coure o el cobalt, sén essencials per al
desenvolupament cel-lular i la sintesi de vitamines, i alhora controlen la productivitat
primdria als oceans. No entendriem la vida sense aquests elements. Com tampoc
el desenvolupament de les societats humanes que s’han valgut d’ells per fabricar
eines, productes 1 instruments molt diversos. Tant és aixi que, en els dos darrers
segles, la gran demanda de metalls 1 metal-loides necessaris per al desenvolupament
agroindustrial capitalista ha incrementat significativament la seva extraccié de I’escor¢a
terrestre. Aquest fet s’ha traduit en un increment dels fluxos de metalls 1 metal-loides

des dels continents cap als oceans aixi com de llurs concentracions a les aigiies 1 els
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sediments costaners. Sense cap mena de dubte, aquest enriquiment és actualment un

dels principals impactes antropogénics sobre els ecosistemes marins.

Els cicles dels metalls i dels metal-loides presenten una complexitat elevada. L’esforg
cientific de les darreres décades ha permeés entendre el comportament fisicoquimic
dels metalls i els metal-loides i els processos de partionament en els oceans, identificar
1 quantificar els principals fluxos 1 determinar la seva distribucié a la columna d’aigua
1 al sediment. Aquests avengos, perd, no haurien estat possibles sense el progrés i el
perfeccionament metodoldgic 1 técnic. Puix que I'increment de metalls 1 metal-loides
als ambients costaners és una tendéncia a ’alga causada per ’activitat antropogénica,
la present Tesi Doctoral té 1’objectiu general de contribuir al desenvolupament de les
metodologies d’analisi 1 quantificaci6 dels fluxos de metalls i metal-loides d’origen
antropogenic cap al mar costaner, aixi com llur caracteritzacié fisicoquimica 1 la seva

distribucid en el sediment mari.

Conceptualment, la Tesi Doctoral se situa en I'encreuament entre I'oceanografia,
la sedimentologia, la hidrogeologia i la geoquimica. Aixi, en els successius capitols
s’emfatitzard 'estudi de dos tipus de fluxos de metalls i metal-loides cap al medi
mari: la descarregues d’aigua subterrania (DAS) 1 'abocament directe de residus
al mar costaner. Els resultats d’aquest treball els podriem resumir fent referéncia,
primer, a la revisi6 de les metodologies emprades en la quantificacié dels fluxos de
metalls 1 metal-loides per DAS mitjangant tragadors com el radi i el radé i, segon, al
desenvolupament de noves metodologies de quantificacié de les concentracions de
metalls i metal-loides, aixi com la integraci6 de multiples técniques i modelitzacions
numeriques per a la caracteritzacié del sediment mari afectat per 1’abocament de

residus amb alts continguts de metalls 1 metal-loides.

Aquesta Tesi doctoral s’'emmarca en el projecte europeu MIDAS (Managing Impacts
Of Deep Sea Resource Exploitation, ref. GA 603418, 2013-16) i en els projectes
estatals NUREIEV (NUevos REtos en la investigacion de caviones submarinos:
Indicadores del Estado ambiental v Variabilidad espacio-temporal — El papel de los
temporales, ref. CTM2013-44598-R) i NUREIEVA (NUevos REtos de Investigacion
en el ambiente Extremo de los Vertidos mineros de la Babia de Portmdn: aplicacion de
tecnologias Avanzadas, ref. CIM2013-44598-R), centrats en 1’avaluaci6 dels impactes
de I'explotaci6é de recursos minerals al medi mari i, especialment, en 'aveng de la
caracteritzaci geofisica i fisicoquimica dels diposits costaners de residus miners, amb

la badia de Portman (Mdrcia) com a cas d’estudi paradigmatic.



Presentacié de la Tesi

Concretament, en el marc d’aquesta Tesi Doctoral shan establert els segiients

objectius especifics:

* Investigar el paper de les dindmiques hidrogeologiques en el comportament
dels isotops de Ra i **Rn en un agqiiifer al-luvial mediterrani i discutir 1'as

d'aquests com a tragadors de DAS i dels fluxos de metalls i metal-loides associats.

* Desenvolupar un métode de calibratge que permeti transformar les mesures
semiquantitatives d’elevada resolucié obtingudes mitjancant un escaner de

fluorescéncia de raigs X a concentracions totals de metalls 1 metal-loides.

* Quantificar els errors analitics 1 estadistics associats a aquest calibratge 1
avaluar el seu potencial per a determinar les concentracions de diversos metalls

1 metal-loides segons les guies de qualitat del sediment (sediment quality

guidelines, SQG).

* Analitzar la dispersi6 de metalls 1 metal-loides en sediments marins afectats per
I’abocament de residus miners mitjangant la combinaci6 de diverses técniques

fisicoquimiques d’analisi no destructiva, en continu 1 d’alta resolucié.

* Integrar mitjangant models numérics les dades fisicoquimiques obtingudes
de l'analisi de 'extensié submergida del diposit de residus miners de la badia
de Portman i quantificar el flux total de metalls i metal-loides un cop finalitza

I’abocament.

Aixi doncs, en aquesta Tesi Doctoral defensem la necessitat d’avangar en la integraci6
de multiples técniques sedimentologiques, hidrogeologiques 1 geoquimiques amb la
modelitzacié numérica per a I’analisi i la quantificacié de metalls i metal-loides en el
medi mari. Els resultats obtinguts es poden traduir en una millora de les metodologies
emprades 1 demostren que la utilitzacié de técniques complementaries aporta una
nova perspectiva, redueix 1’esforg analitic 1 incrementa el volum de dades tractades,
la qual cosa permet un major enteniment dels processos de distribucié de metalls i

metal-loides a la columna d’aigua i als sediments marins.

11
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Estructura de la Tesi Doctoral

Aquesta Tesi doctoral es presenta com a compendi de tres publicacions, dues de les
quals estan publicades ja en revistes indexades als Journal Citation Reports de la
Web of Science, mentre que la tercera, també inclosa en format article, és a punt per
a ésser sotmesa a una revista indexada. La Tesi s’estructura en cinc capitols 1 segueix
la normativa establerta en el text consolidat del 23 de juliol del 2019 de la Norma
Reguladora del Doctorat de la Universitat de Barcelona, aixi com la norma especifica

del Programa de Doctorat de Ciéncies del Mar d’aquesta universitat.

El Capitol 1 consisteix en una introducci6 general que té per objectiu centrar el lector
en el marc conceptual i metodologic del treball realitzat. S’inicia amb la definici6
fisicoquimica de metall i metal-loide i amb les diverses classificacions emprades
per ordenar aquests elements. Aquest primer capitol inclou una descripcié de les
principals fonts i fluxos de metalls i metal-loides cap als oceans i, especialment, els
ambients costaners, alhora que també s’introdueixen els conceptes de contaminaci6
1 pol-lucié. Més endavant, en aquest mateix capitol, es descriuen 'drea d’estudi, les

mostres analitzades i les técniques emprades.

El Capitol 2 presenta els resultats obtinguts, recollits en els tres articles cientifics
esmentats adés. Els dos primers han estat reproduits de manera fidedigna tal 1 com

van ser publicats. Seguidament, incloem un breu resum de cadascun d’ells.

Capitol 2.1 Cerda-Doménech, M., Rodellas, V., Folch, A., Garcia-Orellana, J.,
2017. Constraining the temporal variations of Ra isotopes and Rn in the groundwater

end-member: Implications for derived SGD estimates. Science of the Total
Environment, 595, 849-857. Doi: 10.1016/j.scitotenv.2017.03.005.

Enaquestarticle s’avalua durantdos anyslainfluéncia dels parametres hidrogeologics
1 la posicié de la interfase salina sobre la variabilitat temporal de les concentracions
dels isotops de Ra i *’Rn a l'aqiiifer al-luvial de la riera d’Argentona (Barcelona).
L’estudi emfatitza la necessitat d’entendre la hidrogeologia dels aqiiifers costaners
a ’hora d’emprar els isotops de Ra i **Rn com a tracadors de DAS i per la
quantificacié dels fluxos d’elements que se’n deriven (p. ex. micronutrients, metalls
o contaminants orginics). La metodologia 1 les recomanacions que s’hi proposen
han estat aplicades en treballs posteriors de quantificacié del flux de metalls i

metal-loides, en els quals el doctorand també és coautor (p. ex. Alorda et al., 2019).
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Capitol 2.2 Cerdi-Domenech, M., Frigola, J., Sanchez-Vidal, A., Canals, M.,
2020. Calibrating bigh resolution XRF core scanner data to obtain absolute metal
concentrations i1n bighly polluted marine deposits after two case studies off Portmdn
Bay and Barcelona, Spain. Science of the Total Environment, 717, 134778. Doi:
10.1016/j.scitotenv.2019.134778.

En aquest article es presenta un procediment inedit de calibratge per transformar
les mesures semiquantitatives obtingudes mitjangant un escaner de fluorescéncia
de raig X a concentracions totals de diversos metalls i metal-loides en dos diposits
submarins altament contaminats, el de residus miners de la badia de Portman i el
de fangs de depuradora del Besos, a Barcelona. Alhora, s’examinen les regressions
lineals i la propagacié d’errors analitics 1 estadistics mitjangant tres métodes de
minims quadrats. La robustesa del procediment de calibratge obtingut permet
discutir 'as d’aquesta metodologia en la determinaci6é precisa i acurada de la
concentracié de metalls i metal-loides en sediments marins atenent a les restriccions

imposades per les SQGs.

Capitol 2.3 Cerda-Domeénech, M., Frigola, J., Canals, M., Sanchez-Vidal, A,
Rodes, N., Van Daele, M., Boone, M., Baza, A., Amblas, D., Soldevila, E.,
Garcia-Orellana, J., Roqué, J., 2020. Physical and geochemical characterization
of a submarine sulfide mine tailings deposit, Portmdn Bay, SE Spain (pendent de

submissid).

En aquest treball s’analitzen per primera vegada les caracteristiques fisiques i
quimiques de la part més superficial de I’extensi6 submergida del diposit de residus
miners de la badia de Portméin i de la capa de sediments formada al llarg dels
vint-i-cinc anys posteriors a la clausura dels abocaments. Aportem una explicaci6
acurada de I’evolucié de I'abocament des d’una perspectiva integradora, partint de
la combinacié de técniques d’analisi no destructiva i d’alta resolucié de testimonis
de sediment, amb mesures de mida de gra i I'aplicacié del calibratge desenvolupat
en el subcapitol 2.2 per a 'obtencié de la concentracié absoluta de diversos metalls
1 metal-loides. La integracié de les dades fisicoquimiques del sediment permet,
mitjangant una modelitzacié numeérica per interpolaci6 tridimensional, obtenir la
distribucié de les concentracions de metalls 1 metal-loides a la lamina més superficial
de sediment (0 — 1 cm). Alhora, mitjangant aquesta modelitzaci6 s’obté per primera
vegada la massa total dels elements d’interés en el paquet de sediment acumulat a

partir del cessament dels abocaments.
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El Capitol 3 és dedicat a la sintesi i la discussi6 integrada dels principals resultats
obtinguts en els capitols anteriors, tot enriquint la discussié amb altres publicacions
de les quals el doctorand és coautor (p. ex. Alorda et al., 2019) i que sén també

d’intereés cientific en el context de la present Tesi Doctoral.

El Capitol 4 inclou les conclusions més rellevants i les possibles linies futures de
recerca, mentre que al Capitol 5 s’hi recull la bibliografia de la resta de capitols de la
Tesi. Finalment, les darreres pagines corresponen a ’Annex en qué es reprodueixen
els articles tal i com foren publicats, per cloure amb un Index terminologic i els
llistats d’abreviatures, simbols 1 sigles emprats, amb la finalitat de facilitar la lectura

1la compressi6 del text.



Capitol 1

“Fer és una lluita tenag
contra un mateix.
Fer és contradir-se”

Anna Gual

Introduccié

L’estudi dels metalls i els metal-loides a I'ocea
Definici6 fisicoquimica de metall i metal-loide
Fonts de metalls i metal-loides a I'oced
Distribucié i concentraci6é de metalls i metal-loides a I’ocea
Fluxos de metalls i metal-loides cap a 'ocea
Contaminaci6 1 pol-lucié per metalls i metal-loides en el medi mari

Zones d’estudi
El prodelta del riu Besos
L’aqiiifer de la riera d’Argentona
La badia de Portmin

Metodologia
Técniques de mostreig
Técniques analitiques
Tractament i computacié numerica de les dades
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1.1 L’estudi dels metalls 1 metal-loides a 'ocea
1.1.1 Definici6 fisicoquimica de metall i metal-loide

El concepte metall, que prové del grec nealrov o métallon, és emprat per definir
els elements quimics «que condueixen l'electricitat, tenen una brillantor metal-lica,
sén mal-leables 1 dtctils, formen cations 1 tenen oOxids basics» (Atkins i Jones,
1997). Aquests elements poden presentar altres caracteristiques com ara una elevada
conductivitat 1 densitat. Tanmateix, certs elements com B, el Si, el Ge, el As o el Te
presenten una conductivitat eléctrica baixa que augmenta amb la temperatura, motiu
pel qual son categoritzats com a metal-loides o semimetalls. A escala atomica, els
metalls 1 els metal-loides es caracteritzen per una estructura cristal-lina, en la qual
els dtoms s’uneixen per mitja d’enllagos metil-lics, és a dir, per enllagos quimics
fonamentats en la forca d’atracci6 electrostatica entre el ntivol d’electrons deslocalitzats
de l'atom i els ions metal-lics carregats positivament (cations). Aquesta configuraci6
genera estructures cristal-lines compactes que confereixen als metalls 1 metal-loides

les caracteristiques fisicoquimiques anteriorment descrites (Figura 1.1).
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Figura 1.1 Esquema simplificat en dos i tres dimensions de l'estructura atomica de metalls 1
metal-loides amb els enllagos metal-lics que la conformen.

El grup dels metalls i els metal-loides és notablement extens i el seu comportament a
I’ambient dels elements que el conformen pot diferir apreciablement. Aixi, seixanta-
nou elements de la taula periodica, excloent la série dels transuranids, sén considerats
metalls i metal-loides (Figura 1.2). Concretament, les dues primeres columnes de
la taula, amb l'excepcié del H, corresponen als metalls alcalins 1 alcalinoterris,

respectivament, que sén elements de densitat baixa 1 que reaccionen amb facilitat
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Figura 1.2 Taula periodica dels elements en qué es destaquen els metalls alcalins, alcalinoterris,
de transicié i posttransicionals, i els metal-loides.

amb els haldogens (columna disset) per formar sals idniques i hidroxids basics. A
continuacid, les columnes tres 1 dotze corresponen a l'extens grup dels metalls de
transici6. Aquests son els metalls més convencionals i més utilitzats en aplicacions
industrials. Tenen una aparenca metal-lica i sén molt durs, llevat del Hg, el qual té
un comportament similar a la resta de metalls de transici6 a temperatures molt baixes.
Finalment, a les columnes tretze, catorze i quinze, hi ha els metalls posttransicionals,
és a dir, els elements situats entre els metalls de transicié com el Al, el Snoel Pb 1

els metal-loides esmentats anteriorment.

Aixiitot, convé assenyalar que hi ha altres classificacions dels metalls i els metal-loides,
per exemple segons les seves propietats o la seva concentracié 1 efectes en el medi
(p- ex. metall essencial, metall traga, micronutrient o metall toxic). D’aquestes
classificacions, la que agrupa els elements metal-lics segons les seves propietats
fisiques i toxicologiques és la més emprada, especialment en publicacions cientifiques
1 legislacions ambientals, tot diferenciant metalls lleugers i metalls pesants (Duffus,
2002). El primer grup, el dels metalls lleugers, comprén els elements metal-lics amb
una densitat inferior a 4,1 g cm?, els quals generalment presenten una toxicitat baixa
com, per exemple, el Al, el Mg, el Ti i el Be. El segon grup, el dels metalls pesants,
concentra els elements amb densitats superiors a 6 g cm™ i amb un potencial toxic més
alt. Inclou metalls de transicié com el Mn, el Fe, el Co, el Ni, el Cu, el Criel Zn,

metalls posttransicionals com el Sn i el Pb i metal-loides com el As i el Po.



Llestudi dels metalls 1 els metal-loides a 'oced: introduccié | 19

Tot 1 I'Gs tan estés d’aquesta classificaci6, un informe de la Unid Internacional de
Quimica Pura 1 Aplicada considerd que el concepte «metall pesant» no disposa d’una
base cientifica consistent (Duffus, 2002). Atés que no hi ha una relacié generalitzada
entre les propietats fisiques 1 quimiques, com la densitat i la toxicitat, Duftfus (2002)
recomana I'ts d’una classificaci6é fonamentada en ’especiacié quimica, la selectivitat de
I’absorcié biologica, la funcionalitat 1 la toxicitat. En conseqiiéncia, 1 amb la voluntat
d’emprar sempre la mateixa nomenclatura i aixi evitar equivocs, en aquesta Tesi

s’empra la terminologia «<metall 1 metal-loide» en la seva estricta definicié fisicoquimica

donada per Atkins i Jones (1997).

1.1.2 Fonts de metalls i metal-loides a I’ocea

Lapresénciade metallsimetal-loidesal’oced ésel resultat dels processos de meteoritzacid
fisica, quimica 1 biologica de les roques continentals i el seu transport posterior en
forma dissolta o particulada. Quantitativament, els metalls més abundants a I’escor¢a
terrestre sén el Al (7,5% m/m), el Fe (4,7%), el Na (3,4%), el K (2,6%), el Mg (2,4%)
1 el Ti (0,6%) (Giddings, 1973). Aquests metalls, especialment el Fe i el Al, i també
el Si, sén els constituents majoritaris dels minerals primaris de les roques ignies 1
metamorfiques originades a partir de la cristal-litzacié del magma 1 la modificaci6 en
estat solid de les roques ignies i sedimentaries preexistents. Es precisament durant
aquests processos quan els metalls 1 metal-loides menys abundants, com el Cd, el Co,
el Cu, el Zn, el As, 1 el Hg, s'incorporen a la xarxa cristal-lina dels minerals mitjangant
la substitucié isomorfa dels elements majoritaris (Taula 1.1). En general, els minerals
ferromagneésics com Iolivina (Mg,Fe),SiO ) il’augita ((Ca,Mg,Fe),(Si,Al),O ) presenten
una concentracié i una diversitat d’elements metal-lics i de metal-loides més altes que
els minerals amb més contingut de Si, els quals sén més resistents a la meteoritzacid
i a la substitucié isomorfa. Entre els minerals primaris destaquen els hidroxids com
la gibbsita (AI(OH),) i els aluminosilicats com els feldespats ((K,Na,Ca,Ba,NH))
(S1,Al),0,), perd també sulfurs com la pirita (FeS,), la galena (PbS), I'esfalerita (ZnS),
Iarsenopirita (FeAsS), I'orpiment (As,S,) 1 la cobaltita (CoAsS).

La fragmentacié mecanica d’aquests minerals i de les roques que els contenen facilita
el seu transport 1 acumulacié en ambients sedimentaris. Tot seguit, els processos de
la diageénesi 1 la litificacié conduiran a la formaci6é de roques sedimentiries (Figura
1.3). La concentraci6 de metalls i metal-loides en sediments i roques sedimentiries és

variable (Taula 1.1) i, naturalment, estd condicionat per la mineralogia de la roca mare,
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Escorca

terrestre Roques ignies Roques sedimentiries
Ultramafiques Mafiques Granitiques Calcaries Gres Esquistos

Ag 0,07 0,06 0,1 0,04 0,12 0,25 0,07
As 1,5 1 1,5 4,5 1 1 13
Au 0,004 0,003 0,003 0,002 0,002 0,003 0,0025
Cd 0,1 0,14 0,13 0,09 0,025 0,05 0,22
Co 20 110 35 1 0,1 0,3 19
Cr 100 2,980 200 4 11 35 90
Cu 50 42 90 13 5,5 30 39
Hg 0,05 0,004 0,01 0,08 0,16 0,29 0,18
Mo 1,5 0,3 1 2 0,16 0,2 2,6
N1 80 500 150 0,5 7 9 68
Pb 14 14 3 24 5,7 10 23
Sb 0,2 0,1 0,2 0,2 0,3 0,005 1,5
Se 0,05 0,13 0,05 0,05 0,03 0,01 0,5
Sn 2,2 0,5 1,5 35 0,5 0,5 6
T1 0,6 5 0,08 1,1 0,14 0,36 1,2
U 2,4 0,03 0,43 4,4 2,2 0,45 3,7
A% 160 40 250 72 45 20 130
\W 1 0,1 0,36 1,5 0,56 1,6 1,9
Zn 75 58 100 52 20 30 120

Taula 1.1 Concentraci6 de diversos metalls i metal-loides a I’escorca terrestre i a les roques ignies

i sedimentiries en mg kg (adaptat d’Alloway, 1990).

la capacitat d’adsorcié dels materials sedimentaris i el contingut de metalls de la massa
d’aigua on eventualment s’hagin format (Alloway, 1990). L’exposici6 dels sediments i
roques sedimentiries a condicions oxidants, per exemple per contacte amb 1’atmosfera
o aigiies continentals i/o marines, pot afavorir la desestabilitzacié quimica i determinar
I'inici de reaccions d’oxidacié dels minerals. Hi ha diversos factors que poden influir
en aquests processos: la mida del cristall, fragment o particula; la seva porositat 1 area
superficial; ’estructura cristal-lina del mineral; la preséncia d’elements de substitucio,
és a dir, inclusions i impuritats; la temperatura ambiental; la preséncia d’aigua i/o
aire; el pH de la soluci6 en contacte amb el mineral; o I'activitat microbiologica
(Lottermoser, 2010). La combinacié d’aquests factors pot provocar la dissolucié i la
hidrolisi dels metalls i metal-loides, i 1’alliberament de cations (p. ex. Fe*, Fe**, Al**,
Cu*, Cd*" i Zn*) o compostos clorats (p. ex. CdCL, i ZnCl); la seva precipitacié en
forma d’hidroxids (p. ex. Fe(OH), o Al(OH),); la formacié de minerals secundaris
facilment solubles com ara sulfats i hidrosulfats; i I'alliberament en estat gasos a
latmosfera dels elements més volatils com el Hg, el Se 1 el As. En apartats posteriors
s’aprofundiri en els processos quimics que intervenen en el procés d’alliberament de

metalls 1 metal-loides al medi.
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Elevaci6 i exposicié
de la roca inferior

Meteoritzacio |

Figura 1.3 Principals processos que intervenen en la formacié de roques sedimentaries (adaptat

de Nichols, 2009).

Tot 1 que la meteoritzacié de les roques continentals és la principal font de metalls
a l'oced, en el darrer segle les fonts antropogéniques han guanyat rellevancia com
a resultat del desenvolupament agroindustrial i urba, especialment a les zones
costaneres 1 a les conques fluvials que hi aboquen (Ridgway i Shimmield, 2002). Una
proporcid significativa dels metalls i els metal-loides d’origen antropogénic prové del
transport rodat, especialment en zones urbanes, com a resultat de les emissions de
gasos 1 particules dels motors de combusti6 1 del desgast de pneumatics 1 discs de
frens (Schauer et al., 2006, Querol et al., 2007, Keulen et al., 2013). Un dels metalls
més freqiients és el Pb, utilitzat en els combustibles com a additiu antidetonant
en forma de tetraetile de plom ((CH,CH,),Pb) (Boyle et al., 2014). La seva emissié
a latmosfera durant la combusti6é de les benzines arriba al seu maxim durant les
darreres décades del segle XX, fet que en va incrementar en dos ordres de magnitud
les concentracions als rius 1 oceans (Patterson, 1965). Alhora, altres metalls com el
Cd i el Zn sén utilitzats en la fabricacié de pneumatics, per exemple en forma de
ditiofosfat de zinc (Zn[S,P(OR),])) o dxid de zinc (ZnO) i conjuntament amb el Pbi el
Cr també s’usen preferentment en la fabricacié de pigments i pintures sintétiques (p.
ex. ZnO 1 PbCrO,) i bateries (p. ex. PbO, 1 ZnCl )(Adachi i Tainosho, 2004). El Cu es
un dels metalls més emprats en la fabricaci6 dels discs de frens de vehicles, el desgast

dels quals és una de les principals fonts de Cu en zones urbanes (Davis et al. 2001).

En el sector industrial, el Cd s’usa en forma d’organocadmi en la fabricacié de PVC
(p. ex. dimetillcadmi, CH,-Cd-CH, o dietilcadmi, CH,CH,-Cd-CH,CH,), un dels
materials de construccié més comuns, per estabilitzar el polimer i fer-lo resistent

a la temperatura, la llum i la decoloracié. Junt amb el Cu s’utilitza principalment
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en la fabricaci6 de cablejat eléctric 1 en la inddstria automobilistica 1 ferroviiria, 1
també com additiu de pigments i en la fabricacié de canalitzacions 1 monedes. Un
altre metall d’origen antropogénic present als oceans és el Hg el qual és alliberat
a I'atmosfera en forma de metil mercuri (CH,Hg) i arriba als oceans per deposicié
atmosférica. Les principals fonts d’Hg estan relacionades amb la mineria de l'or, la
crema de combustibles fossils i la produccié primaria de metalls no férrics, a més de

participar en el procés de fabricaci6 de ciment.

Finalment, en l'agricultura, és molt coma 1'Gs del As en forma d’oxid d’arsénic
(As,0,) - també present en les cendres de la combustié del carbé — per a la fabricacié
de pesticides, insecticides 1 herbicides, i també a la indstria com a pigment (As,S),
decolorant, conservant de la fusta 1 semiconductor. Cal destacar també 1'ts del Cu

en agricultura com a adob en forma de sulfat de coure (CuSO,) i pesticida (p. ex.

Cu,(OH),CD).

1.1.3 Distribucid i1 concentracid de metalls 1 metal-loides a I'ocea

La distribucié de metalls i metal-loides a I'oced estd influenciada per les formes
fisiques 1 quimiques en que hi sén presents. Aixi, hom sol distingir tres fraccions:
dissolta, col-loidal 1 particulada (Figura 1.4.C). Per bé que aquesta classificacié depén
significativament del coeficient de partici6 (K,), és a dir, de la tendéncia d’un element
a associar-se amb la fase particulada, experimentalment la diferenciacié respon a I'ts
de filtres que retenen les particules de mida igual o superior 0,4 pm (Figura 1.4.C).
Els metalls dissolts comprenen els cations lliures en diversos estats d’oxidacid,
ions hidratats, 1 complexos solubles organics 1 inorganics, com els oxianions (p. ex.
MoO,* o el Hg(Cl),*), que sén una potencial font de col-loides (Figura 1.4.A). La
fraccié col-loidal, tant organica com inorganica, presenta una mida de les particules
que oscil-la entre 0,021 0,4 pm. Aquesta fracci6é també inclou virus, bacteris i altres
petits organismes. Les dificultats técniques per separar els col-loides de les mostres
fan que sovint hom els consideri dins de la fracci6 dissolta en la determinacié dels

coeficients de particid.

La fraccié particulada, superior a 0,4 um, inclou metalls i metal-loides adsorbits en
particules organiques 1 inorganiques, incorporats a l’estructura cristal-lina de minerals
com els aluminosilicats 1 els sulfurs, 1 coprecipitats en minerals autigénics que es
formen in situ a la columna d’aigua o en el sediment. La fracci6 particulada a la qual

estan fortament associats metalls i metal-loides és la predominant en el transport
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Figura 1.4 A) Esquema dels processos d’especiacié o particié dels metalls i els metal-loides a
la columna d’aigua i al sediment. Els simbols M, X i L fan referencia als cations metal-lics i de
metal-loides, als ions inorganics i als ions organics, respectivament. B) Relacié entre els coeficients
de partici6 del Zn, el Pb i els solids en suspensid (adaptat de Mason, 2013 que parti del treball
d’Honeyman i Santschi, 1988). C) Classificacié de les fraccions (dissolta, col-loidal i particulada)
presents a ’oced amb indicaci6 del seu rang de mides.

atmosfeéric, 1 en ambients fluvials 1 costaners (vegeu apartat 1.1.4). Tanmateix, en
alguns casos s’ha observat que aquesta associacié entre metalls i metal-loides i la
fraccié particulada en suspensié presenta una correlacié negativa (Figura 1.4.B).
Aquest fet s’explica per un biaix metodologic degut a I'ts de filtres que no retenen
la totalitat de particules, per la qual cosa la concentracié de metalls i metal-loides és
imputada a la fracci6 dissolta (Honeyman 1 Santschi, 1988), error que s’intensifica

quan el contingut de solids en suspensié és elevat.

A la columna d’aigua, els principals processos que determinen la particié de metalls
1 metal-loides sén la complexacié per mitja de lligants forts tant amb la matéria
organica com amb la fraccié inorganica; ’assimilacié biolodgica cel-lular; i ’adsorcié a
la superficie de les particules en suspensid, especialment dels elements més bioactius
comarael Fe, el Zn, el Cu, el Co1iel Cd (Herlng i Morel, 1990). Aquests tres processos
son particularment importants en les aigiies amb més activitat bioldgica, com les
superficials, les costaneres 1 les estuarines. L’alt contingut de solids en suspensi6 en
aquestes aigiies, aixi com els canvis quimics que es produeixen a les zones de mescla
de l'aigua dolga i la salada, faciliten el pas dels metalls i els metal-loides de la fase

dissolta a les fases col-loidal i particulada. El comportament d’aquestes particules
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portadores de metalls i el seu procés de sedimentacié dependran de la mida de gra
i de la seva densitat, 1 també de la velocitat dels corrents. Les particules més grans
1 més denses requereixen fluxos més energétics per ser transportades alhora que
sedimenten més ripidament. Contrariament, les particules més fines i menys denses,
com les de mida argila i llim, sén remobilitzades i transportades amb més facilitat,

cosa que incrementa llur dispersié.

En el sediment, la distribuci6 de metalls i metal-loides depén principalment de la seva
capacitat de fixacid, sovint correlacionada positivament amb el contingut de matéria
organica, 1 la preséncia de sulfits reduits 1 també de sulfurs volatils acids, AVS
en anglés (Jones et al., 2009). Els AVS estan compostos principalment per formes
amorfes de la pirita (FeS), principalment mackinawita i greigita. Els metalls associats
als AVS sén inestables 1 tendeixen a ser adsorbits a la superficie dels minerals o a
incorporar-se a I’estructura cristal-lina de la pirita per coprecipitaci6. Diversos autors
han assenyalat que la toxicitat del sediment 1 per tant, la biodisponibilitat de metalls
com el Hg, la Ag, el Cu, el Co, el Pb1 el Cd, esta relacionada amb la preséncia d’AVS
(p- ex. Ankley, 1996; Simonsen et al., 2019). Aixi i tot, aquests metalls també poden
presentar comportaments diferenciats. Per exemple, el Hg i el Cu mostren una forta
afinitat amb la matéria organica i els AVS, mentre que el Cd té afinitat pels sulfurs

i el Zn per a la matéria organica.

Finalment, convé esmentar també que els processos de formacié de roques
sedimentdries (p. ex. compactacid, cementacid, cristal-litzaci6 o litificacié) a partir de
sediments marins comporten la fixacié dels metalls i els metal-loides a les estructures
cristal-lines dels minerals que formen la roca. Inversament, els metalls i metal-loides
poden tornar a ser alliberats a la columna d’aigua o a I’aigua de porositat del sediment

mitjangant processos de degradacid, oxidacié i remineralitzacid.

La concentracié de metalls i metal-loides a I'oced, sia a I'aigua o al sediment, és
condicionada pels processos de particié i d’especiacié quimica a la columna d’aigua
pero també per la magnitud de les fonts. Tanmateix, convé ressaltar que globalment,
llur concentracié és molt baixa — valors inferiors a 10 pmol kg™ — motiu pel qual
molt sovint s’utilitza el concepte de «metall traga» (p. ex. Tovar-Sanchez et al., 2019;

Wagner 1 Hendy, 2017).

Els metalls més abundants a la columna d’aigua sén els alcalins 1 alcalinoterris, com
el Na (=470 mmol kg"), el Ba (=60 nmol kg?) i el Mg (50 nmol kg"). Per la seva

part, els metalls de transicié de la primera fila de la taula periddica com el Al el Fe,
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el Mn i el Zn presenten concentracions lleugerament inferiors, les quals rarament
ultrapassen el centenar de nmol kg™ (Figura 1.5) (Rijkenberg et al., 2014). En canvi,
les concentracions dels metalls posttransicionals 1 de metal-loides com el Cd, el
Zr, el Pb i el Hg son significativament menors, de ~pmol kg™ (Bruland et al., 2013
i referéncies alla citades). Aquestes concentracions varien significativament, tant
en profunditat (Figura 1.5) com entre la costa i 'oced obert. Tueros et al. (2008)
determinaren que les concentracions a les zones costaneres no contaminades eren
superiors a les de mar obert per uns factors de 3, 20, 30 1 30 per al Mn, el Cu, el Zn
1 el Pb, respectivament. L’elevada variabilitat observada resulta principalment de la
influéncia de les fonts continentals sobre els fluxos de metalls i metal-loides cap a

les zones costaneres.
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Figura 1.5 Concentracions d’alumini dissolt (A) i de ferro dissolt (B) en nmol kg a la columna
d’aigua del transsecte GAO2 del projecte GEOTRACES a I'oced Atlantic (modificat de Bruland et
al., 2014, i Rijkenberg et al., 2014).

En el sediment, les concentracions de metalls i metal-loides sén significativament
més elevades que a la columna d’aigua. Per exemple, el rang de concentracié del Fe

és de I'~1 al 2% (m/m) mentre que altres elements presenten valors inferiors, com ho



26 | Capitol 1

il-lustren el Co (12 mg kg™), el Zn (=3 mg kg™), el Pb (~62 mg kg?) i el As (~0,2 mg
kg") (Mason, 2013). Tanmateix, la concentraci6 de metalls i metal-loides tant a I’aigua
com en el sediment mari és influenciada pels fluxos antropogenics, especialment a les
zones costaneres sotmeses a una forta pressio industrial, agricola i/o urbana. Aquesta
concentracié pot ser diversos ordres de magnitud superior a I’existent en indrets no

contaminats (Taula 1.2).

Diversos estudis han mostrat factors d’enriquiment de metalls com el Hg, el Cd, el
Pb, el Co i el Zn, amb concentracions un ordre de magnitud superiors als valors de
referéncia (Palanques et al., 2017, 2008; Lao et al., 2019). L’enriquiment en aquests
metalls com a resultat de ’activitat antropogénica suposa un risc potencial per als
organismes i els ecosistemes marins (Burger et al., 2002; Martinez-Sinchez et al.,
2008; Paytan et al., 2009: Bosch et al., 2016) i un repte per a la gestié ambiental de
materials com ara els productes de dragatge dels ports (Garcia-Orellana et al., 2011).

Entorn Mn Fe Zn As Pb Cr Cd

mgkg! % (m/m) mgkg' mgkg! mgkg! mgkg! mgkg!

Arees costaneres

Plataforma Cont. Barcelona [1] - - 100 - 990 - 50-760 40-830 0,10-5,3
Golf de Taranto [2] 550-2.830 0,3-0,4 90-130 - 50-80 75-103 -
Torrent de Gromolo [3] 300-1.210 1,8-8,8 80-260 10-20 10-40 270-300 -
Badia de Toquio [4] 350-1.540 3-4,1 110-410 - 30-60 30-126 0,5-14
Badia de Bengal [5] 260-460 1,7-3,7 40-200 - 30-40 150-240 5-8
Estuari de Huelva [6] 180-580 1,6-3,5 140-650 - 20-200 10-50 -
Ria Vigo [7] 263-310 5-7 90 - 140 - 40-80 50-80 -
Ports

Port de Napols [8] 100 - 420 - 40-1.200 8-21 40-300 10-160 0,2-2,5
Port de Barcelona [9] 260-430 2,2-3 180-1.130 - 90 - 590 - -
Port de Quebec [10] - - 70-560 5-18 10-210 30-100 0,1-1,3
Gold de Puzzouli [11] - 1,3-89 50-6.300 10 - 840 20 - 2810 - -

Taula 1.2 Rangs de concentracié de Mn, Fe, Zn, As, Pb, Cr i Cd reportades en diversos estudis de
zones costaneres, estuarines i de ports. Les concentracions sén en mg kg™ amb 'excepci6 del Fe que
estd en % (m/m). [1] Palanques et al. (2017), [2] Buccolieri et al. (2006), [3] Capello et al. (2016),
[4] Fukushima et al. (1992), [5] Raj i Jayaprakash (2007), [6] Morillo et al. (2004), [7] Rubio et
al. (2010), [8] Adamon et al. (2005), [9] Guevara-Riba et al. (2004), [10] Pourabadehei i Mulligan
(2016), 1 [11] Romano et al. (2016).
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1.1.4 Fluxos de metalls 1 metal-loides cap a I’oced

Les principals aportacions de metalls cap a I’oced es produeixen a través de les zones de
transici6 entre el continent i el mar, és a dir, en els ambients costaneres situats entre
la zona intermareal i la submareal, ja damunt la plataforma continental (Burke et al.,
2001). Es rellevant destacar que a les regions costaneres hi viu aproximadament el 45%
de la poblacié encara que només ocupa el 20% de la superficie terrestre (Crossland et
al., 2005). Consegiientment, els fluxos de metalls en aquestes regions estan fortament
influenciats per l'activitat antropogénica especialment per la generacié de residus
municipals, els efluents industrials i de depuradores i la fertilitzacié agricola. En
aquest context, els fluxos de metalls i metal-loides cap als sistemes costaners tenen
com a vectors principals les descarregues fluvials i d’aigiies subterranies, la deposici6

atmosfeérica 1 I’abocament directe de residus a la linia de costa o a curta distancia

(Figura 1.6).

Deposicié
atmosferica

directes

Descarregues
d'aigua subterrania

Figura 1.6 Representaci6 esquematica dels principals fluxos de metalls als oceans. Concretament,
rius, descarregues d’aigua subterrania, deposicié atmosférica i abocaments directes.

1.1.4.1 Descarregues fluvials

Els rius son el principal mecanisme de transport d’elements dissolts i particulats,
inclosos els metalls i metal-loides, des dels continents cap a I’ocea. La concentraci6 de
metalls i metal-loides als rius depén principalment de la tipologia i les caracteristiques

fisicoquimiques de les particules sedimentiries en suspensi6. Hom calcula que
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aproximadament el 95% del flux global de sediments que arriba a I'ocea (25 Gt any™)
és degut al transport fluvial (Syvitski, 2003).

Els parametres climatics 1 meteorologics, 1’extensid, la geologia i el relleu de la conca
hidrografica, 1 la tipologia dels residus que hom hi aboca directament o indirecta,
juguen un paper determinant en les quantitats de metalls 1 metal-loides transportats
pels sistemes fluvials (Walling, 2009). Part d’aquests metalls i metal-loides sera
retinguda a les desembocadures i estuaris mercés a I'elevada afinitat que alguns
metalls, com el Fe i el Mn, tenen amb la matéria organica i, en general, les particules
sedimentaries. L’alta terbolesa i les fortes taxes de sedimentaci6é propies d’aquests
ambients afavoreixen la precipitacié i/o I'adsorcid a les particules en suspensi6 dels

metalls 1 metal-loides més insolubles (vegeu ’apartat 1.1.3).

Es calcula que aproximadament el 90% dels metalls transportats pels rius sén
sostrets de la columna d’aigua als estuaris, cosa que impedeix llur exportacié des de
la costa cap a mar oberta (Taula 1.2) (Yeats i Bewers, 1982). Aix0 és especialment
rellevant en els casos del Fe i del Ni, els quals presenten una retenci6é en ambients
costaners del 99% 1 del 92%, respectivament. En canvi, metalls més solubles com el
Zn i el Cu presenten un percentatge de retenci6 sensiblement menor (54% 1 66%,
respectivament) i, consegiientment sén transportats en major mesura cap a 1’oced

obert en fase dissolta (Taula 1.3).

Primere  puxmwil S s S
107 mol yr 107 mol yr mol kg

Fe 1.650 100 99,8 5,3

Mn 40 14 69 5.600

Co 0,51 0,13 79 60

Ni 2,6 0,39 92 180

Cu 39 0,91 66 410

Zn 8,3 4,3 54 1.900

Cd 0,03 0,01 69 8,5
10 kg yr! 10 kg yr' %

TSS 1,8 0,1 - -

Taula 1.3 Estimacions de la descarrega global de sediments i metalls pels rius i dels corresponents
fluxos de sortida des de la zona costanera. TSS: solids totals en suspensié (de I'anglés total suspended
solids). La concentraci6 en el sediment en el cas del Fe s’expressa en % (m/m) (adaptat de Yeats i

Bewers, 1982).
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1.1.4.2 Deposici atmosférica

La deposicié atmosférica és una de les principals fonts de metalls cap a la superficie
de l'oced, especialment de compostos tant marcadament estables com volatils, com els
hidrurs i metilats (Maher et al., 2010). Es per aixd que a moltes regions oceiniques la
deposicid atmosfeérica és la font dominant de micronutrients i un factor de control de
la productivitat biologica (Falkowski et al., 1998; Mahowald et al., 2005; Ussher et al.,
2013). La preséncia de metalls i metal-loides a I'atmosfera tant en forma particulada
com en estat gasds és producte de 1’erosi6 continental i del transport de particules per
l’accié del vent. Aquesta erosié i el transport edlic de particules sén predominants en
regions arides 1 semidrides on la manca de recobriment vegetal incrementa I'efecte
d’embornal de particules i dels metalls associats, com el Fe i el Al, que resten aixi
disponibles per a ésser transportats. Aixi mateix, com ja s’ha assenyalat a I'apartat
1.1.3, la crema de combustibles fossils com el petroli i el carb6 (Dore et al., 2014; Li
et al., 2017), la produccid de certs materials industrials com el ciment (Abril et al.,
2014), les activitats mineres (Blondet et al., 2019) 1 I'tis 1 el desgast de pneumatics
(Zhao et al., 2016) han fet augmentar I'emissié de metalls en fase particulada cap a
latmostera (p. ex. Cr, Mn 1 Pb), per6 també d’elements metal-lics en estat gasés, com

és el cas del Hg (Figura 1.7).

kg km2zy-t kg km2y!
<0,1 Cd \J <1
B o1-03 -5
Bl 03-05 B 5-10
0,5-1 . 10-20
: Bl 20-50
" B 50- 100
OGS L Il ~>100
: =
- L o
n, ..1.

Figura 1.7 Modelitzaci6 de la deposicié de Pb (A) i Cd (B) 'any 1990 a Europa en g km? a™ i kg
km™ a!, respectivament (adaptat de Mason, 2013).

Des de 'atmosfera, els metalls i els metal-loides poden ser transferits a ['oced per
mitja de processos de deposici6 seca i humida. En el primer cas, la deposici6 seca,
I'intercanvi de substincies i elements entre 'atmosfera i la superficie del mar es

produeix per ’acci6 del vent, les turbuléncies atmostériques i per I'intercanvi de gasos
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a la interfase atmosfera-oced. La distancia de transport 1 la velocitat de deposicid de
les particules depén de la seva mida, densitat i forma (Finlayson-Pitts i Pitts Jr, 1986).
Generalment, les particules més fines i, per tant, més lleugeres sén transportades a
grans distancies des de les arees font continentals cap a l‘oced mentre que les més

grolleres es dipositen a les regions costaneres.

En el cas de la deposici6 humida, els metalls 1 els metal-loides sén arrossegats cap
a la superficie de 'oced per la precipitacié atmosférica de pluja o neu, i també per
formes intermédies com 'aiguaneu i la calamarsa. Aquest tipus de deposicié també
comporta I’escombrat de gasos 1 de material particulat, aixi com reaccions 1 formaci6
de compostos implicats en el desenvolupament dels ntivols. Tot 1 que molts metalls
1 metal-loides estan associats amb la fase particulada atmosférica, algunes reaccions
quimiques poden incrementar la seva solubilitat com, per exemple, ocorre amb el Fe,
que té un catid soluble (Fe*) 'oxidaci6 del quan en genera un altre de molt insoluble
(Fe**), o el Hg amb una forma en estat gasos (Hg) i una altra de molt soluble (Hg*)
(Mason 1 Sheu, 2002; Selin et al., 2007).

1.1.4.3 Abocaments directes

L’expansi6 de I'activitat industrial 1 el creixement de les drees urbanes durant el darrer
segle han incrementant els abocaments directes de deixalles, sediments 1 aigiies amb
concentracions elevades de metalls 1 metal-loides als ambients costaners (Di Leonardo
etal., 2008; Palanques et al., 2008; Pan 1 Wang, 2012; Oyarzun et al., 2013; Hanebuth
et al., 2018). En gran part es tracta d’efluents industrials 1 domestics, tractats o no,
abocats mitjangant emissaris submarins. La preséncia de particules en suspensi6 i de
matéria organica en aquests efluents facilita els processos de complexaci6 i adsorcid
de metalls 1 metal-loides (vegeu apartat 1.1.2) 1 la seva posterior acumulacié ulterior

en els ambients costaners (Bay et al., 2003; Kruge et al., 2010).

En les darreres décades, les millores dels sistemes de tractament de les aigiies 1
’aplicaci6 de regulacions ambientals més restrictives (p. ex. European Union Directive,
1991), st més no en els paisos industrialitzats, ha conduit a una reduccié significativa
dels fluxos de metalls 1 metal-loides des de les zones urbanes i industrials cap a les
regions costaneres (Figura 1.8) (Cearreta et al., 2000; Kress et al., 2016; Lopes-Rocha
et al., 2017; Palanques et al., 2017; Hatje et al., 2019). Tot 1 aixo, la preséncia de
metalls d’origen antropogénic no s’ha eliminat per complet, com ho il-lustra el fet que

I'any 2017, només als estats membres de la Unié Europea, les plantes de tractament
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d’aigiies residuals urbanes abocaren ~900, ~45, ~25 1 ~8 tones de Zn, Pb, As 1 Cd
als rius 1 aigiies marines costaneres (European Environment Agency, 2018). Convé
assenyalar també que part dels abocaments directes tenen el seu origen en els vaixells
i en la resta d’activitats humanes realitzades en el medi mari. Aixi, hom calcula que
cada any s’aboquen a 'oced 1,3 milions de tones de petroli i derivats, com el gasoil 1

les benzines, substancies que com s’ha assenyalat en apartats anteriors contenen altes

concentracions de metalls 1 metal-loides com ara el Pb i el As (GESAMP, 2007).

~ Barinterval:

Bar interval: 100 mg/kg
200 mg/kg

Cr 1987:
Pb 1987:

|| .II

- 72 448 825
61 935 1809

Cr 2008:
Pb 2008:
= I (] = I:l D
35 106 178 35 127 221

Figura 1.8 Distribucié de concentracions de (A) Pb i (B) Cr en el sediment superficial del prodelta
del riu Besos 'any 1987 (vermell) i 2008 (blau). Adaptat de Palanques et al. (2017).

Altrament, els residus miners, en anglés mine tailings, abocats a la costa o prop d’ella
la mateixa també sén una font potencial de metalls 1 metal-loides, en fase dissolta o
particulada, cap als ambients marins costaners (GESAMP, 2016). La baixa eficiéncia
dels processos de separacié del mineral genera elevats volums de residus miners, la
gestid 1 el tractament dels quals constitueixen un repte ambiental major. Hom calcula
que anualment es produeixen entre 15.000 1 20.000 milions de tones de residus miners
a tot el mén cada any, la qual cosa indueix un flux de metalls i de metal-loides cap als
rius, les aigiies subterranies i els oceans de milions de tones anuals (Smith i Huyck,

1999). Una part significativa d’aquests residus és abocada directament al mar.

En aquest context, s’acostuma a distingir tres tipologies d’abocaments de residu miner:
(i) a la costa, en anglés coastal tailing disposal, és a dir, en indrets poc profunds dins la
zona eufotica (Castilla 1 Nealler, 1978; Lancellotti 1 Stotz, 2004; Lottermoser, 2010;

Opyarzun et al., 2013); (i1) en ambients submarins, en anglés submarine tailing disposal,
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és a dir a fondaries situades per sota de la capa fotica (>100 m), sovint en canyons
submarins (Ellis et al., 1995); i (iii) a gran profunditat, en anglés deep-sea tailing disposal,
generalment per sota dels 1.000 m de profunditat en el talts continental o més avall
(Cervantes-Guerra et al., 2019; Hughes et al., 2015). L’exposici6 dels residus miners
(generalment minerals de sulfur; vegeu I'apartat 1.1.2) a condicions oxidants facilita
Dalliberament al medi mari de quantitats considerables de metalls 1 metal-loides, com
el Cu, el Ni, el Zn, el Pb, el Hg i el As, i també de productes quimics utilitzats en
el processament del mineral, amb efectes toxics potencials per als ecosistemes i els

organismes marins (Martinez-Sanchez et al., 2008; Simonsen et al., 2019).

1.1.4.4 Descirregues d’aigua subterrinia

Les descarregues d’aigua subterrinia (DAS) o el seu terme en anglés submarine
groundwater discharge (SGD) han estat identificades com una font important de
nutrients, metalls 1 contaminants organics i inorganics als oceans (Johannes, 1980;
Kim et al., 2003; Gonneea et al., 2014). Aquesta descirrega d’aigua formada per
aigiies subterranies dolces 1 marines recirculades, es produeix en la zona de mescla
dels aqiiifers costaners també anomenats estuaris submarins (Moore, 1999), els quals
juguen un paper rellevant com a font de nutrients i d’altres elements en les zones
costaneres (Tovar-Sanchez et al., 2014). En mars oligotrofics com la Mediterrania,
la descarrega d’aigua subterrania és la principal font de nutrients inorganics dissolts
(nitrogen, fosfor 1 silici) per sobre de les descarregues fluvials (Rodellas et al., 2015a),
1 també una font important de metalls i metal-loides (p. ex. Cd, Co, Cu, Fe, Ni, Pb

1 Zn), especialment en les zones costaneres (Beck et al., 2007; Trezzi et al., 2017).

Puix que la cirrega de metalls 1 metal-loides associada a la DAS depen de la seva
concentracid en els estuaris submarins, els abocaments d’aigiies contaminades d’origen
urbi o industrials als rius o I's de pesticides, herbicides o fertilitzants en zones
agricoles intensifica el flux als ambients costaners. Diversos estudis han evidenciat
un increment dels fluxos de metalls i metal-loides dissolts per descarregues d’aigua
subterrania als oceans en zones urbanes (Beck et al., 2009) 1 industrials (Burnett et
al., 2019; Wang et al., 2019), especialment de Mn, Zn, Cr 1 Cd (Figura 1.9). Alhora,
en arees costaneres amb activitat minera, la composicié i la concentracié de metalls
en les DAS es pot veure influenciada significativament per la preséncia de residus
miners 1 d’aigiies icides de mineria (Lee et al., 2002; Trezzi et al., 2016b; Alorda-
Kleinglass et al., 2019).
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Figura 1.9 A) concentraci6 de diversos metalls en les aigiies subterranies d’aqiiifers carstrics i
detritics en nmol L de la Mediterrania Occidental i B) flux de diversos metalls per mitja de DAS,
rius i atmosfera a la Mediterrania Occidental en mol any™. Modificat de Trezzi et al. (2017).

1.1.5 Contaminaci6 1 pol-lucié per metalls 1 metal-loides en el medi mari

Alguns metalls, com el Fe, el Coiel Cu, juguen un paper cabdal per al desenvolupament
de la vida i la productivitat primaria als oceans (Bruland et al., 1991; Morel i Price,
2003; Sunda, 2012). Per aquest motiu sén considerats micronutrients, és a dir,
elements essencials per al desenvolupament de l'activitat biologica (Otero et al.,
2013). Entre ells destaca el Fe, necessari per a molts processos cel-lulars com, per
exemple, la fixacié de C 1 N o la sintesi de la clorofil-la (Falkowski et al., 1998; Boyd
et al., 1999; Boyd 1 Ellwood, 2010; Twining i Baines, 2013). Per la seva banda, el Cu
1 el Co sdn essencials per al transport d’electrons en la respiracié i la fotosintesi, 1 per
a la sintesi de la vitamina B12, respectivament (Peers i Price, 2006; Panzeca et al.,

2008; Dulaquais et al., 2014).

Tot 1 aixd, un increment excessiu de les concentracions de metalls 1 metal-loides en
els ambients marins com a resultat de I'activitat antropogénica pot produir efectes
negatius sobre els ecosistemes (Jordi et al., 2012). Concretament, hi ha dotze metalls
1 metal-loides (As, Be, Cr, Cu, Cd, Pb, Hg, Ni, Se, Ag, Ti, 1 Zn) inclosos entre els
principals elements ecotoxics per a la vida marina (Protano et al., 2014; Li et al., 2015).
Aquests metalls 1 metal-loides presenten un seguit de caracteristiques que poden
generar alteracions critiques de les funcions bioldgiques 1 cel-lulars dels organismes,
com ara la no biodegradacié, la persisténcia en I'ambient, 1 la bicacumulacié i la

biomagnificacié, és a dir, 'acumulacié creixent al llarg de la xarxa trofica (Hedge
et al., 2009; Ribeiro et al., 2013; Bastami et al., 2015). L’acumulaci6 de metalls i



34 | Capitol 1

metal-loides com el Hg o el Cr en espécies marines comercials a través de la xarxa
trofica pot arribar a afectar, generalment a llarg termini, la salut de les persones
(Llull et al., 2017; Junqué et al., 2018). Per aquests motius, ’estudi dels processos de
contaminacid i de pol-lucié dels oceans per metalls i metal-loides ha anat adquirint
rellevancia cientifica els darrers quaranta anys, en paral-lel amb I'aprovacié de noves

legislacions 1 d’estandards de qualitat més restrictius (Johnson et al., 2020).

En aquest punt, convé abordar la diferéncia entre els conceptes de “contaminaci6” i
de “pol-lucié” inclosos en el titol d’aquest apartat. En catald, hom empra aquests dos
termes, contaminacié i pol-lucié (en anglés contamination i pollution), com a sinonims
per descriure «a introduccid, generalment deguda a l'acci6 directa o indirecta de
I’home, de pertorbacions, materials o radiacions en un medi, alterant-ne les propietats
1 modificant I'estructura i la funcié dels ecosistemes afectats» (Sallas Campmany,
2011). Per altra banda, no es pot negar que a la literatura cientifica i técnica hi ha una
certa confusid 1 desavinenga pel que fa al’Gs d’aquests termes (Clark, 1992). En aquest
context, el Grup d’Experts en Aspectes Cientifics de la Pol-lucié6 Marina (GESAMP)
de les Nacions Unides recomana diferenciar els conceptes de contaminacié i pol-lucid
per referir-se a la preséncia i als impactes de determinades substancies i elements

sobre els ecosistemes marins, diferenciacié que també fem nostra en aquesta Tesi.

Aixi, la contaminacié es defineix com l’entrada de substincies a ’oced a causa de
lactivitat humana, fet que incrementa per damunt dels nivells de fons la seva
concentracié a I'aigua, els sediments /o els organismes. Per la seva part, el GESAMP
defineix pol-lucié com «a introduccié per ’home, de manera directa o indirecta,
de substancies o energia en el medi mari (incloent els estuaris), tot causant efectes
perjudicials com ara el deteriorament de la qualitat de les aigiies marines, danys als
éssers vius, impediments per a les activitats a mar inclosa la pesca, disminuci6 dels

béns i serveis, i riscos per a la salut humanav.

El grau de pollucié i la toxicitat dels metalls i metal-loides en el medi mari esta
intimament relacionat amb la biodisponibilitat dels que estan associats principalment
amb la fraccié6 AVS del sediment i amb la matéria organica (vegeu 'apartat 1.1.3).
Donat que I'impacte potencial de 'enriquiment en aquests metalls 1 metal-loides
(contaminacié) depén dels efectes adversos sobre els organismes (pol-lucid), és
necessari establir pautes interpretatives que permetin relacionar llur enriquimient amb
els efectes biologics adversos que provoca (Long et al., 1995; Wenning, 2005). Per

aquest motiu, hom avalua I'impacte toxicologic dels metalls i metal-loides mitjangant
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estindards de qualitat de 'aigua 1 del sediment, els quals defineixen els rangs de
concentracié a partir dels quals es podrien produir efectes biologics (Figura 1.10)
(Long et al., 1995). Tot i que hi ha cert debat al voltant de 'estratégia metodologica
emprada per definir aquestes rangs o llindars (Birch, 2018), també és cert que sén
una eina de gestié ambiental molt Gtil i ampliament utilitzada per analitzar els riscos
ecotoxicologics en els sediments dels ports (Fatoki 1 Mathabatha, 2001; Adamo et
al., 2005; Casado-Martinez et al., 2006; Garcia-Orellana et al., 2011; Pourabadehei
1 Mulligan, 2016), dels ambients costaners (Fukushima et al., 1992; Morillo et al.,
2004; Buccolieri et al., 2006; Palanques et al., 2008; Rubio et al., 2010) i d’indrets

afectats per I'abocament de residus miners (Sternal et al., 2017).
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Cr (mg kg <70 70 - 560 560 - 5.900 5.900 - 59.000 >59.000
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Ni (mg kg™) <30 30-46 46 - 120 120 - 840 >840
Pb (mg kg <30 30-83 83 -100 100 - 720 >720
Zn (mg kg™) <150 150 - 360 360 - 590 590 - 4.500 >4.500

Figura 1.10 Afectacié de la qualitat del sediment per ’abocament de residus miners al fiord
Repparfjorden, al nord de Noruega. A), B) i C) Qualitat del sediment actualment, durant el periode
d’abocament i abans de 1’'abocament del residus, respectivament. A la taula s’especifiquen el valors
establerts a la classificaci6 de qualitat del sediment de Noruega (modificat d’Sternal et al., 2017).

L’interés creixent de la comunitat cientifica en relacié amb les distribucions 1 les
concentracions de metalls 1 metal-loides, 1 I'as d’estindards de qualitat, especialment
en els ambients costaners, estan relacionats indefectiblement amb I'increment de la

preocupacid pels seus efectes sobre els ecosistemes 1 la salut ptblica (Borg i Jonsson,
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1996; Hornberger et al., 1999; Garcia-Orellana et al., 2011; Capello et al., 2016;
Martinez-Soto et al., 2016; Zhang et al., 2019). Es una bona mostra de U'interés que
suscita el tema el fet que el nombre de publicacions sobre contaminacié marina per
metalls i metal-loides, moltes de les quals referides al sud-est asiatic, no ha parat de
créixer (Rahman et al., 2015; Lao et al., 2019; Mathew i Gopinath, 2019; Schlosser et
al., 2019). A aquesta explosié hi han contribuit en gran manera els avengos tecnologics i
metodologics de les darreres décades pel que fa a la quantificacié de les concentracions
de metalls 1 metal-loides. La popularitzacié de técniques com ’espectrometria 1 la
fluorescéncia de raig X per a la determinacié de la composicié elemental ha estat
clau per aprofundir en la mesura i el coneixement de les concentracions de metalls 1
metal-loides a I'oced. I també hi ha ajudat molt I'as d’isotops metal-lics estables, com
el &Fe i el 6°Cu (Bergquist i Boyle, 2006; Vance et al., 2008), i de radiondclids
metal-lics, com el Ra (*’Ra, **Ra, ***Ra i **Ra), emprats com a tragadors de processos
1 de fluxos de metalls des de rius 1 aqiiifers, a la columna d’aigua i fins els sediments
marins. Aixi 1 tot, els cicles dels metalls 1 metal-loides en el medi ambient, aixi com la
multiplicitat de variables fisiques, quimiques i biologiques perd també antropogéniques
que els influeixen, sén extremadament complexos, situaci6é que en dificulta I'estudi

des d’una perspectiva holistica.

1.2 Zones d’estudi

Les zones d’estudi se situen a la mar Mediterrania occidental, concretament a les
provincies de Barcelona i de Mrcia de I’Estat espanyol. La Mediterrania és considerada
una de les conques marines més complexes del planeta atenent a la seva historia
geologica i les seves caracteristiques fisiques i ambientals. La seva formacié es remunta
a 150 milions d’anys enrere aproximadament, a conseqiieéncia de la convergencia i la
collisi6 de les plaques Eurasiatica i Africana durant el Mesozoic, que culminaren amb
el tancament de I'estret de Gibraltar fa uns 5,66 milions d’anys (Picotti et al., 2014).
L’aillament resultant de la conca altera brutalment el balang hidric de 1a Mediterrania.
Tallada la connexié amb I'ocea Atlantic, el volum d’aigua que entrava a la conca per via
fluvial i per precipitacié directa era inferior al volum d’aigua evaporada, circumstancia
que condui al seu dessecament i a la formaci6 d’extensos dipdsits d’evaporites.
Aquest episodi es coneix com la “crisi de salinitat messiniana”. Arran de la reobertura
de l'estret de Gibraltar fa uns 5,33 milions d’anys les aigiies atlintiques tornaren a

inundar la Mediterrania en el decurs de I'anomenada “inundacié zancliana” (Garcia-

Castellanos et al., 2009).
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La Mediterrania moderna és el fruit d’aital evolucié geologica. Es tracta d’'una mar
semitancada envoltada per sistemes muntanyosos que configuren unes conques de
drenatge fluvials generalment petites. Amb una profunditat mitjana que no arriba per
poc als 1.500 m, la Mediterrania és formada per dues subconques principals: ’oriental
i occidental amb unes profunditats maximes de 5.267 m 1 3.785 m (a la mar Tirrena),
respectivament, connectades per 'estret de Sicilia (Tomczak 1 Godfrey, 2013). La
condici6é de mar semitancada 1 d’extensi6 limitada configura un sistema micromareal
amb un rang d’oscil-laci6 de menys de 20 cm. La Mediterrania és, per altra banda,
una conca de concentraci6 on l'evaporacié superficial supera el flux d’aigua entrant
des de rius, aqiiifers subterranis i per precipitaci6 directa. Tanmateix, a diferéncia de
la crisi de salinitat messiniana, el déficit hidric actual és compensat per I’entrada per
Iestret de Gibraltar d’aigiies superficials menys denses 1 salades de I’ Atlantic. Aquest
flux atlantic superficial entrant és compensat per un flux profund de sortida d’aigiies
denses 1 salades formades a la Mediterrania per efecte de ’evaporacié (Tsimplis i

Bryden, 2000).

El flux mediterrani ixent determina I’exportaci6 de nutrients des de la Mediterrania
cap a ’Atlantic, essent aquest fet una de les raons que expliquen que aquesta conca
sigui una de les més oligotrofiques del planeta (Béthoux et al., 1998). Es en aquest
tipus de sistemes amb baixos continguts de nutrients on les entrades d’aigiies fluvials
(Ludwig et al., 2009) 1 subterranies (Rodellas et al., 2015a), 1 la precipitacié 1 deposicid
de particules atmosfeériques (Herut et al., 1999; Bonnet i Guieu, 2006) juguen un

paper clau afavorint la productivitat primaria.

Des d’una perspectiva climatica, la mar Mediterrania, localitzada entre 30°N 1 45°N,
estd fortament influenciada per les condicions climatiques subtropicals nord-africanes
i temperades de I’Europa central. Aixo configura un clima de transicié en qué es
combinen periodes molt cilids a I'estiu a conseqiiéncia del moviment de masses
d’aire subtropicals cap al nord, 1 uns hiverns moderadament freds i humits merces al
desplagament cap al sud de masses d’aire humides des de I’ Atlantic (Folch, 1993). Per
consegiient, el régim de precipitacions presenta una variabilitat anual significativa,
que oscil-la entre 100 1 2.500 mm i unes temperatures mitjanes entre 5 1 18 °C. Tot
I'anterior 1 la llarga historia humana de la regié mediterrania han determinat que sigui
una de les més poblades 1 industrialitzades del planeta i, en conseqiiéncia, una de les
arees amb una major pressié antropica sobre I'entorn natural 1 particularment sobre

els seus ecosistemes marins (UNEP, 2017).
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Per tot el que s’ha exposat fins ara, en aquesta Tesi hem considerat dues vies d’entrada
de metalls 1 metal-loides al medi mari: les DAS i els abocaments a la costa a les dues
zones d’estudi indicades a I'inici d’aquest apartat situades a Barcelona i a Murcia
(Figura 1.11). Totes dues sén representatives d’indrets del litoral mediterrani sotmesos
a fortes pressions industrials i mineres (cas de la badia de Portman, Mircia) a prop

de Cartagena (Banos-Gonzilez 1 Piez, 2013), agricoles (cas de la riera d’Argentona, a
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Figura 1.11 Mapes batimétrics i circulacié general en les arees d’estudi. A) Mar Catalanobalear.

B) Mar d’Alboréan i conca Algeriana. S'indiquen també els rius principals a les regions emergides

circumdants.
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Barcelona) (Cerda-Domeénech et al., 2017) o urbanes (cas de la conca i el prodelta del
riu Besos, a Barcelona) (Palanques et al., 1998, 1991). Es en aquesta mena d’indrets
on la preséncia de metalls 1 metal-loides, tant als rius, aqiiifers i «estuaris submarins»
com en el medi mari, s’ha intensificat al llarg de les darreres décades a conseqiiéncia
de l'activitat antropica (Garcia-Orellana et al., 2011; Trezzi et al., 2016b; Palanques et
al., 2017; Alorda-Kleinglass et al., 2019). Aquesta bateria de casos és idonia per poder
testar metodologies 1 aprofundir en I'estudi dels fluxos de metalls 1 de metal-loides
cap als ambients marins costaners, aixi com en la quantificacié de llurs concentracions
1 distribuci6 en els sediments marins. Incidirem, doncs, en la quantificacié dels fluxos
de DAS com a mecanisme de transport des dels aqiiifers costaners cap a la columna

d’aigua, 1 en 'esdevenidor d’aquests elements un cop incorporats als sediments.

1.2.1 El prodelta del riu Besos

El prodelta del riu Besos se situa a la plataforma continental interna de Barcelona.
Aquesta plataforma té una llargada de 91 km, una amplada mitjana de 15 km 1 una
superficie total de 1.317 km? (Figura 1.12). La profunditat maxima se situa entre 110
1120 m i presenta un pendent mitja de 0,6° (Duran et al., 2014). Liquete et al. (2008)
la subdividiren en plataforma interna, mitja i externa, separades per les isobates de

30 — 40 m 1 80 m, respectivament.

La circulacié costanera és dominada per un corrent principal de direccié sud-est
(Grifoll et al., 2012). Diversos forcaments regulen les variacions d’aquest corrent. Sota
condicions de temporal, la forga del vent i el nivell del mar dominen el balang mentre
que en condicions de vents suaus 1 moderats, el balang és controlat pel gradient de
pressi6 (Grifoll et al., 2012). El rang de marea a la plataforma continental de Barcelona
és de <20 cm. Des del punt de vista sedimentari, i de nord a sud, la plataforma
continental interna de Barcelona és dominada per tres dipdsits principals alimentats
pels rius Tordera, Besos 1 Llobregat, 1 s’hi desenvolupen també altres cossos més petits

com els que formen algunes rieres del Maresme, entre les quals la riera d’Argentona.

La dindmica sedimentaria de la zona d’estudi (Figura 1.12) esta fortament influenciada,
com és natural, per les descarregues d’aigua del riu Besos, amb un cabal mitja de 5 m’
s'1maxim de <2.000 m’ s. El flux anual de sediments del riu Besos és d’unes 15.000
tones que en gran mesura s’incorporen a un prodelta que s’estén en direccié sud-
oest damunt la plataforma continental interna i mitja (Liquete et al., 2007). La conca

de drenatge del riu Besos ocupa uns 1.000 km?1 travessa arees urbanes densament
g
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Figura 1.12 Ortofotomapa i mapa batimétric de la Plataforma continental de Barcelona a
la desembocadura del riu Besos i de la riera d’Argentona en el qual s’indica la localitzacié de
I’emissari mari abans del 1990, la depuradora i els col-lectors pluvials de la ciutat de Barcelona que
desemboquen a la costa.

poblades aixi com arees industrials 1 agricoles, la qual cosa permet explicar els alts
nivells de contaminaci6é observats durant molt de temps en el riu, especialment de
metalls 1 metal-loides (Navarro 1 Carbonell, 2007). Aixi, estudis realitzats a la década
de 1980 reportaren elevades concentracions de metalls en els sediments del prodelta
del Besos (171 mg kg de Cu, 290 mg kg™ de Cri1.458 mg kg de Pb), aixi com a la
capgalera del cany6 del Foix, situat més al sud, en el limit oriental de la plataforma de
Barcelona (Palanques et al., 1998; Puig et al., 1999).

L’increment de la poblaci6 i de I'activitat econdmica i industrial a I’ Area Metropolitana
de Barcelonail’aplicaci6 d’estindards ambientals més restrictius forgaren la construccio,
I'any 1979, d’una planta de tractament d’aigiies residuals prop de la desembocadura
del riu Besos. El tractament generava elevats volums de llots altament contaminats
que eren abocats a 56 m de profunditat per mitji d’un emissari submari de 4 km de
llarg (Figura 1.12). La descarrega continuada de llots, aproximadament 1,4-10° m’ a™

entre 1979 1 1984, combinada amb l’acci6 de processos de remobilitzacié i transport
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acabaren estenent els residus en una extensa drea al voltant de ’emissari (Palanques
et al., 1991). A la década dels anys 90 del segle passat, 'emissari del 1979 (emissari
antic) va ser clausurat i substituit per un de nou, tot i coincidint amb la construccié
d’una nova estaci6 depuradora d’aigiies residuals, 'EDAR del Besos. Mercés a aquesta
actuacid, les concentracions de metalls en els sediments superficials del prodelta del
Besos van reduir-se a menys de la meitat, un comportament que també té una relaci6

directa amb I"augment del nombre de depuradores d’aigiies a la conca del riu Besos

entre els anys 1979 1 2008 (Palanques et al., 2008).

1.2.2 L’aqiiifer de la riera d’Argentona

La conca de la riera d’Argentona, de 35 km?, se situa a la comarca del Maresme, al
nord-est de la ciutat de Barcelona. S’emplaga 1 drena la Serralada Litoral Catalana, la
qual estd estructuralment associada a una tectonica de fracturacid 1 enfonsament de
blocs, en direccié nord-oest sud-est, vinculada a una fracturacié transversal sobre
la qual es desenvolupen diverses valls com la de la riera d’Argentona (Agéncia
Catalana de I’Aigua, 2010) (Figura 1.12). Els diposits al-luvials costaners quaternaris
son formats per materials detritics resultants de la meteoritzaci6 i el transport del
basament granitic (Montoto, 1967). El ventall al-luvial del peu de la serralada és
constituit per capes no consolidades de graves, arenes i argiles, tot 1 que a’algada de la

linia de costa l'aqiiifer se situa principalment en sediments marins (Agéncia Catalana

de I’Aigua, 2010).

L’aqiiifer al-luvial de la riera d’Argentona és, doncs, un aqiiifer som amb materials
sedimentaris granulars i no confinat. El nivell freatic oscil-la entre 6 1 7 m a la zona
al-luvial 1 entre 10 1 15 m al sector intermedi de I'aqiiifer. A més, el gruix saturat
augmenta com més a prop de la linia de costa mar, 1 és aproximadament de 45 m a 300
m de la costa mateixa (Agencia Catalana de I’Aigua, 2010). L’escorrentia superficial
té lloc principalment durant els periodes de pluges intenses de tardor i primavera
amb un rang anual d’entre 500 a 800 mm. El model de flux numéric de laqiiifer
de la riera d’Argentona realitzat per I’Agéncia Catalana de 1’Aigua (2010) durant el
periode 2006 — 2009, estima una recarrega de 'aqiiifer de 3,6-10°a 5,4-10°m’ a™. Les
principals sortides de 'aqiiifer corresponen a I’extraccié urbana, agricola i industrial

(1,4 - 1,9-10° m* a'), mentre que la descarrega subterrania d’aigua dol¢a al mar és
d’1,222,410°m’ a’™.

Des del punt de vista sedimentari, 'onatge és ’agent dominant de la dinamica
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sedimentdria en el sistema litoral del Maresme. L'onatge més caracteristic és de
component sud-est i sud-oest amb 1’alcada d’ona més probable de 0,5 m i el periode
de 3 s (Calafat, 1986). Els corrents tenen una influéncia en el transport general cap
al sud-oest de materials en suspensi6 i l'acci6 de les marees, les quals presenten
valors minims, és negligible. La deriva litoral genera un transport net de sorra direcci6
sud-oest quantificat en 45.000 m’a™ (Dir. Gral. de Ports i Costes, 1983). El diposit
litoral submergit presenta prismes sedimentaris amb una morfologia externa forga
homogenia que semblen progradar mar en dins. Aquest sediments estan constituits
fonamentalment per sorres quars- feldespatiques amb petites proporcions de miques 1

fragments de roques metamorfiques 1 minerals pesants (Serra 1 Sorribas, 1995).

1.2.3 La badia de Portman

La badia de Portman és situada a prop de la ciutat de Cartagena, en el terme municipal
de La Unién, de gran tradicié minera, a la provincia de Mdrcia, i s’obre a la plataforma
continental de Cartagena, al nord-est del golf de Vera. Aquesta plataforma estd
orientada en direccié6 NE-SW, té entre 3 1 9 km d’ample i una profunditat maxima de
150 m. Esta constituida per dues unitats principals, la plataforma continental interna
1 'externa amb un pendent mitja de 0,5 1 1,5°, respectivament (Acosta et al., 2013).
La vora de plataforma vesta determinada per la preséncia d’un seguit de promontoris
entre els quals s’obren les capgaleres d’un alt nombre de canyons submarins, com el
canyd d’Escombreras, situat al sud de la badia de Portmén. El taltGs continental és
molt rost, amb pendents entre 14° 1 31° (Acosta et al., 2013). La circulacié marina en
aquesta drea de transicid entre el mar d’Alboran 1 la conca Algeriana esta dominada
per la confluéncia de dues masses d’aigua superficials diferenciades: el doll, en anglés
jet, d’Aigua Atlantica Superficial 1 I’ Aigua Mediterrania Superficial (Millot, 1999). La
primera massa d’aigua, amb unes salinitats inferiors a les 36,5 ups (unitats prictiques
de salinitat), prové de ’Atlantic i flueix des de 'estret de Gibraltar cap a l'est. La
segona massa d’aigua, molt més salada (més de 37,5 ups) 1 forca calida prové del canal

d’Eivissa 1 circula de nord a sud damunt la plataforma i el talas continentals (Millot,

1999).

La badia de Portmin estd encaixada a la Sierra de Cartagena, de 450 m d’altura,
originada arran de la convergeéncia entre les plaques Ibérica i Africana a finals del
Mesozoic 1 durant el Cenozoic (Figura 1.13)(Sanz de Galdeano, 1990). La localitzaci6

1 la configuraci6 de la badia estan controlades estructuralment per un grup de falles
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Figura 1.13 Ortofotomapa i mapa batimétric de la plataforma continental davant la badia de
Portméan. S’indica la localitzacié del punt de descarrega dels residus miners al mar des de 1953
fins 1990, i els limits de la part emergida del diposit de residus causant del rebliment de la badia.
També s’assenyala la situacié d’un parell de platges fossils cimentades o “beachrocks”.

normals de direcci6 NW-SE que provocaren I'aixecament i el desplagament cap al sud
del sector oriental de la serra. Una forta acci6 erosiva sobreposada acaba de determinar

la formaci6 de la badia de Portman (Manteca, 1992).

Des d’una perspectiva historica, els usos i les transformacions de la badia de Portmén
han estat lligats a I'aprofitament dels rics jaciments metal-lifers de la Sierra de
Cartagena, explotats des de I’época preromana i més intensament durant ’ocupacid
romana i cartaginesa de la regid, principalment per ’obtencié de galena argentifera,
blenda i minerals de ferro (Manteca, 1992). La badia, amb la seva forma original
de mitja lluna gairebé perfecta, era un port natural excellent, com ho palesen el
seus noms en llati 1 arab, Portus Magnus 1 Burtuman Al-Kabir, és a dir “port gran”
(Hernindez, 1978). Durant la Baixa Edat Mitjana i els segles posteriors, 'activitat
minera fou de baixa intensitat i no va revifar fins 'aprovacié de Ley de Minas de
1825, merceés a la proliferacié de petites concessions que conduiren a un increment

molt remarcable de la produccié (Manteca, 1992).

El periode d’or de la mineria murciana finalitza 'any 1912 per una caiguda significativa
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de la produccid, situacid que condui a un procés de concentracié de les concessions
i a la creaci6 de I'empresa Sociedad Minero—-Metaltrgica Zapata Portmin, S.A.
Posteriorment, I’any 1930 la Sociedad Minero-Metaltrgica de Pefiarroya Espafia S.A.,
una multinacional francesa coneguda a la zona senzillament com “Pefiarroya” adquiri
el 50% de I'anterior. L’entrada de 'empresa francesa, vinculada a la familia banquera
Rothschild, comporta la remodelacié de les explotacions i el desenvolupament de
noves técniques que milloraren els processos de concentracié de mineral. Aquests
canvis es materialitzaren en la construccid, 'any 1935, de la primera instal-lacié de
flotacié diferencial, una técnica que aprofita les propietats adhesives dels minerals
metal-lics per separar-los més eficientment de la matriu. Pero la rebel-1i6 militar contra
la Segona Reptblica 1 I'inici de la Guerra d’Espanya endarreriren la seva posada en

funcionament fins 'any 1940.

Finalitzada la guerra, I'explotacié minera a gran escala 1 a cel obert, a fi d’aconseguir
una major rendibilitat, reactiva la construccié de noves plantes de flotacié diferencial
al districte miner de la Sierra de Cartagena, entre les quals destaca la planta anomenada
“Lavadero Roberto”, bastida a la badia de Portman i que entri en servei 'any 1953.
Molt poc temps després, el 1954, Pefiarroya adquiri el 50% restant de Zapata Portman,
reforcant aixi encara més la concentraci6é de concessions mineres sota el seu control

(Manteca, 1992).

La nova técnica de la flotacié diferencial, juntament amb millores ulteriors de les
infraestructures, permeteren incrementar el volum de mineral processat en aquesta
planta des de 1.000 tones diaries 'any 1953 fins 10.000 tones I'any 1990 (Oyarzun et
al., 2013). L’elevat volum de material tractat a la planta, aproximadament 60 milions
de tones de mineral en tot el periode, principalment pirita (FeS2), galena (PbS) i
esfalerita (ZnS), 1 la baixa eficiéncia del procés de flotacié diferencial generaren 57
milions de tones de residus miners rics en metalls 1 metal-loides (Oyarzun et al.,
2013). La qiiestié de queé fer amb aquest enorme volum de residus trobd una aparent
soluci6 quan, a la década dels 50, s’iniciaren els abocaments directes al mar per mitja

d’un emissari emergit que desguassava en els penya-segats situats a tocar de I’extrem

occidental de la badia (Figura 1.14).

A mesura que s’anaven abocant al mar, els residus miners s’anaren escampant per la
plataforma continental i cap a 'interior de la badia de Portméan per ’acci6 de les onades
i els corrents litorals, que per altra banda els anaven seleccionant granulométricament,

si més no en certa mesura. La circulaci6 a la badia de Portmén original, abans del seu
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Figura 1.14 A) Circulacié superficial i de fons, a 'estiu i a ’hivern, a la badia de Portman a I’hivern
amb la linia de costa de 'any 1972 (adaptat de Pauc i Thibault, 1976). B), C) i D) Progressi6 del
rebliment de la badia per acumulacié de residus miners i evolucié de la batimetria entre 1957 i
1987 segons Martinez et al. (1993) (adaptat de Manteca et al., 2014).

rebliment, era condicionada per la batimetria local (Pauc i Thibault, 1976) (Figura
1.14.A). Durant l'estiu predominaria una circulacié horaria, amb un flux d’entrada
cap al nord-est pel sud-oest de la badia 1 un d’eixida cap al sud per I'extrem oriental
de la badia. La circulacié hivernal seria més complexa amb dos corrents diferenciats.
El primer descriuria un gir antihorari a l'interior de la badia mentre que el segon
es desplagaria d’oest a est, paral-lelament a la costa, sense acabar d’entrar a la badia.
Conseqiientment, el rebliment de la badia per I'acumulacié dels residus miners
abocats a ponent seu es va produir d’oest a est, tal i com mostren les imatges aéries

historiques (Figura 1.14.B,D) 1 els mapes de gradients magnetics del mateix rebliment
(Pefia et al., 2013).

Aproximadament 14 Mt de residus contaminats es van acabar acumulant dins la badia
de Portmin, tot causant un aveng de la linia de costa d’'uns 500 metres. Uns altres
43 Mt de residus van dipositar-se a la plataforma interna als encontorns de la badia

(Manteca et al., 2014). Se sap que els residus emergits acumulats dins de la badia
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presenten elevades concentracions d’elements metal-lics, com ara Fe, Zn 1 Pb, 1 de
metal-loides, com el As, amb concentracions maximes de 10.510, 4.590 1 1.910 mg

kg' de Zn, Pb i As, respectivament (Figura 1.15) (Gémez-Garcia et al., 2015).

Planta de traétament
7 “L»%yagerg;Robeno”

Antic moll *% L o C '&nia de
inutilitzat BN “€osta original

Figura 1.15 Imatges dels abocaments a la badia de Portmaén i els seus efectes. A) Ortofotomapa
actual de la badia on es mostren un seguit d’elements rellevants 1 la situacié de les imatges B,C i
D. B) Fotografia de la boca de la canonada que abocava els residus miners a la costa. C) “Lavadero
Roberto”, planta de processament del mineral per flotacié diferencial. D) Superficie de la part
emergida dels diposits de rebliment de la badia. Les fotografies B i D i 3 s6n de Banos-Gonzilez i
Piez (2013).

L’any 1990, després d’unaintensa campanya de la societat civil i el moviment ecologista,
I'emissari fou clausurat, i I'any 1991 l'empresa posava punt i final a I'explotacié
mineraia gairebé quaranta anys d’abocament de residus al mar. Tanmateix, trenta anys
després de ’aturada dels abocaments, les concentracions de metalls com el Zn o el Pb
en els sediments superficials de la plataforma continental interna de Portméin encara
ultrapassen per un factor de deu les d’altres indrets de la Mediterrania occidental

qualificats de priority pollution, com els fons marins de la plataforma interna davant el
delta de I’Ebre 1 I’albufera de Valéncia (Martinez-Gémez et al., 2012).
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1.3 Metodologia

Amb I'objectiu de contribuir a la caracteritzaci6 i la quantificacié de fluxos d’aigua i de
metalls cap al medi mari, en aquesta Tesi hom ha avaluat 1 aplicat diverses técniques
hidrogeologiques, sedimentoldgiques i geoquimiques, tant en aigiies subterrinies com
en sediments marins (Figura 1.16). Aixi, I’estudi de la metodologia de quantificaci6
de les DAS mitjangant els isotops de radi (*’Ra, **Ra, **Ra i **Ra) i radé (**Rn)
en aqiiifers costaners com a mecanisme de transport de metalls i metal-loides des
del continent cap al mar costaner es dugué a terme a la riera d’Argentona (vegeu
apartat 1.2.2) entre el mesos de gener de 2013 a juliol de 2014 en el marc del projecte
MEDISTRAES (Mezcla y dispersion en el transporte de energia v solutos) finangat pel
MINECO.

Per altra banda, les metodologies per quantificar la concentraci6 1 avaluar la distribucié
de metalls en sediments marins superficials s’aplicaren a la plataforma continental
interna de Cartagena, enfront la badia de Portméin (vegeu apartat 1.2.3), durant un
seguit de campanyes oceanogrifiques des de I'agost de 2014 fins al setembre de 2017
en el marc del projecte europeu MIDAS (Managing Impacts of Deep seA reSource
exploitation) 1 dels projectes estatals NUREIEV (NUevos REtos en la investigacion
de cafiones submarinos: Indicadores del Estado ambiental v Variabilidad espacio-
temporal — El papel de los temporales) 1 NUREIEVA (NUevos REtos de Investigacion
en el ambiente Extremo de los Vertidos mineros de la Babia de Portmdn: aplicacion de
tecnologias Avanzadas), financats pel MINECO. A més, s’aplicaren en mostres de
sediments del prodelta del riu Besos (vegeu apartat 1.2.1), en el marc de les campanyes
oceanografiques de prictiques del grau de Ciéncies del Mar de la Universitat de

Barcelona.

1.3.1 Técniques de mostreig
1.3.1.1 Mostreig d’aigiies subterranies

Les mostres d’aigua de I'aqiiifer de la riera d’Argentona s’obtingueren per mitja de dos
piezometres: el primer, PZ1, de 50 m de profunditat, 60 mm de didmetre i ranurat a
totes les profunditats, fou instal-lat a uns 300 m de la linia de costa (Figura 1.17.A). El
segon, PZ0, de 3 m de profunditat, 60 mm de didmetre i ranurat els 0,5 m inferiors,
s’'instal]a a uns 8 m de la linia de costa. Hom recobri aquest piezometre amb un filtre

de grava per reduir la preséncia de particules en suspensid a I’aigua del seu interior.
gr g
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La mesura dels parametres hidrogeologics de 'aqiiifer de la riera d’ Argentona s’efectua
amb tres mesuradors de conductivitat, temperatura i profunditat, CTD-Diver®,
instal-lats entre tots dos piezometres, PZ1 1 PZ0 (Figura 1.17). El primer instrument
s'instal-1 en el PZ1 a 10 m sota la superficie 3 — 4 m sota el nivell freatic) per
avaluar les condicions de I'aigua dolga (d’ara endavant, PZ1-S). El segon instrument
s'instal-]a en el PZ1 a 34 m de profunditat amb I'objectiu de monitorar la zona de
mescla entre I'aigua dolga 1 I'aigua salada (d’ara endavant, PZ1-B). Finalment, el tercer
instrument fou emplagat en el PZ0 a una profunditat de 1,8 m de la superficie (0,2
m sota el nivell freitic) per avaluar les condicions de 'aigua subterrania prop de
la zona on es produeix la descarrega d’aigua des de l'aqiiifer cap al mar. Les dades
del nivell freatic obtingudes pels instruments CTD-Diver® foren compensades amb

la pressié atmosférica mesurada simultiniament amb un instrument Baro-Diver®
també instal-lat al PZ1.

41°32'N 41°34'N

41°30'N

@ Piezometre PZ-0
QO Piezometre PZ-1

Profunditat (m)

T T T T T
2°22'E 2°24'E 2°26'E 2°28'E 2°30'E

Figura 1.17 A) Sector proper a la riera d’Argentona. S’indica la localitzacié dels piezometres
utilitzats per aquesta Tesi. Profunditats en metres. B) Piezometre PZ1 de 50 m de profunditat,
totalment ranurat, instal-lat per I’Agéncia Catalana de 1’Aigua. C) Piezometre PZ0 de 3 m de
profunditat, ranurat a la part inferior, instal-lat en el marc d’aquesta Tesi. D) Mesuradors de
conductivitat, temperatura i profunditat CTD-Diver® i CTD-Baro®.

Les mostres d’aigua subterrinia foren recollides a les mateixes profunditats dels
instruments CTD-Diver®. Les mostres del PZ1-S (n = 15), del PZ1-B (n = 15) 1 del
PZ0 (n = 8) s’obtingueren, per tant, 2 10 m, 34 m i 1,8 m de la superficie. Per obtenir
les mostres d’aigua, hom empra una bomba submergible en ambdés piezometres. Les

mostres d’aigua per analitzar els isotops de Ra s’emmagatzemaren en contenidors
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de 60 L (PZ1-S), 25 L (PZ1-B) 1 10 L (PZ0) de capacitat mentre que les mostres per
analitzar “*Rn del PZ1-S i del PZ1-B s’'emmagatzemaren en ampolles de vidre de
250 mL. Al PZ0 no es pogué analitzar el *Rn degut al baix nivell d’aigua en el
piezometre (<20 cm), circumstancia que fa augmentar l'intercanvi de *’Rn amb [aire,
impedint aixi 'obtenci6é de mostres representatives. Durant el mostreig, la salinitat 1

la temperatura foren mesurades in situ utilitzant una sonda de ma YSI-556.

1.3.1.2 Mostreig de sediments marins

Els sediments marins de la plataforma continental interna davant la badia de Portmén
s’obtingueren mitjangant un testificador maltiple (multicorer) que permet recuperar
sis testimonis de sediment de cop de fins a 60 cm de llargada sense pertorbar la
mostra (Figura 1.18.A). Per acotar les possibles heterogeneitats i complexitats dels
sediments superficials de 'drea d’estudi hom mostreji 52 estacions entre 10 1 60 m
de profunditat. Al prodelta del Besos el mostratge de sediment es realitzd amb un
testificador de gravetat (gravity corer), que proporciona un Gnic testimoni de fins 3 m
de llargada (Figura 1,18.B). El testimoni, de 5 cm de didmetre, del prodelta del Besos
analitzat en aquesta Tesi mesura 137 cm de llarg (Figura 1.19.D).

Els testimonis de sediment obtinguts amb testificador mdltiple foren descrits
visualment a bord del vaixell, 1 per cada estacié de mostratge es guarda com a minim
un testimoni integre que fou emmagatzemat en cambra frigorifica a 4 °C tant a bord
com després del seu trasllat amb camid refrigerat a la Universitat de Barcelona. A
bord mateix, es procedi a submostrejar un dels testimonis de cada estacié, en llesques
de 0,5 cm de gruix per als primers 5 cm 1 d’1 cm des d’aquesta cota fins la base del
testimoni. Aquestes submostres foren preservades en bosses de plastic segellades i
emmagatzemades a 4 °C. Un cop al laboratori, cadascuna de les mostres embossades
fou pesada 1 assecada per avaluar el contingut d’aigua, 1 seguidament congelada 1

liofilitzada per analitzar la mida de gra.

1.3.2 Técniques analitiques

1.3.2.1 Isotops de radi i rad6 en mostres d’aigua

Els isotops de Ra (*?Ra, ***Ra, **Ra i **®Ra) i de Rn (***Rn) s6n molt estesos a la natura,

especialment en sols, roques, aigiies subterranies 1 superficials, a conseqiiéncia de la

desintegraci6 dels isotops de Th. Aquests isotops han estat emprats com a tragadors
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Figura 1.18 Ortofotomapes i mapes batimétrics de la plataforma continental de Cartagena i
Barcelona. A) Sector de la badia de Portmin. S’indica la localitzacié dels testimonis de sediment
analitzats, del punt de descarrega de residus miners, de la piscifactoria i de les beachrocks. B)
Sector proper a la gola del riu Besos. S’indica la localitzaci6 del testimoni de sediment analitzat aixi
com de la depuradora del Besos, dels col-lectors pluvials de la ciutat de Barcelona que desguassen a
la costa, 1 de I’emissari submari de la depuradora abans de I'any 1979 (emissari antic). Profunditats
en metres.

Figura 1.19 A) Vaixell oceanogrific “Angeles Alvarifio” de I'Instituto Espafiol de Oceanografia
(IEO) des del qual s’obtingueren els testimonis de sediment de la zona d’estudi de la badia de
Portman. B) i C) Testificador mualtiple i detall d’uns testimonis de sediment recuperats amb aquest
mostrejador. D) Testificador de gravetat, emprat en el mostreig de sediments al prodelta del Besos

a bord del B/O Garcia del Cid del CSIC..
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de DAS en badies i estuaris (Dulaiova 1 Burnett, 2008; Gonneea et al., 2013; Rodellas
et al., 2015b), llacunes costaneres (Garcia-Solsona et al., 2010; Rapaglia et al., 2012)

1 en arees costaneres extenses (Windom et al., 2006; Ollivier et al., 2007; Moore,

2010; Rodellas et al., 2015b; Trezzi et al., 2016a).

La baixa concentracié de Ra a les aigiies naturals, especialment ’aigua marina, fa
necessari un procés de preconcentracié6 de la mostra. Aixd s’aconsegueix filtrant
volums elevats d’aigua (5 — 60 L per aigiies subterranies 1 50 — 350 L per aigua
de mar) amb un flux constant de <1 L min™ a través d’una columna cilindrica de
PVC (4,5 cm de diametre i 23 cm de llarg) reomplerta amb 25 g en sec de fibra de
manganés (MnO,) que préviament ha estat estirada per incrementar-ne la superficie
activa (Charette et al., 2012) (Figura 1.20.A). Per filtrar les possibles particules en
suspensio a les mostres d’aigua, es col-loca un filtre de fibra acrilica a la part superior

del tub de PVC (Moore, 2008).

Figura 1.20 Equips de quantificacié d’activitat d’isotops de (A) *?Ra i ***Ra Radium Delayed
Coincidence Counter (RaDeCC) i (B) *?Rn RAD, amb l'accessori RAD-H,O.

Un cop al laboratori, les fibres MnO, foren esbandides amb aigua lliure de Ra
(Sun 1 Torgersen, 1998), assecades parcialment 1 mesurades amb un equip Radium
Delayed Coincidence Counter (RaDeCC) del Laboratori de Radioactivitat Ambiental
de la Universitat Autonoma de Barcelona per quantificar els isotops de Ra de vida
curta, 2’Ra 1 ?*Ra, 1 llurs incerteses (Moore 1 Arnold, 1996; Garcia-Solsona et al.,

2008). A continuacid, les fibres de MnO, foren incinerades (820 °C, 16 h), moltes i

emmagatzemades en vials durant tres setmanes per determinar ’activitat dels isdtops
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Ra de vida llarga, **Ra i **Ra, mitjangant un equip d’espectrometria gamma amb un
detector de tipus HPGe. Els isotops **Ra i **Ra s’analitzaren a partir dels fotopics del
21Pb 2 351,9 keV 1 2Ac a 911 keV, respectivament.

Les activitats del *’Rn a les mostres d’aigua subterrania es mesuraren amb un
espectrometre alfa *’Rn en aire RAD7 (Durridge Inc.) (Burnett et al., 2001) adaptat a
un sistema RAD-H20O (Durrigde Inc.) per a la determinacié directa de ??Rn a partir
d’ampolles de 250 mL (Figura 1.20.B).

1.3.2.2 Tomografia computeritzada

Les darreres décades, 1'as d’escaners de tomografia computada (TC) en I'ambit de
les ciéncies naturals ha revolucionat, entre moltes altres, I'anilisi dels registres
sedimentaris (Fortin et al., 2013; Van Daele et al., 2016), de I’estructura mineralogica
de les roques (De Boever et al., 2015) i de la morfologia 1 estructura d’organismes vius
(Dierick et al., 2014). La rapidesa de 1’analisi aixi com el seu caricter no destructiu
(no cal destruir la mostra i aquesta, un cop analitzada, resta integra) han contribuit a
estendre extraordindriament el seu Gs en el mén de la recerca (Kak 1 Slaney, 1988).
La TC proporciona imatges tridimensionals dels objectes analitzats, depenent del seu
coeficient d’atenuaci6 dels raigs X, el qual al seu torn és funcié de la seva composicié
(nombre atdmic efectiu) 1 densitat (Cnudde et al., 2006). Per obtenir visualitzacions
3D cal reconstruir les diverses projeccions analitzades, és a dir el conjunt d’imatges

enregistrades segons direccions especifiques en funci6 de diferents angles d’adquisicid.

La solucié6 matematica al problema de com reconstruir les projeccions per obtenir
una imatge final fou desenvolupada, tedricament, per Allan MacLeod a la década de
1950 i, des del punt de vista practic, per Godfrey Newbold Hounsfield la década
segiient, una investigacié per la qual rebé el premi Nobel de Medicina I'any 1979. Els
algoritmes desenvolupats van demostrar que era possible computar les imatges d’alta
resolucié de seccions transversals d’'un objecte amb una elevada precisié. La millora
posterior dels algoritmes inicials permeté reduir el temps de reconstruccié i obtenir
imatges molt més acurades numéricament, aspectes determinants en ’aparici6 dels

primers escaners de tomografia computada per raigs X adregats al sector meédic.

La generaci6 de feixos de raigs X és ’element basic de la tomografia computada (Figura

1.21). Amb aquest nom es fa referéncia a una radiacié electromagnética, situada en
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un rang de longitud d’ona entre 1021 10®*m (0,01 a 100 A), que es genera a escala
atomica a partir de dos processos: la transicié dels electrons entre dos nivells atomics
1 la desacceleracid, a causa dels camps electromagnétics, de particules carregades. El
primer procés es caracteritza per la transicié d’un electrd entre dos nivells energeétics
diferents, la qual va acompanyada per I'emissié d’'un quantum de radiacié amb una
energia equivalent a la diferéncia energética entre ambdoés nivells. Aquesta energia
és caracteristica de cada element 1 nivell 1, per tant, 'emissi6 electromagnética només

pot ser discreta.

El segon procés, la desacceleraci6 de particules carregades com els electrons, protons
o particules alfa, provoca la pérdua d’energia, que és emesa com a quintum de raigs
X amb un valor tnic per damunt dels 20 MeV. Aquesta radiaci6 és continua i és

coneguda amb el nom de “radiaci6 de frenada” o “raigs X de Bremsstrahlung”.

L’emissi6 de raigs X en els escaners de tomografia computada es produeix mitjangant
un tub de raigs X. Normalment es tracta d’un tub metal-lic a baixa pressié (entre
10”1 10 Pa) que conté un anode (anticitode) i un catode. Els electrons emesos al
catode son accelerats 1 xoquen contra 'anode, generant aixi feixos de raigs X que es
focalitzen cap a la mostra. El material de queé estigui fet 'anode (habitualment Mb,

Cu o Zr) definira I'espectre d’emissié de raigs X (Figura 1.21).

Caiguda d’electré
en l'orbital vacant

Ka

w
T

Raig X caracteristics
del Mb a un tensié

Raig X secundari
d’acceleracié de 35 kV
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Figura 1.21 Esquemes de la generacié de raigs X secundaris, caracteristics de cada element, de
I'espectre d’emissi6 tipic d’una font de raigs X de Mb i de les longituds d’ona de diverses ones
electromagneétiques inclosos els raigs X.

Un cop el feix de raigs X ha travessat la mostra o objecte, uns detectors instal-lats dins
de 'equip de tomografia computada permeten quantificar la radiacié electromagnética

incident. Els detectors, especialment els de cambres proporcionals de xend i els de
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centelleig, sén molt semblants als utilitzats als aparells de radiografia de raigs X. Els
resultats es visualitzen mitjangant imatges en escala de grisos, on el blanc 1 el negre
representen les atenuacions maxima i minima dels raigs X, respectivament, les quals

s’interpreten en termes de major 1 menor densitat del material.

Els testimonis de sediment utilitzats per aquesta Tesi van ser escanejats amb 1'equip
X-ray micro-CT MultiTom del Laboratori CORELAB de la Universitat de Barcelona
(Figura 1.22.A). Aquest instrument permet escanejar testimonis de sediment de fins
1,5 m de llarg, i també mostres molt més petites (p. ex. un foraminifer o un gra
d’arena) amb resolucions compreses entre 0,1 1 1 mm. L’analisi dels testimonis es
realitzd després de I'excitaci6 del tub de raigs X de 120 kV i 80 W del MultiTom,
amb un temps d’exposicié de 120 s, tot i emprant un filtre de Cu de 0,5 mm.
S’obtingueren aixi un seguit de talls de 0,254 mm de gruix en 1.001 projeccions
1 una resolucié del voxel de 0,125 x 0,125 x 0,125 mm, el qual es defineix com la

unitat minima d’informacié d’una imatge tridimensional. Dit d’una altra manera, és

la unitat volumétrica del pixel utilitzada per a representar objectes en tres dimensions

(Duliu, 1999).
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Figura 1.22 A) Equip de microtomografia computada X-ray micro-CT MultiTom del Laboratori
CORELAB de la Universitat de Barcelona. B) Detall de la font de raigs X d’aquest ’equip.

En total s’obtingueren ~140.000 imatges en format Tiff, que ocuparen 1,30 Tb, amb
més d’1,1 x 10" bytes de dades. Posteriorment, les imatges foren processades amb
el programari especialitzat de 'equip MultiTom 1 visualitzades 1 analitzades amb
el programari de processament d’imatges digital de domini pablic Image] 1 amb el

programari de visualitzaci6 1 analisi d’imatges en tres dimensions Avizo®.
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1.3.2.3 Analisi de la composici6 elemental

La composici6 elemental dels testimonis de sediment s’ha obtingut amb un escaner
de fluorescéncia de raigs X, o escaner de FRX (en anglés XRF core scanner), que
permet l’escaneig en continu, amb caracter no destructiu i en alta resolucib. Aquesta
técnica, amb la qual hom pot analitzar fins a 80 elements amb una gran sensibilitat,
és actualment una de les més utilitzades per a la determinacié de la composicid
quimica dels materials (Jansen et al., 1998). Les darreres décades aquesta técnica ha
estat emprada amb molt d’éxit en 'estudi de sediments tous; de roques, inclosos
espeleotemes; de dipdsits organics com la torba; de fusta i de molts altres materials
amb finalitats diverses (Rothwell 1 Croudace, 2015; Hanebuth et al., 2015; Guo i
Yang, 2016). Aixi, 1 a titol il-lustratiu, hom se n’ha servit per mesurar canvis relatius
en la composicié quimica de sediments marins i lacustres (Rothwell i Rack, 2006), en
paleoclimatologia i paleooceanografia (Calvert i Pedersen, 2007), en sedimentologia
(Croudace et al., 2012; Croudace i Rothwell, 2015), i en litoestratigrafia i estudis de
la diagénesi (Lowemark et al., 2011; Croudace et al., 2019).

La mesura de la composici6 elemental per fluorescéncia de raigs X es basa en ’expulsi6
dels electrons de la capa exterior de 'atom a conseqiiéncia de la irradiacié d’un feix
de raigs X. L’espai buit deixat per I'electrd expulsat és ocupat per altres electrons de
nivells energétics superiors i la diferéncia d’energia entre ambdds nivells és emesa en
forma de radiacié de raigs X (Figura 1.23). Aquesta diferéncia d’energia d’emissié és

caracteristica de cada element, fet que en permet la identificaci6 (Richter et al., 2006).

Figura 1.23 A) Escaner de fluorescéncia de raigs X del Laboratori CORELAB de la Universitat de
Barcelona. B) Detall de la font i el detector de raigs X d’aquest aparell.

En el marc d’aquesta Tesi, I’analisi de la composicié elemental dels elements majoritaris

en els testimonis de sediment objecte d’estudi s’ha fet amb un esciner de FRX de
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I’empresa Avaatech instal-lat al Laboratori CORELAB de la Universitat de Barcelona.
Aquest escaner estd equipat amb una font de raigs X model Oxford Rbodium (4-50
kV), un detector Canberra X — Pips 1500 — 1,5 amb una finestra de Be de 125 pm
1 un analitzador multicanal Canberra DSA 1000 (MCA). Amb aquesta configuraci6
hom pot analitzar I’espectre d’emissi6é d’un alt nombre d’elements, concretament els

de pes atomic comprés entre el Al i el U.

Abans de fer I'escaneig, els testimonis foren partits longitudinalment, de manera
que de cada seccié s’obtingueren dues mitges canyes plenes de sediment, una de les
quals s’empra per a l'escaneig. En cas de ser necessari, hom allisd curosament amb
una espatula la superficie del sediment de la mitja canya destinada a I’escaneig, a f1
d’obtenir una superficie perfectament horitzontal i llisa. La mateixa mitja canya es
deixa assecar durant 16 hores a temperatura ambient per facilitar ’evaporacié d’una
part de I’aigua continguda en el sediment, a f11 efecte de reduir ’absorcié de la radiaci6
per I'aigua, aconseguint aixi augmentar la intensitat del senyal mesurat (Béning et al.,
2007; Tjallingii et al., 2008). A continuaci6, hom recobri la superficie del sediment de
la mitja canya amb film Ultralene X-ray transmission de 4 pm, un film especial que no
interactua amb la radiacié X i que alhora permet evitar la dessecacié i la contaminaci6

potencial del sediment.

Les mesures s’efectuaren a 2 mm de resolucié amb unes condicions d’excitacié de
10 kV 1 1,2 mA amb un temps d’exposicié de 10 s per als elements de pes atomic
entre el Aliel Fe,130kV 11,6 mA amb un temps d’exposici6é de 50 s i un filtre
de Pd per als elements de pes atomic entre el Ni i el Pb. Amb l'objectiu d’obtenir
la maxima intensitat de cada element, per al Ti, el Ca, el S, el Mn, el Fe, el Zn i el
As es va analitzar la linia d’emissi6 Ko mentre que per al Pb es va analitzar la linia
d’emissi6 Lg amb la finalitat de reduir I'efecte de superposicié amb I'emissié del As.
Per determinar ’drea de 'espectre d’emissi6 de cada element, expressada en comptes
totals, 1 la intensitat, en comptes per segon (en anglés counts per second, cps), es va

emprar el programari d’analisi espectral bAxil (BrightSpec NV/SA).

1.3.2.4 Analisi de la susceptibilitat magnética 1 densitat del sediment

L’analisi de la susceptibilitat magnética i de la densitat gamma s’efectud amb un
perfilador de testimonis multisensorial (en angleés Multi-sensor Core Logger, MSCL)
de 'empresa Geotek instal-lat al Laboratori CORELAB de la Universitat de Barcelona

(Figura 1.24). El MSCL permet I’analisi en continu, d’alta resolucié i no destructiu de
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diversos parametres fisics en testimonis de sediment i roca. Entre aquests parametres
destaquen la susceptibilitat magnética, la densitat, la velocitat de transmissi6 de les
ones P i la resistivitat eléctrica. El MSCL esta adaptat per a 1’analisi de testimonis de
sediment, tant tancats com oberts en mitja canya, de 50 a 150 mm de didmetre amb

resolucions maximes 5 mm.

Figura 1.24 A) Perfilador de testimonis multisensorial (MSCL) del Laboratori CORELAB de la
Universitat de Barcelona en configuracié per testimonis de sediment oberts. B) Detall del sensor de
susceptibilitat magnética. C) Pega d’alumini per al calibratge de la densitat gamma.

La densitat s’obtingué mitjancant la mesura de 'atenuaci6 de la radiacié6 gamma en
travessar el sediment. Amb aquesta finalitat, el MSCL incorpora una font de *’Ce
i un detector de centelleig de NAI (T1). Atés que la llei de I'atenuacié de la radiaci6
electromagnética estableix que la variaci6 de la intensitat de la radiacié en travessar
un material és proporcional al gruix massic o la densitat del material, hom la pot
quantificar per mitji d’una calibracié amb estindards de densitat coneguda (Figura
1.24.C). Normalment, s’utilitzen tubs estandarditzats amb dues fases diferenciades,
representades per una peca d’alumini de diferents didmetres i aigua destil-lada. Fent
una regressio lineal entre 1'atenuaci6 de radiacié gamma i la densitat dels estandards,
s’obté una funcié que permet determinar la densitat del sediment a partir del valor

b .,
d’atenuacio.

El MSCL també compta amb un sensor per analitzar la susceptibilitat magnética del
sediment, és a dir, la quantitat de material que pot ser magnetitzat per unitat de volum
st se li aplica un camp electromagneétic exterior. Aquesta mesura és adimensional
i, per tant, per obtenir la susceptibilitat massica (m’ kg') és necessari analitzar la
densitat del sediment (Blum, 1997). L’anilisi de la susceptibilitat magnética permet

una primera estimaci6é de ’abundincia de mineral ferromagnétic en el sediment, la
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qual esta directament relacionada amb la preséncia de minerals com la magnetita.

El MSCL incorpora dos sistemes de mesura de la susceptibilitat magnética. El primer
permet lamesura de testimonis tancats merces a un sensor circular Bartington (MSC2C),
adaptable a diversos diametres de testimoni. Aquest sistema té una resolucié limitada,
ja que integra els valors de tot el sediment del testimoni, els quals poden variar en
funcié del didmetre del tub i també del mateix sensor. El segon sistema usa un sensor
Bartington (MS2E) aplicat a testimonis oberts, amb la qual cosa s’aconsegueix una
resolucié més gran en I'analisi de la susceptibilitat magnética. Aquest sensor se situa

en contacte amb la superficie del sediment, 1 cobreix una area de 3,8 x 10,5 mm

(Figura 1.24.B).

1.3.2.5 Analisi de la concentraci6 elemental

L’analisi de la concentracié elemental en mostres de sediment es determind per
espectrometria de masses de plasma acoblat inductivament (en anglés inductively
coupled plasma mass spectrometry, ICP-MS) 1 espectrometria d’emissié Optica de
plasma acoblat inductivament (en angleés inductively coupled plasma optical emission
spectroscopy, ICP-OES). En totes dues técniques, la mostra és vaporitzada i ionitzada
a temperatures elevades mitjangant el dispositiu de plasma acoblat inductivament, el

qual forma un plasma, generalment a partir del gas noble argd.

En ICP-MS 'analisi quimica de la mostra s’efectua per mitja de la caracteritzaci6 de la
massa 1 la carrega dels elements. Per fer-ho possible, el plasma ionitzat és transportat
fins I'analitzador de masses on un filtre quadrupolar en una interfase de buit permet
separar els elements segons la relaci6 de carrega 1 massa de cada isotop. Finalment, el
detector analitza la quantitat 1 'abundancia d’ions a la mostra. En ICP-OES el plasma
ionitzat és transportat fins I'espectrometre optic que analitza la longitud d’ona 1 la
freqiiéncia de la radiacié electromagnética emesa, la qual en ésser caracteristica de
cada element permet la seva identificacié quimica. Per bé que el nombre total d’ions
i de fotons de cada element és directament proporcional a la concentracié original
de Ielement, ambdues técniques permeten determinar la concentracié quimica de
cada element a la mostra analitzada per calibratge amb estindards de concentraci6

coneguda.

Per procedir a I’analisi quimica elemental, les mostres de sediment foren congelades,

liofilitzades, moltes i homogeneitzades amb un morter d’4gata 1 introduides en un
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reactor de Teflon amb 2,5 mL de HNO, (65%) a 100°C durant 18 hores. A continuacio,
s’'introdui I’extracte en un tub de polietilé que se sotmeté a centrifugaci6 a 3.000 rpm
durant 3 minuts per separar la fase solida. El sobrenedant fou decantat i diluit amb
HNO, a I'1% fins assolir 50 mL per a la seva analisi directa. El residu s’introdui
un altre cop dins el reactor de Teflon amb 1 mL d'"HNO, (65%), 7 mL d’'HF i 1 mL
d’H,O, i s’escalfa durant 18 hores a 100°C. Posteriorment, s’afegiren 2 mL de HCIO,
a la mescla 1 es procedi a escalfar el reactor de Teflon en un bany de sorra a 270°C fins
I'evaporaci6 total de I’acid. El residu calent fou tractat amb 2 mL d’HNO, (65%), 2
mL d’H O, 1 tot seguit es decantd dins un matras volumétric on es dilui amb HNO,
a I’'1% fins assolir 50 mL.

Les dues solucions obtingudes per cada mostra foren analitzades amb un ICP-OES
Perkin-Elmer Optima 8300 per als elements en concentracions baixes (Ti, Zn, As i Pb)
1 amb un ICP-MS Perkin-Elmer Elan-6000 per als elements en concentracions altes
(Mn 1 Fe), tots dos instruments dels Centres Cientifics 1 Tecnologics de la Universitat

de Barcelona.

1.3.2.6 Analisi granulométrica

Les analisis granulomeétriques es realitzaren per mitjd d’un difractometre de raig laser
LS230 de Beckman Coulter del Laboratori de Sedimentologia del Departament de
Dinamica de la Terra i de ’Ocea de la Universitat de Barcelona. El Coulter LS230
disposa d’'un modul optic amb una font de feix de llum monocromatica, una lent
per intensificar el feix, una cella per on circula la mostra en suspensié en aigua
destil-lada, les lents que concentren el feix de llum difractat i ’anella detectora que

disposa de 126 detectors.

Aquest equip permet mesurar la mida de les particules d’'una mostra a partir de la
quantificacié de I'angle de difraccié d’un feix llum monocromatica (750 nm) quan
aquest travessa una matriu aquosa 1 impacta contra la particula. El feix difractat és
concentrat per les lents fins al detector que mesura en interval de temps la distribuci6
angular de la llum difractada obtenint aixi la mida de la particula aplicant la teoria de
la difraccié de Fraunhofer. Aixi, com més gran és 'angle de difracci6é observat més

petit és el didmetre de les particules.

L’equip Coulter LS230 permet la mesura del percentatge en volum dels diametres de

les particules d’entre 0,04 1 2.000 pm (Figura 1.25). Els principals avantatges d’aquesta
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metodologia sén la rapidesa i la bona reproductibilitat de les analisis d’un elevat rang

de didmetres de particula aixi com la petita quantitat de mostra necessaria.

Figura 1.25 A) i B) Analitzador de mida de particules per difractometria de raigs laser Coulter
LS230 de Beckman Coulter del Laboratori de Sedimentologia del Departament de Dinamica de la
Terra i de I’Ocei de la Universitat de Barcelona.

Per realitzar les analisis de granulometria, en la present Tesi s’empraren 0,5 grams
per cada mostra de sediment per assegurar [’obturacié optica del feix laser necessaria
per fer les mesures. En primer lloc, la mostra fou atacada amb peroxid d’hidrogen
(10%) per eliminar la matéria organica que poden formar agregats amb les particules.
Posteriorment, s’afegi una solucié6 de 2,7% d’acid acétic — 0,34 M acetat de sodi (pH=4)
per eliminar la fracci6 carbonatada sense afectar la resta de la mostra i provocar canvis
en la mineralogia del material. A continuacid, Iacid fou retirat per centrifugacid,
rentat amb aigua destil-lada i finalment, se li afegi una soluci6 de polifosfat de sodi
per prevenir la floculacié de les argiles. Préviament a I'analisi de mida de particula, es
procedi a sacsejar la mostra amb un agitador mecanic durant dues hores. Finalment,
la mostra fou introduida al Coulter utilitzant un tamis de 2 mm per tal de retenir

qualsevol particula d’un didmetre superior que pugui obstruir el circuit de 1'equip.

1.3.2.7 Taxes de sedimentaci6 1 datacié dels sediments

Les taxes de sedimentaci6 de I'drea d’estudi foren obtingudes mitjangant 1’analisi
del #°Pb en dos testimonis de sediment submostrejats préviament (secci6 1.3.2). Les
mostres guardades en les bosses estanques foren congelades, liofilitzades i finalment
triturades abans de I’analisi, la qual es dugué a terme en el Laboratori de Radioactivitat
Ambiental de la Universitat Autonoma de Barcelona. La determinacié de les activitats

totals de 2'°Pb fou realitzada mitjancant la mesura del seu radioisotop fill i emissid
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gamma, el *'°Po (Sanchez-Cabeza et al., 1998).

Per realitzar les anilisis es prengueren entre 0,2 — 0,3 g de mostra a la qual se i
afegi un tragador intern de **Po subministrat per 'TAEA (0,7031 + 0,050 Bq mL")
1 es digeriren totalment en medis dcids mitjangant un forn de microones analitic en
discos de plata amb HCl 1M a 70 °C mentre s’agitaven durant 8 hores. Les activitats
de *°Po es determinaren mitjangant espectrometres o0 amb detectors de silici (SSB)
de baix fons (EG&G Ortec) durant 1 — 4-10° s. Les mostres foren emmagatzemades
durant tres setmanes permetent aixi arribar a I’equilibri secular entre el **Ra i llurs
fills de curta vida. L’activitat ?*Ra fou determinada partir del ?'*Pb a través de la linia
d’emissié6 gamma de 351 keV per espectrometria en un detector de Ge coaxial d’alta
puresa. L'excés de *°Pb (*'Pb ) es va determinar restant I'activitat ***Ra assumint
que representa |'activitat ?'°Pb de 'activitat *'°Pb total. La qualitat de les mesures
s’avaluaren mitjancant el test de competéncia de ’AIEA i l'analisi continua de

materials 1 répliques dels certificats.

1.3.4 Tractament i computacid numeérica de les dades

El gran volum de dades obtingudes amb les multiples técniques analitiques emprades
en la present Tesi fa necessari I'as d’entorns de computacié numérica per al seu
processament. Aquests entorns permeten la integracié de grans bases de dades 1 el
seu posterior tractament analitic. En la present Tesi, ’entorn de computacié emprat
ha estat el programari MATLAB (abreviatura de MATrix LABoratory) desenvolupat
per 'empresa The MathWorks Inc. Com indica el seu nom, aquest programari
estd fonamentat en la manipulacié de matrius en un entorn de desenvolupament
integrat, és a dir, programaris que ofereixen serveis integrals per al desenvolupament
del mateix programa i que inclouen un editor de codi font, eines de construccid
automatiques 1 un depurador del codi. Concretament, MATLAB disposa d’'un
llenguatge de programacié propi (llenguatge M). Aquest programari fou dissenyat
per realitzar calculs matematics tant simples com complexos: analitzar i visualitzar
dades, la creacié 1 aplicaci6 d’algoritmes o el desenvolupament del codi font de nous

programaris (Trauth et al., 2006).

Un dels aspectes rellevants de MATLAB és I’extensa llibreria de funcions, aplicacions
i rutines de qué disposa, els anomenats Toolbox, que permeten a 'usuari resoldre
multiples problemes computacionals. Consegiientment, en les darreres décades,

MATLAB ha esdevingut una eina popular en el camp de les ciéncies de la terra (Wu
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et al., 2015; Zekollari, 2017) 1 especificament, en 1’oceanografia (Gerber et al., 2009;
Iglesias et al., 2012; Rumin-Caparrés et al., 2016). El seus usos s’estenen des de la
modelitzacié numeérica aplicada als estudis de morfodinamica, el processament de

dades sismiques 1 per satél-lit fins a la generacié de models digitals del terreny.
s de MATLAB en aquesta Tesi s’ha centrat principalment en:

1. La implantacié dels métodes de regressio lineal que es recullen en el subcapitol
2.2 1 la seva aplicaci6 en el calibratge de les mesures obtingudes mitjangant

I'equip XRF core scanner i la concentracié absoluta de metalls 1 metal-loides.

2. La propagacid i quantificacié dels errors associats a les concentracions calibrades

de metalls 1 metal-loides dels testimonis de sediment (subcapitol 2.2).

3. La integraci6 de les mesures fisiques i quimiques dels testimonis de sediment,

llur representacié grafica i tractament estadistic (subcapitol 2.3).

4. La modelitzaci6 numérica per interpolacié tridimensional de les mesures
fisiquesiquimiquesilaquantificaci6 de la massa total de cada metall i metal-loides

dels primers 14 centimetres de sediment mari en 1’drea d’estudi (subcapitol 2.3).
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Figure 2.1 Graphical Abstract.

Abstract Submarine groundwater discharge (SGD) has been recognized as an important
supplier of chemical compounds to the ocean that may influence coastal geochemical cycles.
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Radium isotopes (*’Ra, ***Ra, ***Ra, ***Ra) and radon (**Rn) have been widely applied as
tracers of SGD. Their application requires the appropriate characterization of both the
concentrations of tracers in the discharging groundwater and their distribution in the
coastal water column. This study evaluates the temporal evolution of Ra isotopes and **Rn
concentrations in a dynamic subterranean estuary of a microtidal Mediterranean coastal
aquifer that experiences large displacements of the fresh-saltwater interface as a necessary
initial step in evaluating the influence of SGD in coastal waters. We show that changes
in groundwater salinities due to the seaward displacement of the fresh-saltwater interface
produced large variations in Ra activities in groundwater (by a factor of ~19, ~14, ~6, and
~11 for *’Ra, ***Ra, ***Ra and ***Ra, respectively), most importantly during rainfall events.
In contrast, the ’Rn activities in groundwater oscillated by a factor of 3 during these rainy
periods. The large temporal variability in Ra activities hampers characterization of the SGD
end-member when using Ra isotopes as tracers, and thus presents a challenge for obtaining
accurate SGD estimates. This study emphasizes the need to understand the hydrodynamics
of coastal aquifers to appropriately constrain the Ra isotopes and **Rn concentrations in

groundwater and when applying both tracers in dynamic microtidal coastal systems.

2.1.1 Introduction

Submarine Groundwater Discharge (SGD) includes both meteoric fresh groundwater
flowing into the sea and seawater recirculation through coastal aquifers (Burnett et
al., 2003). Both flows mix in coastal aquifers, so-called subterranean estuaries (STEs),
where biogeochemical reactions occur as a consequence of interactions between
terrestrially derived groundwater, recirculated seawater and the geological matrix
(Moore, 1999). This dynamic mixing zone influences the transfer of several chemical
constituents to the coastal ocean (Tovar-Sanchez et al., 2014; Sadat-Noori et al.,
2016). SGD is now recognized as a relevant source of nutrients, trace metals and

other compounds and contaminants to the coastal sea (Kim et al., 2003; Johnson et
al., 2008; Gonneea et al., 2014; Pavlidou et al., 2014; Rodellas et al., 2015b; Trezzi
et al., 2016)

Radium (Ra) isotopes (**Ra, **Ra, **Ra, ***Ra) and radon (*’Rn) have been widely
used as tracers to quantify SGD (e.g., Charette et al., 2001; Moore, 2003; Burnett
et al., 2006, Burnett et al., 2008; Lee et al., 2012). Ra isotopes and **Rn, which
are continuously produced in geological materials by the decay of their uranium
and thorium parents, are appropriate SGD tracers, mainly because they behave
conservatively once released to the sea and because they are significantly enriched in

SGD fluids relative to seawater (Burnett et al., 2006). The approach used to estimate
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SGD flows using Ra isotopes or **Rn is based on characterizing the flux of Ra/Rn
supplied by SGD (J,_ or J, ) using the Ra/Rn distribution in coastal waters and the
Ra/Rn concentration in groundwater inflowing to the sea, the so-called SGD end-
member (Ra_ or Rn_, ) (Burnett and Dulaiova, 2003; Moore, 1996a).

Most SGD studies have been devoted primarily to estimating the fluxes of Ra and
Rn (J,, or J, ) (e.g., Kim et al., 2005; Beck et al., 2008; Smoak et al., 2012), whereas
the Ra and Rn concentrations in the groundwater end-member have been largely
overlooked, even though they are a critical component of the tracer-derived estimates
(Cho and Kim, 2016; Burnett et al., 2007; Gonneea et al., 2013, 2008). Ra activities
in subterranean estuaries can vary significantly (one or two orders of magnitude) over
space and time at a given study site (Ollivier et al., 2007; Beck et al., 2008). Thus,
the lack of constraint on this term remains a significant source of uncertainty in Ra-

derived SGD estimates (Charette, 2007; Gonneea et al., 2013).

Several factors influence Ra activities in SGD, including the presence of Mn-Fe
oxides (Gonneea et al., 2008), the pH of the subterranean estuary (Beck and Cochran,
2013), the ionic strength (Elsinger and Moore, 1980; Webster et al., 1995), the
properties of the geological matrix (Swarzenski, 2007) and the residence time within
the STE (Rodellas et al., 2017). Among them, the ionic strength of the solution
(i.e., its salinity) has long been recognized as the main factor influencing the Ra
activities in the SGD end-member, and Ra desorption increases significantly with
salinity (Cho and Kim, 2016; Elsinger and Moore, 1980; Webster et al., 1995). As a
consequence, Ra activities in SGD may vary substantially depending on the position
of the freshwater-saltwater interface within the subterranean estuary. The position
of this interface may oscillate, due to variations in the hydraulic gradient of the fresh
groundwater (caused by, e.g., recharge and abstraction) and marine driving forces
(e.g., tides, wave and storms) (Gonneea et al., 2013; Heiss and Michael, 2014). These
temporal oscillations of Ra activity in STEs, along with the spatial heterogeneity of
coastal aquifers, make it difficult to characterize the Ra_, end-member, which is

needed to provide accurate estimates of SGD (Michael et al., 2011).

Unlike Ra, Rn is an inert gas. Thus, its chemical behavior is not influenced by the
physicochemical characteristics of the coastal aquifer (e.g., groundwater salinity,
temperature or redox conditions). Radon activities in coastal aquifers are thus
primarily controlled by the content of **Ra in the aquifer solids and dissolved in

groundwater (Dulaiova et al., 2008). However, the physical and geochemical processes
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occurring in coastal aquifers (e.g., manganese cycling or ionic exchange) can affect the

#Ra distribution, thus driving changes in the **Rn concentration of groundwater

(Dulaiova et al., 2008).

In contrast to many coastal areas of the world, the Mediterranean Sea is characterized
by a microtidal regime, with tidal amplitudes commonly lower than 0.2 m.
Therefore, tidal forces do not exert a significant water pumping influence in the
coastal aquifers there. As a consequence, the location and movement of the salinity
interface in subterranean estuaries in the Mediterranean region, as well as in other
microtidal sea regions (e.g., the Caribbean Sea or the Baltic Sea), are mainly regulated
by hydrogeological factors, such as aquifer properties and the aquifer water budget.
Thus, understanding the hydrogeological characteristics (i.e. recharge, discharge,
etc.) of coastal aquifers in microtidal regions and their impacts on the Ra and Rn
concentrations in groundwater is particularly important for improving tracer-derived

estimates of SGD.

This study evaluates the temporal evolution of Ra isotopes and ***Rn concentrations
in a Mediterranean microtidal coastal aquifer (Argentona, Catalonia, Eastern Iberian
Peninsula) over almost 2 years. During this period, two piezometers (PZ) were
continuously monitored to measure variations in groundwater levels, salinity and the
Ra and **Rn concentrations in the groundwater. The aim of this study is to assess
hydrogeological dynamics affecting the variability in the concentrations of Ra isotopes
and **Rn in groundwater from this coastal microtidal aquifer. This variability may
have critical implications for the quantification of Ra/Rn-derived SGD fluxes and

therefore their implications for coastal biogeochemical cycles.

2.1.2 Study area and methods
2.1.2.1 Study area: The Argentona alluvial aquifer and the oceanographic setting

The Argentona alluvial aquifer is located between the Catalan Littoral Mountain
Range and the Mediterranean Sea (Barcelona, NW Mediterranean) and extends in
the SW-NE direction (Figure 2.2). It has an area of approximately 35 km? that is
mainly devoted to agricultural uses. The climatology of this region is characterized
by Western Mediterranean conditions, and the region experiences high temperatures
in summer (mean ~23 °C) and mild temperatures in winter (mean ~10 °C). The

annual precipitation of the area ranges from 500 to 800 mm, and is mainly related to
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Figure 2.2 Location of the Argentona stream in the NW Mediterranean Sea, including the location
of the two monitored piezometers (PZ).

intense and short storms during the fall and spring season. Surface water flows in the
Argentona main stream are restricted to the rainy seasons, particularly during major

rainfall events (e.g., > 50 mm in a few hours).

The Argentona aquifer is associated with a tectonic fault and sinking blocks where
stream valleys have developed. The geology of the alluvial aquifer, which is
unconfined, is dominated by detrital Quaternary sediments that are the product of
chemical weathering of the granitic basement along fissures (Montoto, 1967). These
sediments constitute layers of unconsolidated sands, gravels and clays deposited in
an alluvial fan system during basin formation. In the nearshore area, the aquifer is

mainly composed of marine sands (Catalan Water Agency, 2010).

A water budget for the aquifer conducted by the Catalan Water Agency (ACA),
which used a numerical flow model of the aquifer system and covered the period 2006
— 2009, estimated an aquifer recharge rate between 3.6-10° to 5.4-10° m’ y™'. Major
outputs from the aquifer include urban, agricultural and industrial extraction ((1.4 -

1.9)-10° m’ y™) and fresh groundwater discharge to the sea (1.2 — 2.4)-10° m’ y™).

2.1.2.2 Groundwater monitoring and sample collection

During a period of 2 years (from January 2013 to December 2014), hydrogeological

conditions (groundwater level and salinity), Ra isotopes and ?*Rn activities were
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monitored in the Argentona coastal aquifer using two entirely screened piezometers.
The first piezometer, PZ1, was drilled to a depth of 35 m by the Catalan Water
Agency in 2007. It is located 380 m from the shoreline and has a groundwater
level approximately 6 — 7 m below the ground surface. The second piezometer, PZ0,
which was only monitored for 7 months (May 2014 to December 2014), was drilled
approximately 8 m from the shoreline to a depth of 2 m. Three CTD-Diver® data
loggers were installed in the piezometers to measure temporal salinity, temperature
and groundwater table variations. The first instrument was installed in PZ1 10 m
below the ground surface (3 — 4 m below the water level) to evaluate the freshwater
conditions (hereinafter referred to as PZ1-S). The second instrument was installed
in PZ1 at a depth of 34 m to monitor variations in the mixing zone between the
freshwater and saltwater (hereinafter referred to as PZ1-B) (Figure 2.2). The third
instrument was installed in PZ0 at a depth of 1.8 m below the ground surface to
evaluate conditions in the groundwater close to the coastal seepage face. Variations in
air pressure were compensated for using air pressure measurements that were made
simultaneously using a Baro-Diver® that was also installed at the top of the PZ1

plezometer.

Groundwater samples were collected at the same depths where the CTDs were
installed, samples from PZ1-S (n=15) were collected 10 m below the ground
surface, samples from PZ1-B (n=15) were collected 34 m below the ground surface,
and samples from PZ0 (n=8) were collected 1.5 m below the ground surface). A
submersible pump was used to collect samples with volumes of 60 L (PZ1-S), 25
L (PZ1-B) and 10 L (PZO0) for Ra isotopes. Samples with volumes of 250-mL were
collected for *?Rn analyses from PZ1-S and PZ1-B. Radon-222 was not analyzed in
PZ0 due to the low water level (less than 20 cm), which increased the exchange of
*2Rn with the air and did not permit us to obtain a representative sample. During

each sampling survey, salinity and temperature were measured in situ using a Y SI-

556 handheld probe.

Water samples for Ra isotopes were filtered through MnQO, impregnated acrylic fibers
(hereinafter referred to as Mn fibers) at flow rates <1 L min™ to quantitatively sorb
Ra onto the Mn fibers (Moore and Reid, 1973). For the **Rn samples, groundwater
was pumped directly through a tube that reached to the bottom of each 250-mL
bottle. The groundwater was allowed to overflow for several volumes of the sample

bottle to reduce Rn losses to the atmosphere.
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2.1.2.3 Analytical methods

Once in the laboratory, the Mn fibers containing the Ra isotopes were rinsed with
Ra-free water (Sun and Torgersen, 1998), partially dried and placed in a Radium
Delayed Coincidence Counter (RaDeCC) to quantify the short-lived Ra isotopes,
22Ra and ?**Ra (Garcia-Solsona et al., 2008; Moore and Arnold, 1996). After these
measurements, the Mn fibers were ashed (820°C, 16 hours), ground and aged for
3 weeks in counting vials to allow **Rn to come into secular equilibrium with
2Ra. Samples were measured using a well-type HPGe gamma detector. ?*Ra and
28Ra were measured via 2*Pb at the 351.9 keV photopeak and ***Ac at the 911 keV
photopeak, respectively. *Rn activities in groundwater samples were determined
using a portable *’Rn-in-air alpha spectrometer RAD7 (Durridge Inc.) coupled with
a RAD-H O attachment that allows the direct determination of *Rn from 250-mL
bottles (Burnett et al., 2001).

2.1.3 Results
2.1.3.1 Hydrogeological features and dynamics

Results of the continuous monitoring of the groundwater table and salinity at
PZ1 are shown in Figure 2.3. The fresh groundwater part of the coastal aquifer
(PZ1-S) showed relatively constant salinities (~ 0.4) with minimum values of 0.05
occurring during some rainfall events (Figure 2.3.b). In contrast, salinities at the
bottom level (PZ1-B) varied significantly during the studied period and ranged from
0.3 to 17 (Figure 2.3.c). Two general patterns in salinity can be identified at the
bottom. Salinities were stable during dry periods (sometimes showing minor and
constant salinity increases due to reductions in recharge), with maximum values
of 15 — 17 (e.g., January — February 2013 and July — September 2013). On the
other hand, large fluctuations occur during rainfall events, and sudden decreases in
groundwater salinity were followed by gradual increases after rain/recharge episodes.
This behavior is exemplified by a particular rainfall event (RFE-8; Figure 2.3.d,e).
After the precipitation fell, the groundwater table increased by 60 cm and the
salinity at the bottom of PZ1 decreased sharply (over 23 hours) from 13 to 0.2. This
fast piezometric response to precipitation can be attributed to the hydrogeological
features of the alluvial aquifer, which has a high hydraulic conductivity and a small
non-saturated zone in the lower part of the basin (Catalan Water Agency, 2010),

but it is also accentuated due to the use of a fully screened piezometer (Shalev et al.,
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Figure 2.3 Temporal evolution of the hydrogeological conditions and the Ra and Rn activities
in the coastal aquifer: (a) Daily cumulative precipitation in the area and measured groundwater
table elevations in the coastal aquifer; (b) and (c) groundwater salinities in the shallow (PZ1-S)
and bottom (PZ1-B) parts, respectively, of piezometer PZ1; (d) groundwater table elevation and
precipitation records from rainfall episode 8 (RFE-8); (e) Variations in Rn and Ra activities and
salinity in PZ1-B during RFE-8; (f) Sea level and salinity oscillations in PZ1-B. Vertical gray lines
indicate rainfall events (RFEs) that significantly affected groundwater table elevation.
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2009). Under stable conditions, an equilibrium exists between the aquifer, which is
governed by the laws of groundwater motion, and the entire screened piezometer,
which is governed by the hydrostatic law (Rushton, 1980). However, under changing
conditions, this equilibrium is broken, and the position of the salinity interface in
the piezometer may not correspond to its actual position in the aquifer (Rushton,
1980; Tellam et al., 1986; Carrera et al., 2010). For instance, during heavy rainfall
events, the higher hydraulic level of fresh groundwater occurring in the upper part
of the entirely screened piezometer pushes the saltwater downward faster than it
occurs in the aquifer. As a result, after these episodes, salinity decreased faster in the

piezometer than in the aquifer itself.

Rainfall-derived aquifer recharge produced an increase in the hydraulic gradient
between the coastal aquifer and the sea, leading to seaward displacement of the salinity
interface and a significant decrease in groundwater salinity in the bottom section of
the piezometer (Figure 2.3.c,e). Once the infiltration of rainfall water had finished,
the hydraulic gradient decreased gradually, resulting in landward displacement
of the salinity interface and a consequent increase in groundwater salinity in the
bottom section of the piezometer (Figure 2.3.c,e). While the seaward displacement
of the salinity interface occurred shortly (a few hours to days) after the precipitation
episode, several weeks or even months were needed to recover the salinity values
observed prior to the rain event(s). For instance, salinity at PZ1-B decreased from 13
to 0.3 in less than a day (~23 hours) associated with RFE-8, whereas several months
(=6 months) were needed to recover the initial salinity of 13 - 15 (Figure 2.3.e).

Unlike aquifers dominated by tidal cycles, the impact of microtides on the hydraulic
gradient, and consequently the position of the salinity interface, can be negligible
in PZ1. As shown in Figure 2.3.f, the tidal range in the area was on the order of
~20 cm (data compiled from the Barcelona mareograph and obtained from the
State Ports Authority; www.puertos.es), a pattern commonly observed in the NW
Mediterranean Sea. These small tidal oscillations induced only small variations in the
groundwater table and in the groundwater salinities at the bottom of the piezometer

(tidally derived groundwater salinity variations of ~1).

Regarding PZ0, the piezometer closest to the shoreline but located in the same aquifer
unit, the recorded data on groundwater table and salinity followed a similar pattern
as those observed in PZ1 (Figure 2.4). Namely, stable salinities were observed during
dry periods, with maximum values of 3 (e.g., May 2014 and August — November
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Figure 2.4 Temporal evolution of hydrogeological conditions in PZ0: (a) Significant wave heights
of coastal seawater (Ho) derived from the SIMAR dataset (2115138) oceanographic model (State
Ports Authority; www.puertos.es); (b) daily cumulative precipitation in the area and measured
groundwater table elevations in the coastal aquifer; (c) groundwater salinities in PZ0. Vertical gray
lines and orange dotted lines indicate the major rainfall events (RFEs) and eastern storm events,
respectively, that significantly affected groundwater table elevation or salinity in PZ0.

2014), and fluctuations of salinity were observed during rainfall events, with salinity
decreasing to reach minimum values of 0.1. Although the piezometers, PZ1 and
PZ0, are located 380 and 8 m from the shoreline, respectively, CTDs installed in
both piezometers registered almost the same variations in the groundwater table and
salinity (e.g., RFE-12, 13, 14 and 16), indicating similar responses to recharge/rain
events, as expected. However, various significant increases in groundwater salinities
in PZ0 (up to salinities higher than 18) that did not correspond with the fluctuations
recorded in PZ1 were also observed. These salinity increases in PZ0 coincided with
increases in the significant wave height (H ) in the coastal sea, mainly related to the
eastern storms characteristic of the spring and autumn seasons in the northwestern
Mediterranean Sea. The increase in the frequency and height of waves at the
shoreline modifies the equilibrium of the hydraulic gradient, moving the salinity
interface landward and increasing the salinity in PZ0 (Moore and Wilson, 2005).
The influence of these storms on PZ0 lasted for short periods (less than 6 days), and

PZ0 rapidly recovered the groundwater salinities observed before storm events, due
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to the contrary effect of the downward groundwater flow of the aquifer. Given the
limited influence of these kind of storm events, the groundwater recharge-discharge
cycle appears to be the main driver controlling the position of the salinity interface

in the studied NW Mediterranean coastal aquifer.

2.1.3.2 Ra isotopes and **Rn characterization in groundwater

The activities of Ra isotopes and **?Rn measured in groundwater samples from PZ1-S,
PZ1-B and PZ0, together with their corresponding salinities, are presented in Table
2.1. The activities of Ra isotopes in shallow groundwater (PZ1-S) samples showed
relatively constant values that ranged from 0.4 to 3.8 dpm 100 L for *Ra, 40 to
90 dpm 100 L* for ***Ra, 9 to 20 dpm 100 L* for #**Ra and 60 to 90 dpm 100 L
for 2*Ra. The activity of Ra in PZ1-B presented a larger variability, and these values
ranged from 2 to 80 dpm 100 L for #’Ra, 70 to 2100 dpm 100 L for ***Ra, 30 to
440 dpm 100 L for ***Ra and 70 to 1700 dpm 100 L! for ?*Ra. The activities of Ra
isotopes were particularly low during rainfall events, when groundwater salinities in
the piezometer were minimal, whereas the largest activities were measured during
dry periods that corresponded to the highest groundwater salinities. On the other
hand, Ra activities in PZ0 showed a similar variability as those seen in PZ1-B, and
they ranged from 3 to 10 dpm 100 L for **Ra, 260 to 830 dpm 100 L for **Ra,
40 to 70 dpm 100 L* for **Ra and from 200 to 760 dpm 100 L' for **Ra. Ra
activities in groundwater samples were higher than values commonly found in NW
Mediterranean coastal aquifers (e.g., Rodellas et al., 2015a), most likely due to the
high radium content of the granitic basement (which are rich in #?Th decay chain
radionuclides) and the relatively high salinities of the groundwater in the aquifer that
favor radium desorption. The activities of Raisotopes measured in the two piezometers
showed strong positive correlations with salinity (r*=0.91, 0.97, 0.87 and 0.95 for
*2Ra, #*Ra, **Ra and **Ra, respectively; p<0.001), suggesting that the groundwater
sampled in PZ0, which is near the discharge area, has similar characteristics as the
groundwater in PZ1 (Figure 2.5.a). Unlike Ra isotopes activities, the activities of
*?Rn in groundwater samples reflected relatively constant concentrations in the

water samples from PZ1-S and PZ1-B throughout the studied period, with values
ranged from 40-10° to 120-10° dpm 100 L (Figure 2.5.b).

A detailed analysis of the rainfall event RFE-8 suggested that Ra activities in

groundwater from PZ1-B followed a pattern linked to groundwater recharge cycles



78 | Capitol 2

2400 900 135

-4 PZ1 PZ0 (a) - ® PZ1-S (b)

—~ 2000 A A ™Ra(R=0.909) § — 750 . — o Pz1-B

o & ¢ ™Ra(R:=0.968) y S o

S 1 m O #Ra(R=0.869) + T ¢ 3

T 1600 ® O 2®Ra (R=0.949) §§ — 600 - | ‘%

e ; A 3 ;

Z $ °

1200 § L 450 o 85— {,

© 9 0 ( =

9: ] @ I E-, E T % %

Q800 e 1300 &

N e | N

§ i <>§$ . L '] i q g: 60 (%

N 400 O@ B L 150 N N

- i
= Eﬂ ﬂ A A- A A .- -A f -
° [ N N R L L L BN L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Salinity Salinity

Figure 2.5 Ra isotopes and **’Rn activities vs salinity in groundwater from the Argentona aquifer

(PZ1-S, PZ1-B and PZ0). Dashed lines represent the best linear fits to the data.

(Figure 2.3; Table 2.1). Thus, just after the precipitation event, Ra activities diminished
by a factor of ~19, ~14, ~6, and ~11 for **Ra, ***Ra, **Ra and **Ra, respectively,
in a short period of time (Table 2.1). A few days after the event, and coupled with
an increase of groundwater salinity, Ra activities gradually increased toward the
activities measured before the rainfall event. The activity of **Rn followed a similar
pattern to those of the Ra isotopes, although it only decreased by a factor of ~2 (from
81-10° to 39-10° dpm 100 L") after the precipitation event.

2.1.4 Discussion
2.1.4.1 Variability in the activity of *Rn and the activities of Ra isotopes

The activities of Ra isotopes measured in groundwater from PZ1 and PZ0 spanned
a wide range. In particular, ?**Ra in PZ1-B varied by a factor of 31 during the two
monitored years, whereas **?Rn activities were relatively constant throughout the
sampling period and varied by less than a factor of 3. This contrasting pattern between
Ra isotopes and **Rn is likely a consequence of differences in their geochemical
behavior in the subterranean estuary. Radium desorption is an exchange process that
is highly dependent on the ionic strength (salinity) of the solution; it commonly
represents the main factor determining the activities of Ra isotopes dissolved in
groundwater (Cho and Kim, 2016; Gonneea et al., 2008). Consequently, the activities
of Ra isotopes in fresh groundwater from the shallow depths of the subterranean
estuary are considerably lower than those in brackish groundwater from greater depths.

Ra activities at the salinity interface are likely explained by binary mixing between
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Date Sal 22Rn  ?2Ra 224Ra 226Ra 228Ra 224R2/12: “Ra ZZGRXI:ZBRa
10° dpm 100L™ dpm 100 L

PZ-1S (shallow)
ARG3-PZ-S 20/12/2012  0.51 0+5 2003 85+5 18+1 85+4 43+7 0.21 £ 0.01
ARG4-PZ-S 29/1/2013 042 101+7 0.8+0.2 5343 9+1 703 70 + 20 0.13 £ 0.02
ARG6-PZ-S 24/4/2013 0.39 86+8 0.8+0.2 56+4 14+1 65 +4 37 +£20 0.22 +0.02
ARG7-PZ-S 28/5/2013 0.36 0+8 09+0.1 50+3 10+1 56+1 474 + 300 0.18 +0.02
ARGS8-PZ-S 28/6/2013 0.35 85+3 04102 44 +3 n.a n.a 222 + 112 n.a
ARGI10-PZ-S 23/9/2013 0.39 80+9 1.5+0.2 66+ 3 n.a n.a 47+7 n.a
ARG11-PZ-S 30/10/2013 040 76+12 1.2+0.2 68 +3 13+1 65+5 56+ 8 0.20 + 0.02
ARGI12-PZ-S 21/11/2013  0.37 45+3  08+0.2 59+3 12+1 62+5 74 £ 20 0.19 +0.02
ARGI13-PZ-S 24/11/2013 037 57+6 09+0.2 56+3 n.a na 63 +13 n.a
ARG15-PZ-S 26/11/2013  0.39 62+3 06+0.2 61+3 n.a n.a 3+1 n.a
ARG16-PZ-S 28/11/2013  0.39 n.a 0.5+0.2 60 +3 13+1 68 £5 114 + 40 n.a
ARG17-PZ-S 1/12/2013 0.39 n.a 0.8+0.2 59+3 n.a n.a 73 £ 20 0.19 +0.02
ARGI18-PZ-S 9/12/2013 0.38 n.a 04+0.2 56+ 3 n.a n.a 139+ 70 n.a
ARGI19-PZ-S 9/2/2014 0.36 n.a 0.5+0.2 43+2 n.a n.a 85 + 30 n.a
ARG20-PZ-S 13/4/2014 0.39 n.a 3.8+0.5 62+3 12+1 60 +5 16+2 0.20 + 0.02
PZ-1B (bottom)
ARG3-PZ-B 20/12/2012  8.68 94 +12 42+5 1,704+123 193+11 1,108+50 1.54+0.13 0.17+0.01
ARG4-PZ-B  29/1/2013 643 103%5 21+2 1,179+90 10648 658+47 1794018 0.16+0.02
ARG6-PZ-B 24/4/2013  11.14 95+13 55+4 2,074+108 25111 1,596+68 1.30+0.09 0.16+0.01
ARG7-PZ-B 28/5/2013 347 8l1+14 20+2 737 £ 40 26 +2 574+27 1.28+0.09 0.05+0.01
ARGS8-PZ-B 28/6/2013 5.46 92+4 22+1 1,102+50 161+7 762+30 1.45+0.09 0.21+0.01
ARG10-PZ-B 23/9/2013 4.32 83+5 33+2 917 £ 50 n.a n.a n.a n.a
ARGI11-PZ-B 30/10/2013  4.55 81+6 302 956 + 50 178+8 764+30 1.25+0.08 0.23+0.01
ARGI12-PZ-B 21/11/2013  0.39 39+2  1.6+05 67 +4 29+6 68 £5 0.99+0.08 0.42+0.09
ARGI13-PZ-B 24/11/2013 074 5311 3.6+05 118+ 7 34+2 125+7 094+0.08 0.28 £0.02
ARGI15-PZ-B 26/11/2013  0.98 72+2 3+1 160 + 8 33+2 139+7 1.15+0.08 0.24 £0.02
ARG16-PZ-B 28/11/2013  3.57 72+2 17+2 582 + 40 79+6 461 +30 1.26+-0.12 0.17+£0.02
ARG17-PZ-B 1/12/2013 5.60 66+ 7 33+4 856 + 100 n.a n.a n.a n.a
ARGI18-PZ-B 9/12/2013 8.00 n.a 61+7 1,516 £ 80 244 +30 1,344+137 1.14+0.13 0.18+0.03
ARG19-PZ-B 9/2/2014 10.36 n.a 23+2 1,513 £ 70 n.a n.a n.a n.a
ARG20-PZ-B 13/4/2014  11.42 n.a 82+6 1,834+121 440+18 1,715+70 1.07+0.08 0.22+0.01
PZ-0
ARG21-PMO 24/4/2014 0.75 n.a 5+0.4 257 £ 11 47 + 4 222+12 1.16+0.08 0.21+0.02
ARG22-PMO 30/4/2014 2.99 n.a t2 762+ 33 62+7 755+95 1.01+0.13 0.08+0.01
ARG23-PMO 13/5/2014 3.85 n.a 828 + 35 40+7 741+£117 1.12+0.18 0.05+0.01
ARG24-PMO 16/5/2014 3.51 n.a 12+2 802 + 37 67 +4 480+ 67 1.67+0.25 0.14+0.02
ARG25-PMO 3/6/2014 1.20 n.a 3+1 313+ 15 n.a n.a n.a n.a
ARG26-PMO 7/6/2014 1.70 n.a t1 392+ 19 3816 232+34 1.69+026 0.16+0.04
ARG27-PMO 11/6/2014 1.70 n.a 357 £ 16 55+11 343+51 1.04+0.16 0.15+0.04
ARG28-PMO 26/6/2014 2.30 n.a t 517 +23 67+12 200+44 259+0.58 0.34+0,10

n.a: not analyzed

Table 2.1 Salinity, Ra isotopes and *’Rn activities and Activity Ratios (ARs) in the shallow and
bottom parts of piezometer PZ1 (n.a: not analyzed).
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low-Ra, low-salinity groundwater and high-Ra, high-salinity groundwater. Indeed,
this behavior explains the strong linear correlations between the concentrations of
Ra isotopes and groundwater salinities observed over the entire period of the study
(Figure 2.5.a). Unlike Ra isotopes, groundwater salinity has little influence on the
behavior of *’Rn in the aquifer because it is a noble gas. Moreover, *?Rn supported
by 2*Ra dissolved in groundwater usually represents a minor fraction of the total
#2Rn activity in groundwater. Therefore, similar 2?Rn activities are expected in fresh,
brackish and salty groundwater, thus explaining the lack of significant correlations
between **’Rn activities and salinity in groundwater from the studied site (Figure
2.5.b). However, it should be noted that, after rainfall events, *??Rn activities
decreased considerably, together with salinity. This coupled **Rn-salinity decrease
is attributed to dilution that is due to the vertical infiltration of rainwater into the
highly permeable coastal aquifer, since rainwater has a salinity close to 0 and contains
negligible amounts of *’Rn. After the rainwater had interacted with the geological
matrix, the activity of **Rn in the meteoric fresh water started to increase, due to its
production within the aquifer solids. Concentrations in equilibrium with the aquifer

matrix were achieved within 15 — 20 days after rainwater infiltration into the aquifer.

2.1.4.2 Temporal variability of the salinity interface: Implications for Ra- and
Rn-derived SGD estimates

The position and dynamics of the salinity interface are influenced to a large degree
by multiple forcing mechanisms, which include marine (e.g., wave setup and swash
infiltration, as well as tidal pumping) and terrestrial drivers (e.g., recharge patterns) (Li
et al., 2008; Henderson et al., 2010; Santos et al., 2012; Abarca et al., 2013). Whereas
tides are physical forces that are relevant for determining freshwater-seawater mixing
in most coastal areas (Kim and Hwang, 2002; Michael et al., 2003; Charette, 2007;
Bokuniewicz et al., 2015), they play a minor role in microtidal environments such
as the Mediterranean Sea, the Baltic Sea and the Caribbean Sea (Szymczycha et al.,
2012; Gonneea et al., 2014; Rodellas et al., 2014;). In such systems, the dynamics of
the salinity interface are mainly governed by the inland hydraulic gradient, which
mainly reflects the terrestrial groundwater recharge rate (Dausman and Langevin,
2005). Microtidal coastal aquifers are thus highly influenced by precipitation regimes,
and they become highly dynamic systems when precipitation events are temporally
variable. This pattern is commonly observed in the Mediterranean basin, where 4

— 6 short (lasting hours to a few days) and intense (a2 maximum precipitation rate
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of 40 mm day™ occurred during the studied period, but it can be much higher)
rainfall events represent more than 70% of the annual precipitation (e.g., RFE-1, §,
13 and 15, Figure 2.3) (Gasith and Resh, 1999). According to the change in hydraulic
gradient observed in PZ0 (the closest to the sea) over a period of nearly 8 months,
it can be estimated that 50% of the discharge is produced during and/or within
a few days after rain events. Thus, short and intense rainfall events are likely to
produce the highest rates of fresh SGD to the coastal sea, which would account
for a significant proportion of the freshwater that seeps into the sea yearly. For
the rest of the year, fresh SGD flows are expected to be significantly lower and
more constant. Thus, estimating SGD fluxes in microtidal systems during periods
of intense precipitation are particularly relevant from both a hydrogeological and a

biogeochemical perspective.

The quantification of SGD flows to the coastal sea using Ra isotopes and **Rn
requires accurately characterizing their activities in groundwater discharging to the
coastal sea (i.e., the SGD end-member). Indeed, Ra- and ?*Rn-derived SGD fluxes
can only be resolved at levels where the tracer concentration in the end-member is
well constrained. Thus, the selection of an appropriate end-member is commonly the
main source of uncertainty in final SGD estimates (Cho and Kim, 2016; Burnett et
al., 2007; Dulaiova et al., 2008; Garcia-Orellana et al., 2010; Gonneea et al., 2013).
Given that Ra isotopes are highly influenced by the ionic strength of the dissolved
phase, the process of freshwater-seawater mixing dynamics are key processes in
understanding the distribution of Ra in a coastal aquifer and constraining the Ra
concentration in the SGD end-member (Charette et al., 2001; Gonneea et al., 2013;
Michael et al., 2011). Indeed, several studies have reported that the activities of Ra
isotopes in the SGD end-member vary over a wide range (up to orders of magnitude)
both in space and time, and are often linked to changes in the ionic strength of the
dissolved phase (Cho and Kim, 2016). Thus, accurately evaluating the complex and
dynamic mixing of fresh groundwater with seawater (i.e., the position of the salinity

interface) becomes critical for obtaining reliable Ra-derived SGD estimates.

In highly dynamic microtidal systems, achieving an appropriate understanding of the
hydrodynamics of coastal aquifers requires significant monitoring and characterization
efforts that are often unavailable when SGD studies are conducted. To overcome this
limited hydrogeological understanding, studies that use Ra isotopes to quantify SGD

commonly rely on collecting a relatively large number of samples, as well as using
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different approaches to characterize the SGD end-member (potential approaches
include, e.g., averaging the Ra activities from all the samples collected (Gonneea
et al., 2014), taking the maximum measured Ra activities to obtain conservative
estimates (Moore, 1996b), or using ranges of Ra activities covering the samples
collected (Kim et al., 2005). Whereas these approaches may work in many of the
tidal systems studied, using them in coastal aquifers characterized by highly dynamic
freshwater-seawater mixing zones (with large salinity and thus large Ra variations)
may introduce large uncertainties into the final SGD quantification. Constraining Ra
activities in the SGD end-member during (or just after) intense rainfall events may
be particularly challenging, given the large temporal variations in salinity and Ra in
coastal groundwater, making it difficult to obtain reliable SGD estimates. As detailed
above, it should be noted that inputs of fresh groundwater to coastal seas are expected
to be much higher during these rainfall periods, and thus, the SGD evaluations during
these periods have a major hydrological and biogeochemical interest. Conversely, Ra
activities in the SGD end-member can be more easily constrained during dry periods
because they are associated with reduced variability in coastal groundwater, thus
allowing appropriate estimates of Ra-derived SGD fluxes to be made for the rest of
the year.

Unlike Raisotopes, the activity of *?Rn in coastal groundwater appears to be relatively
constant throughout the year due to the relatively small influence of groundwater
salinity on **’Rn behavior, even during intense rainy events (***Rn activities only
varied by a factor 2 during these events). These small variations allow us to better
constraint the activity of *’Rn in the SGD end-member and, thus, better estimate
SGD flows during rainy periods. This observed pattern suggests that *Rn may be
a more appropriate SGD tracer than Ra isotopes in systems with highly dynamic
salinity interfaces, particularly during the wet season, when groundwater salinities
(and thus Ra activities) may change significantly over short temporal scales. However,
whereas the Rn end-member can be relatively well constrained, Rn-derived SGD
estimates are highly sensitive to Rn mixing losses and especially the loss of Rn to the
atmosphere by degassing. These two loss terms are difficult to determine, particularly
under conditions with strong winds and high waves, which often occur concurrently

with eastern storm events.
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2.1.5 Conclusions

Understanding the behavior of tracers used to determine submarine groundwater
discharge (SGD) fluxesis crucial for accurately quantifying groundwater- and chemical-
driven fluxes to the ocean in order to better understand coastal biogeochemical
cycles. The results obtained in this work reveal that activities of Ra isotopes, which
are commonly used tracers to quantify SGD, show a large variability in microtidal
coastal groundwater systems throughout the year and particularly during intense
rainfall events (e.g., activity changes by a factor of ~19, ~14, ~6, and ~11 for **Ra,
%Ra, #*Ra and **Ra during a particular rainfall event, RFE-8). This large variability,
which is linked to the displacement of the salinity interface seawards, complicates
the accurate estimation of the Ra-SGD end-member, resulting in Ra-derived SGD
estimates with large uncertainties. In contrast, *’Rn activities present only minor
variations (by a factor of 3), as a consequence of the relatively small influence of
groundwater salinity on **Rn activities. In microtidal systems, high SGD-driven
fluxes to the sea of both freshwater and dissolved chemical compounds are expected
to occur during the rainy season and/or intense rainfall events. Thus, scientific efforts
should be particularly directed toward understanding SGD fluxes during this season,
when the influence of SGD on hydrological budgets is expected to be significant.
The observed differences between the rainy season and the dry period indicate that
appropriate SGD quantification over longer (monthly or yearly) time scales cannot

be carried out properly without considering the temporal variability in Ra activities.

In addition to the difficulties in estimating SGD flows during rainfall events (which
are mainly due to the difficulty of characterizing the SGD end-member), the extreme
variability in the concentrations of chemical compounds (e.g., nutrients, trace metals,
contaminants, and other species) in the groundwater poses an additional challenge
in constraining a representative groundwater end-member. The fluxes of dissolved
compounds transported by SGD have usually been calculated by multiplying the
SGD flux derived using Ra isotopes or Rn by the concentration of the chemical
compounds in the inflowing SGD. As in the case of the Ra end-member, it is
particularly critical to identify a representative concentration of the studied dissolved
chemical compound in the discharging groundwater during intense rainfall events.
A poor understanding of the behavior of dissolved chemicals in the coastal aquifer
during rainfall events may lead to large uncertainties in SGD-driven chemical fluxes.

Since the SGD-driven fluxes during the wet periods may account for a significant
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fraction of the chemical fluxes to the coastal areas, it is expected that the impact
of SGD on coastal biogeochemical cycles is particularly relevant during these
events. Characterizing the behavior of Ra/Rn and dissolved chemical compounds
within subterranean estuaries during rainfall events in microtidal systems remains
a challenge, which must be considered in future studies of SGD-driven nutrient
fluxes to coastal areas in order to understand the relative impact of SGD on coastal

biogeochemical cycles.
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Figure 2.6 Graphical Abstract.

Abstract X-rayfluorescence core scanners (XRF-CS)allow rapid, non-destructive, continuous
and high-resolution analyses of the elemental composition of sediment cores, providing
large sets of semi-quantitative data. These data can be converted to quantitative data through
the linear regression approach using a relatively small number of discrete samples analyzed
by techniques providing absolute concentrations. However, a precise characterization of the
errors associated with the linear function is required to evaluate the quality of the calibrated
element concentrations. Here we present a calibration of high-resolution XRE-CS for six
metals (Ti, Mn, Fe, Zn, Pb and As) measured in heavily contaminated marine deposits so



92 | Capitol 2

that absolute concentrations are obtained. In order to determine the best linear function for
conversion of XRF data, we have tested three regression methods: the ordinary least-squares
(OLS), which does not consider the standard error in any variable (x and y), the weighted
ordinary least-squares (WOLS), which considers the weighted standard error of the vertical
variable (y), and the weighted least-squares (WLS), which incorporates the standard error in
both x and y variables. We demonstrate that the calibration method presented in this study
significantly increases the correlation coefficient, higher than r’=0.94, and reduces both
the data deviation and the errors of the linear function for the three regression methods.
Nonetheless, the WLS appears as the best regression method to minimize errors in the
calibrated element concentrations. Our results open the door to use calibrated XRE-CS
data to evaluate marine sediment pollution according to the levels of the strictest sediment
quality guidelines (SQG) with errors lower than 0.4% to 2% for Fe, 1% to 7% for Zn, 3
to 14% for Pb and 5% to 16% for Mn. They highlight the robustness of the calibration
procedure here presented for accurate and precise quantification of element concentrations
from XREF-CS semi-quantitative data.

2.2.1 Introduction

X-ray fluorescence core scanners (XRE-CS) allow rapid and non-destructive acquisition
of high resolution, continuous elemental composition data from sediments on
split cores. XRF-CS have been widely used in the last decades to estimate relative
changes of the chemical composition of marine and lacustrine sediments in a variety
of geosciences research topics (Rothwell and Rack, 2006) such as paleoclimatology
and paleoceanography (Calvert and Pedersen, 2007), sedimentology (Croudace et
al., 2012; Croudace and Rothwell, 2015), lithostratigraphy or diagenesis studies
(Lowemark et al., 2011; Croudace et al., 2019). Furthermore, XRF-CS have further
been used in the analysis of cores made of hard rock, loess, peat bogs, river deposits
and polluted materials, and also on speleothems and wood samples for a variety of
purposes (Rothwell and Croudace, 2015; Hanebuth et al., 2015; Guo and Yang,
2016).

Elemental intensities obtained by means of XRE-CS are expressed in counts (cts) or
counts per second (cps), which depend on the excitation conditions and the X-ray
exposure time in every analysis. Since XRF-CS analyses are performed in fresh
untreated materials, changes in elemental intensities can be affected by pore water
content (Béning et al., 2007), grain size variations (Richter et al., 2006), sediment
roughness and matrix modifications (Tjallingii et al., 2007; Weltje and Tjallingii,
2008; Hennekam and De Rick, 2012; Hennekam et al., 2018). Because of these
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reasons, the records of the measured down-core elemental intensity cannot be
considered quantitative, although they are assumed to reflect proportional changes
in element concentrations. Normalization with a conservative element, e.g. Al (Din,
1992), is a common practice to overcome some of these problems, especially those
affecting the dilution of heavier elements, 1.e. the closed-sum effect (Rollinson, 1993;
Lowemark et al., 2011), to finally achieve a better assessment of relative changes.
Nonetheless, normalization with conservative elements can be problematic in coarse-
grained industrial wastes such as mine tailings or foundry slags. For some studies it
may be not necessary converting XRF-CS data into absolute concentrations, and both
element intensities and ratios are frequently used for identifying relative changes in
the intensity of the processes controlling the accumulation of each element. Using
the logarithm of elemental ratios, i.e. log-ratios, has also become common practice
to better represent changes in element concentrations, as log-ratios preserve a lineal
relation between XRF-CS data and element concentrations, thus allowing sound

statistical modelling of compositional data (Weltje and Tjallingii, 2008).

Determining absolute concentrations of elements is, however, crucial in many
studies, such as those addressing environmental pollution issues. On the other side,
performing large amounts of analyses to get absolute concentrations by means of
conventional methods (e.g. Inductively Coupled Plasma-Mass or Optical Emission
Spectrometry, ICP-MS or ICP-OES, or off-line X-ray fluorescence, XRF) involving
the treatment and final destruction of the samples is very time consuming and costly.
Conversely, non-destructive XRF-CS analyses quickly and cheaply supply high-
resolution, practically continuous along core data. But this implies one step further to
get absolute concentration data from measured XRF-CS elemental intensities (Jansen
et al., 1998; Kido et al., 2006; Spofforth et al., 2008; Lyle and Backman, 2013;
MacLachlan et al., 2015; Hunt et al., 2015). Such conversion provides a powerful
tool to determine pollution levels in sediments from contaminated areas at very
high resolution, thus rendering unnecessary to perform chemical analyses of plenty
of discrete samples along the whole core (Rodriguez-Germade et al., 2015a). The
benefits of such an approach in terms of cost and time saving are obvious. Despite
this, errors associated with such conversion have not been addressed so often, thus
leaving a lack of information regarding range errors in the transformation estimates,

which can be of the utmost importance for evaluating contamination levels.

The most common practice for the conversion of the XRF-CS data to absolute
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concentrations is the ordinary least-squares (OLS) regression method for stablishing a
linear function between pairs of values obtained by means of two different analytical
techniques (Tjallingii et al., 2007; Béning et al., 2007; Weltje and Tjallingii, 2008;
Chen et al., 2016; Mejia-Pifia et al., 2016). This classic method, widely implemented
in spreadsheet software, does not consider the standard error associated with both
abscissas (x) and ordered (y) variables, 1.e. element concentration and element intensity,
respectively. Few solutions have been proposed for introducing x and y standard
error in the least-squares procedure. One option is to include the weighting of the
standard error only in the ordered axis (y), called weighted ordinary least-squares
(WOLS). However, the most accepted method is the unified solution proposed by
York et al. (2004) that incorporates standard error in both x and y, called weighted
least-squares (WLS).

In this study, we present a novel calibration procedure to convert high-resolution
XRE-CS from highly polluted submarine deposits collected offshore Portmén Bay
and Barcelona, in Spain, into absolute concentrations for five metals, namely Ti, Mn,
Fe, Zn, and Pb and one metalloid, namely As. The above-mentioned three linear least-
squares methods, i.e. OLS, WOLS, and WLS, have been tested to assess the quality
of the linear regressions thus obtained together with the influence of the standard
deviation of both element concentration and element intensity measurements.
Our results highlight that establishing a detailed calibration procedure is critical
to obtain high quality records for calibrated concentrations derived from XRE-CS
semi-quantitative measurements. In turn, we also demonstrate the potential of XRE-
CS data calibration to precisely establish metal contents in highly polluted marine

deposits according to sediment quality guidelines (SQGs).

2.2.2 Methods
2.2.2.1 Study area and sample collection

Core samples considered in this study were obtained from two heavily polluted
inner continental shelves offshore Portman Bay (Murcia, SW Spain) and Barcelona
(Catalonia, NE Spain), in the western Mediterranean Sea. From 1957 to 1990 about
60 Mt of metal bearing mine tailings were dumped into Portmin Bay from a froth
flotation plant on the coast (Oyarzun et al., 2013). Such sustained discharge resulted
in a mean advance of the shoreline of 650 m and in the complete infill of the original

horseshoe-shaped Portman Bay (Manteca et al., 2014). The dumped tailings form
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today a prograding coastal prism with its thickest and more extensive lays submerged
over the inner continental shelf (Canals and shipboard party, 2015). Our target
metals (Mnm Fe, (Zn and Pb) and the metalloid (As) have been selected because of
the compositional characteristics of the mine tailing deposit oft Portméan Bay, which
is rich in galena (PbS), sphalerite (ZnS) and pyrite (FeS) derivatives, also containing
significant amounts of Mn and As (Manteca et al., 2014; Gémez-Garcia et al., 2015).

Up to 50 cm long high-quality sediment cores from the submerged mine tailings deposit
were collected with a multicorer system in August 2014 and March 2015 within the
framework of EC and Spanish funded research projects MIDAS and NUREIEV,
respectively. Eleven of these cores distributed from the proximal to the distal part
of the submarine deposit down to 55 m of water depth) were selected for detailed
scanning with XRF-CS (Figure 2.7.a and Table 2.2). The cored materials consisted
mostly of silts with abundant fine sands, especially at some levels. Visual inspection
showed two distinct units in most cores: (i) a lower unit made of dark greenish grey
materials, with no bioturbation and occasional highly laminated intervals, and (i) a
~20 cm thick, quite homogeneous and dark top unit with abundant bioturbation.
According to Cerda-Doménech et al. 2016, this depositional change is most likely
related with the end of the mine tailings dump into the sea and its re-accommodation
in the posterior years until present together with the re-establishment of natural-like

sedimentation conditions. The second study area oftshore Barcelona is in front of
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Figure 2.7 General bathymetric maps of the inner continental shelf off (a) Portm4n Bay and (b)
Barcelona showing the location of the sediment cores analyzed in this study. Contours every 10 m.
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Station ID Depth (m) Latitude Longitude Device Lenght (cm)
MC-01 29.7 37°34.449'N 0° 51.961'W Multicorer 37.0
MC-04 46.0 37°34.016'N 0° 51.928'W Multicorer 29.5
MC-15 43.4 37°34.070N 0°50.659'W Multicorer 40.0
MC-20 49.5 37°33.047N 0°49.586'W Multicorer 253
MC-22 53.9 37°33.420N 0°51.902’W Multicorer 55.5
MC-31 50.0 37°33.765'N 0°51.826'W Multicorer 15.0
MC-36 53.7 37°33.155'N 0°51.377W Multicorer 453
MC-37 53.3 37°33.122'N 0°50.978'W Multicorer 29.5
MC-43 449 37°33.740N 0°50.548'W Multicorer 24.6
MC-50 39.8 37°34.291'N 0°51.230'W Multicorer 33.4
MC-52 23.1 37°34.577N 0°51.298'W Multicorer 28.0
GC-06 53.0 41°23.856'N 2°15.953'E Gravity corer 137.0

Table 2.2 Sediment core depth, latitude, longitude, sampling device and length.

the Besos River mouth where sewage sludge from a single primary treatment plant
of wastewater accumulated for an unknown period of time. Sludge was discharged
through a 3 km long pipe lying on the seafloor. Previous studies have shown that the
resulting deposit is rich in metals (including those found in the mine tailings deposit
off Portméin Bay) and organic matter (Palanques et al., 1998, 2017; Kruge et al.,
2010). In the current study we analyzed a sediment core collected from this sludge
deposit in February 2017 with a gravity corer (Figure 2.7.b) during the UNIBARNA
2017 cruise organized by the University of Barcelona. The materials consisted mainly

of organic matter-rich clays.

The above-mentioned background information on the nature of the pollution in both
sites led to the selection of the previously referred five metals (Ti, Mn, Fe, Zn and
Pb) and one metalloid (As) to carry out the calibration of XRF-CS data for obtaining
fine-tuned absolute concentrations. These elements are thus considered to be highly

significant and have a diagnostic value for the studied reference deposits.

We are aware most studies on marine sediment pollution are focused on metals (and
metalloids), especially As, Pb, Cd, Cu or Co (e.g. Buccolieri et al., 2006; Palanques
et al., 2017). However, trace metals like Cd, Cu or Co appear in concentrations that
according to the manufacturer are close to the detection limits of the Avaatech XRF
core scanner, which may hinder highly accurate and precise calibrations for them.
Also, for these reason Ti, Mn, Fe, Zn, As and Pb are the target elements selected in

our study.
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2.2.2.2 XREF core scanner analysis

All sediment cores have been scanned with an Avaatech XRF core scanner at the
CORELAB facility of the University of Barcelona. The core scanner is equipped
with an Oxford Rhodium X-ray source (4 — 50 kV) and a Canberra X - Pips 1500-1.5
Detector with a 125-pm beryllium window and a multichannel analyzer Canberra
DSA 1000 (MCA). This configuration allows detecting a wide range of emission

spectra for elements with atomic weight from Al to U.

Prior to scanning, the split cores were left for 16 hours at room temperature to
evaporate water, thus reducing the water effect on the radiation absorption and
increasing the measured signal intensity (Béning et al., 2007; Tjallingii et al., 2008).
Then, the cores were covered with Ultralene X-ray transmission foil (4pm thick) to
avold desiccation and potential contamination and scanned at 2 mm resolution. The
excitation configuration parameters were set at 10 kV and 1.2 mA during 10 s for
elements with atomic weights between Al and Fe, and 30 kV and 1.6 mA during 50
s, with a Pd-thick filter, for elements with atomic weights between Ni and Pb. Each
element presents various energy emissions in the X-ray spectrum that correspond to
the different electron states of the atom. Ti, Mn, Fe, Zn and As intensities, expressed
as counts (cts) were obtained by integration of their Ko X-ray emission line. Lead
intensity was obtained by integration of the Lg emission line in order to reduce the
effect on the integration produced by the overlap of Pb (La) and As (Ka). The bAxil
spectrum analysis software (BrightSpec) was used to obtain the integration of the
elemental peaks and the estimation of their intensity areas, expressed as counts per

seconds (cps).

2.2.2.3 Geochemical analysis of discrete samples

77 subsamples from core tops were analyzed for quantitative metal concentrations
by means of ICP-OES and ICP-MS. In order to obtain the best representative
calibration function between XRF intensities and the absolute concentrations of
each metal, subsamples were selected considering the widest range of intensities
from all target elements. As XRF core scanner analyses were carried out at 2 mm
resolution, subsamples were extracted from 1 cm-width intervals with essentially
constant intensities to avoid interferences eventually coming out from layers with

different responses. To further reduce eventual multi-layer interferences, subsamples
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were obtained from the area irradiated during XRF core scanning (2 x 12 mm?) and
from a maximum depth of 2 mm in the split sediment core, which corresponds
approximately to the maximum penetration of X-rays in soft sediment. Obviously,
the minimum mass of sample (~1 g dry) needed for ICP analyses was also taken into

account while subsampling the split cores.

Each subsample was lyophilized, grounded and homogenized with an agate mortar,
and placed in a Teflon reactor with 2.5 mL of HNO, (65%) at 100°C for 18h. The
extract was poured into a polyethylene tube and centrifuged 3 minutes at 3,000 rpm
to separate the solid phase. The supernatant was decanted and diluted with HNO,

at 1% until 50-mL ready to be analyzed were obtained. The residue was placed again
into a Teflon reactor, leached with 1 mL HNQO, (65%), 7 mL of HF and 1 mL H,0O,,
and heated for 18h at 100°C. Then, 2 mL HCIO, were added to the Teflon reactor
and heated in a sand bath at 270°C until all acid volume evaporated. The hot residue
was further treated with 2 mL HCIO, and heated again in the sand bath at 270°C
until the acid evaporated. The resultant residue was leached with 2 mL HNO, (65%)
and 2 mL H O, and decanted into a volumetric flask where it was diluted with

272

HNO3 at 1% until 50-mL.

Two solutions per sample were analyzed using a Perkin-Elmer Elan-6000 ICP-MS
for metals in lower concentrations (Ti, Zn, As and Pb) and a Perkin Elmer Optima

8300 ICP-OES for metals in higher concentrations (Mn and Fe).

2.2.2.4 Standard deviation of XRF-CS and ICP-MS/OES measurements

The error associated with the XRF-CS and the ICP-MS/OES measurements,
hereinafter referred to as standard deviation, has been examined to quantify
its influence on the calibration function. The standard deviation of the XREF-CS
measurements was obtained directly through the spectral analysis software (bAxil)
that adjusts the regression function to the spectral emission of each element by a
non-linear least-squares algorithm. This allows detecting the deviation of the spectral
areas with regards to the regression model, which increases when the spectral peak is

not well defined, as it is generally the case for low intensity peaks.

The standard deviation of the ICP-MS/OES analysis has been calculated as the mean

standard deviation of the three measurements performed on each sample.
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2.2.2.5 Calibration of element intensities to absolute concentrations

Defining the best regression line between two experimental data sets is a significant
tool to predict the theoretical value of one variable from the other variable (Webster
et al., 1995; Piippanen et al., 1997; Saylor et al., 2006; Hennekam and De Rick,
2012). Generally, the linear relationship between n number of (xi, yi) data pairs
(i=0,...,n) can be described by the function:

(1) y(x) = By + p1bx

where f3, is the slope of the straight line and f3, is the y-axis intersection.

The ordinary least-squares (OLS) method has been extensively used to provide a
linear function between x (as the independent variable) and y (as the dependent
variable). By definition, the OLS method minimizes the sum of the squares of the y

residuals:

n n

2) i —Yp) =3 0 — o+ i)’
= =

i i=

where Yy is the y-prediction and . is each point lying on the regression.

Although OLS is a simple solution to obtain a linear function, if one or both variables
have associated errors, the OLS regression can be biased. Considering only the effect
of the y-errors in the regression, the x and y,_data pairs can be weighted by a factor

inversely proportional to the variance of the y-values:

3) STwiyi—y,)" =Y Wiy — Bo + Bixi)’
i=1 i=1
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== O_% )

where w, is the weight factor and 621. is the standard error of y-values.

This derivation of the OLS method, named weighted ordinary least-squares (WOLS),
considers that the dependent variable, y, contains a random error of measurement,
while the independent variable, x, is error-free. However, the measured analytical

data generally includes instrumental errors in both directions, which vary from point
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to point with no fixed relation to each other. Deming (1943) proposed a solution with

errors in both regressed variables that minimize the sum of squared residuals, as:

) S= 3" | X —Xi) + oY) - Vi)
1 1
(6) (/)(X,') = O'_)Z(l (J)(yi) = 0_—%,

where (x ,y) are the observed points, (X ,Y) are predicted values and (c,,G,)

correspond to the standard errors of each variable.

York et al. (2004) proposed a general solution to the sum of squared residuals
(Equation 5) by unifying the problem of finding parameters 8, and 8, through an
iterative numerical least-squares technique including the possibility of identifying a
correlation factor between the errors of xrand . In this weighted least-squares (WLS)
regression technique the unification of standard errors in both x and y observations

is presented as:

w(X;)w(Y;)
w(X;) + B> w(X;) — 3bri /WX w(Y5).

where w(X )and w(Y )are the weights of X and Y, b1is the slope of the best line and

r.is the correlation coefficient between errors in X and Y.

(7) W; =

In order to compare and assess the impact of the standard deviation of the element
intensity and concentration in both directions of the linear function, the three
regression methods (OLS, WOLS, and WLS) have been implemented in MATLAB®
version 2016a or higher. The XRF-CS outputs expressed in cps have been defined
as the dependent variable () and the metal concentrations expressed in % (weight/
weight) and mg kg have been set as the independent variable (x). The quality of the
linear function has been determined by two goodness-of-fit measures: the correlation
coefficient (7%) and the standard deviation of the estimate (S). The correlation coefficient
(r), described as the degree of association between two variables, has been widely

used as a quality index for regression models and is defined as:

2 cov (X, Y) _ %Z;Ll(xi X )yi—y)
X Y n
Vvar(X)var(Y) %;(Xi Py )

(8)
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where y.and x, are the observational values, x and y~ are the mean values of y.and
x, values, and W.is the weight value expressed in equation (4). In the case of WLS,
York’s (2004) solution differs from the mean value of v,as defined by:

Otherwise, the standard deviation of the estimate (S) is a measure of the accuracy of
the predictions and provides the absolute measure of the data point distance from

the linear function, which is expressed in the units of the dependent variable and is

defined by:

=1 =1

2 /50 + pr1xi)°
(11) S*(WOLS/WLS) = ZW, ZW, —~

where y is the prediction value from the data point y;, # the number of observations
and W the weighted parameter defined in equations (4) and (6) for WOLS and WLS

methods, respectively.

2.2.3 Results and discussion
2.2.3.1 Linear function estimated by OLS, WOLS and WLS methods

Element intensities and concentrations in marine sediments off Portman Bay and
Barcelona, and the linear functions estimated by OLS, WOLS and WLS methods
are presented in Figure 2.8 and Table 2.3. The main parameters assessed to compare
the three linear functions for each element are the statistical significance (P), the
y-intercept value, the relative standard deviation of the slope (RSD) and the residual
plot, as well as the goodness-of-fit measures: the correlation coefficient (r*) and the
standard deviation of the estimate (S). Contrary to previous researches (e.g. Mejia-
Pifia et al., 2016), the linear functions have not been adjusted to pass through the
origin of coordinates, thus allowing to determine the influence of errors associated

to the XRF-CS output in the linear function. Metal concentrations measured in
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Portmén’s Bay samples show a larger variability, with values of 1600 — 3400 mg kg™
for Ti, 200 — 7000 mg kg* for Mn, 1 — 26% for Fe, 50 - 7300 mg kg™ for Zn, 20 —
800 mg kg™ for As and 40 — 5400 mg kg for Pb. These concentrations are noticeably
higher than those reported from other sites in the Mediterranean Sea (e.g. Buccolieri
et al., 2006; Sprovieri et al., 2007; Palanques et al., 2008; Christophoridis et al., 2009;
Martinez-Gémez et al., 2012), thus evidencing metal enrichment in Portman’s mine
tailings deposit (Oyarzun et al., 2013). Metal concentrations are significantly lower in
sediments from the Barcelona inner continental shelf, ranging from 540 — 4440 mg
kg for Ti, 220 — 430 mg kg for Mn, 0.4 — 4.0% for Fe, 110 — 1150 mg kg for Zn,
5 — 200 mg kg for As and 30 - 1730 mg kg for Pb.

The three regression methods (OLS, WOLS, and WLS) show correlation coefficients
better than r*=0.94 for all elements (Table 2.3), which are higher than those obtained
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Figure 2.8 Scatterplots of element intensities in counts per second (cps) and chemical concentration
expressed in % and mg kg-1 for (a) Ti, (b) Mn, (¢) Fe, (d) Zn, (e) As and (f) Pb from Portman Bay
(black dots) and Barcelona (white open dots) inner shelf sediment samples. Continuous blue and
dashed dark grey and pink lines indicate the regression equation line for each statistical model,
namely WLS, WOLS and OLS (see legend in plot a). Residual values in cps for the correlation of
each data pair is shown in the smaller plots below each main plot.
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Intercept Slope RSD S r? n

Ti OLS -276.07 3474  0.3708 0.0142 3.82 95.8 0.949 77
WOLS  -269.23 3574 03678 0.0146 3.96 5.0 0.946 77

WLS -296.24  7.82 0.3776  0.0033 0.87 42 0.949 77

Mn OLS -1.51 19.58  0.3279  0.0064 1.96 101 0.988 66
WOLS 2.20 19.07  0.3264  0.0063 1.92 4.8 0.988 66

WLS 0.12 3.68 0.3262  0.0015 0.47 3.9 0.989 66

Fe OLS 1,367.7 6333 2,535.0 51.8 2.04 3096 0.985 77
WOLS 4394 4208  2,626.2 34.4 1.31 55.3 0.994 77

WLS -197.0 9.3 2,695.8 2.2 0.08 23.3 0.993 77

Zn OLS 9.31 7.29 0.0762  0.0021 2.77 37.0 0.972 77
WOLS 7.56 3.57 0.0768  0.0010 1.35 16.6 0.993 77

WLS 6.90 0.19 0.0758  0.0002 0.20 11.5 0.987 77

As OLS 19.41 2.08 0.2133  0.0076 3.57 10.8 0.955 77
WOLS 17.36 2.03 0.2226  0.0074 3.34 1.5 0.961 77

WLS 16.71 1.27 0.2203  0.0055 2.48 14 0.958 77

Pb OLS 21.56 3.26 0.0654  0.0020 3.01 16.3 0.967 77
WOLS 11.98 2.82 0.0724  0.0017 2.35 8.6 0.980 77

WLS 5.20 0.32 0.0761  0.0006 0.75 4.1 0.985 77

Table 2.3 Statistical parameters of OLS, WOLS and WLS regression models for each analyzed metal
including: intercept value, slope, relative slope deviation (RSD), statistical significance (P), correlation

coefficient (r?) and number of observations (n). Statistical significance (p) for all regressions was

p<0.001.

in previous studies (Boning et al., 2007; Tjallingii et al., 2007). However, the WLS
method presents a significantly lower standard deviation of the estimate (S) compared
to the OLS method, which shows the highest values. Since the correlation coefficient
simply provides a relative quantification of the dependence variable variance that can
be explained by the regression model, the standard deviation of the estimate is more
adequate to quantitatively evaluate the precision of the linear function. Indeed, the

standard deviation of the estimate decreases when the analytical standard deviations
in both variables are weighted in the WOLS and WLS methods (Table 2.3).

Increasing the precision has a direct influence mainly on the relative standard
deviation of the slope (RSD), which represents the main source of errors in the
linear function. Accordingly, the results show that RSDs from OLS and WOLS
methods are significantly higher than those obtained with the WLS method for all
elements except As, which displays a relatively high RSD for the three methods
(Table 2.3). The differences between OLS/WOLS and WLS regression methods are

especially clear in the case of Ti, element which also presents a significant scattering.
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As high RSD for the three regression methods is likely related to the large standard
deviation of the As intensity values, which is in turn affected by the overlapping of
the emission peaks of Pb and As given their close proximity (Pb La. 10.551 KeV and
As Ko 10.543 KeV, Figure 2.9). Indeed, the peak area of a characteristic XRF line
could be partially overlapped by a contiguous peak, which may affect significantly
the determination of the peak area (cts). Such overlapping has been noticed elsewhere
in samples with high concentrations of sulfides (Baucells et al., 1988).
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Figure 2.9 a) Example of the X-ray spectrum plot of one sample measured at 30kV and 1.6 mA
during 50 s, with a Pd-thick filter. b) Detail of spectral overlap of As Kot and Pb L.

To overcome the above limitation the spectral analysis software determines the peak
area (e.g. As Ka) by a mathematical adjust considering the emission probability from
another peak (e.g. As Kp) that would increase the standard deviation of the element
intensity (Scholze et al., 2006). The standard deviation can be slightly reduced by
selecting a non-overlapping XRF peak for the element intensity estimation, like the
secondary line emission of As Kp (11.726 KeV) and Pbs (12.614 KeV). However,
while the Pb L peak that we have selected to determine the element intensity of Pb is
relatively pronounced in our samples, the As Kp peak area is significantly lower than
the Ko peak (Figure 2.9). This implies that its integration would generate again rather
high standard deviations. For a more accurate analysis and to reduce the standard
deviation of the integrated As intensities, it would be necessary to use a predefined
standard calibration to quantify the interference factor between Pb Lo and As Ka
peaks (Baucells et al., 1988).

As shown in Figure 2.8, the y-intercept values for all models show minimum

deviations from zero for Mn, Fe, Zn, As and Pb, which might be related to the wide
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concentration range and the high accuracy of the linear regression. In contrast, the
elevated negative y-intercept for Ti (Figure 2.8.a) is likely related to a matrix effect and
to indirect excitation that are both more common in transition elements like Ti. This
occurs when part of the Ti-emitted fluorescence is scattered or absorbed by Ca, thus
enhancing its measured intensity and, consequently, leading to a negative intercept
(e.g. Boning et al., 2007). The deviation of the y-intercept from zero is particularly
relevant in calibration studies for obtaining element concentrations at lower values,
and 1s directly related to the detection limit of the regression method. Indeed, a
comparison between the y-intercept values after the three regression methods shows
that, with the exception of Ti and As, the WLS method presents a minor y-intercept
deviation from zero than OLS and WOLS (Table 2.3). Moreover, all regressions
show a robust statistical significance (P), with a P-value lower than 0.001, and the
residual values plots evidence a constant distribution of data for all concentrations

range (Figure 2.8).

Opverall, the regressions obtained for the six target metals show lower scattering and
standard deviation of the slope, as well as higher correlation coefficients, than those
from previous calibration studies (e.g. Béning et al., 2007; Tjallingii et al., 2007).
These results can be attributed to the increased element intensities recorded due to
the reduction of water content in the split core. Indeed, Tjallingii et al. (2007) found
that the thin water film formed under the foil that covers the split core strongly
reduces element intensities. Given that the analytical precision of the XRF core
scanner varies with the element intensity (Ramsey et al., 1995), the drying step of
16 hours before performing XRF analyses contributed to reduce the scatter of the
regression. This leads to an enhanced accuracy of the linear function by decreasing
the deviation of the observed value from the fitted value provided by the linear
function, thus improving the correlation coefficient. Nonetheless, the high-resolution
sediment subsampling carried out in the same irradiated area and the avoidance of
interferences between different sediment layers likely contributed to minimize
the scattering effect. Additionally, even though the element intensities measured
by XRE-CS are largely influenced by lithology and other sediment characteristics
(Rodriguez-Germade et al., 2015b), our results present a very good overlay between
intensity data from the two sampling locations (Figure 2.8).

Our results evidence that the calibration method used in our study to convert XRE-

CS output data into fully quantitative data improves significantly the quality of the
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linear regression for the three regression methods, as illustrated by high correlation
coefficients, low errors and deviation to zero. Nevertheless, WLS appears to be the
best method for highly accurate determinations of the linear function between
element intensities and concentrations. This points out that analytical and statistical
errors should be properly evaluated in calibration studies to convert XRF-CS output

data into quantitative concentrations.

2.2.3.2 Errors of calibrated elemental concentrations

The most commonly applied approach to obtain quantitative elemental data from
XRE-CS outputs is to replace the y variable of the linear functions by the element
intensity value (Kelloway et al., 2014; Chen et al., 2016; Mejia-Pifia et al., 2016).
Given that these linear functions have errors associated to the slope and the
intersect, and also to element intensities (Table 2.3), it is necessary to determine
the errors of the calibrated element concentration in order to evaluate the quality
and the limitations of the linear functions. Considering the three linear functions
(OLS, WOLS and WLS) obtained for each element, 1850 element intensities have
been converted into calibrated element concentrations. The errors of the calibrated
element concentrations have been calculated according to the law of propagation of

errors (Taylor and Kuyatt, 1994):

Af: Af(xla)(Za'"7XH;AX]7AX27“'7AXH)

(12) "/ of 271/2
- 2 (@)

i=1

where f is the given function, # is the number of uncorrelated variables (x,, z,, ...,
x) and their errors (Ax,, Ax,,..., Ar). The relative errors calculated as the ratio of
the errors to the calibrated element concentration for each linear regression (OLS,
WOLS and WLS) has been regressed by the least-squares method to evaluate their
distribution (Figure 2.10).

As expected, the three regression methods are characterized by an exponential
increase of the relative errors at low calibrated element concentrations. However,
each element showed different trends. For Fe and Zn, errors of the calibrated
concentrations by the WLS method were significantly lower than those obtained
from OLS and WOLS, especially at low concentrations. Instead, Ti, Mn and Pb
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Figure 2.10 Relative errors of the calibrated concentrations as a function of the calibrated
concentrations in % for (a)T1, (b) Mn, (c) Fe, (d) Zn, (e) As and (f) Pb as a function of concentration
prediction expressed in % and mg kg™ for each regression model (see legend in plot a).

differences in errors after the three methods were minor. The contrasting patterns
between the three regression methods (OLS, WOLS, and WLS) likely result from
the differences in their slopes and intercept errors, which commonly represent the
main error factor in the linear functions (cf. Section 2.2.3.1). Indeed, as shown in
Table 2.3, relative standard deviations of the slope for the OLS method are higher
than those from the WLS method by a factor ~4.4, ~4.2, ~25.8, ~14.0, ~1.5 and ~4.0
for Ti, Mn, Fe, Zn, As and Pb. In contrast, As shows the same trend independently
of the regression model and a minimal standard deviation from OLS to WLS, which
relates to the high standard deviation in As intensities due to the spectral overlap
between Pb Lp and As Kot peaks (section 2.2.3.1, Figure 2.9).

Nevertheless, obtaining the calibrated element concentrations requires an accurate
methodology to avoid the influence of the effects of the physical properties so that
the correlation coefficient is increased and the scattering is reduced (e.g. Tjallingii
et al., 2007). An accurate estimation of the errors is also required to evaluate the
quality of the regression method and the representativeness of the results (Weltje
and Tjallingii, 2008). Beyond the high correlation and lower scattering achieved from
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the three regression methods, likely due to the calibration methodology developed
in this study, our results demonstrate that the regression method most commonly
used (OLS) for XFR-CS calibrations is the one developing the highest errors for
the calibrated element concentrations. This is mainly related to the non-weighted
analytical errors. In contrast, the WLS method, which considers the analytical and
statistical errors in the calibration of the XRF-CS output, provides more accurate

calibrations, significantly reducing the errors of the calibrated element concentrations.

Our results also reveal that the exponential distribution of the errors observed in
Figure 2.10 is mainly explained by the influence of the standard deviation of the
element intensity. It is well known that the relative standard deviation of XRF-CS
measurements increases exponentially as the concentration falls down to the detection
limit (Ramsey et al., 1995). Depending on energy resolution and detection efficiency,
the irregularities in the spectral signal are more significant at low peak areas (Scholze
et al., 2006). Consequently, the nonlinear least-squares algorithm cannot adjust
accurately the peak area, thus resulting in an increase of the standard deviation of
the element intensity and hence in an increase of errors for the calibrated element at
low concentrations. Some authors (e.g. Rodriguez-Germade et al., 2015b; Hennekam
et al., 2018) have demonstrated that increasing exposure time should reduce the
standard deviation of the element intensity. However, the increase of exposure time
also implies an augmentation of the time required for analysis and of associated costs,

which should be taken into account too.

2.2.3.3 Sediment quality guideline levels and XRF-CS calibration

In the last century, anthropogenic fluxes of metals to the marine environment has
grown asaresult of accelerated industrial, urban, agricultural and mining developments
(D1 Leonardo et al., 2008; Palanques et al., 2008; Pan and Wang, 2012; Hanebuth et
al., 2018). Commonly, the pollution degree of marine sediments assessed by using
sediment quality guidelines (SQGs), which are defined as the concentration range or
limit of the chemical compounds (e.g. trace metals, PCBs, pesticides or PAH) that
could produce potential biological effects (Long et al., 1995). SQGs have been widely
applied to evaluate ecotoxicological risks and biological effects in harbors (Fatoki and
Mathabatha, 2001; Adamo et al., 2005; Casado-Martinez et al., 2006; Garcia-Orellana
et al., 2011; Pourabadehei and Mulligan, 2016) and also in estuarine and coastal
environments (Fukushima et al., 1992; Morillo et al., 2004; Buccolieri et al., 2006;
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Spanish Harbor Authority Ontario Ministry Environment Environmental Protection Agency
Action level B Action level C Lowest level Severe level Mod polluted  Heavily polluted
Limit ~ %Error Limit %Error Limit %Error Limit %Error Limit %Error Limit %Error
Mn (mg kg™) - - - - 460 11 1100 5 300 16 500 11
Fe (%) - - - - 2 1 4 0.4 2 0.6 25 0.5
Zn (mg kg") 410 3 1640 1 120 6 820 2 90 7 200 4
As (mg kg) 70 >40 280 14 6 >40 33 >40 3 >40 8 >40
Pb (mg kg™) 218 5 600 3 31 14 250 5 40 12 60 10

Table 2.4 Metal concentration limits and associated relative errors quantified after the WLS
regression method for three widely used sediment quality guidelines (SQGs) in mg kg™

Palanques et al., 2008; Rubio et al., 2010). Classically, performing pollution studies
of marine sediments relied on conventional analytical methods requiring discrete
samples from whole sediment cores, involving significant laboratory effort and time,
together with high costs, which generally led to a reduction in the total number of
samples finally analyzed (Rodriguez-Germade et al., 2015b). The calibration of the
XREF-CS output data appears as a major step forward to overcome these limitations,
as it advantageously provides high-resolution metal concentration data in a fast,
continuous and repeatable way (Figure 2.11). However, for a meaningful use of XREF-
CS calibrated data it is mandatory to quantify and minimize the errors of the calibrated
element concentrations. This becomes even more necessary to assess pollution levels

through SQGs at low element concentrations.

We have considered the concentration limits defined in three widely used SQGs (see
further down) to estimate the relative errors of the calibrated element concentration
for such limits using the WLS method developed in this study for XRF-CS data
calibration. Those SQGs address various potential biological effects of the chemicals,
which are: (1) the lowest effect level and severe effect level developed by the Ontario
Ministry of the Environment (Persaud et al., 1993): (i1) moderately polluted and
heavily polluted levels developed by the Environmental Protection Agency (U.S.
Environmental Protection Agency, 2005); and (iii) action level B and action level C
developed by the Spanish Harbor Authority “Puertos del Estado” on the basis of the
“Guidelines for the characterization of dredged material and its relocation in waters
of the maritime-terrestrial public domain” (Comisién nacional de estrategias marinas,
2015). A summary of metal concentration limits and associated relative errors for

each of the above SQGs, expressed in percentage, is shown in Table 2.4.
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It is to be noted that SQGs are usually based on standardized analytical procedures,
especially when results can constrain management actions. Also, as aptly pointed out
by Béning et al. (2007), it is reasonable to expect some degree of data scattering rather
than a perfect correlation between XRF and ICP data. In any case, these factors do
not condition the calculated errors as assessing the errors of the regression functions
by any method (OLS, WOLS and, WLS) as well as propagating the errors of the
calibrated element concentrations allow constraining calibration procedure errors and
evaluating the quality of the regression functions and the data themselves, thus

significantly contributing to improve comparisons.

Even though the errors depend on each SQGs, the errors of the calibrated element
concentration for each limit in the guidelines should be considered satisfactory for
most metals under consideration (Mn, Fe, Zn and Pb) but As. Titanium is not included
in the referred SQGs. Iron shows the lesser relative errors, from 0.4% to 2%, due to
the high concentration limits considered in SQGs and also to the low errors of the
linear function. For the rest of metals under consideration also included in SQGs,
Zn ranges from 1% to 7%, Pb from 3 to 14%, and Mn from 5% to 16%. Errors for
As are equal or higher than 14%, because of the large standard deviation of the linear
function resulting from the Pb peak overlap effect (cf. Section 2.2.3.1). The range of
metal concentration levels found in coastal and harbor sediments worldwide (Table
2.5) reinforces the potential applicability to many polluted settings of the calibration
method presented in this paper.

2.2.4 Conclusions

Calibrating XRE-CS output data from polluted marine sediments is critical to obtain
absolute concentrations at high resolution in a rapid, non-destructive and continuous
way. Practical issues to take fully into account when converting XRF-CS semi-
quantitative data into quantitative data are the physical properties of the sediment
(e.g. pore water content, grain size, sediment irregularities and changes in matrix)
and the selected excitation configuration parameters, as both have an influence on
measurements. The resulting errors in the linear function of the calibration should
be addressed so that the quality of the calibrated metal concentration data could be
assessed. Our results, derived from the analysis of metal-polluted sediments from
two locations off Portmin Bay and Barcelona, in the Mediterranean Sea off Spain,

demonstrate that the applied calibration procedure improves the quality of the linear
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regression for any of the three most widely applied regression methods (OLS, WOLS,
and WLYS), thus increasing correlation coefficients and reducing the data deviation
from the linear function. Of the three regression methods, WLS appears as the best
suited as it provides accurate calibrated element concentrations from XREF-CS output
data. The WLS method considers the standard deviation of the element intensity and
of concentrations in the regression significantly reducing the errors of the calibrated
element concentration, which is particularly advantageous when compared with the
most commonly used regression method (OLS). Reducing the errors is critical when
using XRF-CS calibrations to assess metal pollution levels according to SQGs. Indeed,
our results evidence that a fine-tuned calibration of XRE-CS output data using the
WLS regression method allows quantifying the Mn, Fe, Zn and Pb concentration
limits according three widely used SQGs with low levels of errors, namely 0.4%
to 2% for Fe, 1% to 7% for Zn, 3 to 14% for Pb and 5% to 16% for Mn. The only
drawback, which is unrelated to the calibration method itself, results from the Pb
and As peaks overlap which affects the quantification of As absolute concentrations.
Beyond the regression methods assessed to obtain the linear functions (OLS, WOLS,
and WLYS), this is the first study in incorporating and evaluating the analytical and
statistical errors of the calibration of the XRF-CS data, and in evidencing that the
errors of the calibrated element concentration must be properly evaluated in future

calibration studies.
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Abstract Disposal of mine wastes from sulfide ores in the coastal environment has been
recognized as a critical source of metals and metalloids (metal(loid)s) into the water column
and seabed sediments, also leading to benthic habitat loss and ecotoxicological impacts.
Portman Bay, SE of Spain, represents one of the most severe cases of mine-derived coastal
impact all over the world. During thirty-three years (1957-1990), 57 million of tons of
artificial soils rich in metal(loid)s (Fe, Mn, Zn, Pb and As) were directly discharged at the
shoreline. Such massive dumping of mine waste resulted in the complete infill of the
original Portméin Bay, with the tailings deposit also spreading out on the inner continental
shelf. Here, we present the first physical and geochemical characterization of the top layers
of the submarine extension of the mine tailings deposit of Portman Bay together with that
of the sediments pre-dating and post-dating such deposit. Fifty-two short sediment cores
were analyzed within a multi-proxy approach using non-destructive, high resolution and
continuous measuring techniques for determining the physical properties and elemental

composition of the materials, to which radiometric dating methods were also applied.

Our results show that metal(loid)s concentrations in the tailings deposit are significantly
higher than in other regions of the Mediterranean Basin. Post-dumping sediments present
lower metal(loid)s concentrations than the mine tailings themselves, but still are noticeably

higher than background concentrations previous to anthropogenic loads. Mean enrichment
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factors (EFs) in the topmost sediment layer (O — 1 cm) are 8 for Mn, 56 for Fe, 22 for Zn, 9
for As and 5 for Pb, respectively. We estimate in the upper sedimentary layer (0 — 14 cm)
all over the study area, roughly representing the post-dumping period, a total mass of Mn,
Fe, Zn, As and Pb of 6,700, 2.6-10°, 7,700, 670 and 3,170 t, respectively. These large values
evidence a persistent flux of metal(loid)s into the most recent shelf floor sediments some
decades after the stopping of mine waste disposal. The dispersion patterns of metal(loid)s
during the post-dumping time period is a key component to take into account in view of the
potential impact of the remobilization of those materials in the partly started environmental

remediation project of Portman Bay.

2.3.1 Introduction

Mine tailings are the main waste product resulting from the separation of minerals
from metal ores during mining operations (Lottermoser, 2010). Ores are generally
concentrated by milling and froth flotation processes, which generate a fine-grained
waste slurry fraction (Fuerstenau et al., 2007). Tailings resulting from sulfide ores
consist of both solid and liquid phases, of ten with considerable amounts of metals and
metalloids (e.g. Mn, Fe, Zn, As, Pb, Co, Cd or Hg), hereafter metal(loid)s, together
with chemical products used during the ore concentration process (e.g. flotation

reagents, pH regulators, oils, flocculants and coagulants)(Lottermoser, 2010).

The mineralogical composition of the mine tailings is dominated by silicates, carbonates
and sulfides that are thermodynamically unstable in the presence of oxygen and
water (Lindsay et al., 2015). Factors such as oxygen concentration, pore-water pH and
the presence of S-oxidizing control the chemical oxidation processes occurring within
mine tailing deposits (Andersen et al., 2001; Descostes et al., 2004; Root et al., 2015).
Different combinations of these factors regulate adsorption-desorption, reduction-
oxidation and precipitation-dissolution reactions, which in turn influence pore water
pH and the mobility of metal(loid)s. It has been demonstrated that the geochemical
composition of the mine tailings largely determines the ecotoxicological impacts of
metal(loid)s from such deposits (Castilla and Nealler, 1978; Odhiambo et al., 1996;
Lancellotti and Stotz, 2004; Sternal et al., 2017).

Mine tailings discharge into the sea is a rather common practice that has been
developed as an alternative to land disposal in the last decades (Koski, 2012; Ramirez-
Llodra et al., 2015). A variety of water depths and distance to shore schemas have

been considered for such dumping, e.g. in very shallow waters close to the shoreline
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(Lancellotti and Stotz, 2004; Franks et al., 2011), in deeper waters less than 100 m
deep (Ellis and Ellis, 1994) and also at sites far from shore and deeper than 100 m and
even 1,000 m (Franks et al., 2011; Hughes et al., 2015). Impacts on ecosystems are
depth-related as habitats also are depth-related. Such impacts may be highly relevant
in coastal shallow water habitats, which are characterized by high biodiversity and as
providers of critical ecosystem services (Gattuso et al., 2018). Those impacts include
seabed physical loss by waste placement, physical alteration of e bottom habitats and
sediments with the smothering of benthic organisms, release of metal(loid)s within

the seawater and sediment, and their bioaccumulation in marine organisms (Ankley,

1996; Mestre et al., 2017).

Some pioneering research have addressed the impacts of mine waste disposal over
coastal environments in terms of metal(loid)s speciation and bioavailability together
with their impact on benthic biodiversity (Ramirez et al., 2005; Pereira et al., 2008).
Mine tailings deposits in coastal settings have been also identified as sources of
metal(loid)s to coastal waters (Olsgard and Hasle, 1993; Josefson et al., 2008; Vogt,
2012).

Portman Bay, in the southeastern coast of Spain, in the Mediterranean Sea, is one of
the most striking examples of the impacts of mine waste disposal in coastal settings
worldwide (Koski, 2012). From 1957 to 1990, an estimated volume of 57 million
tons of sulfide mine tailings rich in Fe, Zn and Pb, but also other metal(loid)s such
as As, Cu, Co and Cd, were pumped directly into the sea. Due to the action of
waves and coastal currents, the tailings were transported into the bay resulting in

its complete infill (Oyarzun et al., 2013) and spread on the inner continental shelf
(Cerda-Domeénech et al., 2020).

Previous studies conducted in the emerged part of the tailing deposits of Portman
Bay have reported high contents of Fe, Zn, Pb, As, Cu and Cd, as well as beach black
sands mostly made of magnetite (Pefia et al., 2013; Manteca et al., 2014). Recent works
have detected large metal(loid)s concentrations in pore waters of the emerged tailing
deposit resulting for oxidative weathering. Indeed, Alorda-Kleinglass et al. (2019)
have shown that part of the dissolved metal(loid)s are remobilized and transferred
from the mine tailings to the coastal sea by submarine groundwater discharge (SGD)

and pore water exchange (PEX).

The physicochemical properties and the distribution of metal(loid)s in the bulk of the
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submarine extension of the mine tailings deposit are barely known even though it
contains ~78% of the deposit, i.e. ~45 Mt (Manteca et al., 2014). A couple of studies
have shown that the sediment lying on the seafloor present metal(loid)s concentrations
that are very close to those observed in the emerged part of the tailings deposit
(Martinez-Sanchez et al., 2008; Cerdi-Doménech et al., 2019). Some authors have
also reported the presence of metal(loid)s in mussels and sea breams from the area
nearby Portman Bay (Martinez-Sinchez et al., 2008; Llull et al., 2017; Mestre et al.,
2017).

The objective of this study is to provide the first physical and geochemical
characterization of the uppermost layers of the submarine mine tailing deposit oft
Portman Bay (SE, Spain), and to characterize the post-dumping sediments that have
accumulated during the almost 30 years after the cessation of mine waste disposal.
We equally aim at investigating the dispersal patterns and total mass accumulations
of metal(loid)s in post-dumping sediments. Our findings might be of interest in the
framework of environmental remediation project of the bay (BOE, 2011; Sanchez

and Sirvent, 2013).

2.3.2 Geological context and mine tailing disposal

Portman Bay is located in the province of Murcia, SE of Spain, where it forms the
maritime facade of Sierra de Cartagena-La Unién, or Sierra Minera, which is one of
the most important historical mining districts of Spain, where rich Pb-Zn sulfide

ores have been exploited since pre-Roman times (Figure 2.12)(Garcia-Lorenzo et al.,

2014).

The coastal block of Sierra de Cartagena consists of two basement complexes named
Nevado-Fil4bride (of Paleozoic to Triassic age) and Alpujarride (of Permian to Triassic
age) which emerge as overlapping thrust sheets of Alpine age, where the main Pb
and Zn ores were found. The mineral association in the Alpujarride sheet (or first
“manto”) is made of chlorite, sulfides, siderite and silica (paragenesis 1), whereas in
the Nevado Fildbride (or second “manto”) it is composed by greenalite, magnetite,

sulfides, siderite and silica (paragenesis 2) (Manteca, 1992).

The most intensive exploitation of the ores took place during the 19th and 20th
centuries to obtain Pb, Zn, Ag and Fe. Within the 20th century the exploitation
peak occurred during the 1957-1990 period when the company Sociedad Minero
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Figura 2.12 Bathymetric map of the inner continental shelf off Portmin Bay showing the
location of the sampling stations (white dots) where the sediment cores analyzed in this study
were collected, the mine tailing discharge point (yellow dot). Contours every 10 m. (A) Zoom of
Portmén Bay in 2010 infilled with mine waste.

Metaltrgica Pefiarroya Espafia developed large-scale open-pit mining (Manteca,
1992). During this 33 years long period, large volumes of ores were milled until a
grain-size of d80<180 um and selectively separated and concentrated in a processing
plant known as “Lavadero Roberto” (Figure 2.12.A). There, target minerals as galena,
sphalerite and pyrite were separated from bulk ore by differential froth flotation to
physically sort particles according to their hydrophilic behavior (Kawatra, 2011). Froth
flotation depends on the ability of air burbles to adhere to specific mineral surfaces in
a slurry. Those bubbles adhere to more hydrophobic particles that are subsequently
carried to the surface of the liquid and solid mixture, where they concentrate and can
be easily removed. Contrarily, hydrophilic particles remain in the liquid matrix and
are incorporated to the mining residues or tailings. Additionally, part of the pyrite
was removed from the primary tailings in a subsequent flotation step to produce

sulfuric acid. From 1959 to 1967, magnetite was also recovered (Oyarzun et al.,

2013).
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From 1957 to 1990 the concentration plant processed 59,655,000 t of sulfide ores, of
which 3,418,000 t were sulfide concentrates for Zn and Pb recovery, and 56,237,000
t were pumped into the sea as metal-rich hazardous tailings by means of a pipeline
opening on the shoreline at short distance from the western edge of Portmén Bay
(Manteca et al., 2014) (Figure 2.12). The tailings were made of clay, silt and sand
grain sizes and were composed of carbonates (35.9 %), phyllosilicates (25.7 %), silica
(20.0 %), Fe oxides (15.6 %) and sulfides (mainly pyrite). Recently, Cerdd-Doménech
et al. (2020) have further evidenced the high concentrations of metal(loid)s in the
tailings, with 1600 to 3400 ppm of Ti, 200 to 7000 ppm of Mn,1 to 26 % of Fe, 50
to 7300 ppm of Zn, 20 to 800 ppm of As and 40 to 5400 ppm of Pb.

From the discharge point the tailings spread into the bay and over the nearby inner
continental shelf where they form nowadays a >10 m thick deposit in some places
(unpublished data). The progressive accumulation of waste led to the complete infill
of the original bay, subsequently causing a 500 — 600 m seaward shift of the shoreline
(Manteca et al., 2014). In an early study, Pauc and Thibault (1976) concluded that
wave action and associated coastal currents controlled the tailings sedimentation
patterns and grain size distribution in Portman Bay, with the bay’s infill proceeding
in roughly parallel fringes from west — where the discharge point was — to east. The
coarser ferromagnetic grains mostly accumulated along a prograding foreshore and
the inner nearshore, as shown by Pefia et al. (2013), whereas fine-grained particles

likely increase with water depth.

2.3.3 Materials and methods
2.3.3.1 Sample collection

Fifty-two short sediment cores (up to 50 cm long) from the submerged mine tailing
deposit were collected with a multicorer system in August 2014 and March 2015 in
the framework of EC and Spanish funded research projects MIDAS and NUREIEV,
respectively (Figure 2.12). The multicorer system allowed recovering 6 tubs of
sediments maximum 60 cm length, with very good preservation of the water-sediment
interface. Once onboard, for each station, a sediment core was described and sliced
at 1 cm intervals for grain-size analyses, and a second undisturbed sediment core was

stored in a PVC tube for the non-destructive analyses.
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2.3.3.2 Analytical procedures
2.3.3.2.1 High-resolution 3D imagery of sediment cores

High-resolution 3D volume reconstruction of the sediment cores was performed
by means of a micro-X-ray Computed Tomography system (micro-CT, MultiTom
Core from X-Ray Engineering) at the CORELAB Laboratory of the University of
Barcelona. This equipment allows to quantify the X-ray attenuation produced by
the analyzed object in multiple projections around 360° orientation, providing a
3D volume reconstruction of the inner density changes of the object scaled in grey
levels, where darker and lighter zones represents lower and higher X-ray attenuation
(Frigola et al., 2015). The scan was performed at 120 kV, 80W, exposure time of
120 second, and 1001 projections, resulting in a “voxel” resolution (volumetric pixel
or cubic unit representing a 3D object; Duliu, 1999) of 0.125 x 0.125 x 0.125 mm.
The micro-CT analysis of the whole set of cores resulted in ~1.4-10° images (Tift
format), with a total weight of 1.30 Tb and more than 1.01 x 10" bytes of data.
Acquisition and reconstruction of 3D raw data were carried out with Acquila and
RECON sof tware packages (X ray Engineering) and finally processed using the Avizo
(ThermoFisher Scientific) scientific data visualization and analysis software as well as

the open source software Image].
2.3.2.2.2 Elemental composition

The elemental chemical characterization of the materials was determined using an
Avaatech XRF core scanner (XRF-CS) at the CORELAB laboratory of the University
of Barcelona, which provides rapid, non-destructive, continuous and high-resolution
scanning sediment cores (Jansen et al., 1998; Rothwell and Rack, 2006; Croudace and
Rothwell, 2015). The XRF-CS was equipped with an Oxford Rhodium X-ray source
(4 — 50 kV) and a Canberra X - Pips 1500 — 1.5 detector with a 125-pum beryllium
window and a multichannel analyzer Canberra DSA 1000 (MCA). This configuration
allows detecting a wide range of emission spectrum for elements with the atomic

weight from Al to U.

Prior to scanning, the split cores were left for 16h at room temperature to reduce water
content and the subsequent radiation absorption, thus increasing the intensity signal
measured (Béning et al., 2007; Tjallingii et al., 2008). Then, cores were covered with
an Ultralene X-ray transmission foil (4 pm width) to avoid desiccation and potential

contamination, and finally scanned at 2 mm resolution. The excitation configuration
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parameters used were 10 kV, 1.2 mA and 10 s without filter for elements with
atomic weights between Al and Fe, and 30 kV, 1.6 mA current 50 s, with a Pd-
thick filter for elements with atomic weights between Ni and Pb. The integration of
the elemental peaks and the estimation of their intensity areas, expressed as counts
per seconds (cps), was performed by means of bAxil spectrum analysis software
(BrightSpec). For most of the target elements the integration of the peaks was carried
out on the Ko X-ray emission lines (e.g. Mn, Fe, Zn and As). However, we used Lp
emission line for Pb in order to reduce the effect overlap with the As X-ray emission
(Cerda-Doménech et al., 2020). Since it was already known from previous studies
that the mine tailings were rich in sulfur minerals as galena and sphalerite and also
Fe and Mn oxides (Manteca et al., 2014; Cerda-Domenech et al., 2020), the target
elements selected in our study are Mn, Fe, Zn, As and Pb.

The high-resolution elemental intensity records obtained by means of XRF-CS were
calibrated to absolute elemental concentrations by analyzing a relative small set of
samples. Thus, we used the linear function obtained by Weighted Least Square model
(WLS) described by Cerda-Domeénech et al., (2020). This calibration considers both
analytical and statistical errors on the regression model that allows improving the
accuracy of the regressions with higher correlation coefficients (0.99, 0.98, 0.96, 0.97
and 0.95 Mn, Fe, Zn, As and Pb, respectively) significantly reducing the associated

errors of predicted concentrations.
2.3.3.2.3 Physical properties

Wet-bulk density (or gamma density) and magnetic susceptibility of the materials
were determined with a Geotek Multi-Sensor Core Logger (MSCLs) at the CORELAB
laboratory of the University of Barcelona. The MSCL provides simultaneous,
continuous, high-resolution and non-destructive measurements of the physical
properties of the sediments in whole or split sediment cores (Schultheiss and Weaver,
1992; Frigola et al., 2015). After equilibration to ambient room temperature (~20°C),
the measurements were carried out at half-centimeter intervals. Fractional porosity
was also estimated using gamma ray attenuation and assuming a grain density of 2.65

g cm” (quartz) and a water density of 1.025 g cm™.
2.3.3.2.4 Grain-size distribution

Grain-size de-carbonate characterization of the sediment cores was determined using

a Coulter LS230 laser particle size analyzer at the Sedimentological Laboratory of the
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University of Barcelona. Before the analysis, sediment samples were treated with 50
mL of 10% hydrogen peroxide to oxidize the organic matter, while carbonates were
removed by the addition of 35 mL of 2.7% acetic acid—0.34 M sodium acetate solution
(pH = 4). Samples were suspended and disaggregated with sodium polyphosphate for
4 hours and introduced into the particle size analyzer, which measures the percentage

volume of particles in 116 size classes between 0.04 pm and 2,000 pm.
2.3.3.2.5 Background metal and metalloids concentration and enrichment factors

Determining metal(loid)s background levels prior to mine tailings discharge is
necessary to assess the resulting levels of metal(loid)s contamination. The most
common approach is to analyzing metal(loid)s concentrations in sediment samples
from subsurface depths large enough to be devoid from the influence of the shallower
contaminated layers and from bioturbation mixing (Loring, 1991). In the current
study, we have assume that pre-dumping background metal(loid)s concentrations are
those measured on the bottom of the more distal sediment cores MC-20, MC-36 and

MC-37, where the tailings and post-tailings layers are very thin (Figure 2.12).

Background levels for Mn, Fe, Zn, As and Pb were constrained by averaging the
three lowest concentrations previously determined by Cerdia-Doménech et al. (2020)
on those cores (Table 2.6).

Depth core Mn Fe Zn As Pb

cm mg kg % mg kg mg kg mg kg™
MC-20 20 190.9 0.11 43.6 16.1 39.1
MC-36 41 260.1 0.15 1584 40.8 205.5
MC-37 25 284.6 0.15 152.8 30.7 209.6
Average 245.2 0.14 118.3 29.2 151.4

Table 2.6 Background concentration values of Mn, Fe, Zn, As and Pb on sediment cores MC-20,
36 and 37 and average values (Cerda-Doménech et al. 2020).

The values thus obtained have been used to determine EFs along the sedimentary
column. The EF is an indicator to assess the degree of contamination of the sediment,
which generally requires normalization by means of a reference element like Al,
Fe, Mn or Pb and grain-size. However, given the significant physicochemical
influence of the mine tailings on key properties (e.g. grain-size, density and Al and

Fe concentrations) of the marine sediments of the study are, using those variables
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could bias EF values. That is why to obtain a qualitative estimation of EFs we have

used the following equation:

C
(13) EF ==
B n
where, C is the measured concentration of a given metal(loid) (%) and B represents

the background concentration of the same metal(loid) after values from Table 2.6.
2.3.3.2.6 Radiometric analysis

Sediment core MC-36 (Figure 2.12) was analyzed for ?’°Pb to determine the age model
and sedimentation rates. Samples sliced previously into 0.5 cm (0 to 5 cm) and 1 cm (5
cm to core bottom) thick sections were frozen and lyophilized. Radiometric analyses
were carried out at Laboratori de Radioactivitat Ambiental of Universitat Autonoma
de Barcelona for total '°Pb activities through the measurement of its alpha-emitter
daughter nuclide #'°Po (Sanchez-Cabeza et al., 1998). 200 — 300 mg samples with
*Po as internal tracer supplied by IAEA (0.7031 + 0.050 Bq mL") were totally
digested in acid media using an analytical microwave oven and Po plated on silver
discs in HCI 1N at 70 °C while stirring for 8 hours. *!°Po activities were determined
with an y-spectrometer equipped with low background silicon surface barrier (SSB)
detectors (EG&G Ortec) for 1 — 4 x 10° s. Samples were sealed at least 3 weeks
prior to counting to allow equilibrium between **Ra and its short-lived daughters.
*26Ra activity was determined from 2*Pb through its 351 keV gamma line emission
by spectrometry in a coaxial high-purity Ge. Excess *'°Pb (*'°Pb_ ) was determined
by subtracting the **Ra activity (assumed to represent the supported *°Pb activity)
from the total #°Pb activity. The quality of the measurements is assessed through
the participation on IAEA proficiency tests and continuous analyses of certificate

materials and replicates.

2.3.3.3 Statistical analysis and numerical models

Principal Component analysis (PCA) was performed on the metal(loid)s concentration
data of Mn, Fe, Zn, As and Pb. Before applying PCA routine, is necessary to
standardize all variables in order to maximize the variance of each component thus
improving the visualization of PCA results. In addition, Pearson correlation of

metal(loid)s elements was obtained to discuss their physic and chemical relationship.
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Both statistical analyses, Pearson correlation and Principal Component Analysis,
have been implemented in MATLAB® with 7,279 measurements of metal(loid)s

concentrations.

The distribution maps of the metal(loid)s concentration, density and magnetic
susceptibility on the uppermost submarine sediments (< 14 cm) were obtained by
means scatter interpolating routine of MATLAB®. This procedure performs a 3D
interpolation of scattered data set returning an interpolating function that can apply
at a predefined grid. Bilinear method was used for interpolation and extrapolation
processes, which performs a linear interpolation firstly in one direction and after
in the other direction (Lamotte et al., 1997). The grid extension was adjusted at the
coordinate boundaries of the sediment cores location with a resolution or voxel size
of 10 m x 10 m x 0.002 m. The 3D matrix volume obtained was slightly smoothed
with a filter for improving image quality, and finally masked taking in account the

morphology of the inner continental shelf of Sierra de Cartagena — La Unién.

2.3.4 Results
2.3.4.1 Sedimentological characterization of sedimentary facies

Six sedimentary facies are identified according to the results obtained from micro-CT
and HR photographic imagery, grain-size, gamma density and magnetic susceptibility
the analyses on the sediment cores. Twelve cores distributed along one coast-parallel
and one mostly coast-perpendicular transects illustrate this perfectly (Figure 2.13).
In addition, a detail of the micro-CT image, the grain-size distribution within the
de-carbonated fraction, gamma density and magnetic susceptibility for each facies are

shown in Figure 2.14.

Facies 1 consists of massive, light yellowish brown to dark brown fine sand with a
thickness ranging from ~15 to ~25 cm. The micro-CT images show a homogeneous
facies with high amounts of biogenic carbonate structures (i.e. shell fragments)
and abundant bioturbation marks (Figure 2.13). Gamma density and magnetic
susceptibility records show relatively high values (~1.95 g cm” and ~1,450 SI 10°).
This facies was only identified in the most distal cores (e.g. at the bottom of core
MC-36 and forming the entire MC-20 core).

Facies 2 presents highly laminated sediments, alternating yellowish-brown silts with

dark brown fine sands. Its thickness is ~10 — 20 cm, with 0.5 — 1.5 cm thick internal
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layering. It also shows cross-laminated structures, which is clearly visible in the
micro-CT images of some cores (e.g. MC-49) where there is no bioturbation. Density
values from this facies range from 1.8 to 2.1 g cm”, while magnetic susceptibility
shows values similar to Facies 1 (1,500 SI 107). This facies is more frequent in
sediment cores recovered close to the tailings discharge point and progressively

disappears southwards and eastwards (Figure 2.13).

Facies 3 consists of highly deformed partly laminated materials made of light
yellowish-brown silty materials, with thickness ranging from ~7 to 12 cm. This facies
differs from other facies because of its chaotic structure with multiple successions
of low and high-density materials (i.e. from 1.81 to 2.08 g cm™) and a rather high
magnetic susceptibility (1,400 to 1,550 SI 10”). Facies 3 appears only in a few cores
from the foot of the submerged slope of the tailings deposit (e.g. MC-10 and MC-
50).

Facies 4 consists of light yellowish-brown silts. In micro-CT images it shows a
sequence of disturbed and homogeneous layers with bioturbation marks increasing
upwards. The structure and thickness of Facies 4 are highly variable, the later ranging
from 10 to 40 cm. Also gamma density and magnetic susceptibility values are highly
diverse. The later records allow dividing Facies 4 in two sub-facies. Sub-facies 4.1
is characterized by the lowest density values observed (1.65 = 1.75 g cm”) and by
a wide range of magnetic susceptibility values (1,450 — 1,650 SI 107). This facies
occurs in cores located south of a submerged beachrock (e.g. MC-48) and in the most
distal part of the study area to the east. Sub-facies 4.2 is characterized by relatively
high densities (1.9 g cm”) and lower magnetic susceptibility values (~1,400 SI 10?)
than 4.1, and only appears at intermediate depths in cores MC-22 and MC-36.

Facies 5 is made of homogenous massive grayish brown fine sands. The lower boundary
generally presents a smooth contact with lamination from formerly described Facies
2 (e.g. MC-05 and MC-50). This facies always appears between Facies 2 and Facies
6, with a thickness ranging from ~5 to ~25 cm. Bioturbation marks slightly altering
the internal sediment structure are evident in some cores (e.g. MC-39). Density and
magnetic susceptibility display especially high values from 1.8 to 2.1 g cm” and from
1,500 to 1,700 SI 10°, respectively. Facies 5 appears in four sediment cores located
from the foot of the submerged slope of the tailings deposit (Figure 2.12).
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Figura 2.14 a) 3D tomography images of the sedimentary facies described in the main text. b)
Gamma density and magnetic susceptibility ranges for each facies. ¢) Grain size distribution for
each facies.

Facies 6 corresponds to the uppermost layer in proximal sediment cores. It consists
of dark yellowish-brown silts and fine sands characterized by quite homogeneous
and frequent bioturbation marks that increase toward the core top. Micro-CT images
show that bioturbation marks at the bottom of this facies gradually fade into Facies
2 and Facies 5. It ranges between ~10 — 14 cm in thickness, being wider in sediments
close to the coastline with relatively high density values, i.e. 1.70 = 1.95 g cm”. The
mean magnetic susceptibility, ~1,500 SI 107, increases significantly in the northern

part of the inner continental shelf, close to shore (e.g. MC-05) (Figure 2.12).

2.3.4.2 Horizontal distribution of sedimentary facies

According to the spatial distribution of the associations of sedimentary facies
described above, four main subareas can be distinguished in the study area (Figure
2.15). Subarea 1 extends from 20 to 43 m water depth, from the main body of the
mine tailings deposit to the above-mentioned beachrock, which is rather close to the
ancient discharge point. The facies association in Subarea 1 consists of the uppermost

Facies 6, the laminated Facies 2 and occasionally the homogeneous Facies 5, as found



Resultats | 135

@ subarea o
@ sSubarea2 £
£
@ Subarea3 & -
a
100

@ Subarea4

37°35'N

37°34'N

37°33'N

1 1 1 1
0°53'0 0°52'0 0°51'0 0°50'0

Figura 2.15 Distribution of the main associations of sedimentary facies in the study area, which
allows identifying four distinct subareas (see figure legend).

in eighteen cores (Figure 2.15). Subarea 2 extends from the southern boundary of
Subarea 1, across the beachrock and to the east. The facies association in Subarea 2
is made of Facies 6 and the highly deformed Sub-facies 4.1 (Figure 2.14). Subarea
3 appears in a small area southwest of Subarea 2, and is characterized by including
Sub-facies 4.2 only in cores MC-22 and MC-36. Finally, Subarea 4 is defined by the
presence of the biogenic carbonate-rich Facies 1. Subarea 2 has a transitional character

between subareas 1 and 4.

2.3.4.3 Sediment geochemistry

The concentrations of Mn, Fe, Zn, As and Pb, and the relative XRF-CS abundances
of S and Ca together with gamma density, magnetic susceptibility and grain-size
are shown in Figure 2.16 for six representative sediment cores (MC-16, 36, 20, 14,
50 and 2). All metal(loid)s concentration records present a large variability, ranging
from 110 to 10,370 mg kg for Mn, 1 to 23 % for Fe, <7 to 13,340 mg kg™ for Zn,
<17 to 1,710 mg kg for As, and 5 to 5,590 mg kg' for Pb (Table 2.6). Generally,
metal(loid)s concentrations are higher close to the old mine tailings discharge point
(subareas 1 and 2) to progressively lower in more distal locations (Subarea 4) (Figure
2.15). Even though As contents in core MC-20 are below the detection limit defined
in the calibration procedure of XRF-CS by Cerdi-Domeénech et al. (2020), they are

still higher than those commonly found in Mediterranean Sea sediments (Buccolieri
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Figura 2.16 Physical and geochemical records of six sediment cores (see location in Figure
2.12). From left to right, sedimentary facies, optical and micro-CT images, heatmap of grain-size
distribution, gamma density, magnetic susceptibility, metal(loid)s concentrations (Mn, Fe, Zn,
As and Pb) and element intensities (S and Ca). As is not represented in core MC-20 because its
contents are below the detection limit defined by Cerdid-Domeénech et al. (2020).



Resultats | 137

(d) MC-16 Grain Gamma density Mn Ca

Visible  Micro-CT  Size (um) (g-cm?) (10°ppm) (10°cps)

image image 001 1 1000 1.5 10 2 6 0 4 16
sl L

FACIES 6

FACIES 4.1

Radio Volume
0 dansl!l:ﬁ ho (%) 6 As
ower [ Magnetic
ﬂ == susceptibility (%) (102ppm)
(S1-10%)
(e) MC-36 AGrain Gamma density Mn Zn Pb Ca
Visible  Micro-cT  Size (um) (g-cm?) (10° ppm) (10°ppm) (10°ppm) (10°cps)
image image 001 1 1000 1.7 2 0 8 0 6 0 6 0 4
; L |

FACIES 6

FACIES 4.2

FACIES 1

Radi Vol I K 1
denasi!ﬁzg 5 o(:/ln;ne 0 700

Lower__High 6 Magnetic As
-ﬁ = susceptibility (102ppm)
(S1+10%)
(f) MC-20 .Grain Gamma density Mn Zn Pb Ca
Visble | MicrocT 128 (um) (g-em?) ) 5 (102 ppm) (102ppm) (102ppm) (10°cps)

0.01

image image 1 1000 1|.5

FACIES 1

' %
adio Volume : ! 1 I 1 T =
densities (%) 0 100 0 3 0

Lower _ High 0 6 Magnetic Fe As
d ET . susceptibility (%) (102ppm)
(S1-10%)

(=]

i



138 | Capitol 2

Mn Fe Zn As Pb
mg kg! % mg kg! mg kg! mg kg!

Facies 1 Min 110 1.0 <7 <17 <5
Max 2,130 7.9 2,150 250 1,470

Facies 2 Min 1,570 8.4 1,260 110 860
Max 9,920 21.6 13,340 1,710 5,590
Facies 3 Min 1,880 104 3,060 140 1,090
Max 5,290 19.1 8,860 490 2,180
Facies 4,1 Min 1,660 8.2 3,100 210 1,180
Max 6,890 21.7 11,250 520 4,470
Facies 4,2 Min 1,170 4.7 1,080 60 1,030
Max 10,370 21.0 6,440 700 4,020
Facies 5 Min 2,460 11.6 2,850 190 1,350
Max 7,280 23.0 5,330 610 4,190

Facies 6 Min 710 24 1,190 120 390
Max 3,570 16.7 9,420 640 4,200

Table 2.7 Minimum and maximum metal(loid)s concentrations for the sedimentary facies
identified in the submarine deposits off Portmin Bay expressed in mg kg™ and % (m/m).

et al., 2006; Sprovieri et al., 2007; Palanques et al., 2008; Christophoridis et al., 2009;
Martinez-Gémez et al., 2012), therefore evidencing the high metal enrichment in the
submarine deposits off Portméin Bay (Oyarzun et al., 2013).

The identified sedimentary facies can be split in two groups according to metal(loid)s
concentrations (Figure 2.16 and Table 2.7). Facies 1 presents the lowest concentrations
for all targeted metal(loid)s, with Facies 6 showing slightly higher values.
Concentrations of the investigated metal(loid)s are significantly higher in facies 2, 3,
4.1, 4.2, and 5, which are quite similar amongst them. Despite this variability, the
more abundant metal(loid)s (i.e. Mn, Fe, Zn and Pb) display similar vertical profiles,
with higher concentrations at core bottoms and an upwards-decreasing trend in all
cores. The intensity profile of S shows a similar pattern likely due to the high content
of sulfur minerals as galena (PbS) and sphalerite (ZnS) in the deposit. It is worth
noting that in some sediment cores (e.g. MC-14 and 50), As concentrations slightly
increase upwards (Figure 2.16.a,b). The elemental profile of Ca generally shows
increasing values towards de top of the cores (e.g. MC-50 and MC-16), and especially
high intensities in the bottom unit of MC-36 (Figure 2.16.¢).

Pearson’s correlation for Mn, Fe, Zn, Pb and As reveals a strong positive correlation

(> > 0.7), especially for the Mn-Fe-As-Pb cluster, with a statistical significance of
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PC1 PC2 PC3
Mn 0.472 -0.360 -0.383
Fe 0.516 -0.100 -0.013
Zn 0377 0.738 0.430
As 0.414 -0.468 0.627
Pb 0.445 0.310 -0.525

Figure 2.17 Scatter plot and coefficient values of the three principal components obtained from
Principal Component Analysis of Mn, Fe, Zn, As and Pb variability.

Mn Fe Zn As Pb
Mn 1 0.885 0.372 0.639 0.673
Fe 0.885 1 0.625 0.718 0.711
Zn 0.372 0.625 1 0.390 0.596
As 0.639 0.718 0.390 1 0.444
Pb 0.673 0.711 0.596 0.444 1

Table 2.8 Pearson’s correlation matrix for Mn, Fe, Zn, As and Pb in the fifty-two sediment cores.

p<0.01 (Table 2.8). The strongest correlations correspond to Mn-Fe, Fe-As and
Fe-Pb pairs, with r*=0.885, r*=0.718 and r’=0.711, respectively. Similar relations
between elements are obtained from Principal Component Analysis (PCA). Three

main principal components (PCs) are identified, accounting for 93.6% of the variation
within the data set (69.1%, 14.7% and 9.8% for PC1, PC2 and PC3, respectively).

PCI is characterized by positive loadings for all elements, while positive loadings

for PC2 are associated to Zn-Pb and negative loadings to Mn-Fe-As. Finally, high

positive loadings on PC3 correspond to Zn and As, and negative loadings to Mn-Fe-

Pb (Figure 2.17).

2.3.4.4 Age model and accumulation rates

Sediment core MC-36 is used as a reference core to illustrate 2'°Pbxsand Mn, Fe, Zn,

As and Pb concentrations together with S and Ca element intensities (Figure 2.18).

The 2'“Pbxs profile shows high values in the upper part with down core decreasing

concentrations. From the core top to 4 cm core depth, #°Pbxs concentrations are

essentially constant, which suggests a mixed interval likely due to bioturbation,
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as shown by micro-CT imagery (Figure 2.18). From 4 to 13 cm, the concentration
decrease markedly until the interval from 14 and 28 cm, where values are rather
uniform despite some spikes, which may indicate a high sedimentation rate. Such
pattern correlates with high contents of metal(loid)s and rare bioturbation marks
(Facies 4.2, see Section 2.3.5.1). Below this interval, *'°Pbxs concentrations decrease

steadily again down to the core bottom until reaching the supported value (36 + 2
Bq kg™).
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Figure 2.18 *°Pbxs, Mn, Fe, Zn, As and Pb concentrations and S and Ca intensity profiles
in sediment core MC-36, together with photographic and micro-CT images and indication
of sedimentary facies. The age model is derived from the CF:CS model applied to the **°Pbxs
concentration profile.

The mean accumulation rate (AR) can be obtained from the mean slope of the °Pbxs
concentration profile in the non-perturbed interval (i.e. from 6 to 16 cm) using the
CF:CS model (Goldberg, 1963; Krishnaswamy et al., 1971). This allows deriving SRs
for the different intervals. The AR for the uppermost interval (0 — 4 cm), representing
the surficial mixing layer, is 0.147 + 0.027 g cm™ y'. The time interval attributed
to this uppermost interval was quantified assuming the same AR of the 4 to 13 cm
interval. The same AR was applied from 6 cm to the core bottom even though the
AR during the mine tailings disposal likely was higher than in the post-dumping
period. The age model shows that the end of the mine tailing discharge at sea, in
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1990, corresponds approximately to 11 cm core depth, which is in agreement with
the boundary of Facies 6 as described in Section 2.3.5.1. Furthermore, the lower
boundary of Facies 4.2, from where metal(loid)s concentrations increase significantly
up-core, corresponds to year 1957 located at 26 cm core depth coinciding with the

start of mine tailings disposal at sea.

2.3.5 Discussion
2.3.5.1 Formation of the underwater extension of the mine tailings deposit

The multi-properties characterisation of the mine tailings deposit off Portmin Bay
together with the distribution of the different sedimentary facies identified thanks
to such characterisation and the age model are critical components to elucidate how
the deposit grew and evolved since pre-dumping times to present. The patterns
observed in vertical and horizontal variations of physical and geochemical records
can be associated to the spreading and accommodation of the mine tailings from
the discharge point through time. Therefore, integrating all those data should allow
for a robust delineation of the deposit evolution and also to deciphering the main
factors that governed the dispersal and burial of the tailings in the coastal marine
environment. Even though the mine tailing facies identified in the present study
correspond only to the uppermost part of the deposit. This weakness is minimised
by the large number of sediment cores available and by their distribution all across

the seabed area covered by the mine tailings.

The overall distribution of the above-described sedimentary facies is summarized in
two N-S depth transects representing a conceptual depositional model (Figure 2.19).
This model takes into account the physical and geochemical reality and the diversity
of controlling factors involved in the deposit development, such as proximity to
the discharge point, extremely high mine tailings supply and accumulation rates
decreasing seaward, density segregation of the materials, availability of accommodation
space, likely development of a seawards thinning sedimentary body, seabed features
limiting the dispersion of the tailings, local signs of deformation of the tailings pile,

and remobilization by high-energy hydrodynamic processes.

The low metal(loid)s concentrations and the predominant fine-sand grain size of the
de-carbonated fraction of Facies 1 indicates that it pre-dates mine tailings disposal.

Such a view is further supported by the high amounts of Ca as measured by XRF,
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Figure 2.19 Conceptual depositional model of the mine tailings deposit off Portman Bay along
two N-S depth transects (A and B). Colour boxes illustrate the horizontal and vertical distribution
of the sedimentary facies described in the main text. The lower boundary of the tailings deposit
(dashed line) is indicative. Vertical exaggeration is 12.5x.

carbonate shells fragments and common bioturbation marks indicating an intense
benthic biological activity at the time of deposition and afterwards. Carbonate-rich
coarse-grained sediments are common in the inner continental shelf adjacent to the
study area (Fernindez Salas et al., 2016). All evidence indicates, therefore, that this
basal facies corresponds to the natural sedimentation occurring in the area before
the start of dumping of mine tailings. We have found it in two cores far from the
discharge point (cores MC-20 and MC-36), where the tailings layer was thin enough to
be crossed by our multicorer system. Consequently, we assume that this facies occurs
below most or all the mine tailing deposit. Last but not least, radiometric dating of
core MC-36 confirms that the boundary between Facies 1 and Facies 4.2 corresponds
to year 1957, which coincides with the beginning of mine tailings discharge and

the progressive burial of the natural shelf floor and its naturally occurring habitats
(Figure 2.16).

Following the onset of dumping, tailings started to gradually cover Facies 1, first
close to the discharge point on the coast. Grain size and density segregation allowed
only minor fine supplies reaching more distal areas. The fast tailings discharge rates
led subsequently to the complete infill of the original Portman Bay in parallel with
the development of a continuously growing tailings deposit advancing seaward.

The very high accumulation rates in that period likely favoured deformation and
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destabilisation at the front of the expanding tailings body. The resulting redeposition
further favoured the spreading out of the tailings deposit at higher distances. All
these processes left different signatures in the deposits being formed at that time,
which we identify in facies 2, 3 and 4, including their spatial distribution. The
elevated concentrations of metal(loid)s in those facies (e.g. Fe, Zn and Pb) clearly
points to a mine waste origin and indeed these are mine tailings in stricto sensu. In
the mining period, the pre-milling procedure of mineral ores resulted in fine grained
mine tailings, with a mean grain-size less than 180 pm (Manteca, 2013), which fits
perfectly with the dominance of silt and fine-sand fractions, especially in facies 2 and
3 within the proximal Subarea 1. Facies 4.1 and 4.2 are made of finer particles likely
due to their greater distance to the discharge point. In any case, its high metal(loid)s

contents clearly suggest they are made of mine tailings as well.

Facies 2 is observed mainly in the shoreline closest Subarea 1 (Figure 2.15). Its
laminated character, with few cm layers, results from alternating black fine sands
and yellowish silty materials. Such lamination, which is the main feature of the
tailings deposit in the shallower Subarea 1 close to the coastline, likely results
from continuous and extremely high tailings supply combined with the action of
sedimentary processes leading to particle sorting, at least to some extent. The same
layered pattern has been described in the emerged part of the mine tailings deposit,
where it has been interpreted as a result of remobilization and reclassification processes
in the near-shore environment (Manteca et al., 2014). Periods with calm sea conditions
were prone to coarser particle settling and transport and deposition of finer particles,
while more energetic periods, namely stormy periods, favoured transport of coarser
particles and sorting of the overall particle population. High-energy events were also
capable of triggering the remobilisation of discrete tailings volumes through gravity-

driven processes likely including grain flows and mudflows.

We hypothesize that the dark layers within Facies 2 likely formed by accumulation
of magnetite-rich black sands mainly coming from the beach in Portmin Bay and
the shallowest parts of the deposit. We find now this layers interbedded with the
yellowish silty layers representing the background tailings sedimentation. This view
is well illustrated by the synchronized increase of magnetic susceptibility and grain
size in the dark layers of core MC-14 at 22 — 23 cm and 27 — 28 cm, also coinciding
with high values of Fe. Clearly, the spread of Facies 2, which is mostly found in

Subarea 1, seems to be controlled by the proximity to the mine tailings discharge
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point and, also, by the presence of a NW-SE oriented beachrock at about 40 m of
water depth that likely acted as a barrier preventing a farther eastward expansion of

the tailings (unpubl. results).

The physical and geochemical characteristics of Facies 3 resemble those of Facies
2 except for its internal strong deformation. The same layers than in Facies 2 are
found in Facies 3 but contorted and broken. This suggests that Facies 3 is in fact a
deformation product of Facies 2. The contorted Facies 3 has been identified in few
cores located at the foot of the submerged frontal slope of the tailings deposit (e.g.
cores MC-10 and MC-50) (Figure 2.12). Thus, the most plausible explanation is that
Facies 3 results from deformation of the tailings deposit likely by excess load where
stress transfer because of elevated accumulation rates is highest. Of course, the cake-
like structure of Facies 2, with alternating highly deformable (plastic) fine-grained
layers and sandy layers, should have eased deformation and interpenetration leading
to the development of Facies 3. This view is further supported by the stratigraphic
relation between both facies, with Facies 3 located always below Facies 2, which

points to Facies 3 as a basal deformation facies at the bottom of Facies 2.

Regarding Facies 4, its physical and geochemical values very similar to those of
Facies 2, which suggests that they are genetically related and therefore, should have
been deposited during the same broad time period. However, Facies 4 is found only
at locations relatively far from shore. This, together with the fainter lamination and
the more homogeneous layers that it presents, can be interpreted as a result of slow
accumulation rates at some distance from the tailings discharge point. In other words,
it represents fine-grained tailings spreading facies (sensu “étalement”). These reduced
sedimentation rates likely favoured benthic biological activity, as shown by frequent
bioturbation marks within this facies. The fading out of lamination in Facies 4 and
its peripheral occurrence (with Subarea 2; (Figure 2.15) with respect to the presumed
tailings depocentre suggests formation at the edges of the submarine mine tailings

deposit.

The two sub-facies 4.1 and 4.2 differ noticeably in terms of magnetic susceptibility.
The high magnetic susceptibility of Sub-facies 4.1 (e.g. core MC-48), similar
to those of Facies 2, points to active spreading of tailings beyond the shelf floor
beachrock. In contrast, the low magnetic susceptibility and also the finer grain sizes
from Sub-facies 4.2 suggest the arrival of fines by near-bottom flows or perhaps

from nepheloid layers (Figure 2.15) associated to reduced accumulation rates. The
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21Ph age model firmly supports this view as it demonstrates that Sub-facies 4.2
formed during the mine tailings disposal period (1957 — 1990).

Sediment cores collected close to shore in Subarea 1 also present the homogeneous
Facies 5, which lays always on top of Facies 2 or Facies 4 (e.g. core MC-14, Figure
2.16). Its homogeneous character, together with high densities, fine grain sizes
and rather low metal(loid)s concentrations illustrate that it differs from previously
discussed mine tailings facies in strictu senso. The base of Facies 5 could be associated
to the end of mine tailings disposal at sea, its materials being the result of subsequent
reworking of the submerged top of the tailings deposit. Hydrodynamic forcing by
coastal currents and wave action, especially during storms, likely led to resuspension,
sorting and concentration of the tailings, which resulted in the development of a
homogenised lag layer derived from the tailings. These hydrodynamic conditions
would have favoured particle mixing in a new sedimentary setting with much reduced

supplies compared to the previous dumping period.

The uppermost Facies 6 is attributed to the re-establishment of natural sedimentation
after the cessation of mine tailings disposal, as demonstrated by the significant
reduction of metal(loid)s concentrations, the enhanced presence of bioturbation
marks and its coarsening upward character (Figure 2.16.b). Facies 6 represents
then the sedimentary product of the last twenty-five years, with an accumulation
rate of 0.147 + 0.027 g cm™? y', as shown by #°Pb measurements in core MC-36.
The absence of biogenic carbonates and higher metal concentration and magnetic
susceptibility in Facies 6 than in the pre-tailings Facies 1 suggest a recent continuous
flux of metal(loid)s, probably from the coastline, although other sources of dissolved
metal(loid)s can also play a role (Alorda-Kleinglass, et al., 2019). The presence of
few mine tailings particles, especially sulfides, and their oxidation products within
marine sediments may lead to a decrease in pH, which would render problematic for
benthic organisms with calcareous shells to thrive (Descostes et al., 2004). The high
contents of Ca in the uppermost layers are mainly related to an increase of terrigenous
carbonates, which are the dominating rock types in the nearby Sierra de Cartagena
— La Uni6n (Manteca, 2013). Bioturbation marks observed in this post-tailings facies
could indicate a progressive recovery of benthic activity after the cessation of mine

waste disposal.
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2.3.5.2 Geochemistry of metals and metalloids

The positive loadings of Mn, Fe, Pb, As and Zn on PCl are indicative of the
mineralogy of the mine tailings deposit, which is rich in galena (PbS), sphalerite
(ZnS) and pyrite (FeS) sulfides. Moreover, the strong correlation between Fe
and Mn (Pearson’s correlation coefficient r*=0.885) confirms the presence of the
ferromanganese minerals, namely a mixture of iron and manganese oxides (MnO,
and Fe,O,) that were also mined in Sierra de Cartagena — La Unidn district. This high
Fe-Mn correlation could result also from carbonates and manganese and iron halide
salts like rhodochrosite or manganosiderite (Fe,MnCO,) (Manteca, 2013). Besides
Mn, As also shows a significant Pearson correlation with Fe (r*=0.718), pointing to
the presence of arsenopyrite (FeAsS), a mineral previously reported in sulfide ores

from Sierra de Cartagena — La Unién mines (Oyarzun et al., 2013).

PC2 separates samples with significant positive loading of Zn and to a lesser extent
Pb, and a negative loading of Mn, Fe and As. Besides the lower Pearson correlation
of Zn and Pb with Mn, Fe and As, the results highlight the role of differentiation
processes controlling the distribution and concentration patterns of metal(loid)s in
the mine tailings deposit. As detailed in Section 2.3.5.3, the significant differences
amongst the profiles of Zn and other metal(loid)s suggest that facies richer in those
elements are likely related to direct accumulation of mine tailings (i.e facies 2, 3 and
5). This contrasting pattern may indicate different efficiencies between concentrating
processes, as well as technical decisions and procedures in the flotation plant at the
time of exploitation that could affect the composition of the tailings slurry finally
released. It is well known that the froth flotation process generates two concentrates,
first galena (PbS) and then sphalerite (ZnS), with a final step for pyrite (FeS)) removal,

which could also explain the distinct trend of Zn in our cores (Oyarzun et al., 2013).

2.3.5.3 Tracking of metals and metalloids dispersal

The metal(loid)s concentrations and EFs at three different depth levels down core
are shown in figures 2.3.9 and 2.3.10. Geochemical records of all metal(loid)s
here considered reveal strong similarities across the entire study area, with higher
concentrations close to the mine tailings discharge point, which decrease south-
eastwards. This is especially relevant in the 14 — 15 cm layer, which marks the

transition between the mine tailings (Facies 2, 3, 4 and 5) and the post-tailings
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materials (Facies 6) (Figure 2.20.a,b). In most cases metal(loid)s concentrations
decrease upwards within the sediment cores from the level of year 1990 to present
day. This implies that by the end of the tailings disposal period (i.e. the 14 — 15 cm
level), the mean EFs are of 12 for Mn, 85 for Fe, 31 for Zn, 10 for As and 11 for Pb.
In contrast, the topmost sediments (i.e. the O — 1 cm layer) displays EFs of 8 for Mn,
56 for Fe, 22 for Zn, 9 for As and 5 for Pb. Despite such a decrease of metal(loid)
s enrichments towards the modern shelf floor, the concentrations found are still
higher than those reported in other marine polluted areas, such as the continental

shelf of Barcelona in Spain or Repparfjorden in northern Norway (Palanques et al.,
2017; Sternal et al., 2017).
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Figure 2.20 Interpolated distribution of Mn and Fe concentrations and enrichment factors (EF) in
the deposits off Portmin Bay at three core depth levels: 0, 7 and 14 cm. The yellow point shows
the location of the mine tailings discharge point and the dashed lines indicate the location of

seabed beachrocks.
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Figure 2.21 Interpolated distribution of Zn, As and Pb concentrations and enrichment factors
(EP) in the deposits off Portmin Bay at three core depth levels: 0, 7 and 14 cm. The yellow point
shows the location of the mine tailings discharge point and the dashed lines indicate the location

of seabed beachrocks.
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The distribution patterns of metal(loid)s and sedimentary facies (Figure 2.13, section
2.3.4.3) result not only from the location of the discharge point but also from
hydrosedimentary dynamics in this part of the inner continental shelf of SE Spain,
especially wave action. Mean wave direction data from “Puertos del Estado” off
Portmén Bay for the 1990 — 2014 period is dominated by an easterly component and,
to a lesser extent, a south-westerly one. The same dataset also shows a pronounced
seasonal variability of wave direction. In summer, the south-westerly direction
prevails while during winter wave direction is mostly from the east and south-east.
These observations are in agreement with those made by Pauc and Thibault (1976)
long time ago, which they used to depict the progressive infilling of the original
Portman Bay (Figure 2.12).

The combined effects of both easterly and south-westerly wave directions, together
with the horseshoe shape of the bay (i.e. a potential natural trap of materials), provide
the clues that explain the preferential north-westward transport and accumulation of
the mine tailings during the dumping period from 1957 to 1990), together with the
eastward decrease of metal(loid)s contents and laminated deposits over the inner shelf
(Figure 2.19). The observed concentrations of metal(loid)s at the modern seafloor, i.e.
within layers that formed after the stopping of mine tailings discharge, most likely
result from erosion and seaward transport of minerals from the emerged part of the
deposit and its beach front. A residual component from the underlying mine tailings

may also add to the most recent sedimentary layers.

The presumed dominant particle transport by easterly waves leading to a preferential
north-westwards accumulation of coarse grains, including magnetite-rich beach black
sands, and to the seaward sorting and transport of finer particles is supported by
the observed grain-size distribution in seafloor sediments (Facies 6). Cores from the
western part of the study area show a sandy unimodal distribution (e.g. cores MC-02
and MC-50, Figure 2.16.b,c) whereas the cores from the eastern part display a fine
sandy bimodal distribution (e.g. core MC-16, Figure 2.16.d). The topographic barrier
effect of seabed beachrocks preventing farther spreading of the tailings is clearly

visible in grain size patterns and, probably, on the thickness of the tailings deposit as
well (Figure 2.20 and 2.21).

The interpolated distribution of metal(loid)s concentrations and EFs slice maps at 7
and 14 cm core depth evince a southerly flux, especially of Mn, Fe and Pb. That flux

corresponds to Subarea 3 and sedimentary Facies 4.2, which is ~13 c¢m thick in core
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MC-36 (Figure 2.16.e). That flux could result from the combination of two processes:
(1) the infill of the main tailings depocentre probably by the end of the mining waste
discharge period, and (2) the easterly predominant waves and associated coastal currents
carrying finer particles westward and finally south-westward from this depocentre to
more distal locations. The south-westward and also southward transport of the finer
fraction with its metal(loid)s load could have been favoured by short wavelength sea
storms that are common in the Western Mediterranean Sea. The main storms usually
take place during autumn and spring and the transport associated to them could have

led the finer particles to easily bypass the beachrock topographic barrier.

A remarkable feature visible on the interpolated metal(loid)s concentrations core depth
slice maps is that Mn and Fe show a different pattern than Zn, As and Pb. Mn and
Fe maximum concentrations and preferential deposition are eastward of the tailings
discharge point, while maximum concentrations for Zn, As and Pb occur west of that
point. Such distinct accumulation patterns suggest differential transport of mineral
grains after entering the coastal sea. Fe and Mn are mainly associated to halide salts
and oxides, which are much lighter than Zn, As and Pb minerals (i.e. sphalerite,
arsenopyrite and galena). Because of this, it seems reasonable for Mn and Fe-rich
particles to spread farther than heavier Zn, As and Pb-rich particles. This becomes also
apparent from the density surface distribution at 14 cm core depth showing higher
values for Zn and Pb close to the discharge point together with an eastward decreasing
trend (Figure 2.21.a,b).

2.3.5.4 Contamination levels and total mass estimations

Sediment quality guidelines (SQGs) can be used to qualitatively assess pollution levels
of sedimentary materials. SQGs are defined as the concentration range or limit for
chemical compounds (e.g. metals, pesticides) that could lead to potential biological
effects (Long et al., 1995). SQGs are based on empirical evidence and have been
widely applied to evaluate ecotoxicological risks in diverse environments (Adamo et
al., 2005; Buccolieri et al., 2006; Casado-Martinez et al., 2006; Palanques et al., 2008;
Garcia-Orellana et al., 2011). The Spanish Harbour Authority (Comisién Nacional
de Estrategias Marinas, 2015) identifies three Action Levels, A, B and C, while
establishing the thresholds for identifying hazardous sediments in the management of

dredged materials and its relocation in within the maritime-terrestrial public domain

(Table 2.9).
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Action Level A Action Level B Action Level C Noséigni]f::t)us
Zn (mg kg?) 205 410 70 <2,500
As (mg kg?) 35 70 280 <1,000
Pb (mg kg 80 218 600 <1,000

Table 2.9 Action Levels and threshold concentrations for dredged sediments to be considered as
non dangerous developed by the Spanish Harbour Authority for Zn, As and Pb.

According to this classification, and using the metal(loid) concentration slice maps
in Figure 2.21, 8.6 km? of surface sediments (0 — 1 cm) on the inner continental
shelf off Portmin Bay have to be qualified as ecotoxicologically dangerous as they
exceed the SQGs thresholds defined for Zn, As and Pb. Furthermore, 9.4 km? fall
within Action Level C, which in case of dredging and relocation implies the need of

containment for reducing the dispersion of metal(loid)s.

The interpolation of metal(loid)s concentrations as shown in the core depth slice
maps in the deposits off Portman Bay allows to quantitatively estimate the total
accumulated mass of each metal in the layers formed after cessation of tailings
discharge. Assuming that the top 14 cm of sediment correspond to the post-mining
period (i.e. from 1990 to 2015, when the last research cruise was carried out), the

total mass for each metal(loid)s can be expressed as follow:

(14) Tmet = Z?=1(D€Tli ' Cmet,i : Vvoxel)

where Twner is the total bulk mass of each metal(loid)s, Den: is the density value of
voxel 1, Cmetiis the concentration of metal(loid)s on voxel 1 and Vel is the voxel
volume on the predefined grid (0.2 m’?, 10 m x 10 m x 0.002 m). Since both density
and metal(loid)s concentrations have errors associated to analytical procedures and
calibration of element concentrations (Cerda-Domeénech et al., 2020), the total
bulk mass error must be constrained to assess the quality of the mass bulk model.
Consequently, the errors of the total mass bulk of each metal(loid)s have been

calculated according to the law of propagation of errors (Taylor and Kuyatt, 1994).

The estimated total mass of each element in the top 14 cm of the sedimentary record
off Portmén Bay are 6,700 + 1,400 t of Mn, 2.6-10° + 3.9 10° t of Fe, 7,700 + 1,600
t of Zn, 670 + 140 t of As and 3,170 = 650 t of Pb. These total masses would
correspond to 0.012, 0.456, 0.013, 0.006 and 0.001%, respectively, of the total mass
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of each element within the overall mass of tailings dumped during the discharge

period in Portman Bay (=57 Mt) according to Manteca et al. (2014).

2.3.5.5 Environmental considerations on metal(loid)s fluxes to seafloor

sediments

The results above evidence a continuous flux of metal(loid)s to the seafloor about
25 years after the cessation of dumping. Since atmospheric deposition of metal(loid)
s from the abandoned mines in Sierra de Cartagena — La Unién to the coastal sea
can be considered negligible (Blondet et al., 2019), the main source of metal(loid)s
to the coastal should be twofold: (i) from erosion and transport of mineral particles
(e.g. galena, sphalerite, magnetite and pyrite) from the emerged part of the tailings
deposits and the beach of Portman Bay (Manteca et al., 2014), and (ii) from submarine
groundwater fluxes carrying dissolved metal(loid)s from emerged part of the mine

tailings deposit (Alorda-Kleinglass et al., 2019).

Indeed, Alorda-Kleinglass et al. (2019) determined that Submarine Groundwater
Discharge (SGD) and Porewater Exchange (PEX) remobilize large amounts of dissolved
metal(loid)s from the emerged part of the deposit into the marine environment.
Dissolved metals can incorporate to the particulate phase through adsorption by
particulate matter, thus being removed from the water column and accumulating
in seafloor sediments (Bruland et al., 2013). The estimated total Pb and Zn fluxes
calculated by Alorda-Kleinglass et al. (2019) are 3 + 1 and 1670 £ 790 mol d* km
!, respectively. Assuming a constant flux during the last 25 years and the current
shoreline length of the beach front in Portmin Bay (-1 km), the total estimated
fluxes are ~ 6 and ~ 900 t of dissolved Pb and Zn, respectively, which are less than
the estimated mass of these metals being buried in the sedimentary record during
the same period. Therefore, a significant contribution of erosion and transport of
particulate metal(loid)s from the emerged section of the tailings deposit is needed to
equal the overall budget. This interpretation is further supported by the decreasing
trends in grain size and metal(loid)s concentrations in seafloor sediments in parallel

with distance from the shoreline.

Also, during the 25 years post-dumping period, the finer fraction in the emerged
surface layer seems to have been essentially removed by erosion and transport, and
only fine black sands, essentially on Portman’s Bay beach, can still be remobilized.

The resulting shift in the grain size of the remobilized materials through time can
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be observed in Figure 2.16.a,c by a clear coarsening upwards trend in sediment cores,

together with a decrease of metal(loid)s concentrations.

A significant process in the preservation of the tailings is the oxidation of minerals
already at the time of ore processing itself, but also later on due to the action of waves
and currents. The weathering of sulfide minerals has a direct influence on metal(loid)
s speciation and partitioning and, consequently, on the release of those elements into
the water column and the sediment pores (Nesbitt et al., 1995; Descostes et al., 2004;
Hayes et al., 2014). Since speciation is also related to the mobility and bioavailability
of metal(loid)s (Foster et al., 1998; Slowey et al., 2007), assessing their oxidation
state is crucial for evaluating the ecotoxicological impacts they could have eventually
(Mestre et al., 2017). Roqué et al. (2020) have demonstrated that As in the raw
minerals (i.e. arsenopyrite) processed at Lavadero Roberto froth flotation plant was
partially oxidized to As’* during the processing of the ore mineral to subsequently re-
precipitate as As®* when discharged into the sea. This process pre-forms a scorodite-
like coating on the surface of arsenopyrite grains, thus reducing As release to the
water column . In any case, the decreasing trend of the metal(loid)s concentrations,
the increase in magnetite content (a mineral resistant to oxidation; Lindsay et al.,
2015) and the abundant bioturbation marks in the top layer (i.e. Facies 6) demonstrate
a progressive re-establishment of the natural sedimentary conditions 25 years after

the cessation of mine waste discharge at the coastal sea besides Portman Bay.

2.3.6 Conclusions

The submerged extension of the mine tailings deposit oft Portmén Bay still isnowadays,
more than one quarter of century after the stopping of discharges, a significant source
of metal(loid)s to the water column and seafloor sediments. Whereas the emerged
part of the deposit is reasonably well described and characterized (Pefia et al., 2013;
Manteca et al., 2014) no detailed assessment of metal(loid)s concentrations and
distribution in the submarine extension of the deposit was available to date. Also the
development of the very same submerged extension on the adjacent shelf floor was

unconstrained for the pre-, syn- and post-dumping time span.

This paper presents the first physical and geochemical characterization of sediments
pre-dating the onset of tailings disposal (pre 1957, Facies 1), the uppermost part of
the mine tailings deposit (1957 — 1990) and the sediments accumulated following
the cessation of dumping (1990 — 2015). The analysis of 52 short cores has shown
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that tailings facies (Facies 2, 3, 4 and 5) occur mainly in the innermost continental
shelf, between the shoreline and a couple of seafloor beachrocks acting as partial
topographic barriers to the spreading of tailings. The tailings deposit present metal(loid)
s concentrations that are significantly higher than those found in other regions of
the Mediterranean Sea. Differences amongst the tailings facies are attributed to the
closeness to the discharge point on the coast, and also to oscillations in the tailings
supply rate at different locations (proximal vs. distal with respect to the discharge
point and the shoreline) and through time. Excess overload due to fast accumulation
rates lead to deformation of cake-like layered facies made of interstratified plastic fine
grained and sandy layers. Deformation Facies 3 is found in a few cores located at the
foot of the submerged frontal slope of the tailings deposit. Coastal sea storms have
eased the remobilization, sorting and dispersal of tailings, with coarser grain sizes

tending to concentrate close to shore and fines exported farther seaward.

A post-dumping modern upper layer with a distinct facies (Facies 6) with still rather
high metal(loid)s concentrations has been characterized and differentiated as well.
Our results show mean EFs on the topmost sediment layer (0 — 1 cm depth) of 8
for Mn, 56 for Fe, 22 for Zn, 9 for As and 5 for Pb. These elevated metal(loid)s
concentrations imply that approximately 8.6 km? of the inner continental shelf off
Portman Bay must be considered as dangerous sediment according to the SQGs the
Spanish Harbour Authority (Comisién Nacional de Estrategias Marinas, 2015). A °Pb
age in one of the sediment cores allows placing the exact level corresponding to the
onset of tailings discharge in 1957 (26 cm core depth) and also the one corresponding
to the end of the discharge period in 1990. Those limits fit perfectly with changes
of sedimentary facies below and above. In the post-dumping (1990 — 2015) sediment
layer capping the study area (i.e. the uppermost 14 cm of the sedimentary column), we
estimate a total mass of 6,700, 2.6-10°, 7,700, 670 and 3,170 t of Mn, Fe, Zn, As and
Pb, respectively, which evidences a persistent flux of metal(loid)s to marine seafloor

sediments along the 25 years following the cessation of mine tailings discharge.

The main limitation of the current study is the short length of the investigated
sediment cores, which do not penetrate deep into the mine tailings deposit.
Consequently, longer cores would be needed to fully characterize the distribution and
concentrations of metal(loid)s, and the associated sedimentary facies, at intermediate
and deep levels within the submarine mine tailing deposit so that the evolution and
current state of this unique man-made coastal depositional body could be better

constrained.
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2.4 Resum dels resultats

En la present Tesi, hom s’ha centrat en 'estudi de dos fluxos de metalls i metal-loides
al medi mari: la descarrega d’aigua subterrania i1 I’abocament de residus a la costa de
Barcelona 1 Mtrcia, ambdues a la costa mediterrania de la Peninsula Ibérica. Aquest
estudi ha permés avancar en el desenvolupament de les metodologies emprades per a
I'analisi i la quantificacié dels fluxos de metalls i metal-loides d’origen antropogenic
al medi mari, aixi com llur caracteritzaci6 fisicoquimica i distribucié en els sediments.
A continuaci6 es presenta un resum dels resultats obtinguts (per a una descripcié més

amplia, consulteu els apartats 2.1, 2.21 2.3).

En D'estudi realitzat a I'aqiiifer al-luvial de la Riera d’Argentona (subcapitol 2.1) s’ha
monitoritzat la salinitat, el nivell piezométric i la temperatura en dos piezometres
durant dos anys. Els resultats mostren dos patrons temporals diferenciats en ambdés
piezometres estudiats (PZ1 1 PZ0): (1) valors estables de salinitat durant llargs
periodes sense precipitacié6 amb valors maxims d’entre 15 1 17 psu i (2) significants
variacions de la salinitat durant periodes de precipitacions amb la corresponent
reduccid de la salinitat seguida d’un gradual increment (Figura 2.3.a,c). Tanmateix, en
el piezometre més proper a la costa (PZ0), la reduccié de la salinitat durant els periodes
de precipitacions fou acompanyada d’un increment substancial de la salinitat que
coincideix alhora amb I'increment de l'altura d’onada significativa (H )(Figura 2.4).
L’analisi de les concentracions dels isotops de Ra revela una variacié molt significativa
en el PZ1 d’entre 21 80 dpm 100 L™ per al *Ra, 701 2.100 dpm 100 L™ per al ***Ra,
30 1 440 dpm 100 L™ per al *Ra i 70 1 1.700 dpm100 L™ per al ***Ra. Alhora, les
concentracions de Ra presenten una forta correlaci6 positiva amb la salinitat (r*= 0,91,
0,97, 0,871 0,95 pel *’Ra, ***Ra, ?*Ra i **Ra, respectivament; p < 0.001). Finalment,
Iestudi detallat d’un episodi de precipitacié suggereix que la concentraci6é de Ra en
I’aigua subterrania segueix el patré dels cicles de recarrega d’aigua. Contrariament, la

concentraci6 de *’Rn era constant durant tot el periode d’estudi amb valors d’entre

40-10° 2 120-10° dpm 100 L.

L’estudi del subcapitol 2.2 s’ha enfocat essencialment en el desenvolupament d’un
métode de calibratge de les dades obtingudes mitjangant un escaner d’analisi de
testimonis de sediment per fluorescéncia de raig X (XRF core scanner). Concretament,
el métode ha permés obtenir la concentracié absoluta de cinc metalls (Ti, Mn, Fe,
Zn i Pb) i un metal-loide (As) en testimonis de sediment corresponents a dues

zones afectades per abocaments directes de residus de mineria (badia de Portmin) 1
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de llots de depuradora (desembocadura del riu Besos)(Figura 2.7). Els resultats dels
tres métodes de regressi6 lineal emprats per correlacionar la intensitat elemental de
I'equip XRF core scanner i la concentracié total mostren coeficients de correlacié
superiors a r’=0.94 per a tots els elements (Figura 2.8). Tanmateix, el métode de
regressi6 lineal weighted least-squares (WLS), el qual considera els errors analitics
associats a ambdues variables, mostra una major correlaci, un menor error associat
1 menor desviacid del zero en la interseccidé amb 'eix d’abscisses. Alhora, I’avaluacié
dels errors associats a les concentracions calibrades dels elements obtingudes a partir
de la llei de propagacié d’errors mostra que els errors obtinguts amb el métode WLS
sén un factor 4,4, 4,2, 25,8, 14,0, 1,5 i 4,0 pel Ti, Mn, Fe, Zn, As i Pb inferior a
la resta de meétodes analitzats (Figura 2.10). Aixi doncs, s’ha observat que per mitja
d’aquest calibratge (WLS) es pot avaluar el nivell de pol-lucié del sediment seguint les
estrictes guies de qualitat del sediment amb error inferior a 0,4 — 2% per al Fe, 1 — 7%

per al Zn, 3 — 14% per al Pb1 5 — 16% per al Mn (Taula 2.4).

Finalment, en el subcapitol 2.3 es caracteritza fisicament i quimica el diposit submari
de residus miners a la badia de Portmin mitjangant un estudi integrat de multiples
variables obtingudes amb metodologies no destructives, d’alta resolucié i en continu,
incloent el métode de calibratge desenvolupat en el subcapitol 2.2. Concretament,
s'identificaren un total de sis facies sedimentaries en els cinquanta-dos testimonis de
sediment analitzats (Figura 2.13 1 2.14). Concretament, quatre d’aquestes (facies 2, 3,
41 5) mostren una elevada concentracidé de metalls 1 metal-loides amb valors d’entre
11701 10.370 mg kg™ per al Mn, 4,7 1 23 % per al Fe, 1.080 1 13.340 mg kg™ per al
Zn, 601 1.710 mg kg™ per al As i d’entre 860 1 5.590 mg kg™ per al Pb (Taula 2.7).
En canvi, les dues facies restants 1 i 6 presentaven un contingut inferior amb valors
de 1101 2.130 mg kg per al Mn, 11 16,7 % per al Fe, <71 9.420 mg kg per al Zn,
<171 650 mg kg per al As i d’entre 51 4.200 mg kg” per al Pb (Taula 2.7). Alhora,
les unitats amb major concentracié de metalls 1 metal-loides presentaven una major

densitat 1 susceptibilitat magnética amb una mida de gra predominantment fina.

Atenint-nos a la caracteritzacié sedimentologica realitzada anteriorment, els testimonis
de sediment foren agrupats segons la distribuci6 de les facies identificades (Figura
2.15). Els resultats mostren que els testimonis que contenen les ficies 2, 3 1 5,
agrupats en la subarea 1, es localitzen al nord-oest de ’area d’estudi a prop del punt
d’abocament dels residus miners. En canvi, els testimonis caracteritzats per la 4.1 i

4.2 corresponen a la subarea 2 i 3 situades en el limit sud i sud-est de la subarea 2.
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Finalment, els testimonis més allunyats del punt d’abocament estaven caracteritzats
principalment per la facies 1 (subirea 4). Des d’una perspectiva geoquimica, els
resultats mostren una diferenciacié entre dos grups d’elements, per una banda el
Mn, Fe, As i Pb, i per altra banda el Zn. Aquests resultats, que sén corroborats per
I’ Analisi de Components Principals, el qual mostra una primera component principal
(PC1) que explica el 69,1% de la variancia mostral amb carregues positives per Mn, Fe,
Zn i As 1 una segona component principal (PC2) que explica el 14,7%, caracteritzada

per una carrega positiva de Zn, i en menor mesura del Pb (Figura 2.17, Taula 2.8).
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En aquest capitol es discuteixen conjuntament els resultats presentats als diferents
apartats del capitol 2 amb la doble finalitat d’oferir una visié integradora i
d’aprofundir en ’analisi critica de les metodologies disponibles per a I'estudi dels
fluxos de metalls i metal-loides d’origen antropogénic cap al medi mari. En aquesta
Tesi s’han considerat dos tipus de fluxos: les descarregues d’aigiies subterranies
(DAY) 1 I'abocament directe de residus al mar costaner, prenent com a referéncia
dues arees de la costa mediterrania espanyola: Barcelona 1 Mircia. Primer s’aborda la
revisi6 de la metodologia de quantificacié de les DAS mitjangant els isotops del Ra,
en tant que mecanisme de transport de metalls i metal-loides des del continent cap
al mar costaner. En segon lloc, es profunditza en les metodologies de quantificaci6
de la concentraci6 1 la distribucié de metalls 1 metal-loides en els sediments marins

a causa de ’abocament directe de residus al mar costaner.

3.1 Fluxos de metalls i metalloides per descarregues d’aigiies
subterranies: implicacions en llur quantificacié mitjan¢ant isotops

de Ra i ’Rn

En el primer article (subcapitol 2.1) es proposa una revisi6 de la metodologia de
quantificaci6 de les DAS per mitja d’isotops de Ra i *?Rn, emprada per a determinar
els fluxos associats de metalls i metal-loides cap al mar costaner (Rodellas et al.,
2014; Trezzi et al., 2016). Per fer-ho, s’ha analitzat la variabilitat temporal de la
posicié de la interfase salina i de les concentracions dels isotops de Ra i #?Rn a

laqiiifer costaner de la riera d’ Argentona.

La posici6 i la dindmica de la interfase salina estan governades, en termes generals,
pel gradient hidraulic entre I'aigua dol¢a de I'aqiiifer i I'aigua salina a I'interior de
I'aqiiifer. Es prou conegut que hi ha maltiples mecanismes oceanografics (p. ex.
onades o el régim mareal) 1 terrestres (p. ex. precipitacions o extraccions d’aigua) que
controlen el gradient hidraulic (Henderson et al., 2010; Santos et al., 2012; Li et al.,
2008; Abarca et al., 2013). En ambients micromareals, com la mar Mediterrania, els
mecanismes terrestres determinen el gradient hidraulic per sobre dels mecanismes
oceanografics (Szymczycha et al., 2012; Gonneea i Charette, 2014). A l'aqiiifer de
la riera d’Argentona, el monitoratge realitzat durant dos anys confirma aquesta
dominancia del medi terrestre, 1 apunta al régim de precipitacions estacional com a
principal mecanisme de control del gradient hidraulic i, per tant, de la posici6 de la

interfase salina dins 'aqiiifer (Figura 2.3.a,¢).
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Els resultats mostren que aquest régim, caracteritzat per llargs periodes secs, 1
periodes curts amb precipitacions intenses, té una forta influéncia sobre la posici6
de la interfase salina (Figura 2.3.a,d). En periodes de precipitacions, la recarrega de
laqiiifer incrementa el gradient hidraulic entre ell i el mar, 1 for¢a un desplagament
de la interfase salina en direcci6 al mar. Aquest procés es fa palés per la reducci6 de
la salinitat a la part baixa del piezometre PZ1 durant els episodis de precipitacions.
Un cop finalitza la recarrega de 'aqiiifer, el gradient hidraulic disminueix i la
interfase es desplaca en direcci6 a terra, com reflecteix 'increment de la salinitat a
la part baixa del PZ1 (Figura 2.3). Alhora, els resultats revelen que el desplagament
de la interfase salina és rapid durant els episodis de pluja, d’hores a dies, mentre
que la recuperaci6 de llur posicié inicial requereix setmanes o mesos. Aquest
comportament 'il-lustra perfectament ’episodi de precipitacions analitzat (RFE-8)
(Figura 2.3.d,e), amb una reduccié de la salinitat en el piezometre PZ1-Bde 132 0,3
en aproximadament 23 hores, mentre que la recuperaci6 de la salinitat inicial fins

arribar al valor de 13 — 15 requeri uns 6 mesos.

Analogament, el piezometre situat més a prop del mar (PZ0) mostra un patr6 similar
a 'observat en el PZ1, tot i que també s’enregistraren increments significants de
la salinitat, coincidents amb augments de I'onatge durant els temporals de llevant,
molt caracteristics de la Mediterrania occidental (Figura 2.4). L'increment de la
freqiiéncia i l'altura d’onada modifiquen l'equilibri del gradient hidraulic, tot
desplagant la interfase salina en direccid a terra i incrementant la salinitat a 'aqiiifer

més proper al mar (Moore i Wilson, 2005).

Puix que la desadsorci6 dels isotops de Ra als aqiiifers augmenta amb la salinitat
(Figura 2.5.a) (Elsinger 1 Moore, 1980; Cho 1 Kim, 2016), els resultats assolits en
aquesta Tesi demostren que la posicié de la interfase salina exerceix una influéncia
notable sobre el contingut de Ra a les aigiies subterranies. Les activitats de Ra
obtingudes a aquestes aigiies durant els dos anys de monitoratge mostren unes
variacions significants d’un factor ~19, ~14, ~6 i ~11 pel **’Ra, el ***Ra, el **Ra i
el #*Ra, respectivament (Taula 2.1). Durant els episodis de precipitaci6, la reduccié
significativa de les concentracions de Ra es correlaciona, com és d’esperar, amb
la reduccié de la salinitat i, per tant, amb el desplacament en direccié a mar de
la interfase salina (Figura 2.3.e). Altrament, durant els periodes secs en que la
posici6 de la interfase salina és estable, les concentracions de Ra sén constants 1

més elevades. Les concentracions relativament estables del ?*Rn, amb variacions
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minimes d’un factor ~2 durant tot el periode estudiat, indiquen una menor influéncia
de la posicié de la interfase salina. Aixo és degut al fet que el Rn és present a les
aigiies subterranies en estat gasds, amb la seva produccié controlada pel contingut
de #*Ra, pare radioactiu del *’Rn, en estat dissolt o particulat a I’aigua de I'aqiiifer
(Dulaiova et al., 2008). La baixa influéncia de la salinitat en el comportament del

222Rn corrobora aquest comportament (Figura 2.5).

L’elevada variabilitat de les concentracions de Ra a les aigiies subterranies esdevé la
principal font d’incerteses a I’hora de quantificar les DAS emprant com a tragadors
els isotops del Ra (Elsinger i Moore, 1980; Cho i Kim, 2016). Aquesta quantificaci6

es duu a terme mitjangant I’equacié:

]Ra/Rn
DAS = ———
(1) Ra/Rng,,

on, és el flux dels isotops de Ra i de **’Rn cap al mar costaner en dpm d* i

Ra/Rn
Ra/Rn,, és la concentraci6 de referéncia dels isotops de Ra i del **Rn a les aigiies
subterranies (en anglés, end-member, vegeu I'apartat 2.1). En el cas del Ra, el qual
presenta més variabilitat, la magnitud de I’error potencial associat al seu end-member
depén de la representativitat d’aquest valor a l’drea d’estudi. Per obtenir aquest
valor, en estudis anteriors hom ha emprat diverses assumpcions: 1) calcul del valor
mitja de mesures realitzades a I'aqiiifer, ii) selecci6 del valor de concentracié més
alt per obtenir la DAS minima (estratégia conservadora), 1 iii) tria de la mostra més
propera al punt de descarrega al mar costaner. Michael et al. (2011) demostraren que
els fluxos de DAS quantificats amb isotops de Ra partint d’aquestes assumpcions
diferien entre ells un factor de 10. Alhora, Cho 1 Kim (2016) han reportat que les
activitats dels isotops de Ra a 'aqiiifer presenten una elevada variabilitat espacial
1 temporal com a resultat de canvis en la forga idnica de la fase dissolta. En aquest
sentit, els resultats presentats al subcapitol 2.1 aporten noves evidéncies sobre
aquesta qiiesti6 1 desvelen una variabilitat temporal significativa de la concentracié
de Ra, d’aproximadament un ordre de magnitud, en aqiiifers costaners micromareals.
Aquesta variabilitat dificulta notablement la determinacié d’un valor representatiu
de Ra a l'aqiiifer, 1 introdueix una incertesa potencial en la quantificaci6 dels fluxos
de les DAS i, consegiientment, en el fluxos de metalls i metal-loides associats. Del
monitoratge dels parametres hidrogeologics descrit al subcapitol 2.1 es desprén
que I'elevada variabilitat d’aquests sistemes requereix un millor coneixement de la

hidrodinamica dels aqiiifers costaners micromareals per poder quantificar les DAS
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mitjangant isotops de Ra. Alhora, puix que les descirregues d’aigua subterrinia
i els fluxos de metalls i metal-loides associats augmenten durant els periodes de
precipitacions, suggerim que ’avaluacié de les DAS en aquests periodes hauria
de ser una prioritat en futurs estudis d’aqiiifers costaners micromareals, pel seu

interés hidrogeologic 1 geoquimic.

L’analisi de les concentracions de Ra 1 un millor coneixement dels pardmetres
hidrogeologics ha permes, per exemple, quantificar el flux de metalls i metal-loides
per DAS i per difusié d’aigua intersticial (en anglés, porewater exchange, PEX)
provinent del diposit emergit de residus miners de la badia de Portman cap al mar
costaner (Alorda et al., 2019). Aixo és especialment rellevant per bé que, a diferéncia
de l'aqiiifer de la riera d’Argentona, la posici6 de la interfase salina dins el diposit de
residus miners de la badia de Portman estd controlada per I’onatge 1, en menor mesura,
pel régim mareal. Aquest mateix patr6 també s’ha observat al piezometre de I'aqiiifer
de la riera d’Argentona més proper al mar (PZ0) (Figura 2.4). Considerant el migrat
régim de precipitacions a la badia de Portméan (<300 mm any™), el treball realitzat per
Alorda et al. (2019) demostra que els fluxos de DAS estan fortament modulats pels
tipics temporals maritims de tardor propis de la Mediterrania Occidental. Alhora,
el coneixement detallat de la hidrogeologia de la badia, amb la instal-laci6 de quatre
piezometres instrumentats amb CTDs — metodologia similar a I'aplicada per I'estudi
del subcapitol 2.1 — ha permés situar la zona preferent per a les DAS a I'oest de la
badia. Contrariament, a l’est de la badia el principal mecanisme que modula el flux
de metalls 1 metal-loides per PEX és el bombeig d’aigua per I’accié de les onades 1, en

menor mesura, les marees.

Els resultats revelen que el flux de metalls per DAS i PEX, quantificat mitjangant
els isotops de Ra, és de 2,7 £ 1.41 0,6 £ 0.3 mol d! km™ per al Pb; 1600 + 790 i
67 + 34 mol d km™ per al Zn; i 145 + 73 1 3200 £ 1800 mol d™! km™ per al Fe.
Aquests fluxos sén significativament més grans que els reportats per altres estudis
(Windom et al., 2006; Rodellas et al., 2014; Tovar-Sanchez et al., 2014) 1 un ordre
de magnitud superiors als quantificats per Trezzi et al. (2016) a la badia del Gorguel,
adjacent a la badia de Portman, i també afectada, tot i que en molta menor mesura,
per I’abocament de residus miners. L'estudi realitzat per Alorda et al. (2019) és un
exemple prictic de I'aplicacié de les conclusions obtingudes al subcapitol 2.1, que
evidéncia la seva validesa per determinar el comportament temporal dels isotops de
Ra en aqiiifers costaners, quan sén emprats per quantificar els fluxos de DAS i de

metalls 1 metal-loides associats.
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3.2 Fluxos de metalls i metalloides per abocament directe en
sistemes costaners

3.2.1 Metodologies de quantificaci6 de les concentracions de metalls 1

metal-loides en sediments marins altament contaminats

La determinacié de les concentracions absolutes de metalls i metal-loides és
indispensable per avaluar el grau de contaminacié i pol-lucié dels sediments
marins (Ramirez et al., 2005; Palanques et al., 2008). Les técniques utilitzades
tradicionalment (p. ex. espectrometria de masses i d’emissi6 optica de plasma acoblat
inductivament, IPC-MS i ICP-OES, o fluorescéncia de raigs X) permeten una
quantificacid acurada, precisa i amb un baix error associat, tot i que el procediment
quimic suposa la destruccié de la mostra, alhora que sén costoses i requereixen
una elevada inversi6é de temps. Per aquest motiu, en el segon article (subcapitol
2.2) presentem un procediment que permet convertir les intensitats dels elements
obtingudes mitjangant I'esciner de fluorescéncia de raigs X (XRF core scanner)
en concentracions absolutes dels elements de manera precisa i amb un baix error
associat (Figura 2.8). Aquest calibratge ha estat realitzat a partir de les mesures fetes
en testimonis de sediments obtinguts en dos indrets, un impactat per abocaments de
residus miners (badia de Portman) i I’altre per abocament de fangs provinents d’una

planta de tractament d’aigiies residuals (davant la gola del riu Besos, a Barcelona).

Els resultats obtinguts revelen que el coeficient de correlacié (r?) entre les variables
intensitat (cps) 1 concentraci6 absoluta dels metalls 1 metal-loides analitzats (Ti, Mn,
Fe, Zn, As i Pb) és superior a 0.94 per a qualsevol dels tres métodes de regressi6
lineal avaluats. Aquestes correlacions sén superiors a les obtingudes en estudis
anteriors (Figura 2.8) (Boning et al., 2007). Tot 1 aix0, un dels métodes de regressi6
lineal, el métode dels minims quadrats ponderats (WLS), que considera els errors
analitics d’ambdues variables, és el que presenta una menor desviaci6 estindard de
I’estimador (S) 1, alhora, una menor desviaci6 del zero a I’eix de coordenades (Taula
2.3). Ateés que qualsevol calibratge incorpora un seguit d’errors analitics 1 estadistics,
determinar els errors associats a la concentraci6 calibrada de cada metall i metal-loide
és un procediment necessari per avaluar la qualitat i les limitacions del métode
aplicat. La distribucié dels errors relatius obtinguts a partir de la propagaci6 dels
errors de la concentracié calibrada (Figura 2.10) (Taylor 1 Kuyatt, 1994) demostra,
com es podia esperar, que els errors augmenten significativament a concentracions

baixes per a tots els métodes de regressid, especialment quan ens apropem als
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limits de deteccié de l'equip (Ramsey et al., 1995). Tanmateix, el meétode WLS
presenta uns errors associats significativament menors que els altres dos métodes.
Aixo s’explica per les diferéncies observades en la desviacié estandard del pendent
entre els tres métodes de regressi6 considerats (Taula 2.3). Concretament, aquesta
desviaci6 estandard pel métode OLS és superior a I'obtinguda pel métode WLS en
uns factors de 4,4, 4,2, 25,8, 14,0, 1,51 4,0 per al Ti, el Mn, el Fe, el Zn, el Aliel

Pb, respectivament.

L’as potencial d’aquesta metodologia en estudis de contaminacié i pol-lucié de
sediments marins per metalls 1 metal-loides estd condicionat per la capacitat de
determinar llurs concentracions segons els estandards de qualitat del sediment (en
angles, sediment quality guidelines, SQG). Servint-nos del principal estindard de
qualitat, del procediment desenvolupat a la seccié 2.2 i del métode de regressi6
lineal WLS, demostrem que les concentracions llindar de metalls i metal-loides
establertes en aquestes guies es poden quantificar amb errors minims, d’entre 0,4%
1 2% per al Fe, 1% 1 7% per al Zn, 3 1 14% per al Pb, 1 5% 1 16% per al Mn (Taula
2.4). Aquests resultats evidencien la robustesa metodologica del procediment de
calibratge desenvolupat en aquesta Tesi, la qual cosa permet una quantificacié
acurada 1 precisa de les concentracions absolutes d’aquests metalls i metal-loides
a partir de les mesures semi-quantitatives de I’XRF core scanner. Convé destacar
que aquest és el primer estudi que incorpora i avalua els errors analitics 1 estadistics
de la calibracié de les mesures d’un equip d’XRF core scanner i, en conseqiiéncia,
evidencia la necessitat d’avaluar correctament els errors de les concentracions

calibrades en futurs estudis.

3.2.2 Caracteritzacié sedimentologica 1 distribucié de metalls 1 metal-loides en

els sediments marins altament contaminats de la badia de Portman

Al subcapitol 2.3 presentem la primera caracteritzacid fisica i quimica del diposit de
residus miners submergits de la badia de Portman. Aixo ha estat possible mitjangant
la implementacié d’un protocol que integra mdltiples técniques analitiques (Figura
1.16), entre les quals s’inclou ’analisi d’imatges 3D de tomografia computeritzada
d’alta resolucid, la determinaci6 de parametres fisics com la susceptibilitat magnética
1 la densitat, la mesura de la composicié quimica elemental 1 de la mida de gra, aixi
com també la datacié del sediment per #°Pb. Aix{ mateix, en aquest treball s’aplica

per primera vegada el procediment de calibratge descrit a la secci6 2.2, el qual ha
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permes convertir ~14,000 mesures d’intensitats de metal-loides 1 metalls obtingudes

XRF core scanner en concentracions absolutes dels elements identificats.

La integracid d’aquestes técniques ha permés diferenciar facies sedimentaries a partir
de les caracteristiques fisiques 1 quimiques dels materials. Aixi, dins el diposit de
residus miners stricto sensu s’hi han identificat quatre ficies diferenciades (facies
2, 3,415), ales quals s’afegeixen les corresponent als sediments que predaten
1 postdaten els abocaments miners (facies 1 i 6, respectivament) (Figures 2.13 i
2.14). Aix0 ha permés establir I'evolucié sedimentdria de la badia de Portmin al
llarg de les darreres décades amb 'accent en el periode posterior al cessament de

I’abocament de residus miners al mar i fins I’actualitat.

La Facies 1, formada per sorres fines a la fracci6 descarbonatada i amb unes
concentracions de metalls 1 metal-loides relativament baixes (Figura 2.13) és present
als testimonis més allunyats del punt d’abocament 1 de la costa en el seu conjunt.
Aquesta ficies presenta un contingut elevat de carbonats biogénics, marques de
bioturbacié 1 una alta intensitat de Ca, mesurada amb I’XRF core scanner. Els seus
trets distintius indiquen que aquesta ficies correspon als dipdsits sedimentaris
caracteristics de I’etapa prévia a I'inici dels abocaments. Aixo ha estat confirmat per
la datacié amb #°Pb del testimoni MC-36, que li atribueix una edat anterior a I'any
1957, quan comengaren els abocaments (Figura 2.18). Als testimonis més distals, la

Facies 1 es troba en superficie 1 estd lleugerament influenciada pels residus miners.

Les facies, 2, 3, 41 5 se situen damunt la Facies 1. Estan formades per materials
dipositats durant el periode d’abocament de residus miners (Figura 2.19), en qué
el diposit resultant s’ana desenvolupant rapidament en forma de cos progradant en
direcci6 al mar. En paral-lel amb la progradacié, part dels residus s’anaren estenent
per la plataforma continental interna, sota la influéncia de ’onatge dominant de
component est i sud-oest i els corrents litorals associats. Aquestes quatre facies
presenten elevades concentracions de metalls 1 metal-loides (p. ex. Fe, Zn 1 Pb), com
correspon a diposits resultants directament de I’abocament dels residus miners. Per

tant, sbn facies propies de la pila de residus miners.

La Facies 2, localitzada al nord-oest de 1’area d’estudi davant la badia de Portman,
al sector més proper al punt d’abocament (Figura 2.16.a,c), presenta una laminacié
nitida amb alternanga de capes de sorres negres fines i nivells groguencs de gra
més fi. Aquesta configuraci6 seria el resultat d’un procés que combinaria taxes

d’acumulacié elevades amb la remobilitzacié i la classificacié per densitat de
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les particules minerals, probablement per l’accié constant de les onades 1 els
corrents associats. Altrament, la Ficies 3 presenta unes caracteristiques fisiques
1 geoquimiques similars a les de la Facies 2, perd amb una forta deformaci6 de
la laminacié (Figura 2.16.b). La localitzacié d’aquesta unitat al taltis que forma el
foreset del cos de residus progradant suggereix que és el resultat de la deformacié
de I'estructura en capes alternants de la Facies 2, segurament per causa de I’elevada
taxa d’acumulacié 1 la sobrecarrega provocada per sediments i la mateixa acumulaci6

rapida de materials sobreposats.

A mesura que augmenta la distancia al punt de descarrega a la costa, I'evident
laminacié observada a la Ficies 2 s’esvaeix gradualment, tot 1 que les propietats
geoquimiques sén semblants a les de les facies més proximals. Aquests materials
més allunyats de la costa constitueixen la Facies 4, la qual podria ser el resultat d’un
procés d’acumulacié de residus més lent. Lareduccid de les taxes de sedimentacié amb
la distincia permeté certa activitat bentonica, clarament observable per I'increment
de marques de bioturbacid, absents a les facies 2 i1 3 (Figura 2.16.a,b). Diferéncies
significatives en la susceptibilitat magnética permeten subdividir la Ficies 4 en
dues subfacies, 4.1 1 4.2, cadascuna de les quals respon a processos de transport
dels residus diferents. Els elevats valors de susceptibilitat magnética de la Subfacies
4.1, similars als de la Facies 2, podrien indicarien un procés de difusi6 dels residus
més enlla dels limits de dos afloraments rocosos allargats o beachrocks al fons mari
que feien de barrera natural parcial al seu escampall, situats I'un al sud i 'altre a
Iest de l'drea d’estudi (Figura 2.15). En canvi, la baixa susceptibilitat magnética i
I’abundancia de fins de la Subfacies 4.2 suggereixen 1'acumulacié per decantaci6
de particules fines remobilitzades provinents del mateix diposit submergit. La
datacié6 per *'°Pb del testimoni MC-36 confirma que la deposici6 de la Subfacies 4.2
correspon encara al periode comprés entre els anys 1957 1 1990, és a dir, dintre del
periode d’abocament de residus miners. Com la Facies 2, la Facies 5, formada per
arenes fines homogenies 1 massives, només ha estat observada al talGs que forma el
foreset del cos de residus progradant, en relacié amb els canals submarins normals
a les isobates que el solquen. Tot plegat, suggereix una formacid tardana per efecte

de corrents de densitat.

La clausura dels abocaments redui significativament les taxes de sedimentacid, 1
va deixar el sostre del diposit de residus exposat a ’acci6 directa de ’onatge i els

corrents. S’inicid aixi un procés de triatge 1 concentracid per densitats i mida de gra,
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1 de certa recuperaci6 de les condicions de sedimentacié prévies als abocaments.
Aixi, la Facies 6, la més superficial 1 recent, presenta una reduccié significativa de
les concentracions de metalls i metal-loides respecte als diposits infrajacents, un
increment de la mida de gra i el retorn de les marques de bioturbacié. La datacié
per ?°Pb indica que la base inferior de la Ficies 6 correspon a I’any 1990, coincidint

amb els cessament dels abocaments.

3.2.3 Models numeérics de distribucié tridimensional de la concentracié de
metalls i metal-loides en sediments marins: quantificacié de la massa elemental
total

Per entendre la dispersi6 horitzontal de metalls i metal-loides als sediments marins
superficials de la badia de Portmén, formats en acabar els abocaments, al subcapitol
2.3 hem modelitzat numeéricament per interpolacié tridimensional la distribucid
de les seves concentracions en els primers 14 cm de la seqiiéncia sedimentaria.
Servint-nos dels algoritmes d’interpolacié i adaptant-los a les especificitats del
nostre model, hem integrat un total de 7.280 mesures tant de concentracions de
metalls i metal-loides com de densitat i susceptibilitat magnética en una malla amb
una resolucid de 10 x 10 x 0,002 m. Aquesta metodologia ens ha permés obtenir un
volum de 2,2:10° m?, que il-lustrem amb mapes de la distribuci6 horitzontal dels
elements investigats en els centimetres 0 — 1, 7 — 8 1 14 — 15 (Figures 2.20 1 2.21).
Les matrius tridimensionals sén una eina molt versatil 1 facilment operable, que
també ens ha permeés quantificar la distribucid dels factors d’enriquiment de cada

metall 1 metal-loide.

A grans trets, els resultats mostren un increment de les concentracions de metalls
i metal-loides cap al nord-oest de I'area d’estudi. Aixd és clarament visible al
centimetre 14 de sediment, corresponent a la transicié entre el sostre del diposit
de residus miners 1 els sediments que el postdaten. Tot indica que la distribucié
observada és el resultat de la proximitat al punt d’abocament i de la dinimica
sedimentaria a la plataforma interna, dominada per 'acci6 de les onades de
component est 1 sud-oest 1 els corrents litorals associats. Els mapes de distribuci6
de metalls i metal-loides confirmen ’existéncia d’'un "punt calent” de concentracié
al nord-oest de I'area d’estudi, identificat a la secci6 2.3.5.3, 1 d’una drea perifeérica
més allunyada de la badia sensu strictu, on les concentracions sén significativament

menors. La concentracié de metalls i metal-loides en els centimetres superiors del
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paquet sedimentari palesa una reduccib respecte als diposits infrajacents formats
directament a partir dels abocaments de residus miners. Tot i ’evident reduccié
de les concentracions de metalls i metal-loides, els factors d’enriquiment obtinguts
en els sediments superficials post-abocament continuen essent molt més alts que

els reportats en altres arees costaneres igualment contaminades per metalls (p. ex.

Palanques et al., 2017; Sternal et al., 2017).

Els resultats obtinguts en aigiies de Portman permeten, a més, dimensionar 1’area de
sediments superficials que cal considerar “perillosos” de 9,4 km? d’extensi6. També
s’ha pogut calcular la massa total de cadascun dels metalls 1 metal-loides investigats
en els 14 cm superficials de sediment, tot combinant les matrius de concentracions
1 de densitat i el volum de cada voxel del volum 3D. L’estimacié de la massa total
de cada metall en aquests primers 14 cm de sediment és de 6.700 + 1.400 t per al
Mn, 2,6-10° £ 3,9 10° t per al Fe, 7.700 + 1.600 t per al Zn, 670 + 140 t per al As i
3.170 + 650 t per al Pb. Aquesta estimacid, combinada amb I’analisi fisica i quimica
dels sediments superficials, evidencia 'existéncia d’un flux persistent de metalls i
metal-loides cap al fons de la plataforma continental interna vint-i-cinc anys després

de la finalitzacié de 'abocament de residus miners a la badia de Portman.
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A la present Tesi doctoral hom revisa i desenvolupa un conjunt de metodologies per
a I'analisi 1 la quantificacié dels fluxos de metalls i metal-loides d’origen antropogénic
cap a’ambient mari costaner, 1 caracteritza dipdsits altament contaminats acumulats en
aquest mateix ambient. Aixi, hem analitzat dos grups de processos determinants dels
fluxos de metalls i metal-loides cap als sistemes costaners submergits: les descarregues
d’aigiies subterranies i 'abocament directe de residus. Sobre el terreny, I'estudi s’ha
desenvolupat a les costes de Barcelona i de Mtrcia, totes dues representatives de
les costes mediterranies altament antropitzades. El plantejament multidisciplinari
d’aquesta Tesi ha permeés un aveng significatiu, metodologic 1 de resultats, en I'estudi

dels processos de contaminacié per metalls i metal-loides en sistemes costaners.

L’analisi temporal dels isotops de Ra de I'aqiiifer costaner de la riera d’Argentona
ens ha permés demostrar que llurs concentracions presenten una elevada variabilitat,
principalment degut al desplagament de la interfase salina en direccié al mar durant
els periodes de recarrega de I'aqiiifer. Aquesta elevada variabilitat, de més d’un ordre
de magnitud, dificulta estimacié6 d’un valor representatiu de la concentraci6 de
Ra a l'aqiiifer, parimetre necessari per poder quantificar les descirregues d’aigiies
subterranies (DAS). Atenent al fet que els fluxos de metalls 1 metal-loides derivats
de les DAS s’incrementen significativament durant els episodis de precipitacions,
advoquem per la necessitat de seguir aprofundint en el coneixement hidrogeologic
dels aqiiifers costaners, aixi com del comportament dels isotops de Ra, amb 1’objectiu
de reduir incerteses i quantificar aquests fluxos cap als sistemes costaners de manera

més acurada.

S’ha desenvolupat satisfactoriament un procediment de calibratge per transformar
grans quantitats de mesures semiquantitatives d’esciner de fluorescéncia de raigs X
(XRF core scanner) en concentracions total de metalls 1 metal-loides. Els resultats
revelen que el procediment analitic i estadistic desenvolupat millora la qualitat de les
regressions lineals en els tres métodes emprats, de minims quadrats ordinaris (OLS),
de minims quadrats ordinaris ponderats (WOLS) i de minims quadrats ponderats
(WLS). Aquest procediment també millora els coeficients de correlacid i redueix la
desviacid del punt d’interseccid 1 les desviacions estindards associades a les funcions
obtingudes. Tanmateix, els resultats també demostren que 1’aproximacié mitjangant
el métode WLS, el qual té en compte els errors associats a ambdues variables, en

aquest cas la intensitat elemental (cps) i la concentracié absoluta (ppm o %), és més
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avantatjosa, especialment quan es compara amb el métode OLS. A més, debatem la
idoneitat de la metodologia de calibratge 1 la reduccié dels errors associats per avaluar
Iecotoxicitat del sediment d’acord amb les estandards de les corresponents guies de
qualitat (en angles, sediment quality guidelines, SQG). Els resultats demostren que
el calibratge desenvolupat amb el meétode WLS permet quantificar els llindars de

concentracié establerts en diverses SQG amb un rang d’errors d’entre el 5% 1 el 16%

per al Mn, 0,4% 1 el 2% per al Fe, I'1% 1 el 7% per al Zn, 1 el 3% 1 el 14% per al Pb.

L’aplicacié d’aquesta metodologia a un extens estudi sobre els sediments altament
contaminats per metalls i metal-loides a causa de ’abocament de residus miners a la
badia de Portman i a la plataforma interna adjacent també ha donat bons resultats. Per
primer cop s’ha caracteritzat, fisicament i quimica, la part més superficial del diposit
de I'extensi6 submarina del diposit de residus miners de la badia de Portman, i dels
sediments acumulats en el periode transcorregut des de la clausura de ’abocament
I’any 1990. Per fer-ho possible, hem aplicat una metodologia que integra maltiples
técniques d’alta resolucié, no destructives i de mesura continua, amb la qual hem

analitzat cinquanta-dos testimonis curts de sediment (< 50 cm).

També hem aplicat técniques de datacié pel métode del #°Pb. El gruix de l'extensi6
submarina del dipdsit de residus, o si més no dels acumulats durant el periode final
dels abocaments, se situa principalment al nord-oest de l’drea d’estudi, entre la linia
de costa actual de la badia de Portman 1 un beachrock aflorant localitzat a uns 45 m de
profunditat, el qual produi un efecte barrera que limitd I'expansi6 dels residus més
mar endins. Les concentracions de metalls i metal-loides que mesurades en aquesta
area (Fe, Zn, As, Pb) sén més altes que les reportades en qualsevol altre indret de la

mar Mediterrania.

La distribuci6 de les concentracions de metalls 1 metal-loides a I'area d’estudi s’ha
realitzat mitjangant modelitzacié numérica per interpolaci6é tridimensional del
conjunt de testimonis per diferents nivells de profunditat dins el diposit. Hem pogut
demostrar aixi que els factors d’enriquiment en els sediments post-abocament, tot i
haver-se reduit significativament respecte als del diposit infrajacent de residus miners
sensu strictu, sén notablement elevats; i també a la capa més superficial (0 — 1 cm), que
presenta concentracions de metalls i metal-loides superiors a les mesurades en altres
ambients marins costaners fortament contaminats. S’evidencia aixi un flux persistent
de metalls i metal-loides cap al fons mari, un quart de segle després de la clausura dels

abocaments al mar. Aquest mateix model també ens ha permés quantificar la massa
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total de cada element en els primers 14 centimetres de sediment, corresponents al
periode posterior al cessament dels abocaments, és a dir entre 19901 2015, any en qué

s’efectud la segona campanya d’obtencié de testimonis.

Els resultats d’aquesta Tesi provenen de I'aplicacié d’un ampli ventall de técniques
analitiques avancades, i també de técniques, numeériques, amb la finalitat d’identificar
1 quantificar els fluxos, la distribucié i les concentracions de metalls 1 metal-loides en
ambients costaners. L’aplicacié 1 la integracié de les dades proporcionades per aquest
ventall de técniques és clau per a poder analitzar en detall casos de contaminacié
com els tractats en aquesta Tesi. Tot plegat entenem que representa una contribucid
significativa a la millora dels coneixements sobre la contaminacié antropogénica en els
ambients marins costaners, susceptible de ser aplicada a altres indrets d’arreu del mén

amb problematiques similars.

Linies d’investigaci6 futures

Arran dels treballs realitzats en el marc d’aquesta Tesi han sorgit, com és natural,
noves preguntes i qilestions que poden esdevenir linies futures d’investigacié.
Algunes poden ser abordades amb dades ja disponibles actualment, i que ja s’han
comengat a treballar, mentre que altres requeririen la realitzacié de noves recerques
a mar 1 al laboratori. A continuacid presentem, de forma esquematica, algunes linies

d’investigaci6 de futur que ens semblen especialment prometedores:

1) Aprof undiment en les metodologies de calibratge de mesures d’escaner

de fluorescéncia de raigs X

El procediment de calibratge que presentem al subcapitol 2.2 permet la
conversié de les intensitats obtingudes amb ’escaner de fluorescéncia de raigs
X a concentracions absolutes emprant un nombre reduit de mostres. Aquest
procediment és intencionadament poc complex amb 1'objectiu d’esdevenir una
eina practica a I’hora d’abordar la conversié6 d’'un volum elevat de mesures.
Tanmateix, presenta certes limitacions producte de l'efecte que canvis en la
matriu dels sediments, en el contingut d’aigua i/o en la mida de gra de les
particules poden tenir en les mesures de la intensitat elemental. Amb 1’objectiu
de superar aquestes limitacions i obtenir una calibraci6 universal per a qualsevol
mesura mitjangant equips d‘escaner de fluorescéncia de raigs X seria altament

interessant ampliar les capacitats del procediment mitjangant ’adaptacié dels
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models log-ratio desenvolupats per Weltje 1 Tjallingii (2008), els quals deriven
de la teoria de la fluorescéncia de raigs X, els principis de I’analisi computacional

i 'evideéncia empirica.

2) Identificacié i quantificacié de ’activitat bentonica en el sediment
superficial mitjancant l’estudi de marques de bioturbaci6 a través

d’imatges 3D de tomografia computeritzada

Les evidéncies que hem exposat en el subcapitol 2.3 assenyalen un increment
de activitat d’organismes bentonics en el sediment superficial de la plataforma
continental adjacent a la badia de Portmén (0 — 14 m de profunditat), segons
mostren les marques de bioturbacié observades a les imatges de micro-CT.
Atenent a I'abséncia d’aquesta mena de marques al diposit de residus miners, la
identificacié de les espécies responsables 1 llur abundancia per mitja de I'analisi
de les imatges 3D de micro-CT podria ajudar a entendre el restabliment, ni que
sigui parcial, de les comunitats bentoniques un cop finalitza I’abocament de
residus, 1 també en comparacié amb les comunitats i espécies observades en els
sediments de sota els diposits de residus i en indrets propers lliures de residus

d’aquest tipus.

3) Especiacié de metalls i metal-loides i llur biodisponibilitat a 'extensi6

submarina del diposit de residus miners de la badia de Portman

La determinaci6 de l'estat d’oxidacié dels metalls i metal-loides en el sediment
mari acumulat després de cessar els abocaments a Portman, aixi com en el
diposit submergit de residus miners, té implicacions ecotoxicologiques evidents.
Diversos treballs realitzats mitjangant espectrometria d’absorcid de raigs X als
sincrotrons Diamond Light Source (Anglaterra) i ALBA (Catalunya) han permes
comengar a entendre 'especiacié d’elements com el Fe, el Al o el Pb en aquests
ambients tan especials, de fet ambients extrems. En aquesta linia, convé destacar
un treball en procés de revisié (Roqué et al., 2020) en el qual s’evidencia el
procés de transformacié quimica del As des del processament del mineral fins
al seu abocament 1 enterrament en ambient mari. Els resultats d’aquests estudis
poden ser rellevants, pensant també en el desenvolupament futur de la mineria
oceanica profunda, i en el 'impacte de les activitats associades sobre organismes

1 ecosistemes marins.



4) Aplicaci6 de models de distribuci6 de metalls i metal-loides en el

sediment mari superficial a escala regional

Tal com es deriva del subcapitol 2.3, els mapes de distribuci6 de metalls 1
metal-loides en el sediment mari sén una eina molt potent per avaluar llur
dispersi6 i tendéncies. Atenent a 'increment dels fluxos de metalls i metal-loides
d’origen antropogénic cap als sistemes costaners a les darreres décades, la
integraci6 de dades de concentracié i parametres fisics del sediment mitjancant
models d’interpolacié tridimensional permetria aprofundir en el coneixement
de les seves concentracions 1 distribucions. Aquesta linia d’investigaci6 seria
d’un interés notable en casos paradigmatics com el Mar Menor o el Mar
Adriatic, especialment impactats per abocaments de residus de diversos tipus.
En I'ampliacié de I'aplicabilitat d’aquesta metodologia seria convenient refinar
el models d’interpolacid, reduint els errors associats i millorant la qualitat de
les estimacions obtingudes. També seria altament interessant integrar aquests
models de distribuci6 amb dades d’onatge i atmosferiques, per millorar la
comprensi6é de la interaccié entre els fluxos de metalls i metal-loides i les

condicions oceanografiques.
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1. Introduction

Submarine Groundwater Discharge (SGD) includes both meteoric
fresh groundwater flowing into the sea and seawater recirculation
through coastal aquifers (Burnett et al., 2003). Both flows mix in coastal
aquifers, so-called subterranean estuaries (STEs), where biogeochemical
reactions occur as a consequence of interactions between terrestrially de-
rived groundwater, recirculated seawater and the geological matrix
(Moore, 1999). This dynamic mixing zone influences the transfer of sev-
eral chemical constituents to the coastal ocean (Tovar-Sanchez et al.,
2014; Sadat-Noori et al., 2016). SGD is now recognized as a relevant
source of nutrients, trace metals and other compounds and contaminants
to the coastal sea (Kim et al., 2003; Johnson et al., 2008; Gonneea et al.,
2014; Pavlidou et al.,, 2014; Rodellas et al., 2015b; Trezzi et al., 2016).

Radium (Ra) isotopes (>*>Ra, 2*Ra, 2*°Ra, ?®Ra) and radon (***Rn)
have been widely used as tracers to quantify SGD (e.g., Charette et al.,
2001; Moore, 2003; Burnett et al., 2006; Burnett et al., 2008; Lee et al.,
2012). Ra isotopes and 2?2Rn, which are continuously produced in geo-
logical materials by the decay of their uranium and thorium parents, are
appropriate SGD tracers, mainly because they behave conservatively
once released to the sea and because they are significantly enriched in
SGD fluids relative to seawater (Burnett et al., 2006). The approach
used to estimate SGD flows using Ra isotopes or 222Rn is based on char-
acterizing the flux of Ra/Rn supplied by SGD (Jr, or Jrn) using the Ra/Rn
distribution in coastal waters and the Ra/Rn concentration in ground-
water inflowing to the sea, the so-called SGD end-member (Ragw or
Rngw) (Burnett and Dulaiova, 2003; Moore, 1996a).

Most SGD studies have been devoted primarily to estimating the
fluxes of Ra and Rn (Jr, or Jrn) (e.g., Kim et al., 2005; Beck et al., 2008;
Smoak et al., 2012), whereas the Ra and Rn concentrations in the
groundwater end-member have been largely overlooked, even though
they are a critical component of the tracer-derived estimates (Cho and
Kim, 2016; Burnett et al.,, 2007; Gonneea et al,, 2008, 2013). Ra activities
in subterranean estuaries can vary significantly (one or two orders of
magnitude) over space and time at a given study site (Ollivier et al.,
2007; Beck et al., 2008). Thus, the lack of constraint on this term remains
a significant source of uncertainty in Ra-derived SGD estimates
(Charette, 2007; Gonneea et al., 2013).

Several factors influence Ra activities in SGD, including the presence
of Mn-Fe oxides (Gonneea et al., 2008), the pH of the subterranean es-
tuary (Beck and Cochran, 2013), the ionic strength (Elsinger and
Moore, 1980; Webster et al,, 1995), the properties of the geological ma-
trix (Swarzenski, 2007) and the residence time within the STE (Rodellas
et al,, 2017). Among them, the ionic strength of the solution (i.e., its sa-
linity) has long been recognized as the main factor influencing the Ra
activities in the SGD end-member, and Ra desorption increases signifi-
cantly with salinity (Cho and Kim, 2016; Elsinger and Moore, 1980;
Webster et al., 1995). As a consequence, Ra activities in SGD may vary
substantially depending on the position of the freshwater-saltwater in-
terface within the subterranean estuary. The position of this interface
may oscillate, due to variations in the hydraulic gradient of the fresh
groundwater (caused by, e.g., recharge and abstraction) and marine
driving forces (e.g., tides, wave and storms) (Gonneea et al., 2013;
Heiss and Michael, 2014). These temporal oscillations of Ra activity in
STEs, along with the spatial heterogeneity of coastal aquifers, make it
difficult to characterize the Ragw end-member, which is needed to pro-
vide accurate estimates of SGD (Michael et al., 2011).

Unlike Ra, Rn is an inert gas. Thus, its chemical behavior is not influ-
enced by the physicochemical characteristics of the coastal aquifer (e.g.,
groundwater salinity, temperature or redox conditions). Radon activi-
ties in coastal aquifers are thus primarily controlled by the content of
226Ra in the aquifer solids and dissolved in groundwater (Dulaiova et
al., 2008). However, the physical and geochemical processes occurring
in coastal aquifers (e.g., manganese cycling or ionic exchange) can affect
the 2?°Ra distribution, thus driving changes in the **?Rn concentration
of groundwater (Dulaiova et al., 2008).

In contrast to many coastal areas of the world, the Mediterranean
Sea is characterized by a microtidal regime, with tidal amplitudes
commonly lower than 0.2 m. Therefore, these coastal aquifers are
not significantly influenced by tidal pumping. As a consequence,
the location and movement of the salinity interface in subterranean
estuaries in the Mediterranean region, as well as in other microtidal
sea regions (e.g., the Caribbean Sea or the Baltic Sea), are mainly
regulated by hydrogeological factors, such as aquifer properties and
the aquifer water budget. Thus, understanding the hydrogeological
characteristics (i.e. recharge, discharge, etc.) of coastal aquifers in
microtidal regions and their impacts on the Ra and Rn concentrations
in groundwater is particularly important for improving tracer-derived
estimates of SGD.

This study evaluates the temporal evolution of Ra isotopes and 2?2Rn
concentrations in a Mediterranean microtidal coastal aquifer
(Argentona, Catalonia, Eastern Iberian Peninsula) over almost 2 years.
During this period, two piezometers (PZ) were continuously monitored
to measure variations in groundwater levels, salinity and the Ra and
222Rn concentrations in the groundwater. The aim of this study is to as-
sess hydrogeological dynamics affecting the variability in the concentra-
tions of Ra isotopes and 222Rn in groundwater from this coastal
microtidal aquifer. This variability may have critical implications for
the quantification of Ra/Rn-derived SGD fluxes and therefore their im-
plications for coastal biogeochemical cycles.

2. Study area and methods

2.1. Study area: the Argentona alluvial aquifer and the oceanographic
setting

The Argentona alluvial aquifer is located between the Catalan Litto-
ral Mountain Range and the Mediterranean Sea (Barcelona, NW Medi-
terranean) and extends in the SW-NE direction (Fig. 1). It has an area
of approximately 35 km? that is mainly devoted to agricultural uses.
The climatology of this region is characterized by Western Mediterra-
nean conditions, and the region experiences high temperatures in sum-
mer (mean ~23 °C) and mild temperatures in winter (mean ~10 °C).
The annual precipitation of the area ranges from 500 to 800 mm, and
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Fig. 1. Location of the Argentona stream in the NW Mediterranean Sea, including the
location of the two monitored piezometers (PZ).
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is mainly related to intense and short storms during the fall and spring
season. Surface water flows in the Argentona main stream are restricted
to the rainy seasons, particularly during major rainfall events (e.g.,
>50 mm in a few hours).

The Argentona aquifer is associated with a tectonic fault and
sinking blocks where stream valleys have developed. The geology
of the alluvial aquifer, which is unconfined, is dominated by detrital
Quaternary sediments that are the product of chemical weathering
of the granitic basement along fissures (Montoto, 1967). These
sediments constitute layers of unconsolidated sands, gravels and
clays deposited in an alluvial fan system during basin formation. In
the nearshore area, the aquifer is mainly composed of marine sands
(Catalan Water Agency, 2010).

A water budget for the aquifer conducted by the Catalan Water
Agency (ACA), which used a numerical flow model of the aquifer system
and covered the period 2006-2009, estimated an aquifer recharge
rate between 3.6-10° to 5.4-10° m® y~'. Major outputs from the
aquifer include urban, agricultural and industrial extraction ((1.4-
1.9)-10° m3 y— 1) and fresh groundwater discharge to the sea ((1.2-
24)-10°m3y~ ).

2.2. Groundwater monitoring and sample collection

During a period of 2 years (from January 2013 to December 2014),
hydrogeological conditions (groundwater level and salinity), Ra iso-
topes and 222Rn activities were monitored in the Argentona coastal
aquifer using two entirely screened piezometers. The first piezometer,
PZ1, was drilled to a depth of 35 m by the Catalan Water Agency in
2007. It is located 380 m from the shoreline and has a groundwater
level approximately 6-7 m below the ground surface. The second pie-
zometer, PZ0, which was only monitored for 7 months (May 2014 to
December 2014), was drilled approximately 8 m from the shoreline to
a depth of 2 m. Three CTD-Diver® data loggers were installed in the pi-
ezometers to measure temporal salinity, temperature and groundwater
table variations. The first instrument was installed in PZ1 10 m below
the ground surface (3-4 m below the water level) to evaluate the fresh-
water conditions (hereinafter referred to as PZ1-S). The second instru-
ment was installed in PZ1 at a depth of 34 m to monitor variations in
the mixing zone between the freshwater and saltwater (hereinafter re-
ferred to as PZ1-B) (Fig. 1). (3) The third instrument was installed in PZ0
at a depth of 1.8 m below the ground surface to evaluate conditions in
the groundwater close to the coastal seepage face. Variations in air pres-
sure were compensated for using air pressure measurements that were
made simultaneously using a Baro-Diver® that was also installed at the
top of the PZ1 piezometer.

Groundwater samples were collected at the same depths where
the CTDs were installed, samples from PZ1-S (n = 15) were collected
10 m below the ground surface, samples from PZ1-B (n = 15)
were collected 34 m below the ground surface, and samples from
PZ0 (n = 8) were collected 1.5 m below the ground surface. A sub-
mersible pump was used to collect samples with volumes of 60 L
(PZ1-S), 25 L (PZ1-B) and 10 L (PZO0) for Ra isotopes. Samples with
volumes of 250-mL were collected for 222Rn analyses from PZ1-S
and PZ1-B. Radon-222 was not analyzed in PZ0 due to the low water
level (<20 cm), which increased the exchange of 22Rn with the air
and did not permit us to obtain a representative sample. During each
sampling survey, salinity and temperature were measured in situ
using a YSI-556 handheld probe.

Water samples for Ra isotopes were filtered through MnO,-impreg-
nated acrylic fibers (hereinafter referred to as Mn fibers) at flow rates
<1 L min~! to quantitatively sorb Ra onto the Mn fibers (Moore and
Reid, 1973). For the 222Rn samples, groundwater was pumped directly
through a tube that reached to the bottom of each 250-mL bottle. The
groundwater was allowed to overflow for several volumes of the sample
bottle to reduce Rn losses to the atmosphere.

2.3. Analytical methods

Once in the laboratory, the Mn fibers containing the Ra isotopes
were rinsed with Ra-free water (Sun and Torgersen, 1998), partially
dried and placed in a Radium Delayed Coincidence Counter (RaDeCC)
to quantify the short-lived Ra isotopes, 22Ra and 22*Ra
(Garcia-Solsona et al., 2008; Moore and Arnold, 1996). After these mea-
surements, the Mn fibers were ashed (820 °C, 16 h), ground and aged
for 3 weeks in counting vials to allow 222Rn to come into secular equilib-
rium with 22°Ra. Samples were measured using a well-type HPGe
gamma detector. 22°Ra and 2?®Ra were measured via 2'*Pb at the
351.9 keV photopeak and 2?8Ac at the 911 keV photopeak, respectively.
222Rn activities in groundwater samples were determined using a porta-
ble 2?2Rn-in-air alpha spectrometer RAD7 (Durridge Inc.) coupled with
a RAD—H,0 attachment that allows the direct determination of 222Rn
from 250-mL bottles (Burnett et al., 2001).

3. Results
3.1. Hydrogeological features and dynamics

Results of the continuous monitoring of the groundwater table and
salinity at PZ1 are shown in Fig. 2. The fresh groundwater part of the
coastal aquifer (PZ1-S) showed relatively constant salinities (~0.4)
with minimum values of 0.05 occurring during some rainfall events
(Fig. 2b). In contrast, salinities at the bottom level (PZ1-B) varied signif-
icantly during the studied period and ranged from 0.3 to 17 (Fig. 2c).
Two general patterns in salinity can be identified at the bottom. (1) Sa-
linities were stable during dry periods (sometimes showing minor and
constant salinity increases due to reductions in recharge), with maxi-
mum values of 15-17 (e.g., January-February 2013 and July-September
2013). On the other hand, (2) large fluctuations occur during rainfall
events, and sudden decreases in groundwater salinity were followed
by gradual increases after rain/recharge episodes. This behavior is ex-
emplified by a particular rainfall event (RFE-8; Fig. 2d, e). After the pre-
cipitation fell, the groundwater table increased by 60 cm and the salinity
at the bottom of PZ1 decreased sharply (over 23 h) from 13 to 0.2. This
fast piezometric response to precipitation can be attributed to the
hydrogeological features of the alluvial aquifer, which has a high hy-
draulic conductivity and a small non-saturated zone in the lower part
of the basin (Catalan Water Agency, 2010), but it is also accentuated
due to the use of a fully screened piezometer (Shalev et al., 2009).
Under stable conditions, an equilibrium exists between the aquifer,
which is governed by the laws of groundwater motion, and the entire
screened piezometer, which is governed by the hydrostatic law
(Rushton, 1980). However, under changing conditions, this equilibrium
is broken, and the position of the salinity interface in the piezometer
may not correspond to its actual position in the aquifer (Rushton,
1980; Tellam et al., 1986; Carrera et al., 2010). For instance, during
heavy rainfall events, the higher hydraulic level of fresh groundwater
occurring in the upper part of the entirely screened piezometer pushes
the saltwater downward faster than it occurs in the aquifer. As a result,
after these episodes, salinity decreased faster in the piezometer than in
the aquifer itself.

Rainfall-derived aquifer recharge produced an increase in the hy-
draulic gradient between the coastal aquifer and the sea, leading to sea-
ward displacement of the salinity interface and a significant decrease in
groundwater salinity in the bottom section of the piezometer (Fig. 2c,
e). Once the infiltration of rainfall water had finished, the hydraulic gra-
dient decreased gradually, resulting in landward displacement of the sa-
linity interface and a consequent increase in groundwater salinity in the
bottom section of the piezometer (Fig. 2c, e). While the seaward dis-
placement of the salinity interface occurred shortly (a few hours to
days) after the precipitation episode, several weeks or even months
were needed to recover the salinity values observed prior to the rain
event(s). For instance, salinity at PZ1-B decreased from 13 to 0.3 in
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less than a day (~23 h) associated with RFE-8, whereas several months
(~6 months) were needed to recover the initial salinity of 13-15
(Fig. 2e).

Unlike aquifers dominated by tidal cycles, the impact of microtides
on the hydraulic gradient, and consequently the position of the salinity
interface, can be negligible in PZ1. As shown in Fig. 2f, the tidal range in
the area was on the order of ~20 cm (data compiled from the Barcelona
mareograph and obtained from the State Ports Authority; www.
puertos.es), a pattern commonly observed in the NW Mediterranean
Sea. These small tidal oscillations induced only small variations in the
groundwater table and in the groundwater salinities at the bottom of
the piezometer (tidally derived groundwater salinity variations of ~1).

Regarding PZ0, the piezometer closest to the shoreline but located in
the same aquifer unit, the recorded data on groundwater table and salin-
ity followed a similar pattern as those observed in PZ1 (Fig. 3). Namely,
stable salinities were observed during dry periods, with maximum values
of 3 (e.g., May 2014 and August-November 2014), and fluctuations of sa-
linity were observed during rainfall events, with salinity decreasing to
reach minimum values of 0.1. Although the piezometers, PZ1 and PZ0,
are located 380 and 8 m from the shoreline, respectively, CTDs installed
in both piezometers registered almost the same variations in the ground-
water table and salinity (e.g., RFE-12, 13, 14 and 16), indicating similar re-
sponses to recharge/rain events, as expected. However, various significant
increases in groundwater salinities in PZO (up to salinities higher than 18
which is the maximum salinity that can be measured with the CTD diver
installed at PZ0) that did not correspond with the fluctuations recorded in
PZ1 were also observed. These salinity increases in PZ0 coincided with in-
creases in the significant wave height (Hp) in the coastal sea, mainly relat-
ed to the eastern storms characteristic of the spring and autumn seasons
in the northwestern Mediterranean Sea. The increase in the frequency
and height of waves at the shoreline modifies the equilibrium of the hy-
draulic gradient, moving the salinity interface landward and increasing
the salinity in PZO (Moore and Wilson, 2005). The influence of these
storms on PZO0 lasted for short periods (<6 days), and PZO rapidly

853

recovered the groundwater salinities observed before storm events, due
to the contrary effect of the downward groundwater flow of the aquifer.
Given the limited influence of these kinds of storm events, the groundwa-
ter recharge-discharge cycle appears to be the main driver controlling the
position of the salinity interface in the studied NW Mediterranean coastal
aquifer.

3.2. Ra isotopes and ??Rn characterization in groundwater

The activities of Ra isotopes and 2?2Rn measured in groundwater
samples from PZ1-S, PZ1-B and PZ0, together with their corresponding
salinities, are presented in Table 1. The activities of Ra isotopes in shal-
low groundwater (PZ1-S) samples showed relatively constant values
that ranged from 0.4 to 3.8 dpm 100 L~! for 22°Ra, 40 to 90 dpm
100 L= for 22“Ra, 9 to 20 dpm 100 L~ for 2?°Ra and 60 to 90 dpm
100 L™ for 228Ra. The activity of Ra in PZ1-B presented a larger variabil-
ity, and these values ranged from 2 to 80 dpm 100 L~ for 223Ra, 70 to
2100 dpm 100 L~ for 22Ra, 30 to 440 dpm 100 L~ for 226Ra and 70
to 1700 dpm 100 L~ ! for 2?8Ra. The activities of Ra isotopes were partic-
ularly low during rainfall events, when groundwater salinities in the pi-
ezometer were minimal, whereas the largest activities were measured
during dry periods that corresponded to the highest groundwater salin-
ities. On the other hand, Ra activities in PZ0 showed a similar variability
as those seen in PZ1-B, and they ranged from 3 to 10 dpm 100 L™ ! for
223Ra, 260 to 830 dpm 100 L~ for 22“Ra, 40 to 70 dpm 100 L™ for
226Ra and from 200 to 760 dpm 100 L~ for ?2®Ra. Ra activities in
groundwater samples were higher than values commonly found in
NW Mediterranean coastal aquifers (e.g., Rodellas et al., 2015a), most
likely due to the high radium content of the granitic basement (which
are rich in 22Th decay chain radionuclides) and the relatively high sa-
linities of the groundwater in the aquifer that favor radium desorption.
The activities of Ra isotopes measured in the two piezometers showed
strong positive correlations with salinity (R? = 0.91, 0.97, 0.87 and
0.95 for 22°Ra, #2“Ra, 2?°Ra and 2?®Ra, respectively; p < 0.001),
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suggesting that the groundwater sampled in PZ0, which is near the
discharge area, has similar characteristics as the groundwater in PZ1
(Fig. 4a). Unlike Ra isotopes activities, the activities of >*?Rn in ground-
water samples reflected relatively constant concentrations in the water
samples from PZ1-S and PZ1-B throughout the studied period, with
values ranged from 40-10> to 120-10% dpm 100 L~ (Fig. 4b).

A detailed analysis of the rainfall event RFE-8 suggested that Ra ac-
tivities in groundwater from PZ1-B followed a pattern linked to ground-
water recharge cycles (Fig. 2; Table 1). Thus, just after the precipitation
event, Ra activities diminished by a factor of ~19, ~14, ~6, and ~11 for
223Ra, 22Ra, 226Ra and 2%8Ra, respectively, in a short period of time
(Table 1). A few days after the event, and coupled with an increase of
groundwater salinity, Ra activities gradually increased toward the activ-
ities measured before the rainfall event. The activity of ?Rn followed a
similar pattern to those of the Ra isotopes, although it only decreased by
a factor of ~2 (from 81-10°% to 39-10% dpm 100 L™ !) after the precipita-
tion event.

4. Discussion
4.1. Variability in the activity of ??Rn and the activities of Ra isotopes

The activities of Ra isotopes measured in groundwater from PZ1 and
PZ0 spanned a wide range. In particular, ?2“Ra in PZ1-B varied by a factor

of 31 during the 2 monitored years, whereas ??Rn activities were rela-
tively constant throughout the sampling period and varied by less than
a factor of 3. This contrasting pattern between Ra isotopes and 22?Rn is
likely a consequence of differences in their geochemical behavior in
the subterranean estuary. Radium desorption is an exchange process
that is highly dependent on the ionic strength (salinity) of the solution;
it commonly represents the main factor determining the activities of Ra
isotopes dissolved in groundwater (Cho and Kim, 2016; Gonneea et al.,
2008). Consequently, the activities of Ra isotopes in fresh groundwater
from the shallow depths of the subterranean estuary are considerably
lower than those in brackish groundwater from greater depths. Ra activ-
ities at the salinity interface are likely explained by binary mixing be-
tween low-Ra, low-salinity groundwater and high-Ra, high-salinity
groundwater. Indeed, this behavior explains the strong linear correla-
tions between the concentrations of Ra isotopes and groundwater salin-
ities observed over the entire period of the study (Fig. 4a). Unlike Ra
isotopes, groundwater salinity has little influence on the behavior of
222Rn in the aquifer because it is a noble gas. Moreover, 22Rn supported
by 226Ra dissolved in groundwater usually represents a minor fraction of
the total 222Rn activity in groundwater. Therefore, similar 22?Rn activi-
ties are expected in fresh, brackish and salty groundwater, thus
explaining the lack of significant correlations between 222Rn activities
and salinity in groundwater from the studied site (Fig. 4b). However,
it should be noted that, after rainfall events, 22°Rn activities decreased

Table 1
Salinity, Ra isotopes and 2??Rn activities and Activity Ratios (ARs) in the shallow and bottom parts of piezometer PZ1 (n.a: not analyzed).
Date sal 222Rn 223Ra 224Ra 226Ra 228Ra 224Ra/??Ra AR 226Ra/??®Ra AR
(10° dpm 100 L™ 1) (dpm 100 L™ 1)
PZ1-S (shallow)
ARG3-PZ1-S 20/12/12 0.51 90+5 20+03 85+5 18+ 1 85+ 4 43+ 7 0.21 £ 0.01
ARG4-PZ1-S 29/1/13 042 101+ 7 0.8+ 0.2 53+£3 9+ 1 70+ 3 70 + 20 0.13 £ 0.02
ARG6-PZ1-S 24/4/13 0.39 86+ 8 0.8 4+0.2 56 + 4 14+1 65+ 4 37+ 20 0.22 + 0.02
ARG7-PZ1-S 28/5/13 0.36 90 + 8 09 £+ 0.1 50+ 3 10+ 1 56+ 1 474 + 300 0.18 + 0.02
ARG8-PZ1-S 28/6/13 0.35 85+ 3 04 +0.2 44 + 3 na na 222 + 112 na
ARG10-PZ1-S 23/9/13 039 80+ 9 1.5+02 66 £ 3 na na 47+ 7 n.a
ARG11-PZ1-S 30/10/13 0.40 76 £ 12 12402 68 +£3 13+£1 65+ 5 56+ 8 0.20 &+ 0.02
ARG12-PZ1-S 21/11/13 0.37 45+ 3 0.8 +0.2 594+ 3 12+ 1 62+ 5 74 + 20 0.19 4 0.02
ARG13-PZ1-S 24/11/13 037 57+ 6 09+ 0.2 56 £ 3 na n.a 63+ 13 n.a
ARG15-PZ1-S 26/11/13 0.39 62+ 3 0.6 +£0.2 61+3 na n.a 3+1 na
ARG16-PZ1-S 28/11/13 0.39 57+ 8 05+0.2 60 + 3 13+1 68 + 5 114 4+ 40 na
ARG17-PZ1-S 1/12/13 039 52+ 4 0.8 +0.2 59+ 3 na n.a 73 £ 20 0.19 £ 0.02
ARG18-PZ1-S 9/12/13 0.38 n.a 0440.2 56 £ 3 na n.a 139+ 70 n.a
ARG19-PZ1-S 9/2/14 0.36 n.a 0.5+0.2 43 4+ 2 na na 85+ 30 na
ARG20-PZ1-S 13/4/14 039 na 3.8+0.5 62+ 3 124+ 1 60+ 5 16+ 2 0.20 + 0.02
PZ1-B (bottom)
ARG3-PZ1-B 20/12/12 8.68 94 4+ 12 42+ 5 1704 £+ 123 193 + 11 1108 + 50 1.54 £ 0.13 0.17 4+ 0.01
ARG4-PZ1-B 29/1/13 6.43 103 £5 21+£2 1179 £+ 90 106 £ 8 658 £ 47 1.79 £ 0.18 0.16 £ 0.02
ARG6-PZ1-B 24/4/13 11.14 95+ 13 55+ 4 2074 + 108 251+ 11 1596 4 68 1.30 & 0.09 0.16 £ 0.01
ARG7-PZ1-B 28/5/13 347 814+ 14 20+ 2 737 + 40 26+ 2 574 4+ 27 1.28 £+ 0.09 0.05 + 0.01
ARGS8-PZ1-B 28/6/13 5.46 92+ 4 22+ 1 1102 + 50 161+ 7 762 + 30 1.45 + 0.09 0.21 £+ 0.01
ARG10-PZ1-B 23/9/13 4.32 83+5 33+£2 917 4+ 50 na n.a na n.a
ARG11-PZ1-B 30/10/13 4.55 81+6 30+ 2 956 + 50 178 £ 8 764 + 30 1.25 £+ 0.08 0.23 £ 0.01
ARG12-PZ1-B 21/11/13 0.39 39+2 1.6+ 05 67 + 4 29+ 6 68+ 5 0.99 £+ 0.08 0.42 £+ 0.09
ARG13-PZ1-B 24/11/13 0.74 53+ 11 3.6+ 0.5 118 £ 7 34+ 2 125+ 7 0.94 + 0.08 0.28 + 0.02
ARG15-PZ1-B 26/11/13 0.98 66 + 7 3+1 160 + 8 33+£2 139+ 7 1.15 £ 0.08 0.24 + 0.02
ARG16-PZ1-B 28/11/13 3.57 61+ 2 17+ 2 582 + 40 79+ 6 461 + 30 1.26 £ 0.12 0.17 £ 0.02
ARG17-PZ1-B 1/12/13 5.60 74 £ 10 33+ 4 856 4+ 100 na n.a na n.a
ARG18-PZ1-B 9/12/13 8.00 82+5 61+7 1516 4+ 80 244 4 30 1344 4+ 137 1.14 £ 0.13 0.18 + 0.03
ARG19-PZ1-B 9/2/14 10.36 na 234+ 2 1513 +£ 70 na na na na
ARG20-PZ1-B 13/4/14 1142 na 82+6 1834 £+ 121 440 + 18 1715+ 70 1.07 £ 0.08 0.22 £ 0.01
PZ0
ARG21-PZ0 24/4/14 0.75 na 54+04 257 + 11 47 + 4 222 4+ 12 1.16 £+ 0.08 0.21 + 0.02
ARG22-PZ0 30/4/14 299 na 9+2 762 4+ 33 62+ 7 755 4+ 95 1.01 £ 0.13 0.08 + 0.01
ARG23-PZ0 13/5/14 3.85 na 9+ 2 828 4+ 35 404+ 7 741 4+ 117 112 £ 0.18 0.05 + 0.01
ARG24-PZ0 16/5/14 3.51 na 12+ 2 802 + 37 67+ 4 480 + 67 1.67 £ 0.25 0.14 + 0.02
ARG25-PZ0 3/6/14 1.20 na 341 313 £ 15 na na na na
ARG26-PZ0 7/6/14 1.70 na 4+1 392419 38+ 6 2324 34 1.69 £+ 0.26 0.16 &+ 0.04
ARG27-PZ0 11/6/14 1.70 na 4+1 357 + 16 55+ 11 343 + 51 1.04 £ 0.16 0.15 + 0.04
ARG28-PZ0 26/6/14 230 na 8+2 517 & 23 67 + 12 200 4+ 44 2.59 £ 0.58 0.34 £ 0.10
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Fig. 4. Ra isotopes (a) and ?22Rn activities (b) vs salinity in groundwater from the
Argentona aquifer (PZ1-S, PZ1-B and PZ0). Dashed lines represent the best linear fits to
the data.

considerably, together with salinity. This coupled ?*2Rn-salinity de-
crease is attributed to dilution that is due to the vertical infiltration of
rainwater into the highly permeable coastal aquifer, since rainwater
has a salinity close to 0 and contains negligible amounts of 22?Rn. After
the rainwater had interacted with the geological matrix, the activity of
222Rn in the meteoric fresh water started to increase, due to its produc-
tion within the aquifer solids. Concentrations in equilibrium with the
aquifer matrix were achieved within 15-20 days after rainwater infil-
tration into the aquifer.

4.2. Temporal variability of the salinity interface: Implications for Ra- and
Rn-derived SGD estimates

The position and dynamics of the salinity interface are influenced to
a large degree by multiple forcing mechanisms, which include marine
(e.g., wave setup and swash infiltration, as well as tidal pumping) and
terrestrial drivers (e.g., recharge patterns) (Li et al., 2008; Henderson
et al., 2010; Santos et al., 2012; Abarca et al., 2013). Whereas tides are
physical forces that are relevant for determining freshwater-seawater
mixing in most coastal areas (Kim and Hwang, 2002; Michael et al.,
2003; Charette, 2007; Bokuniewicz et al., 2015), they play a minor
role in microtidal environments such as the Mediterranean Sea, the Bal-
tic Sea and the Caribbean Sea (Szymczycha et al.,, 2012; Gonneea et al.,
2014; Rodellas et al., 2014;). In such systems, the dynamics of the salin-
ity interface are mainly governed by the inland hydraulic gradient,
which mainly reflects the terrestrial groundwater recharge rate

(Dausman and Langevin, 2005). Microtidal coastal aquifers are thus
highly influenced by precipitation regimes, and they become highly dy-
namic systems when precipitation events are temporally variable. This
pattern is commonly observed in the Mediterranean basin, where 4-6
short (lasting hours to a few days) and intense (a maximum precipita-
tion rate of 40 mm day~! occurred during the studied period, but it
can be much higher) rainfall events represent >70% of the annual pre-
cipitation (e.g., RFE-1, 8, 13 and 15, Fig. 2) (Gasith and Resh, 1999). Ac-
cording to the change in hydraulic gradient observed in PZ0 (the closest
to the sea) over a period of nearly 8 months, it can be estimated that 50%
of the discharge is produced during and/or within a few days after rain
events. Thus, short and intense rainfall events are likely to produce the
highest rates of fresh SGD to the coastal sea, which would account for
a significant proportion of the freshwater that seeps into the sea yearly.
For the rest of the year, fresh SGD flows are expected to be significantly
lower and more constant. Thus, estimating SGD fluxes in microtidal sys-
tems during periods of intense precipitation are particularly relevant
from both a hydrogeological and a biogeochemical perspective.

The quantification of SGD flows to the coastal sea using Ra isotopes
and 2%2Rn requires accurately characterizing their activities in ground-
water discharging to the coastal sea (i.e., the SGD end-member). Indeed,
Ra- and 222Rn-derived SGD fluxes can only be resolved at the level that
the tracer concentration in the end-member can be constrained. Thus,
the selection of an appropriate end-member is commonly the main
source of uncertainty in final SGD estimates (Cho and Kim, 2016;
Burnett et al., 2007; Dulaiova et al., 2008; Garcia-Orellana et al., 2010;
Gonneea et al., 2013). Given that Ra isotopes are highly influenced by
the ionic strength of the dissolved phase, freshwater-seawater mixing
dynamics are key processes in understanding the distribution of Ra in
a coastal aquifer and in constraining the Ra concentration in the SGD
end-member (Charette et al., 2001; Gonneea et al., 2013; Michael et
al., 2011). Indeed, several studies have reported that the activities of
Ra isotopes in the SGD end-member vary over a wide range (up to or-
ders of magnitude) both in space and time, and are often linked to
changes in the ionic strength of the dissolved phase (Cho and Kim,
2016). Thus, accurately evaluating the complex and dynamic mixing
of fresh groundwater with seawater (i.e., the position of the salinity in-
terface) becomes critical for obtaining reliable Ra-derived SGD
estimates.

In highly dynamic microtidal systems, achieving an appropriate un-
derstanding of the hydrodynamics of coastal aquifers requires signifi-
cant monitoring and characterization efforts that are often unavailable
when SGD studies are conducted. To overcome this limited
hydrogeological understanding, studies that use Ra isotopes to quantify
SGD commonly rely on collecting a relatively large number of samples,
as well as using different approaches to characterize the SGD end-mem-
ber (potential approaches include, e.g., averaging the Ra activities from
all the samples collected (Gonneea et al., 2014)), taking the maximum
measured Ra activities to obtain conservative estimates (Moore,
1996Db), or using ranges of Ra activities covering the samples collected
(Kim et al., 2005). Whereas these approaches may work in many of
the tidal systems studied, using them in coastal aquifers characterized
by highly dynamic freshwater-seawater mixing zones (with large salin-
ity and thus large Ra variations) may introduce large uncertainties into
the final SGD quantification. Constraining Ra activities in the SGD end-
member during (or just after) intense rainfall events may be particularly
challenging, given the large temporal variations in salinity and Ra in
coastal groundwater, making it difficult to obtain reliable SGD esti-
mates. As detailed above, it should be noted that inputs of fresh ground-
water to coastal seas are expected to be much higher during these
rainfall periods, and thus, the SGD evaluations during these periods
have a major hydrological and biogeochemical interest. Conversely, Ra
activities in the SGD end-member can be more easily constrained dur-
ing dry periods because they are associated with reduced variability in
coastal groundwater, thus allowing appropriate estimates of Ra-derived
SGD fluxes to be made for the rest of the year.
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Unlike Ra isotopes, the activity of 2?2Rn in coastal groundwater ap-
pears to be relatively constant throughout the year due to the relatively
small influence of groundwater salinity on ?22Rn behavior, even during
intense rainy events (?22Rn activities only varied by a factor 2 during
these events). These small variations allow us to better constraint the
activity of 222Rn in the SGD end-member and, thus, better estimate
SGD flows during rainy periods. This observed pattern suggests that
222Rn may be a more appropriate SGD tracer than Ra isotopes in systems
with highly dynamic salinity interfaces, particularly during the wet sea-
son, when groundwater salinities (and thus Ra activities) may change
significantly over short temporal scales. However, whereas the Rn
end-member can be relatively well constrained, Rn-derived SGD esti-
mates are highly sensitive to Rn mixing losses and especially the loss
of Rn to the atmosphere by degassing. These two loss terms are difficult
to determine, particularly under conditions with strong winds and high
waves, which often occur concurrently with eastern storm events.

5. Conclusions

Understanding the behavior of tracers used to determine submarine
groundwater discharge (SGD) fluxes is crucial for accurately quantifying
groundwater- and chemical- driven fluxes to the ocean in order to bet-
ter understand coastal biogeochemical cycles. The results obtained in
this work reveal that activities of Ra isotopes, which are commonly
used tracers to quantify SGD, show a large variability in microtidal
coastal groundwater systems throughout the year and particularly dur-
ing intense rainfall events (e.g., activity changes by a factor of ~19, ~14,
~6,and ~11 for 22°Ra, 22“Ra, 2?°Ra and ??®Ra during a particular rainfall
event, RFE-8). This large variability, which is linked to the displacement
of the salinity interface seawards, complicates the accurate estimation
of the Ra-SGD end-member, resulting in Ra-derived SGD estimates
with large uncertainties. In contrast, **?Rn activities present only
minor variations (by a factor of 3), as a consequence of the relatively
small influence of groundwater salinity on ???Rn activities. In microtidal
systems, high SGD-driven fluxes to the sea of both freshwater and dis-
solved chemical compounds are expected to occur during the rainy sea-
son and/or intense rainfall events. Thus, scientific efforts should be
particularly directed toward understanding SGD fluxes during this sea-
son, when the influence of SGD on hydrological budgets is expected to
be significant. The observed differences between the rainy season and
the dry period indicate that appropriate SGD quantification over longer
(monthly or yearly) time scales cannot be carried out properly without
considering the temporal variability in Ra activities.

In addition to the difficulties in estimating SGD flows during rainfall
events (which are mainly due to the difficulty of characterizing the SGD
end-member), the extreme variability in the concentrations of chemical
compounds (e.g., nutrients, trace metals, contaminants, and other spe-
cies) in the groundwater poses an additional challenge in constraining
a representative groundwater end-member. The fluxes of dissolved
compounds transported by SGD have usually been calculated by multi-
plying the SGD flux derived using Ra isotopes or Rn by the concentration
of the chemical compounds in the inflowing SGD. As in the case of the Ra
end-member, it is particularly critical to identify a representative con-
centration of the studied dissolved chemical compound in the
discharging groundwater during intense rainfall events. A poor under-
standing of the behavior of dissolved chemicals in the coastal aquifer
during rainfall events may lead to large uncertainties in SGD-driven
chemical fluxes. Since the SGD-driven fluxes during the wet periods
may account for a significant fraction of the chemical fluxes to the coast-
al areas, it is expected that the impact of SGD on coastal biogeochemical
cycles is particularly relevant during these events. Characterizing the
behavior of Ra/Rn and dissolved chemical compounds within subterra-
nean estuaries during rainfall events in microtidal systems remains a
challenge, which must be considered in future studies of SGD-driven
nutrient fluxes to coastal areas in order to understand the relative im-
pact of SGD on coastal biogeochemical cycles.
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X-ray fluorescence core scanners (XRF-CS) allow rapid, non-destructive, continuous and high-resolution
analyses of the elemental composition of sediment cores, providing large sets of semi-quantitative data.
These data can be converted to quantitative data through the linear regression approach using a relatively
small number of discrete samples analyzed by techniques providing absolute concentrations. However, a
precise characterization of the errors associated with the linear function is required to evaluate the qual-
ity of the calibrated element concentrations. Here we present a calibration of high-resolution XRF-CS for
six metals (Ti, Mn, Fe, Zn, Pb and As) measured in heavily contaminated marine deposits so that absolute
concentrations are obtained. In order to determine the best linear function for conversion of XRF data, we
have tested three regression methods: the ordinary least-squares (OLS), which does not consider the
standard error in any variable (x and y), the weighted ordinary least-squares (WOLS), which considers
the weighted standard error of the vertical variable (y), and the weighted least-squares (WLS), which
incorporates the standard error in both x and y variables. We demonstrate that the calibration method
presented in this study significantly increases the correlation coefficient, higher than r?=0.94, and
reduces both the data deviation and the errors of the linear function for the three regression methods.
Nonetheless, the WLS appears as the best regression method to minimize errors in the calibrated element
concentrations. Our results open the door to use calibrated XRF-CS data to evaluate marine sediment pol-
lution according to the levels of the strictest sediment quality guidelines (SQG) with errors lower than

* Corresponding author at: GRC Geociéncies Marines, Departament de Dinamica de la Terra i de 'Ocea, Facultat de Ciéncies de la Terra, Universitat de Barcelona, ¢/ Marti

Franqueés s/n, 08028 Barcelona, Spain.

E-mail address: jfrigola@ub.edu (J. Frigola).

https://doi.org/10.1016/j.scitotenv.2019.134778
0048-9697/© 2019 Elsevier B.V. All rights reserved.



2 M. Cerda-Domeénech et al./Science of the Total Environment 717 (2020) 134778

0.4%-2% for Fe, 1%-7% for Zn, 3-14% for Pb and 5%-16% for Mn. They highlight the robustness of the cal-
ibration procedure here presented for accurate and precise quantification of element concentrations from
XRF-CS semi-quantitative data.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

X-ray fluorescence core scanners (XRF-CS) allow rapid and non-
destructive acquisition of high resolution, continuous elemental
composition data from sediments on split cores. XRF-CS have been
widely used in the last decades to estimate relative changes of the
chemical composition of marine and lacustrine sediments in a vari-
ety of geosciences research topics (Rothwell and Rack, 2006) such
as paleoclimatology and paleoceanography (Calvert and Pedersen,
2007), sedimentology (Croudace et al, 2012; Croudace and
Rothwell, 2015), lithostratigraphy or diagenesis studies
(Lowemark et al., 2011; Croudace et al., 2019). Furthermore, XRF-
CS have further been used in the analysis of cores made of hard
rock, loess, peat bogs, river deposits and polluted materials, and
also on speleothems and wood samples for a variety of purposes
(Rothwell and Croudace, 2015; Hanebuth et al., 2015; Guo and
Yang, 2016).

Elemental intensities obtained by means of XRF-CS are expressed
in counts (cts) or counts per second (cps), which depend on the exci-
tation conditions and the X-ray exposure time in every analysis.
Since XRF-CS analyses are performed in fresh untreated materials,
changes in elemental intensities can be affected by pore water con-
tent (Boning et al., 2007), grain size variations (Richter et al., 2006),
sediment roughness and matrix modifications (Hennekam et al.,
2018; Hennekam and De Rick, 2012; Tjallingii et al., 2007; Weltje
and Tjallingii, 2008). Because of these reasons, the records of the
measured down-core elemental intensity cannot be considered
quantitative, although they are assumed to reflect proportional
changes in element concentrations. Normalization with a conserva-
tive element, e.g. Al (Din, 1992), is a common practice to overcome
some of these problems, especially those affecting the dilution of
heavier elements, i.e. the closed-sum effect (Rollinson, 1993;
Lowemark et al., 2011), to finally achieve a better assessment of rel-
ative changes. Nonetheless, normalization with conservative ele-
ments can be problematic in coarse-grained industrial wastes
such as mine tailings or foundry slags. For some studies it may be
not necessary converting XRF-CS data into absolute concentrations,
and both element intensities and ratios are frequently used for iden-
tifying relative changes in the intensity of the processes controlling
the accumulation of each element. Using the logarithm of elemental
ratios, i.e. log-ratios, has also become common practice to better
represent changes in element concentrations, as log-ratios preserve
a lineal relation between XRF-CS data and element concentrations,
thus allowing sound statistical modelling of compositional data
(Weltje and Tjallingii, 2008).

Determining absolute concentrations of elements is, however,
crucial in many studies, such as those addressing environmental
pollution issues. On the other side, performing large amounts of
analyses to get absolute concentrations by means of conventional
methods (e.g. Inductively Coupled Plasma-Mass or Emission Spec-
trometry, ICP-MS or ICP-OES, or off-line X-ray fluorescence, XRF)
involving the treatment and final destruction of the samples is very
time consuming and costly. Conversely, non-destructive XRF-CS
analyses quickly and cheaply supply high-resolution, practically
continuous along core data. But this implies one step further to
get absolute concentration data from measured XRF-CS elemental
intensities (Jansen et al., 1998; Kido et al., 2006; Spofforth et al.,
2008; Lyle and Backman, 2013; MacLachlan et al., 2015; Hunt
et al., 2015). Such conversion provides a powerful tool to deter-

mine pollution levels in sediments from contaminated areas at
very high resolution, thus rendering unnecessary to perform chem-
ical analyses of plenty of discrete samples along the whole core
(Rodriguez-Germade et al., 2015a, 2015b). The benefits of such
an approach in terms of cost and time saving are obvious. Despite
this, errors associated with such conversion have not been
addressed so often, thus leaving a lack of information regarding
range errors in the transformation estimates, which can be of the
utmost importance for evaluating contamination levels.

The most common practice for the conversion of the XRF-CS
data to absolute concentrations is the ordinary least-squares
(OLS) regression method for stablishing a linear function between
pairs of values obtained by means of two different analytical tech-
niques (Boning et al., 2007; Chen et al., 2016; Mejia-Pifia et al.,
2016; Tjallingii et al., 2007; Weltje and Tjallingii, 2008). This classic
method, widely implemented in spreadsheet software, does not
consider the standard error associated with both abscissas (x)
and ordered (y) variables, i.e. element concentration and element
intensity, respectively. Few solutions have been proposed for intro-
ducing x and y standard error in the least-squares procedure. One
option is to include the weighting of the standard error only in the
ordered axis (y), called weighted ordinary least-squares (WOLS).
However, the most accepted method is the unified solution pro-
posed by York et al. (2004) that incorporates standard error in both
x and y, called weighted least-squares (WLS).

In this study, we present a novel calibration procedure to con-
vert high-resolution XRF-CS from highly polluted submarine
deposits collected offshore Portman Bay and Barcelona, in Spain,
into absolute concentrations for five metals, namely Ti, Mn, Fe,
Zn, and Pb and one metalloid, namely As. The above-mentioned
three linear least-squares methods, i.e. OLS, WOLS, and WLS, have
been tested to assess the quality of the linear regressions thus
obtained together with the influence of the standard deviation of
both element concentration and element intensity measurements.
Our results highlight that establishing a detailed calibration proce-
dure is critical to obtain high quality records for calibrated concen-
trations derived from XRF-CS semi-quantitative measurements. In
turn, we also demonstrate the potential of XRF-CS data calibration
to precisely establish metal contents in highly polluted marine
deposits according to sediment quality guidelines (SQGs).

2. Methods
2.1. Study area and sample collection

Core samples considered in this study were obtained from two
heavily polluted inner continental shelves offshore Portman Bay
(Murcia, SW Spain) and Barcelona (Catalonia, NE Spain), in the
western Mediterranean Sea. From 1957 to 1990 about 60 Mt of
metal bearing mine tailings were dumped into Portman Bay from
a froth flotation plant on the coast (Oyarzun et al., 2013). Such sus-
tained discharge resulted in a mean advance of the shoreline of
650 m and in the complete infill of the original horseshoe-shaped
Portmdan Bay (Manteca et al., 2014). The dumped tailings form
today a prograding coastal prism with its thickest and more exten-
sive lays submerged over the inner continental shelf (Canals and
shipboard party, 2015). Our target metals (Mn and Fe), trace metals
(Zn and Pb) and the metalloid (As) have been selected because of
the compositional characteristics of the mine tailing deposit off
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Portman Bay, which is rich in galena (PbS), sphalerite (ZnS) and
pyrite (FeS) derivatives, also containing significant amounts of
Mn and As (Manteca et al., 2014; Gémez-Garcia et al., 2015).

Up to 50 cm long high-quality sediment cores from the sub-
merged mine tailings deposit were collected with a multicorer sys-
tem in August 2014 and March 2015 within the framework of EC
and Spanish funded research projects MIDAS and NUREIEV, respec-
tively. Eleven of these cores distributed from the proximal to the
distal part of the submarine deposit down to 55 m of water depth)
were selected for detailed scanning with XRF-CS (Fig. 1a and
Table 1). The cored materials consisted mostly of silts with abun-
dant fine sands, especially at some levels. Visual inspection showed
two distinct units in most cores: (i) a lower unit made of dark
greenish grey materials, with no bioturbation and occasional
highly laminated intervals, and (ii) a ~20 cm thick, quite homoge-
neous and dark top unit with abundant bioturbation. According
to Cerda-Domeénech et al. 2016, this depositional change is most
likely related with the end of the mine tailings dump into the sea
and its re-accommodation in the posterior years until present

37°35'N

37°33'N

together with the re-establishment of natural-like sedimentation
conditions.

The second study area offshore Barcelona is in front of the Besos
River mouth where sewage sludge from a single primary treatment
plant of wastewater accumulated for an unknown period of time.
Sludge was discharged through a 3 km long pipe lying on the sea-
floor. Previous studies have shown that the resulting deposit is rich
in metals (including those found in the mine tailings deposit off
Portman Bay) and organic matter (Palanques et al., 1998, 2017,
Kruge et al., 2010). In the current study we analyzed a sediment
core collected from this sludge deposit in February 2017 with a
gravity corer (Fig. 1b and Table 1) during the UNIBARNA 2017
cruise organized by the University of Barcelona. The materials con-
sisted mainly of organic matter-rich clays.

The above-mentioned background information on the nature of
the pollution in both sites led to the selection of the previously
referred five metals (Ti, Mn, Fe, Zn and Pb) and one metalloid
(As) to carry out the calibration of XRF-CS data for obtaining
fine-tuned absolute concentrations. These elements are thus con-
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Fig. 1. General bathymetric maps of the inner continental shelf off (a) Portman Bay and (b) Barcelona showing the location of the sediment cores analyzed in this study.

Contours every 10 m.

Table 1
Sediment core depth, latitude, longitude, sampling device and length.

Station ID Depth (m) Latitude Longitude Device Lenght (cm)
MC-01 29.7 37°34.449'N 0° 51.961'W Multicorer 37.0
MC-04 46.0 37°34.016'N 0°51.928'W Multicorer 29.5
MC-15 434 37°34.070'N 0°50.659'W Multicorer 40.0
MC-20 495 37°33.047'N 0°49.586'W Multicorer 253
MC-22 53.9 37°33.420'N 0°51.902’'W Multicorer 55.5
MC-31 50.0 37°33.765'N 0°51.826'W Multicorer 15.0
MC-36 53.7 37°33.155'N 0°51.377’W Multicorer 45.3
MC-37 533 37°33.122'N 0°50.978'W Multicorer 29.5
MC-43 449 37°33.740N 0°50.548'W Multicorer 24.6
MC-50 39.8 37°34.291'N 0°51.230'W Multicorer 334
MC-52 23.1 37°34.577'N 0°51.298'W Multicorer 28.0
GC-06 53.0 41°23.856'N 2°15.953'E Gravity corer 137.0
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sidered to be highly significant and have a diagnostic value for the
studied reference deposits.

We are aware most studies on marine sediment pollution are
focused on trace metals (and metalloids), especially As, Pb, Cd,
Cu or Co (e.g. Buccolieri et al., 2006; Palanques et al., 2017). How-
ever, trace metals like Cd, Cu or Co appear in concentrations that
according to the manufacturer are close to the detection limits of
the Avaatech XRF core scanner, which may hinder highly accurate
and precise calibrations for them. Also, for these reason Ti, Mn, Fe,
Zn, As and Pb are the target elements selected in our study.

2.2. XRF core scanner analysis

All sediment cores have been scanned with an Avaatech XRF
core scanner at the CORELAB facility of the University of Barcelona.
The core scanner is equipped with an Oxford Rhodium X-ray
source (4-50 kV) and a Canberra X-Pips 1500-1.5 Detector with a
125-pum beryllium window and a multichannel analyzer Canberra
DSA 1000 (MCA). This configuration allows detecting a wide range
of emission spectra for elements with atomic weight from Al to U.

Prior to scanning, the split cores were left for 16 h at room tem-
perature to evaporate water, thus reducing the water effect on the
radiation absorption and increasing the measured signal intensity
(Boning et al., 2007; Tjallingii et al., 2007). Then, the cores were
covered with Ultralene X-ray transmission foil (4 um thick) to
avoid desiccation and potential contamination and scanned at
2 mm resolution. The excitation configuration parameters were
set at 10kV and 1.2 mA during 10s for elements with atomic
weights between Al and Fe, and 30 kV and 1.6 mA during 50 s, with
a Pd-thick filter, for elements with atomic weights between Ni and
Pb. Each element presents various energy emissions in the X-ray
spectrum that correspond to the different electron states of the
atom. Ti, Mn, Fe, Zn and As intensities, expressed as counts (cts)
were obtained by integration of their K, X-ray emission line. Lead
intensity was obtained by integration of the L emission line in
order to reduce the effect on the integration produced by the over-
lap of Pb (Ly) and As (Ky). The bAxil spectrum analysis software
(BrightSpec) was used to obtain the integration of the elemental
peaks and the estimation of their intensity areas, expressed as
counts per seconds (cps).

2.3. Geochemical analysis of discrete samples

77 subsamples from core tops were analyzed for quantitative
metal concentrations by means of ICP-OES and ICP-MS. In order
to obtain the best representative calibration function between
XRF intensities and the absolute concentrations of each metal, sub-
samples were selected considering the widest range of intensities
from all target elements. As XRF core scanner analyses were carried
out at 2 mm resolution, subsamples were extracted from 1 cm-
width intervals with essentially constant intensities to avoid inter-
ferences eventually coming out from layers with different
responses. To further reduce eventual multi-layer interferences,
subsamples were obtained from the area irradiated during XRF
core scanning (2 x 12mm?) and from a maximum depth of
2 mm in the split sediment core, which corresponds approximately
to the maximum penetration of X-rays in soft sediment. Obviously,
the minimum mass of sample (~1 g dry) needed for ICP analyses
was also taken into account while subsampling the split cores.

Each subsample was lyophilized, grounded and homogenized
with an agate mortar, and placed in a Teflon reactor with 2.5 mL
of HNO3 (65%) at 100 °C for 18 h. The extract was poured into a
polyethylene tube and centrifuged 3 min at 3000 rpm to separate
the solid phase. The supernatant was decanted and diluted with
HNOs at 1% until 50-mL ready to be analyzed were obtained. The
residue was placed again into a Teflon reactor, leached with 1 mL

HNO;3 (65%), 7 mL of HF and 1 mL H,0,, and heated for 18 h at
100C. Then, 2 mL HClO4 were added to the Teflon reactor and
heated in a sand bath at 270C until all acid volume evaporated.
The hot residue was further treated with 2 mL HClO4 and heated
again in the sand bath at 270 °C until the acid evaporated. The
resultant residue was leached with 2 mL HNOs (65%) and 2 mL
H,0,, and decanted into a volumetric flask where it was diluted
with HNO3 at 1% until 50-mL.

Two solutions per sample were analyzed using a Perkin-Elmer
Elan-6000 ICP-MS for metals in lower concentrations (Ti, Zn, As
and Pb) and a Perkin Elmer Optima 8300 ICP-OES for metals in
higher concentrations (Mn and Fe).

2.4. Standard deviation of XRF-CS and ICP-MS/OES measurements

The error associated with the XRF-CS and the ICP-MS/OES mea-
surements, hereinafter referred to as standard deviation, has been
examined to quantify its influence on the calibration function. The
standard deviation of the XRF-CS measurements was obtained
directly through the spectral analysis software (bAxil) that adjusts
the regression function to the spectral emission of each element by
a non-linear least-squares algorithm. This allows detecting the
deviation of the spectral areas with regards to the regression
model, which increases when the spectral peak is not well defined,
as it is generally the case for low intensity peaks. The standard
deviation of the ICP-MS/OES analysis has been calculated as the
mean standard deviation of the three measurements performed
on each sample.

2.5. Calibration of element intensities to absolute concentrations

Defining the best regression line between two experimental
data sets is a significant tool to predict the theoretical value of
one variable from the other variable (Webster et al., 1995;
Piippanen et al., 1997; Saylor et al., 2006; Hennekam and De
Rick, 2012). Generally, the linear relationship between n number
of (x;, y;) data pairs (i=0,...,n) can be described by the function:

Y(x) = Bo + B1bx (1)

where B,is the slope of the straight line and g, is the y-axis
intersection.

The ordinary least-squares (OLS) method has been extensively
used to provide a linear function between x (as the independent
variable) and y (as the dependent variable). By definition, the
OLS method minimizes the sum of the squares of the y residuals:

i Wi—Yp)’ = Xn: Vi — Bo + Bix)* 2)

i=1 i=1

where Y, is the y-prediction and y; is each point lying on the
regression.

Although OLS is a simple solution to obtain a linear function, if
one or both variables have associated errors, the OLS regression
can be biased. Considering only the effect of the y-errors in the
regression, the x; and y;; data pairs can be weighted by a factor
inversely proportional to the variance of the y-values:

S wiyi-y,)" =S Wiy — o + Bixi)? (3)
i=1 i=1

1
W= 4)

where w; is the weight factor and 42 is the standard error of y-
values.
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This derivation of the OLS method, named weighted ordinary
least-squares (WOLS), considers that the dependent variable, y,
contains a random error of measurement, while the independent
variable, x, is error-free. However, the measured analytical data
generally includes instrumental errors in both directions, which
vary from point to point with no fixed relation to each other.
Deming (1943) proposed a solution with errors in both regressed
variables that minimize the sum of squared residuals, as:

S=" [0 (xi — X0 + oY)y - V)] (5)
w(xo:ali_, oY) O_iz ®)

where (x;,y;) are the observed points, (X;, Y;) are predicted values
and (oy,, oy,) correspond to the standard errors of each variable.

York et al. (2004) proposed a general solution to the sum of
squared residuals (Eq. (5)) by unifying the problem of finding
parameters f; and fo through an iterative numerical least-
squares technique including the possibility of identifying a correla-
tion factor between the errors of x and y. In this weighted least-
squares (WLS) regression technique the unification of standard
errors in both x and y observations is presented as:

Wi _ > W(XI)W(YI) (7)
w(X;) + b w(X;) — 3briy/wXi)w(Yy).

where w(X;) and w(Y;) are the weights of X; and Y;, b is the slope of

the best line and r; is the correlation coefficient between errors in X;

and Y;.

In order to compare and assess the impact of the standard devi-
ation of the element intensity and concentration in both directions
of the linear function, the three regression methods (OLS, WOLS,
and WLS) have been implemented in Matlab version 2016a or
higher. The XRF-CS outputs expressed in cps have been defined
as the dependent variable (y;) and the metal concentrations
expressed in % (weight/weight) and mg kg~ ' have been set as the
independent variable (x;). The quality of the linear function has
been determined by two goodness-of-fit measures: the correlation
coefficient (r?) and the standard deviation of the estimate (S). The
correlation coefficient (r?), described as the degree of association
between two variables, has been widely used as a quality index
for regression models and is defined as:

r2 cov (X Y) NZI 1 X1 (yl y ) (8)
Vvar(X)var(Y 1 ; (xi—x)? z”: )2

i=1

where y; and x;are the observational values, yand X are the mean
values of y; and x;values, and W; is the weight value expressed in
Eq. (4). In the case of WLS, York’s (2004) solution differs from the
mean value of y;,as defined by:
_ E W,‘X,‘

_ 9
V=5w, (9)

Otherwise, the standard deviation of the estimate (S) is a mea-
sure of the accuracy of the predictions and provides the absolute
measure of the data point distance from the linear function, which
is expressed in the units of the dependent variable and is defined
by:

n 2 n
yify i
Sz(OLS):Z(H_S) :Z(y

i=1 i=1

2
ﬁ0_+2ﬂ1xi) (-1 O)

S?(WOLS/WLS) = Z W, Z W,M (11)

where yj, is the prediction value from the data point y;, n the num-
ber of observations and W; the weighted parameter defined in Eqs.
(4) and (6) for WOLS and WLS methods, respectively.

3. Results and discussion
3.1. Linear function estimated by OLS, WOLS and WLS methods

Element intensities and concentrations in marine sediments off
Portmdan Bay and Barcelona, and the linear functions estimated by
OLS, WOLS and WLS methods are presented in Fig. 2 and Table 2.
The main parameters assessed to compare the three linear func-
tions for each element are the statistical significance (P), the y-
intercept value, the relative standard deviation of the slope (RSD)
and the residual plot, as well as the goodness-of-fit measures:
the correlation coefficient (r?) and the standard deviation of the
estimate (S). Contrary to previous researches (e.g. Mejia-Pifia
et al., 2016), the linear functions have not been adjusted to pass
through the origin of coordinates, thus allowing to determine the
influence of errors associated to the XRF-CS output in the linear
function. Metal concentrations measured in Portman’s Bay samples
show a larger variability, with values of 1600-3400 mg kg~! for Ti,
200-7000 mg kg~! for Mn, 1-26% for Fe, 50-7300 mg kg~ for Zn,
20-800 mg kg~ ! for As and 40-5400 mg kg~! for Pb. These concen-
trations are noticeably higher than those reported from other sites
in the Mediterranean Sea (e.g. Buccolieri et al., 2006; Sprovieri
et al., 2007; Palanques et al., 2008; Christophoridis et al., 2009;
Martinez-Gémez et al., 2012), thus evidencing metal enrichment
in Portman’s mine tailings deposit (Oyarzun et al., 2013). Metal
concentrations are significantly lower in sediments from the Barce-
lona inner continental shelf, ranging from 540 to 4440 mg kg~! for
Ti, 220-430 mg kg~ for Mn, 0.4-4.0% for Fe, 110-1150 mg kg~ for
Zn, 5-200 mg kg~! for As and 30-1730 mg kg~! for Pb.

The three regression methods (OLS, WOLS, and WLS) show cor-
relation coefficients better than r? = 0.94 for all elements (Table 2),
which are higher than those obtained in previous studies (Boning
et al., 2007; Tjallingii et al., 2007). However, the WLS method pre-
sents a significantly lower standard deviation of the estimate (S)
compared to the OLS method, which shows the highest values.
Since the correlation coefficient simply provides a relative quantifi-
cation of the dependence variable variance that can be explained
by the regression model, the standard deviation of the estimate
is more adequate to quantitatively evaluate the precision of the
linear function. Indeed, the standard deviation of the estimate
decreases when the analytical standard deviations in both vari-
ables are weighted in the WOLS and WLS methods (Table 2).

Increasing the precision has a direct influence mainly on the
relative standard deviation of the slope (RSD), which represents
the main source of errors in the linear function. Accordingly, the
results show that RSDs from OLS and WOLS methods are signifi-
cantly higher than those obtained with the WLS method for all ele-
ments except As, which displays a relatively high RSD for the three
methods (Table 2). The differences between OLS/WOLS and WLS
regression methods are especially clear in the case of Ti, element
which also presents a significant scattering. As high RSD for the
three regression methods is likely related to the large standard
deviation of the As intensity values (Supplementary Material,
Table S1), which is in turn affected by the overlapping of the emis-
sion peaks of Pb and As given their close proximity (Pb Lo 10.551
KeV and As Ko 10.543 KeV, Fig. 3b). Indeed, the peak area of a
characteristic XRF line could be partially overlapped by a contigu-
ous peak, which may affect significantly the determination of the
peak area (cts). Such overlapping has been noticed elsewhere in
samples with high concentrations of sulfides (Baucells et al.,
1988).
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Fig. 2. Scatterplots of element intensities in counts per second (cps) and chemical concentration expressed in % and mg kg~! for (a) Ti, (b) Mn, (c) Fe, (d) Zn, (e) As and (f) Pb
from Portman Bay (black dots) and Barcelona (white open dots) inner shelf sediment samples. Continuous blue and dashed dark grey and pink lines indicate the regression
equation line for each statistical model, namely WLS, WOLS and OLS (see legend in plot a). Residual values in cps for the correlation of each data pair is shown in the smaller
plots below each main plot.

Table 2

Statistical parameters of OLS, WOLS and WLS regression models for each analyzed metal including: intercept value, slope, relative standard deviation of the slope (RSD), statistical
significance (P), correlation coefficient (r?) and number of observations (n). Statistical significance (p) for all regressions was p < 0.001.

Intercept Slope RSD S I n
Ti OoLS -276.07 34,74 0.3708 0.0142 3.82 95.8 0.949 77
WOLS —269.23 35.74 0.3678 0.0146 3.96 5.0 0.946 77
WLS —296.24 7.82 0.3776 0.0033 0.87 4.2 0.949 77
Mn OLS -1.51 19.58 0.3279 0.0064 1.96 101 0.988 66
WOLS 2.20 19.07 0.3264 0.0063 1.92 4.8 0.988 66
WLS 0.12 3.68 0.3262 0.0015 0.47 3.9 0.989 66
Fe OLS 1367.7 633.3 2535.0 51.8 2.04 3096 0.985 77
WOLS 4394 420.8 2626.2 344 1.31 55.3 0.994 77
WLS -197.0 9.3 2695.8 2.2 0.08 233 0.993 77
Zn OLS 9.31 7.29 0.0762 0.0021 2.77 37.0 0.972 77
WOLS 7.56 3.57 0.0768 0.0010 1.35 16.6 0.993 77
WLS 6.90 0.19 0.0758 0.0002 0.20 115 0.987 77
As OLS 19.41 2.08 0.2133 0.0076 3.57 10.8 0.955 77
WOLS 17.36 2.03 0.2226 0.0074 334 1.5 0.961 77
WLS 16.71 1.27 0.2203 0.0055 2.48 1.4 0.958 77
Pb OLS 21.56 3.26 0.0654 0.0020 3.01 16.3 0.967 77
WOLS 11.98 2.82 0.0724 0.0017 2.35 8.6 0.980 77
WLS 5.20 0.32 0.0761 0.0006 0.75 4.1 0.985 77
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Fig. 3. a) Example of the X-ray spectrum plot of one sample measured at 30 kV and
1.6 mA during 50 s, with a Pd-thick filter. b) Detail of spectral overlap of As Ko and
Pb Lg.

To overcome the above limitation the spectral analysis software
determines the peak area (e.g. As K,) by a mathematical adjust
considering the emission probability from another peak (e.g. As
Kg) that would increase the standard deviation of the element
intensity (Scholze et al., 2006). The standard deviation can be
slightly reduced by selecting a non-overlapping XRF peak for the
element intensity estimation, like the secondary line emission of
As K (11.726 KeV) and Pb L (12.614 KeV). However, while the
Pb L; peak that we have selected to determine the element inten-
sity of Pb is relatively pronounced in our samples, the As Ky peak
area is significantly lower than the K, peak (Fig. 3b). This implies
that its integration would generate again rather high standard
deviations. For a more accurate analysis and to reduce the standard
deviation of the integrated As intensities, it would be necessary to
use a predefined standard calibration to quantify the interference
factor between Pb Lo and As Ko peaks (Baucells et al., 1988).

As shown in Fig. 2, the y-intercept values for all models show
minimum deviations from zero for Mn, Fe, Zn, As and Pb, which
might be related to the wide concentration range and the high
accuracy of the linear regression. In contrast, the elevated negative
y-intercept for Ti (Fig. 2a) is likely related to a matrix effect and to
indirect excitation that are both more common in transition ele-
ments like Ti. This occurs when part of the Ti-emitted fluorescence
is scattered or absorbed by Ca, thus enhancing its measured inten-
sity and, consequently, leading to a negative intercept (e.g. Boning
et al., 2007). The deviation of the y-intercept from zero is particu-
larly relevant in calibration studies for obtaining element concen-
trations at lower values, and is directly related to the detection
limit of the regression method. Indeed, a comparison between
the y-intercept values after the three regression methods shows
that, with the exception of Ti and As, the WLS method presents a
minor y-intercept deviation from zero than OLS and WOLS
(Table 2). Moreover, all regressions show a robust statistical signif-
icance (P), with a P-value lower than 0.001, and the residual values
plots evidence a constant distribution of data for all concentrations
range (Fig. 2).

Overall, the regressions obtained for the six target metals show
lower scattering and standard deviation of the slope, as well as
higher correlation coefficients, than those from previous calibra-
tion studies (e.g. Boning et al., 2007; Tjallingii et al., 2007). These
results can be attributed to the increased element intensities
recorded due to the reduction of water content in the split core.
Indeed, Tjallingii et al., 2007a found that the thin water film
formed under the foil that covers the split core strongly reduces
element intensities. Given that the analytical precision of the XRF
core scanner varies with the element intensity (Ramsey et al.,
1995), the drying step of 16 h before performing XRF analyses con-

tributed to reduce the scatter of the regression. This leads to an
enhanced accuracy of the linear function by decreasing the devia-
tion of the observed value from the fitted value provided by the lin-
ear function, thus improving the correlation coefficient.
Nonetheless, the high-resolution sediment subsampling carried
out in the same irradiated area and the avoidance of interferences
between different sediment layers likely contributed to minimize
the scattering effect. Additionally, even though the element inten-
sities measured by XRF-CS are largely influenced by lithology and
other sediment characteristics (Rodriguez-Germade et al., 2015a,
2015b), our results present a very good overlay between intensity
data from the two sampling locations (Fig. 2).

Our results evidence that the calibration method used in our
study to convert XRF-CS output data into fully quantitative data
improves significantly the quality of the linear regression for the
three regression methods, as illustrated by high correlation coeffi-
cients, low errors and deviation to zero. Nevertheless, WLS appears
to be the best method for highly accurate determinations of the
linear function between element intensities and concentrations.
This points out that analytical and statistical errors should be prop-
erly evaluated in calibration studies to convert XRF-CS output data
into quantitative concentrations.

3.2. Errors of calibrated elemental concentrations

The most commonly applied approach to obtain quantitative
elemental data from XRF-CS outputs is to replace the y variable
of the linear functions by the element intensity value (Kelloway
et al.,, 2014; Chen et al., 2016; Mejia-Pifia et al., 2016). Given that
these linear functions have errors associated to the slope and the
intersect, and also to element intensities (Table 2), it is necessary
to determine the errors of the calibrated element concentration
in order to evaluate the quality and the limitations of the linear
functions. Considering the three linear functions (OLS, WOLS and
WLS) obtained for each element, 1850 element intensities have
been converted into calibrated element concentrations. The errors
of the calibrated element concentrations have been calculated
according to the law of propagation of errors (Taylor and Kuyatt,
1994):

Af = Af (X1, %2, -
> ()

where f is the given function, n is the number of uncorrelated vari-
ables (xj, X, ..., Xp) and their errors (Axy, Ax,, - - -, Ax,). The relative
errors calculated as the ratio of the errors to the calibrated element
concentration for each linear regression (OLS, WOLS and WLS) has
been regressed by the least-squares method to evaluate their distri-
bution (Fig. 4 and Supplementary Material, Table S2).

As expected, the three regression methods are characterized by
an exponential increase of the relative errors at low calibrated ele-
ment concentrations. However, each element showed different
trends. For Fe and Zn, errors of the calibrated concentrations by
the WLS method were significantly lower than those obtained from
OLS and WOLS, especially at low concentrations. Instead, Ti, Mn
and Pb differences in errors after the three methods were minor.
The contrasting patterns between the three regression methods
(OLS, WOLS, and WLS) likely result from the differences in their
slopes and intercept errors, which commonly represent the main
error factor in the linear functions (cf. Section 3.1). Indeed, as
shown in Table 2, relative standard deviations of the slope for
the OLS method are higher than those from the WLS method by
a factor ~4.4, ~4.2, ~25.8, ~14.0, ~1.5 and ~4.0 for Ti, Mn, Fe, Zn,
As and Pb. In contrast, As shows the same trend independently of

Xy AXy, AXy, oo AXn)
1/2

(12)
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Fig. 4. Relative errors of the calibrated concentrations as a function of the calibrated concentrations in % for (a) Ti, (b) Mn, (c) Fe, (d) Zn, (e) As and (f) Pb as a function of
concentration prediction expressed in % and mg kg~! for each regression model (see legend in plot a).

the regression model and a minimal standard deviation from OLS
to WLS, which relates to the high standard deviation in As intensi-
ties due to the spectral overlap between Pb Ly and As K peaks (Sec-
tion 3.1, Fig. 3).

Nevertheless, obtaining the calibrated element concentrations
requires an accurate methodology to avoid the influence of the
effects of the physical properties so that the correlation coeffi-
cient is increased and the scattering is reduced (e.g. Tjallingii
et al, 2007a). An accurate estimation of the errors is also
required to evaluate the quality of the regression method and
the representativeness of the results (Weltje and Tjallingii,
2008). Beyond the high correlation and lower scattering achieved
from the three regression methods, likely due to the calibration
methodology developed in this study, our results demonstrate
that the regression method most commonly used (OLS) for
XFR-CS calibrations is the one developing the highest errors for
the calibrated element concentrations. This is mainly related to
the non-weighted analytical errors. In contrast, the WLS method,
which considers the analytical and statistical errors in the cali-
bration of the XRF-CS output, provides more accurate calibra-
tions, significantly reducing the errors of the calibrated element
concentrations.

Our results also reveal that the exponential distribution of the
errors observed in Fig. 4 is mainly explained by the influence of
the standard deviation of the element intensity (Supplementary
Material, Table S1). It is well known that the relative standard devi-
ation of XRF-CS measurements increases exponentially as the con-
centration falls down to the detection limit (Ramsey et al., 1995).
Depending on energy resolution and detection efficiency, the irreg-
ularities in the spectral signal are more significant at low peak

areas (Scholze et al,, 2006). Consequently, the nonlinear least-
squares algorithm cannot adjust accurately the peak area, thus
resulting in an increase of the standard deviation of the element
intensity and hence in an increase of errors for the calibrated ele-
ment at low concentrations. Some authors (e.g. Rodriguez-
Germade et al., 2015a, 2015b; Hennekam et al., 2018) have demon-
strated that increasing exposure time should reduce the standard
deviation of the element intensity. However, the increase of expo-
sure time also implies an augmentation of the time required for
analysis and of associated costs, which should be taken into
account too.

3.3. Sediment quality guideline levels and XRF-CS calibration

In the last century, anthropogenic fluxes of metals to the marine
environment has grown as a result of accelerated industrial, urban,
agricultural and mining developments (Di Leonardo et al., 2008;
Palanques et al.,, 2008; Pan and Wang, 2012; Hanebuth et al,,
2018). Commonly, the pollution degree of marine sediments
assessed by using sediment quality guidelines (SQGs), which are
defined as the concentration range or limit of the chemical com-
pounds (e.g. trace metals, PCBs, pesticides or PAH) that could pro-
duce potential biological effects (Long et al., 1995). SQGs have been
widely applied to evaluate ecotoxicological risks and biological
effects in harbors (Fatoki and Mathabatha, 2001; Adamo et al,,
2005; Casado-Martinez et al., 2006; Garcia-Orellana et al., 2011;
Pourabadehei and Mulligan, 2016) and also in estuarine and
coastal environments (Fukushima et al., 1992; Morillo et al.,
2004; Buccolieri et al., 2006; Palanques et al., 2008; Rubio et al.,
2010). Classically, performing pollution studies of marine sedi-



M. Cerda-Doménech et al./Science of the Total Environment 717 (2020) 134778 9

ments relied on conventional analytical methods requiring discrete
samples from whole sediment cores, involving significant labora-
tory effort and time, together with high costs, which generally
led to a reduction in the total number of samples finally analyzed
(Rodriguez-Germade et al., 2015a, 2015b). The calibration of the
XRF-CS output data appears as a major step forward to overcome
these limitations, as it advantageously provides high-resolution
metal concentration data in a fast, continuous and repeatable
way (Fig. 5). However, for a meaningful use of XRF-CS calibrated
data it is mandatory to quantify and minimize the errors of the cal-
ibrated element concentrations. This becomes even more neces-
sary to assess pollution levels through SQGs at low element
concentrations.

We have considered the concentration limits defined in three
widely used SQGs (see further down) to estimate the relative errors
of the calibrated element concentration for such limits using the
WLS method developed in this study for XRF-CS data calibration.
Those SQGs address various potential biological effects of the
chemicals, which are: (i) the lowest effect level and severe effect
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level developed by the Ontario Ministry of the Environment
(Persaud et al., 1993): (ii) moderately polluted and heavily polluted
levels developed by the Environmental Protection Agency (U.S.
Environmental Protection Agency, 2005); and (iii) action level B
and action level C developed by the Spanish Harbor Authority
“Puertos del Estado” on the basis of the “Guidelines for the charac-
terization of dredged material and its relocation in waters of the
maritime-terrestrial public domain” (Comisién nacional de
estrategias marinas, 2015). A summary of metal concentration lim-
its and associated relative errors for each of the above SQGs,
expressed in percentage, is shown in Table 3.

It is to be noted that SQGs are usually based on standardized
analytical procedures, especially when results can constrain man-
agement actions. Also, as aptly pointed out by Boéning et al.
(2007), it is reasonable to expect some degree of data scattering
rather than a perfect correlation between XRF and ICP data. In
any case, these factors do not condition the calculated errors as
assessing the errors of the regression functions by any method
(OLS, WOLS and, WLS) as well as propagating the errors of the cal-
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Fig. 5. Calibrated element concentration of sediment cores (a) MC-36 in Fig. 1a and (b) GC6 in Fig. 1b from the inner continental shelf offshore Portméan Bay and Barcelona,
respectively. Points show the location of discrete subsamples on which that were analyzed by IPC-MS/OES for absolute metal concentrations, subsequently used for
calibrations (Fig. 2). Note that core logs in the figure are at cm-scale whereas XRF scans were carried out at 2 mm resolution. Therefore, location of subsamples is merely
indicative. All subsamples were extracted from 1 cm-width intervals with essentially constant intensities to avoid eventual multi-layer interferences (see main text for
further explanation).

Table 3
Metal concentration limits and associated relative errors quantified after the WLS regression method for three widely used sediment quality guidelines (SQGs) in mg kg~".

Spanish Harbor Authority Ontario Ministry of the Environment Environmental Protection Agency

Action level B Action level C Lowest level Severe level Mod. polluted Heavily polluted
Limit %Error Limit %Error Limit %Error Limit %Error Limit %Error Limit %Error
Mn (mg kg™ ') - - - - 460 11 1100 5 300 16 500 11
Fe (%) - - - - 2 1 4 0.4 2 0.6 2.5 0.5
Zn (mgkg™) 410 3 1640 1 120 6 820 2 90 7 200 4
As (mgkg™!) 70 >40 280 14 6 >40 33 >40 3 >40 8 >40

Pb (mg kg™?) 218 5 600 3 31 14 250 5 40 12 60 10
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Table 4
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Minimum, maximum and averaged minimum and maximum (lower row) metal concentrations in this research and coastal and harbour sediments worldwide.

Reference papers Environment Ti (mg kg™ ') Mn Fe (%) Zn (mg kg™ ') As (mgkg™')  Pb(mgkg™!)
(mgkg™')
Min Max Min Max Min Max Min Max Min Max Min Max

This research Portman Bay 1600 3400 200 7000 1 26 50 7300 20 800 40 5400

Barcelona cont. shelf 540 4400 220 430 0.4 4 110 1150 2 200 30 1730
Coastal areas
Palanques et al., 2017 Barcelona cont. shelf - - - - - - 100 990 - - 50 760
Buccolieri et al., 2006 Gulf of Taranto 2340 3880 550 2830 0.3 0.4 90 130 - - 50 80
Capello et al., 2016 Gromolo Torrent - - 299 1207 1.8 8.8 78.7 262.7 9 23 14 43
Fukushima et al., 1992 Tokio Bay 2520 3700 350 1540 3 4.1 106 405 - - 25 58
Raj and Jayaprakash, 2007 Bay of Bengal - - 260 460 1.7 3.7 40 200 - - 25 37
Morillo et al., 2004 Huelva Estuary - - 180 576 1.6 35 141 649 - - 20 197
Rubio et al.,, 2010 Vigo Ria - - 263 306 5 7 85 135 - - 36 84
Harbors
Adamo et al., 2005 Port of Naples 240 480 100 420 - - 40 1200 8 21 40 310
Guevara-Riba et al., 2004 Port of Barcelona - - 255 427 2.2 3 183 1133 - - 86 589
Pourabadehei and Mulligan, 2016 Quebec harbor - - - - - - 66 563 4.6 18.4 11 212
Romano et al., 2008 Pozzouli Gulf - - - - 13 8.9 50 6300 10 837 21 2811
Casado-Martinez et al., 2006 Port of Cartagena - - - - - - 900 8660 62 101 487 1397
He and Morrison, 2001 Port Kemblar harbor - - - - 7.3 10 1209 2220 14 46 151 484
Fatoki and Mathabatha, 2001 Elizabeth harbor - - 103 499 0.4 1.5 19 126 - - 9 62
Muller-Karulis et al., 2003 Ventspils harbor - - 162 1120 0.6 3.8 17 254 - - 3 44
Metal concentration average 1450 3170 250 1400 2 7 190 1860 20 260 70 840

ibrated element concentrations allow constraining calibration pro-
cedure errors and evaluating the quality of the regression functions
and the data themselves, thus significantly contributing to improve
comparisons.

Even though the errors depend on each SQGs, the errors of the
calibrated element concentration for each limit in the guidelines
should be considered satisfactory for most metals under consider-
ation (Mn, Fe, Zn and Pb) but As. Titanium is not included in the
referred SQGs. Iron shows the lesser relative errors, from 0.4% to
2%, due to the high concentration limits considered in SQGs and
also to the low errors of the linear function. For the rest of metals
under consideration also included in SQGs, Zn ranges from 1% to
7%, Pb from 3 to 14%, and Mn from 5% to 16%. Errors for As are
equal or higher than 14%, because of the large standard deviation
of the linear function resulting from the Pb peak overlap effect
(cf. Section 3.1). The range of metal concentration levels found in
coastal and harbor sediments worldwide (Table 4) reinforces the
potential applicability to many polluted settings of the calibration
method presented in this paper.

4. Conclusions

Calibrating XRF-CS output data from polluted marine sediments
is critical to obtain absolute concentrations at high resolution in a
rapid, non-destructive and continuous way. Practical issues to take
fully into account when converting XRF-CS semi-quantitative data
into quantitative data are the physical properties of the sediment
(e.g. pore water content, grain size, sediment irregularities and
changes in matrix) and the selected excitation configuration
parameters, as both have an influence on measurements. The
resulting errors in the linear function of the calibration should be
addressed so that the quality of the calibrated metal concentration
data could be assessed. Our results, derived from the analysis of
metal-polluted sediments from two locations off Portman Bay
and Barcelona, in the Mediterranean Sea off Spain, demonstrate
that the applied calibration procedure improves the quality of
the linear regression for any of the three most widely applied
regression methods (OLS, WOLS, and WLS), thus increasing corre-
lation coefficients and reducing the data deviation from the linear
function. Of the three regression methods, WLS appears as the best

suited as it provides accurate calibrated element concentrations
from XRF-CS output data. The WLS method considers the standard
deviation of the element intensity and of concentrations in the
regression significantly reducing the errors of the calibrated ele-
ment concentration, which is particularly advantageous when
compared with the most commonly used regression method
(OLS). Reducing the errors is critical when using XRF-CS calibra-
tions to assess metal pollution levels according to SQGs. Indeed,
our results evidence that a fine-tuned calibration of XRF-CS output
data using the WLS regression method allows quantifying the Mn,
Fe, Zn and Pb concentration limits according three widely used
SQGs with low levels of errors, namely 0.4% to 2% for Fe, 1% to
7% for Zn, 3 to 14% for Pb and 5% to 16% for Mn. The only drawback,
which is unrelated to the calibration method itself, results from the
Pb and As peaks overlap which affects the quantification of As
absolute concentrations. Beyond the regression methods assessed
to obtain the linear functions (OLS, WOLS, and WLS), this is the first
study in incorporating and evaluating the analytical and statistical
errors of the calibration of the XRF-CS data, and in evidencing that
the errors of the calibrated element concentration must be prop-
erly evaluated in future calibration studies.
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metall 17
alcali 18
alcalinoterri 18
de transicio 18
essencial 18
lleuger 18
pessat 18
posttransicional 18
toxic 18
traca 18,24
metal(loid) 121
metal-loide 17
metal ores 122
meteoritzacio 19,21, 41
micro-CT 55,127
micromareal 37
microtides 75, 80

MIDAS 4,10, 47,95, 126
mine tailing 31, 93, 94
multicorer 50, 95, 126

N

NUREIEV 4,47, 95,126
NUREIEVA 4, 47

o

olivina 19

OLS 94, 102, 106
onada significativa 163
orpiment 19

oxianions 22

oxidation processes 122

P

particules en suspensio 23,
28, 30, 47
PCA 130, 139, 253
peak area 104, 109
piezometre 47, 49
pirita 19, 24, 44
plataforma continental 27
Barcelona 39
Cartagena 42
Sierra de Cartagena — La
Uni6n 42
plom 18, 24, 26, 91, 96, 102,
126, 129
tetraetile 21
pol-lucié 33
poloni 130
Portman Bay 91, 94, 121,
124
propagation of errors 106,
151
pyrite 95, 125, 126, 146

R

radi 68,73

radi, isotops 50
radium isotopes 68, 77
radé 50

radon 68,77

residus miners 172
riera dArgentona 41

roques
ignies 20

S

salinity interface 70, 75, 80
sediment
marins 50
units 131
sediment quality guidelines
91,94, 109, 174
sludge 96
spectral analysis 104
sphalerite 95, 125
SQG 94
standard deviation 94, 98,
101
relative 101
statistical significance 101,
105, 138
submarine groundwater
discharge 32,68, 80
subterranean estuary 78
susceptibilitat magnetica 57

T

titani 96, 102
tomografia computeritzada
53

w

wave height 76
WLS 94, 102, 106
WOLS 94, 102, 106

X

X-ray fluorescence 93

X-ray spectrum 97

XRF core scanner 67, 91,
96,97, 173

Z

zinc 96



Abreviatures, simbols i sigles

AVS
CTD-Diver

DAS

eg
EF

et al.
GEBCO

GRCGM

ie.

ICP-MS
ICP-OES

MEDISTRAES

micro-CT

MIDAS

MSCL
NUREIEV

Acid Volatil Sulfurs

Conductivity, Temperaturature

and Depth Diver

Descdrrega d’Aigua
Subterrania

(exempli gratia, ) per exemple
Enrichment Factor

(et ali1, 11.) 1 altres

General Bathymetric Chart of
the Oceans

Grup de Recerca Consolidat en
Geociéncies Marines

(id est, Il.) és a dir

Inductively Coupled Plasma-
Mass

Inductively Coupled Plasma-
Optical Emission Spectrometry
Mezcla y dispersion en el
transporte de energia y solutos
Micro Computed Tomography
Managing Impacts Of Deep
Sea Resource Exploitation
Multi-sensor Core Logger
NUevos REtos en la investigacion

de cafiones submarinos: Indicadores
del Estado ambiental y Variabilidad
espacio-temporal — El papel de los
temporales

NUREIEVA

OLS
p-ex.
PCA
PEX
RaDeCC

ref.
RFE
RSD

SGD
SQG
WLS
WOLS

XREF-CS

Abreviatures, simbols 1 sigles | 253

NUevos REtos de Investigacion
en el ambiente Extremo de los
Vertidos mineros de la Babia
de Portmdn: aplicacion de
tecnologias Avanzadas

Ordinary Least-Squares

per exemple

Principal Component Analysis
Porewater Exchange

Radium Delayed Coincidence
Counter

referéncia / reference
Razinfall Event

Relative Standard Deviation of
the slope

Submarine Groundwater
Discharge

Sediment Quality Guideline
Weighted Least-Squares
Weighted Ordinary Least-
Squares

X-Ray Fluorescence Core

Scanner

















