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Abstract

METALS TRANSPORTED INTO THE COASTAL ZONE BY THE SOUTH IBERIAN RIVERS ARE KEY TO UNDERSTAND THE
BIOGEOCHEMICAL CYA ES AND DISIRIBUTION OF TRACE ELIEMENTS IN THE GUF OF CADIZ (GOC HEREINAFIRR)
AND THE EXCHANGE WITH THE MEDITERRRANEAN SEA. PREVIOUS STUDIES CARRIED OUT IN THE 80S HAVE
SUGGESTED THAT METAL ENRKCHMENT IN THE AIBCRAN SEA (WESTERN MEDITHRRANFAN) IS RHATED WITH
HUVIAL INPUTS FROM ACID MINE DRAINAGE FROM THE TINTO AND ODIH. RIVERS. THE PRESENT STUDY
EVALUATES THE CONIRIBUTION OF DISSALVED TRACE METAL CONCENIRATIONS (L.E. CD, Co, Cu, FE, Mo, NI,
PB, V, 7ZN) BROM THE THREE MAIN RIVERS DISCHARGING INTO THE GOC (1.E. GUADIANA, TINTO-ODIH. AND
GUADALQUIVR RIVERS). OURRESUTS SHOW THAT THE METAL COMPOSITION OF WATFR DISCHARGED FROM FACH
RIVRR IS IMPACTED BY THE ACTIVITIES DEVH OPED IN THE COURSE OF THE RIVERS, WHICH (1 EARLY INHUENCE
THE GOC COASTAL SUREACE WATERS COMPOSITION. METAL HUXES FROM THE GUADALQUIVIR RIVRR ARE
QUANNTATIVA.Y HIGHRR THAN THOSE FROM THE TINTO-ODIH. (E.G. UP TO 73% AND 19% HIGHER FOR NI AND
CU, RESPECTIVAY). AITHOUGH THE METAL CONCENIRATIONS SPATIAL DISIRIBUIONS IN THE GOC ARE
DOMINATED BY THE CIROULATION PATTERN BETWEEN THE ATLANIIC AND THE MEDIBRANEAN SEA, THE
CONCENIRATIONS WITHIN THE GOC CONIINENTAL SHH F COUD BE EXAAINED BY A GREATER CONIRIBUTION
ROM THE GUADALQUIVIR ESTUARY (E.G. 80.5%, 54.6%, 56.5% AND 56.6% FOR NI, CU, MO, AND V

RESPECTIVALY).



1. Introduction

UNDERSTANDING LINKAGES BETWEEN BASIN CHARACTERISTICS (E.G. BECROCK LIIHAOGY), ANTHROPOGENIC
ACTIVITIES (E.G. LAND USES OFRIVER BASIN CR MINING) AND RIVER HOW (DAM DISCHARGES AND RAINFAIL) IS
KEY IN DEVH.OPING SPATIAL MODH.S OF TRACE METALS IN' A TEMPERATE CONIINENTAL SHH F AS THE GULF OF
CADIZ (GOC). THE GOC SUREACE WATER ENIRS THE MEDITERRANEAN SEA (SANCHEZ-LEAL FT AL, 2017)
THROUGH THE NCRTH ATLANTIC INHOW IN THE GIBRAI'TAR STRAIT, AFFRCTING THE WATER MASSES COMPOSITION.
IN EACT, ENRICHMENTS OF CU, NI AND CD IN THE MEDITHRRANEAN SFA HAVE BEEN ASSOCIATED TO THE
ATLANDNIC OCEAN INHOW (MIGON, 2005; BOYLEET AL, 1985).

THE GOC BASIN RECEIVES FRESHWATHR INPUTS FROM THREE MAIN RIVERS, 1.E., GUADIANA, TINTO-ODIEL
AND GUADALQUIVIR, THAT SIGNIFICANILY INCREASE THE CONCENIRATIONS OF MEIALS (MARTIN ET AL., 1983;
VIERS ET AL, 2009), AND DISSA_VED ORGANIC MATTIR (GONZA EZ-ORTEGON ET AL., 2018) IN THER ADJACENT
COASTAL WATERS. THUS, ROR EXAMPLE, THE CONCENIRATIONS OF 7N, CU AND CD IN THE GOC CONTINENIAL
SHH F WATERS WEREREPCRIED TO BE MUCH HIGHERTHAN IN OTHER COASTALARFAS (VAN GEEN ET AL, 1991).

THERE ARE MUTIHE SOURCES AND PROCESSES, SUCH AS RIVER INHOW, GROUNDWAIR, ARROS(L
DEPOSITION,  ANIHROPOGENIC ~ACTIVITIES, BIOLOGICAL RECY(LING, REMINERAIZATION,  SEDIMENT
RESUSPENSION, EIC., THAT COMPLICATE THE METAL SOURCES IDENTIFICATION AND CONIRIBUTION IN' A WATERR
MASS. OVERAIL, RIVER DISCHARGE IS THE MAJCR SOURCE OF METALS INIRODUCED TO CONTINENTAL SHH F WATERS
(VIRRS ET AL, 2009; OLIAS ET AL, 2006) AND HENCE, THE TRANSPORT OF MOST CHEMICALS DEPENDS ONTHE
PRECIPITATION REGIME IN THE RIVER BASIN, WITH A FEW EXCEPTIONS IN SOME ARFAS (EG. V, CD BY COASTAL
UPWHLING PROCESS) (MONIERO ET AL 2015; SANIOS-ECHEANDIA ET AL 2009). IN THE CASE OF THE GOC
CONTINENTAL SHH F, THE CONCENIRATION OF TRACE METALS COULD INDICATE THE EXISTENCE OF A DIRECT INPUT

THROUGH FRESHWATER HIUXES IN THE WET PERIOD. CONSIDERING THAT THE THREE MAIN RIVERS THAT DISCHARGE



OVERTHE GOC CONTINENTALSHH F AREREGU ATED BY DAMS, FRESHWATER DISCHARGES AND TERRESIRIAL INPUTS
OF CRGANIC MATTRR INTO EACH OF THE ESTUARIES DIRECILY DEPEND ON THE DAMMING CONIR(L. (H BAZ-
POULICHETET AL, 2001; GONZAEZ-ORIBEGON ETAL., 2015; VASCONCHOS ETAL., 2007)

DESPIE THE FACT THAT METALIEVA S IN THE MEDITERRANEAN SEA ARE DIRECILY INHUENCED BY THE GOC
SHHF WATIRS (VAN GEEN ET AL., 1988) AND THAT ANY VARIATION OF THER CONCENIRATIONS IN THE GOC
COUD INHUENCE THE WESTERRN MEDITERRANEAN FUNCTIONING, FEW ENVIRONMENTAL STUDIES ON TRACE
METALS HAVE CONSIDERED A COMPLEIE SPATIAL SAMPLING DESIGN IN THE GOC BEITWEEN THE POIENTIAL
SOURCES (ESTUARIES) AND THE SURROUNDING WATERS ALONG THE CONTINENTAL SHH F (EL BAZ-POULXCHET ET AL,
2001). AT PRESENT, THE CONIRIBUTION OF FACH ESTUARINE ECOSYSIEM AS A SOURCE OF METALS INTO THE
GOC IS UNKNOWN.

THE OBJECTIVE OF THIS STUDY IS TO CHARACTERISE THE METAL COMPOSITION (FE, N1, Co, Cu, Mo, Cb
AND PB) WITHIN THE ABOVE MENTIONED ESTUARIES AND TO EVALUATE THE CONIRIBUTION OF EACHRIVER TOTHE
GOC TRACE METALLOAD. WE HYPOIHESIZE THAT THE SPATIAL VARIABILITY OF METAL CONCENIRATION WITHIN
THE GOC CONININENTAL SHELF IS MAINLY DETERMINED BY THE LAND USES OF FACH RIVER BASIN, THE BASIN
CHARACTRRISTICS (BEDROCK LITHA.OGY) (E.G. SUPHIDE DEPOSITS) AND RIVER HUXES. WATHR MANAGEMENT
REGUATION IN THESE RIVER BASINS USUAILY CAUSES A DECRFASE IN THE FRESHWATER INPUT TO THE ESTUARIES
AND AN INCREASE IN THE RESIDENCE TIME OF SUSPENDED MATTR (GONZA EZ-ORIEGON ET AL, 2010). THE
SIUDY OF THE LEVH_S AND DISIRIBUTION OF METAL CONCENIRATIONS WITHIN THE MAIN ESTUARIES AND COASTAL
WATER MASSES OF THE GOC IN' A WET AND LRY MONIH SHOU.D BRING UPDATED KNOW EDGE ABOUT THE

BIOGBOCHEMICAL CYA ES OF METALS INTHE GOC.

2. MATERIAL AND METHODS

2.1. STUDY AREA



THE GOC (SOUIHWEST SPAIN) IS A SEMI-ENAOSED BASIN WHOSE OCEANOGRAPHIC DYNAMICS ARE
MAINLY CONIROLED BY THE EXCHANGES BETWEEN THE ENVIRONMENTAL SUB-BASINS: THE MEDITHRANEAN
AND ATLANIIC BASINS AND THE COASTAL SYSIEM (S ANCHEZ-LEAL ET AL., 2017). THE THREE MOST IMPCORTANT
RIVERS DISCHARGING INTOTHE GOC CONTINENTAL SHH F ARETHE GUADIANA, TINTO-ODIHL AND GUADALQUIVR
(FIGLRE 1). THE RESHWATR INHOW TO THE GUADIANA, TINTO-ODIEL AND GUADALQUIVIR ESTUARIES,
LOCATED IN A SEMIARID ENVIRONMENT, ARETOTALY REGULATED BY DAMS. THE GUADIANA AND GUADALQUIVR
ESTUARIES, WITH A HIGHR FRESHWATER INHOW (> 2000 HM3 YEAR—1) THAN THE TINTO-ODIA. (100473
HM® YEAR™) (BLBAZ-POULICHET ET AL, 2001), ARE WHL-MIXED AND TIDALLY DOMINATED SYSIEMS
(FORTUNATO AND OLIVERRA, 2004; DIEZ-MINGUIO ET AL, 2012), WITH A LONGITUDINAL SALINITY GRADIENT
THAT SHOWS BOIH LONG-TIRM (SEASONAL AND INTER-ANNUAL) AND SHCRIFIERM (TIDAL AND DAM
MANAGEMENTRH ATED) DISPLACEMENTS ALONG THE RIVER COURSE. ACCCRDING TO GALVZO FT AL, (2012),
DURING THE ALQUEVA DAM CONSIRUCTION AND FILLING FROM 1999 TO 2003, HIUVIAL DISCHARGE WAS BH OW
10 M? s”', WHILE THE SUMMER RIVER HOW INCREASED TO 10-15 M? s DIRING 2004 AND 2005, AND
REACHED 20-25 M? 7! DURNG 2007 AND 2008 BEFORE DECREASING AGAIN TO BHOW 10 M* 5! DIRING
2008 AND 2009. IN THE GUADALQUIVIR ESTUARY, OCCASIONALLY, DURING THE PASSAGE OF ATLANTIC STCRMS,
FRESHWATER DISCHARGES FROM THE DAM MAY BE GREATER THAN 400 M* S~ AND THE ESTUARIES BBCOMES
HUVIALLY-DOMINATED (DIEZ-MINGUIO FT AL, 2012).

AT THE LATIIUDE OF THE GOC, THE ALIMATE IS CHARACTERIZED AS HAVING A SHORT, MILD WINIER WHEN
MOST OF THE ANNUAL RAINFAIL. OCCLRS, AND WARM, DRY SUMMERS (CANOVAS ET AL, 2007). FRESHWATIR
INHOW INTO THE INTERICR OF THESE ESTUARIES FROM THESE RIVERS REVEALED SIGNIFICANT' SEASONAL AND
ANNUAL VARIATIONS (FIGURE S1). IN THIS SIUDY, THE EFFRCT OF SEASON (WINTRR AND SUMMER) WAS
INAUDED TO TAKE INTO ACCOUNT (LIMATIC VARIATIONS WITHIN THE STUDIED YEAR, A'THOUGH THE FRESHWATER

INH OW TOTHESE THREE ESTUARIES COUD BE TOTA LY REGU ATED BY DAMS IN 2016.



THE ESTUARY OF THE ODIHL AND TINTORIVERS, ALSO KNOWN AS THE RIA OF HUH.VA, EXTENDS ALONGTHE
SOUTHWESTERN COASTAL. MARGIN OF THE GUADALQUIVR SEDIMENIARY BASIN (CARRO ET AL, 2019).
HISTCRICAILY, THE TINTO AND ODIH_RIVERS DRAINED THE WORLD'S L ARGEST SU_PHIDE DEPOSIT, BEING ONE OF
THE QLDEST EXPLOITED REGIONS IN THE WORLD (MINED ROR THE LAST 4500 YEARS) (NELSON AND LAMOIHE,
1993; OLIAS AND NIFTO, 2015). NATIRAL CHANGES TO THESE SULPHIDE DEPOSITS, IN CONJUNCTION WITH
MINING ACTIVITY HAS L ED TO THE SEQULAR POLUTION OF THE ODIH. AND TINTO RIVERS, WHOSE WATERS NOW
CONTAIN VERY HIGH CONCENIRATIONS OF HEAVY METALS AND HAVE EXIREMH_Y LOW PH VALIUES— ESSTHAN 3
(GRANDE ET AL., 2000). THE COMBINATION OF ACIDIC WATERS FROM MINES, INDUSIRIAL FFHUENTS, AND
SEAWATER HAS PLAYED A DECISIVE RA E IN THE DEVH OPMENT OF THE CHEMICAL COMPOSITION OF THE WATER
IN'THE ESTUARY (CARROET AL, 2019). INVESTIGATIONS CARRIED OUT IN THE 80S AND 90S INTHE TINTO-ODIAL
ESTUARY CONCLUDED THAT IT' ACTS AS A SOURCE OF CERTAIN METALS (L.E. CU, ZN AND CD) TOTHE GOC (VAN
GEEN ET AL., 1991; BHBAZPOUICHFT FT AL, 2001; VAN GEEN AND BOYLE, 1990; BRAUNGARLT FT AL,
2007). WITH VERY HIGH CONCENIRATIONS OF DISSALVED MFIALS AND METAILOIDS AND LOW PH VALLES,
DISCHARGES FROM THE TINTO AND ODIH.RIVERS WERE SUGGESTED TO SEASONAILY AHRCT THE SUREACE ENIRY
OF METALS INTOTHE MEDITERRANFAN THROUGHTHE STRAITOF GIBRA'TAR (FLBAZ-POULICHETET AL, 2001).
THE GUADIANA IS A ROCKBOUND ESTUARY WITH A LONGITUDINAL SALINITY GRADIENT (GARAL AND FERRERA,
2013). THE PALUNON IMPACT OF ACIDIC MINE DRAINAGE BY 1 FACHATE SEEPS INIO THE HUVIAL SYSIEM
ROM A SMAIL NUMBER OF ACTIVE MINES (SEE DHGADO ET AL., 2009 ROR DETALS). MOREOVER, THE
POTENTAL OCOURRENCE OF PALUTANTS RH ATED TO HARBOLR ACTIVITIES WITHIN THE ESTUARINE ARFA (GOMEZ-
ARIZA FT AL, 1998) AND TO TOLRISM DEVH OPMENTS IN THE MOUIH OF THE ESTUARY WHICH INCRFASES THE
POPULATION DURING SUMMER TIME, COUD CONIRIBUIE TO THE CONTAMINATION OF WATER IN THE ESTUARINE

ARFA. FINAILY, THE IRRIGATION OF INTENSIVE (ROPS (E.G. SIRAWBERRY (ROPS) IN LANDS ADJACENT TO THE



ESTUARY WIL ALSO EXERT A SIGNIFICANT INCREASE OF NUIRIENTS, PESTICIDES AND FERTLIZERS IN ITS WATER
(MENANIFAU ET AL, 2005).
THE GUADALQUIVR ESTUARY SHOWS A SALINITY RADIENT AND A HIGH LOAD OF SEDIMENT WHICH
SIGNIFICANILY INCREASES THE WATRR TLRBIDITY (GONZAEZ-ORIEGON ET AL., 2015). DIFFRRENCES ABOUT'THE
WATER TRANSPARENCY IN' ESTUARIES COULD AHECT THE CYAING AND REMINERALIZATION RATES (CIUTAT AND
Boupon, 2003). IN THE LOWER GUADALQUIVIR BASIN, THERE WAS A SIGNIFICANT TRANSFCRMATION OF ITS
MARSH.ANDS INTO IRRIGATED AGRICUTURALLANDS DURING THE 20TH CENITRY (MAINLY RICE FIH DS, TOMATOES
AND COITON QUTIVATIONS) WITH A HIGH DEMAND OF FRESHWATER FOR IRRIGATION (E.G. RR 35.000 HA OF
RICE FIHDS) (DH. MORAL ITUARIE, 1991). THUS, THE GUADALQUIVIR RIVER CAICHMENTS, WITH INIENSIVE
ARIQUTRE ANDLARGE POPULATIONS, HAVE AN INCREASED NUIRIENTLOAD INPUT IN THER WATERS (GONZAEZ-
ORIEGON AND DRAKE, 2012). EVENTHOUGHTHE GUADALQUIVIR BASIN PRESENTS HISICRIC MINES (TURNER ET
AL, 2008), METAL CONTAMINATION WAS NOT DETECTED IN ITS ESTUARY DESPITE THE AZNALGOIAR TOXIC SPIL
INTOTWO OF ITSLOWHRTRIBUIARIES IN 1998 (TORNFROET AL, 2011; 2014).
2.2. SAMPLING AND METAL ANALYSIS
COASTAL WATER

WATR SAMAES IN THE GOC WERE CALRTED DIRING 3RP-8™ MAR(H 2016 (WET SEASON) AND 20™™-
24™ JUNE 2016 (DRY SEASON) ON BOARDTHE RAMON MARGA FF R.V. ANDTHE ANGHES ALVARIFO R.V.,
RESPECTIVHY. ONE SURFACE WATER SAMHLE (1-5 M DEPIH) ROR TRACE METALS ANALYSIS (CD, CoO, CU, FE,
Mo, N1, PB, V, 7N) WAS CAIETED USING A TEHON TOWHISH SYSIEM (EG. TOVAR-SANCHEZ, 2012)
DEALOYED FROM THE RESEARCH VESSH. DURING 10 MINUIES AT EACH STATION. THIS TOWHSH IS A BRACKET
CONNECTED TO A PLASTIC HOSE WHICH PUMPS WATER SAMPLES INTO THE BOAT. SEAWATER WAS PUMPED INTO
A aAss- 100 HEPA TAMINAR HOW HOOD THROUGH ACID- AEANED TEH.ON TUBING COURED TO C-HEX

TUBING USING A THLON DIAPHRAGM PUMP (SANDPIPER CALE-PAL MIR), FITERED ONLINE THROUGH AN ACID-



WASHED 0.22 UM POLYPROPYLENE CALYX CAPSUE HITER, AND CALECTED INTO ACID- WASHED 500 ML
LDPE BOIIES. SAMPLES WERE ACIDIFIED ON BOARDTO PH <2 WITH UTRAPURE GRADE HCOL (MER(X), AND
SICRED ROR ATLEAST 1 MONIH BEFCRE EXTRACTION.
ESTUARIES

SAMPLES IN THE ESIUARIES WERE COILECTED ON 24™-25™ FEBRUARY 2016 (GUADALQUIVIR AND TINTO-
ODIAL) AND 17™ MARH 2016 (GUADIANA) (WET SEASON), ANDON 5™ -9T Jury 2016 (DRY SEASON). 24
H SAMPLING STATIONS WERE LOCATED IN THE MIDOE OF EACH ESTUARY IN ORDER TO EVALUATE THE WATER
COMPOSITION DISCHARGE DURING A DALY TIDAL CYAE: GUADIANA (LAT. 37.1989 N, LONG -7.4095 W),
TINTO AND ODIA. (LAT. 37.13271 N; LONG. -6.8426 W) AND GUADALQUIVR (LAT. 36.7923 N; LONG. -
6.35623 W) (GUO, TOO aND GDO, RESPECTIVHLY, IN FIGIRE 1). SUREACE SFAWATRR (1 M DEPIH) RR
TRACE METALS ANALYSIS AND INCRGANIC NUIRIENTS (PO4*", NHs*, NO3", NO2") WAS SAMPLED FACH HOLR
HR A PERIOD OF 6 H (DURING THE WET SEASON) AND 12 H (DRY SEASON) USING A PERISTATIC PUMP WITH
ACID-AFANED TEH.ON TUBING COURLED TO A C-HEX TUBING (KR THE CAE-PARMER PERISTATIC PUMP
HEAD), FITHRED THROUGH AN ACID-0 FANED POLYFROPYLENE CARRRIDGE FITRR (0.22 uM; MSI, CALYX®),
AND COLECTED IN A 0.5 L LOW-DENSITY POLYEIHYLENE BOTILE ROR METALS AND IN 15 ML PE TUBES RR
INCRGANIC NUIRIENTS. THUS; A TOTALOF 6 AND 12 SAMPLES WERE COLECTED IN THE WET AND DRY SEASONS,
RESPECTIVHLY. SAMPLES FORTRACE METALS WERE ACIDIFIED ON THELAB TO A PH <2 WITH UIRAPURE GRADE
HOL (MERKK) IN A AASS- 100 HEPA TAMINAR HOW HOOD AND SICRED HR ATLEAST 1 MONTH BERORE
EXIRACTION. SAMPLES ROR NUIRIENTS WERE FROZEN FOR SUBSEQUENT ANALYSIS ATTHE LABCRAICRY.

METALS WERE PRE-CONCENIRATED BY THE APDC/DDDC ORGANIC EXIRACTION METHOD (BRUAND ET AL,
1979), AND ANAYZED BY ICP-MS (PERRKINEEMER ELAN DRC-E). THE ACORACY OF THE PRE-
CONCENIRATION METHOD AND ANALYSIS FOR FACH CAMPAIGN WAS ESTAR ISHED USING NEARSH(RE SEAWATRR

REFFRENCE MATRRIAL RR TRACE METALS (CASS 4, NRC-CNRC) WITH A RANGE OF RBOOVERIES FROM



92% FR COTO 106% FOR CD. CONCENIRATIONS OF DISSOLVED NUIRIENTS, PHOSPHATE, NIIRITE AND NIIRAIE
WERE DEIRRMINED WITH AN AUTOANALYZFR (SKALAR SAN** SYSIEM) USING COL(RIMEIRIC TRCHNIQUES
(MURPHY AND RILEY, 1962; GRASSHORF AND KREMIING, 1983). THE ACCURACY OF THE ANALYSIS WAS
ESTAR ISHED USING COASTAL SEAWATRR REFFRENCE MATRIAL KR NUIRIENTS (MOOS-1, NRC-CNRCO),
RESUTING IN 98 %, 96%, AND 94 %, RR PO4*", NO3~ AND NO2", RESPECTIVELY.
RIVERINE HUXES OF DISSOLVED METALS WERE CAL(I1 AIED BY MUTIALYING THE CONCENIRATION VALLE BY
THE CORRESPONDING RIVER DISCHARGE ON EACH OF THE SURVEYS. FRESHWATER DISCHARGES WERE OBTAINED
FROM THE REGIONAL RIVER AUTHCRITIES. FRESHWATHR DISCHARGES FROM THE ALCAIADH. RiO DAM (110 KM
UPSIREAM THE MOUIH OF GUADIANA RIVRR) WERE OBIAINED KROM THE CONFEDERACION
HIDROGRAFICA DEL GUADALQUIVIR DATABASE
(HTTP://WWW JUNTADEANDAI UCIA ES/AGENCIADH AGUA/SAIH/DATOSHISTCRICOS ASPX).  DISCHARGE  VALUES
REOCRDED ATTHE PULO DO LOBO GAUGING STATION (60 KM UPSIRFAM THE MOUTH OF GUADIANA RIVER) WERE
REIRIEVED IROM THE SISTEMA NATIONAL DE INFORMA(CAO DE RECURSOS HIDRICOS DATABASE
(HTTP://SNIRH.INAG.PT/ ). DATARRTHE TINIO-ODIH. ESTUARY WERE PROVIDED BY THE SPANISH MINISIRY OF

RURAL AND MARINE ENVIRONMENTS (HITPS://WWW.MAPAMA.GOB.ES/ES/) KR THE PERIOD 15T JANUARY

1993 UNIL 7™ DECEMBRR 2005, WHEN THE GAUGING STATION STOPPED MEASURING. HENCE, DATA RRTHIS
ESTUARY WERE ESTIMATED BY DOING CCRRHATIONS WITH THE GUADALQUIVIR DATA. WE USED THE
GUADAL QUIVIR DATA TO AVOID UNDERESITMATING THE RBCONSIRUCTED TINTO-ODIH.. DISCHARGES BECAUSE THE
GUADAL QUIVIR DISCHARGE RATES WERE HIGHER THAN THOSE OF THE GUADIANA RIVER ROR THE STUDIED PERIOD.
THUS, THE GUADIANA AND GUADALQUIVR DATA WERE MEASIRED, AND THE TINTO-ODIH. DATA WERE
INTERRPAATED (FIGURE S1). IN THE TINTO-ODIAL ESTUARY KR THE TWO SAMPLING MONTHS (FEBRUARY AND
JULY), THE SALINITY WAS HIGH (SEAWATRR) ALONG THE FUL WATERR CAUMN DURING THE STUDIED TIDAL

PERIODS. IN'THIS CASE, THE VAIUME OF HOW ISLESS THAN 6 M? S~ AGGCRDING TO BORREGO (ET AL, 2002).


https://www.mapama.gob.es/es/

2.3 DATA ANALYSIS

THE ANOSIM PERMUIATION G OBALTEST (R), A NON-PARAMEIRIC METHOD FCR MUTIVARIATE ANALYSIS
OF VARIANCE, WAS USED TO ASSESS STATISTICAILY SIGNIFICANT DIFERENCES OF METAL CONCENIRATIONS
BEIWEEN ESIUARIES AND CAMPAIGNS. IN ORDER TO DO THIS, A DISSIMILARIY MAIRIX BASED ON THE
EUQIDIAN DISIANCE KR TRACE METAL CONCENIRATION DATA WAS CAL(ULATED ON LOG TRANSKRMED AND
NCRMALIZED VARIARES USING THE PRIMER 6.1 (PLYMOUIH ROUTINES IN MUTIVARIATE ECOOGICAL
RESEARCH) COMPUIR SOFTWARE PACKAGE ((1ARKE AND WARWICK, 1994). PEARSON CCRRH ATIONS (R) WERE
USED TO DEIERMINE THE RH ATIONSHIP BETWEEN THE CONCENIRATION OF EACH METAL AND THE PHYSICAL
PARAMEIERS; THE LATTER IN(LIUDED OCEANOGRAPHIC DATA (SALINITY, TEMPERAILRE, TURBIDITY, AND OXYGEN
CONCENIRATION) MEASURED /N SITU USING A CTD (Conbucnivity, TEMPERATURE, DEPTH) PROBE WITHIN
THE GOC CONTINENTAL SHH F, AND DATA FROM A MUTIPARAMEIRR SONDE (SALINITY ANDTEMPERATLRE) INTHE
ESIUARIES. STATISTICAL PROCEDURES WERE PERFCRMED USING THE CCRRALOT PACKAGE (WEI ET AL, 2013) IN
R VERRSION 3.4.0 (R DEVAHOPMENT CCRE TEAM, 2017) TO DISHAY RAPHICALY THE CORRHATION
MAIRICES. LINEARREGRESSIONS OF METALCONCENIRATIONS WERE PLOITED USING THE PACKAGE GGALOT2 IN R.

LINEAR RBGRESSION MODHS WERE APPLIED TO EVALUAIE DIFFERENCES IN EACH METAL CONCENIRATION
(UNIVARIATE DATA) AMONG CAMPAIGNS AND ESTUARIES USING THE MUTCOMP AND THE SANDWICH PACKAGE
IN R (HERBRICH FT' AL, 2010). A ROBUST STATISTICALTEST FCR UNBALANCED DATASFET AND HETHROGENEOUS
VARIANCE THAT ALLOWS MAKING POST HOC COMPARISONS BETWEEN DIFFERENT CAMPAIGNS AND ESTUARIES
WAS USED.

IN ORDERTO OBTAIN THE METALS CONCENIRATION SPATIAL DISIRIBUTION, THE SAMPLED CONCENIRATIONS WERE
GRIDDED USING THE DATA-INTFRPALATING  VARIATIONAL ANALYSIS (DIVA) (TROUPIN ET AL, 2010). THIS

METHOD TAKES INTO ACCOUNI THE COASILINES AND BOTIOM TOPORAPHY, HENCE, BEING THE MOST SUITAH E
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ONETO SPATIAILY INTERPOLATE PHYSICAL, CHEMICAL AND BIQLOGICAL OCEANOGRAPHIC VARIAHR ES. MORBOVIR,
DIVA ALSO GENRRATES FRRCR MAPS TO HH P INTERFREI' THE GRIDDED FIH DS WHICH ARE ESPECIAILY USERUL
'WHEN THE DATA COVRRAGE 1S SPARSE.

3. RESULTS AND DISCUSSION

Understanding the short-term consequences of Mediterranean rivers' streamflow (mostly
determined by seasonal climatic conditions and demand of fresh water to irrigate cultivation
fields) is necessary for the assessment of the trace metals spatial distribution on the GoC
continental shelf. This study highlights the importance of the basin characteristics, river flows
and season in the dispersion of pollutants, and the exporting role of the GoC towards
neighbouring seas. The Guadalquivir estuary seems to supply an important metal enrichment to

the GoC continental shelf that can be transported onto the Mediterranean Sea.

3.1 DISSOLVED METAL COMPOSITION OF ESTUARINE WATERS

METAL COMPOSITION DIFFRED SIGNIFICANILY IN THE THREE ESTUARIES (R =0.84, P <0.01) AND BEITWEEN
THE STUDIED MONIHS (R= 0.5, P =0.01) (FIGURE 2). THE TINTO-ODIH. ESTUARY REGISTRRED A GREATIR
NUMBER OF METALS WITH HIGHER CONCENIRATIONS, ESPECIAILY IN FEBRUARY (TARLE 1 AND SUPPLEMENIARY
TARE S1). A COMPARISON OF THE DATA FROM THESE THREE ESTUARIES WITH DATAREPORTED FROM H SEWHRRE
INDICATES THAT THE HIGHEST CONCENIRATIONS OF METALS IN THE TINIO-ODIH. WERE SIGNIFICANILY HIGHER
THAN IN OTHER ESTUARIES WCRIDWIDE (TARE 2). FOR INSIANCE, CO, CU AND MO SHOWED THE MAXIMUM
CONCENIRATIONS INTHE TINTO-ODIHL (30.7 NM, 172.2 NM AND 121.9 NM, RESPECTIVALY) AND MO INTHE
GUADALQUIVR ESIUARY (114.7 NM) WIIH A SIMILAR CRDER OF MAGNITUDE THAN IN OTHER PORTS AND
ESTUARIES WORLDWIDE. AITHOUGH THE PORTS ARE PROBARLY ONE OF THE MOST POLLUTED AREAS IN THE WCRD,

THE FACTTHE TINTO-ODIH. ESTUARINE ZONE IS A SITE OF MAJCR INDUSIRIAL ACTIVITY (L BAZ-POULICHET ET AL,

11



2001) SUGGEST THIS SYSIEM SHOWS SIMILARITIES TO OIHRR PORTS WCRIDWIDE (TARE 2). SINCE THESE
RIVERS H OW THROUGH DIFFERENT MATRRIALS OF THE IBERIAN PYRIIE BA'T (ONE OF THE MOST IMPORTANT METAL
BEARING ARFAS IN THE WCRID), THEY ARE ENRICHED IN TRACE METALS, ESPECIAILY THE TINTO-ODIAL (OLIAS
AND NIEIO, 2015) AND GUADIANA RIVRR (DH.GADO ET AL, 2009; SAEZ ET A., 1999). THE HIGHEST
AVERAGE CONCENIRATIONS OF CO (14.4 £ 11.9 NM), CD (3.6 = 2.5 NM), PB (3.0 = 0.7 NM), AND /N
(445.8 = 300.3 NM) WHRE MEASIRED IN THE TINTO-ODIH. ESTUARY; NI, MO AND CU IN THE
GUADALQUIVR (18.1 = 7.0 NM, 104.3 £ 11.2 NM, 43.7 = 11.3 NM, RESPECTIVA.Y) AND TINTO-ODIAL
ESTUARIES (11.9 £ 6.8 NM, 117.6 £ 2.7, 103.9 £ 56.7 NM, RESPECTIVA_Y). THE HIGHEST CONCENIRATIONS
OF FE WHERE FOUND IN THE TINTO-ODIH. (492.4 + 220.8 NM) AND GUADIANA (334.5 + 358.1 NM)
ESTUARIES (FIGLRE 2 AND TARE]). ON THE CONIRARY, VANADIUM SHOWED A SIMILAR CONCENIRATION
AMONG THE THREE ESIUARIES (GUADIANA: 19.8 £ 4.3 NM, TINTO-ODIA.: 17.0 4.9 NM AND
GUADALQUIVR: 19.8 = 6.6 NM).

THE CORRA ATION MAIRIX OF METAL CONCENIRATION, NUIRIENTS AND TIDAL HEIGHT (TH) HIGHLIGHIED A
DIFFERENT PERRORMANCE IN THE THREE ESTUARIES: WHILST WATHR DISCHARGED FROM THE TINTO-ODIH_RIVRR IS
AFEARY ARRCIED BY HISIORICAL MINING ACTIVITIES (NELSON AND LAMOIHE, 1993; OLiAS AND NIEIO,
2015) WITH A MFETAL SIGNALCHARACTRRIZED BY HIGH POSITIVE CCRRH ATIONS AMONG MOST METALS (CU, CD,
NI AND CO) AND POCR CCRRAATIONS WITH N (FIGURE 3), THE GUADIANA AND GUADALQUIVIR RIVERS SEEM
TO BE MORE ARECIED BY URBAN AND AGRICUTIRAL USES. WATRS IN THE GUADIANA AND GUADA QUIVIR
ESTUARIES SHOWED A POSITIVE CORRH ATION BETWEEN N AND THE CONCENIRATIONS OF CU, CD AND NI; ALSO,
THESE CONCENIRATIONS WERE NEGATIVH_Y RH ATED TO THE TIDAL HEIGHT, SUGGESTING A RIVERINE METAL INPUT.
HOWEVIR, IN THE CASE OF GUADALQUIVIR, THE HIGH CONCENIRATIONS OF P (0.9 £ 0.4 uM) AND N (47.5 £

33.8 uM) (FIGLRE S4), HIGHLY CORRHATED AMONGTHEM (R=0.9, P<0.01), WITH AN CRDER OF MAGNITUDE
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HIGHER THAN THE OTHER TWO ESTUARIES IN THE CASE OF N, AND THE SIGNIFICANT CCRRH ATION WITH THE NI,
CU AND CD CONCENIRATIONS (R=0.80, 0.68 AND 0.54, P<0.01) SUGGESTS AN INHIJENCE OF THE INTENSE
ARIQUITIRE IN THE RIVER WATIR, AS PREVIOUSY STAIED (MENDIGUCHIA ET AL., 2007). AS REPORIED IN
OIHRR ESTUARIES (PEIERLS ET AL, 1991), THE GUADALQUIVR RIVER, WITH A WIDE AGRIOUITURAL EXTENSION
(EG. RICE FHDS), KEEPS HIGH NUIRIENTS CONCENIRATIONS ALONG THE YEARS DUE TO (ROHAND RUNOH
(GONZAFEZ-ORTEG(N AND DRAKE, 2012). THE HISTORICAL USE OF INCRGANIC FERTLIZERS AND PESTICIDES
(FUNGICIDES AND HERBICIDES) IN THERICE FIH DS COUDEXPLAIN A SURAUS OF CU AND NI IN THE ESTUARINE
WATR (GIMENO-GARCIA ET AL., 1996; HE ET AL, 2005; SPENCER AND GREENE, 1981). IN FACT, RECENT
STUDIES INDICATE THAT THE MAXIMUM CONCENIRATIONS OF CU AND NI ALONG THE GUADALQUIVR RIVER
BASIN ARELOCATED IN THE AGRICUTURALAREA (MENDIGUCHIA ET AL, 2007). PHOSPHOROUS CONCENIRATION IS
ALSO SIGNIFICANILY HIGH IN THE TINTO-ODIH. ESTUARY (0.9 + 0.5 uM); HOWEVER, IT DID NOT' SHOW ANY
RHATION WITH N, WHICH SUGGESTS THAT THE ORIGIN IS DIFFERENT THAN IN THE GUADALQUIVR RIVRR. IN
SPAIN, THE PRODUCTION OF H3PO4 WAS RESIRICTED TO A LARGE FERTLIZER INDUSIRIAL COMPLEX SITUATED IN
THE LOWRR TINTO-ODIH. RIVRR BASIN (PRREZ-LOPEZ ET AL., 2010) WHICH PRODUCED 1LARGE VAIUMES OF
PHOSPHOGYPSUM WASIE ADJACENT TO THE ESTUARY AND DISCHARGED HUIDS INTO IT (DAVIS ET AL., 2000).
THE CONIRIBUTIONS OF THE PHOSPHATE PLANT IN THE REGION WAS INCREASING THE CONCENIRATION OF P AND
ALSO PALUNNG WITH CD, CO, CU AND 7ZN IMPURITIES IN ITS ENIIRE ESTUARINE PORTION (GIMENO-GARCIA FT
AL, 1996; DAVIS ET AL, 2000). DESPITE THE EACT THAT THE PRODUCTION OF PHOSPHCRIC ACID IN THIS
FACTCRY ENDED IN 2010, AND THATRESICRATION ACTIONS WERE CARRIED OUT ROR SOME DISPOSAL MODULES OF
THE PHOSPHOGYPSUM STACK, RECENT SIUDIES TO ASSESS THE ERFICIENCY OF THE RESICRATION MEASURES
FOUND YET HIGH POIENTIAL OF CONIAMINATION OF THE STACK, INAIDING THOSE ZONES THAT WERE

SUPPOSELLY RESKCRED (PREZ-LOPEZ ET AL., 2016, 2018). OVERAIL, THERESU'TS OF THIS STUDY MATCH WHL
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WITH A RECENT ONE (HANEBUIH ET AL., 2018: SEE TARLE 1) WHERE THEY RECOMPILE INFCRMATION OF THE
MOUTH OF THESE THREE ESTUARIES BASED ON SEDIMENT CCRES. THAT IS, THE MODERN SEDIMENT A OSETOTHE
GUADIANA RIVERR ESTUARY SHOWS A COMPARARY LOW DEREE OF CONIAMINATION, THAT OF THE
GUADALQUIVRR ESTUARY IS MODERATH.Y POLLUIED, TWICE AS HIGH AS IN THE GUADIANA ARFA, AND THAT OFF
THE TINTO-ODIH. ESTUARINE SYSTEM IS HEAVILY CONTAMINATED.

THE DISIRIBUNION OF METALCONCENIRATIONS SHOWED A GRADUAL PATTERN WITH THE TIDAL HIUX IN IN THE
THREE ESTUARIES, WITH THE EXCEPTION OF MO AND V (FIGURE 3 AND SUPPLEMENIARY FIGIRE S2). FOR
EXAMPLE, CU AND NI SHOWED A GRADUAILY DECREASE OF THEIRR CONCENIRATIONS BETWEEN THE LOW TIDE
AND THE SUCCEEDING HIGH TIDE (I.E. FROM THE LANDWARD TO THE SEAWARD WATERS). THIS PATIERN WAS
SIRONGER IN THE TINTO-ODIHEL ESTUARY THAN IN THE GUADIANA AND GUADALQUIVIR ESIUARIES KR CD, CU
AND NI (FIGURE 3 AND SUPPLEMENIARY FIGURE S2), RE1 BCTING THE HIGH LEVH_S OF RIVERINE METAL INPUT
INTO THE TINTO-ODIAL ESIUARY. HOWEVRR, IN THE GUADIANA ESIUARY, AN INVERSE PATIRRN (A
CONCENIRATION  INCREASE BETWEEN THE LOW AND HIGH TIDE) WAS FOUND IN JULY RR PB, FE AND 7N
(FIGURE 3 AND SUPPLEMENIARY FIGURE S2: POSITIVE CORRH ATION WITH TIDAL HEIGHT). WHEN COMPARING
JULy wiIH FEBRUARY (TARLE 1), THE RRRMR SHOWED HIGHRR IEVHS OF WATR-DISSAVED FE AND A
RAATIVE INCREASE OF PB AND 7N AT THE OUTRR (L.E., SEAWARD) WATERS (FIGLRE 2 AND TARE 1). THE
IOWRR SECICR OF THE GUADIANA RIVRR BASIN HOSIS SOIS WITH HEVAIED PB MOSILY RHATED TO THE
OCOURRENCE OF SULPHIDE-RICH CRE DEPOSITS, VALCANIC SEDIMENTARY FORMATIONS AND MINING (BATISTA ET
AL, 2013). DUE TO THE CRE FCRMATION, THESE HOST ROCKS ARE IN FACT, ATLEAST IN PART, THE SOURCE OF
THESE METALS THAT MAY BE CONCENIRATED IN CERTAIN ARFAS (RELVAS ET AL, 2006) WHICH COUD EXH AIN
THE HIGH LEVH S OF PB BETWEEN THE GUADIANA AND TINTO-ODIH. ESTUARIES (HANEBUIH FT AL, 2018).
HOWEVRR, PB AND 7N REPRESENT TWO OF THE MOST HAZARDOUS HFAVY METALS FOUND IN INDUSIRIAL

WASIEWATER AND MODERN MARINE SEDIMENTS (KHAN ET AL., 2017). THE FACT THAT THE PEAK OF THESE
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METALS OCCURRED IN SUMMER COUD BE EXPLAINED BY A POPUATION INCREASE DURING THE SUMMER
SEASON IN THE MOUTH OF THE ESTUARY (E.G. IS A CRISTINA), WHICH IS A HIGHLY TOURISTIC AREA (MANANIFAU
FT AL, 2005; DEGADO FT AL, 2011). IN ANY CASE, THESE RIVER-ESTUARIES ARE SOURCES TO THE ADJACENT
CONTINENTAL SHH F WATERS OF THE GOC AND, HENCE, THE SURFACE OCEAN METAL CONIENT IS AFFRCTED BY THE

DOMINANTTRESHWATHR H UXES HROM THESE ESTUARINE SOURCES.

3.2 METAL RIVERS CONTRIBUTION AND SPATIAL-TEMPORAL DISTRIBUTION IN THE
GoC

HL EVATED SURFACE METAL CONCENIRATIONS IN DIFFERENTREGIONS OF THE GOC WERE ARECTED BY THEHIUX
AND METAL COMPOSITION OF FACH ESTUARY, PARTIALLARLY DURING THE WET SEASON (FIGURE 4 AND 5). THE
CORRH ATION MATRIX IN THE GOC SHOWED A SEASONAL EFFECT, WHERE A HIGHER NUMBER OF METALS WERE
HIGHLY CCRRH_ATED IN THE WET SEASON COMPARED TOTHE DRY ONE (FIGURE 6). THE CONCENIRATIONS OF CD,
PB AND NI SHOWED HIGH AND SIGNIFICANT NEGATIVE CCRRA.ATIONS WITH SALINITY (-0.83, -0.77 AND -0.74,
P<0.01) ANDTEMPERATLRE (-0.88, -0.88 AND -0.88, P<(0.01), AND POSITIVE CORRAATIONS WITHTURBIDITY
(0.88, 0.79 AND 0.89, P<0.01) DURING THE WET SEASON (FIGULRE 6 AND SUPPLEMENIARY FIGIRE S3).
WIIH RESPECT TO THE SPATIAL DISIRIBUTION ALONG THE GOC CONIINENIAL SHHF (FIGLRE 5), AEAR
DIFFRENCES WHRE OBSEHRVED BOTH AMONG METALS RORTHE SAME SEASON, AND BETWEEN THE WET' (MARCH
2016) AND IRY (JULY 2016) SEASON RR THE SAME METAL. FOR EXAMHALE, CD, CO AND CU (AND PB AND
NI IN THE WET SEASON) SHOWED HIGHER CONCENIRATIONS NEAR THE ESTUARIES (SOURCES) AND ALONG A
NARROW COASTALIRINGE (BETWEENTHE BAY OF CADIZ ANDTHE TINTO-ODIHL ESTUARY ), WITH OVERRAILLARGER
VALUES DURING THE WET SFASON (EXCEPT CO). OTHER METALS LIKE MO AND V DID NOT SHOW A AFEAR
SPATIAL PATIERN IN BOIH SEASONS. IN' MOST CASES, THE MAIN SOURCE SEEMED TO BE THE GUADALQUIVR

RIVRR. OTHRR METALSLIKE PB AND 7N SEEMED TO CRIGINATE AT THE TINTO-ODIH. ESTUARY OR THE BAY OF
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CADIZ, THE LATIFR PROBARLY LINKED TOTHE ACTIVITIES ATTHE CADIZ HARBCR. METAL CONCENIRATIONS IN THE
CONTINENTAL. SHHF OF THE GOC (FIGURE 5) ARE MOSILY RHATED TO FRESHWATR INPUTS (RAINFAIL AND
DISCHARGES) WHICH HAVE BEEN ACCUMUATED BEIWEEN AUTUMN-SPRING (WET SEASON). BY CONIRAST,
DIRING SUMMER, THE GENRRALY LOWHR HRESHWATRR DISCHARGES TEND TO DERFASE THE MEIAL
CONCENIRATIONS IN THE ADJACENT CONTINENTAL SHHF.

THIS SPATIAL DISIRIBUTION MIGHT BE ALSO RHAIED WIIH THE SUREACE CROULATION ON THE GOC
CONTINENTAL SHH F WHICH IS MAINLY PARAILH TOTHE COASILINE (SANCHEZ FT AL., 2006). CONSIDERING THAT
THE SURFACE CRAULATION WITHIN THE GOC INNER SHHF HOWS MAINLY SOUTHEASIWARD, I.E., TOWARD THE
SIRAII OF GIBRA'TAR, BUT THAT II' FREQUENILY REVERSES TO HOW NCRIHWESTWARD (~40% OF THE TIME)
(GARAL ET AL., 2016), THE METALS DISCHARGED ONIO THE CONTINENIAL SHHF BY THE SIUDIED RIVERS ARE
SUBJECTTO BE TRANSPORTED EITHER ONTOTHE MEDITHRRANEAN SEA CR EVEN NORTHWARDS ALONG THE WESTEHRN
PORTUGUESE COAST.  FOR INSIANCE, THE COASTAL COUNIRR CURRENT COUD BE INCREASING THE
CONCENIRATION OF ZN ON THE SURFACE SEDIMENTS ALONG THE COASTAL FRINGE BETWEEN THE MOUTHS OF THE
GUADALQUIVR AND THE TINTO-ODIH. ESIUARIES (HANEBOUIH ET AL, 2008) ORIGINATING AT THE
GUADALQUIVRR ESTUARY. THIS IS PROBARLY RH ATED TOL ARGER FRESHWATER DISCHARGE EVENTS, WHICH INTHIS
REGION MAINLY TAKE PLACE DXRING SPRING (GONZA EZ-ORTEGON ET AL, 2015), WITH SOME EXCEPTIONS. IN
THIS SENSE, THE GUADALQUIVIR RIVER DISCHARGES USUAILY INCREASE FROM L ATE SPRING TO EARYY SUMMER
DURING DROUGHTS TO IRRIGATE THE L ARGE CUTIVATION FIELDS IN THEREGION (GONZAEZ-ORIBEGON AND DRAKE,
2012).

AI'THOUGH IT HAS BEEN DEMONSIRATED THAT THE TINTO-ODIH. USED TO DISCHARGE HIGH CONCENIRATIONS
OF METALS INTOTHE GOC (LEBLANC ET AL, 1995; VAN GEEN ET AL., 1997), THE CONIRIBUTNION OF THE OTHER
TWO MAIN RIVERS HAD NOT BEEN EVALUATED. OUR RESUTS SHOW THAT, DESPIIE THE FACT THAT METAL

CONCENIRATIONS ARE GENFRAILY HIGHER INTHE TINTO-ODIELRIVRR , WITH A FEW EXCEPTIONS (E.G. NI INTHE
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GUADALQUIVRRIVRR), THE GREATER AVRRAGE HOW RATEOF THE GUADALQUIVIRRIVER, TOGETHER WITHTHE ALSO
H EVATED CONCENIRATION OF DISSOLVED METALS, MAKES THELATIER THE MAJCR INPUT OF DISSOLVED METALSTO
THE GOC. It MUST BE POINIED OUT THAT, DURING THE 90S AND EARYY 2000s, THE TINTO-ODIEL AVERRAGE
DISCHARGE RATE, A'THOUGH ALWAYS LOWER THAN THAT OF THE GUADALQUIVR, WAS ABOUT 20 M3 S}, WiTH
PEAK VALUES BETWEEN 500-2700 M? s™! (NOT SHOWN) AND THAT, FROM 2003 ONWARDS, THE AVERAGE
DISCHARGERATE DROPPEDTOABOUT 5 M3 S™, WITH PEAKS AROUND 28 - 270 M>S™!. DURING THELAST YEAR OF
AVALAHE MEASIREMENTS (2005), THE MAXIMUM (AVERAGE) DISCHARGE RAIE HAD DRAMATICAILY
DEREASED TO 6.8 (0.23) M? 57!, IN FACT, THE METAL CONCENIRATION WITHIN THE TINTO-ODIH. ESTUARY
REMAINS IN IT AND INCREASES UNDER LOW H OW RATE, AND THERERCRE DOES NOT EXPORT AS MUCH PALUTION
ASRREXAMPLE OTHR ESTUARIES (GONZAEZ FT AL, 2007; OLIASET AL., 2006).

THUS, CONSIDERING THE WATHR HIUXES IN THE ESTUARIES OF THE GUADIANA (21.47 M3s! IN MARCH AND
12.85 M3s™! IN JuLy), TINTO-ODIA. (7.52 M3s™ IN FEBRUARY AND 6.38 M?s™! IN JULY) AND GUADALQUIVR
(25.51 M*s™! IN FEBRUARY AND 29.41 M3s™! IN JULY) RIVERS, THE HIGHESTHIUXES OF NI (491234 uMOLS
), CU (1115 £ 290 uMas™), Mo (2660£290 uMas) AND V (502+191 uMOLS ') WERE OBTAINED RR
THE GUADALQUIVR RIVRR. WITHRESPECTTOTHE TINTO-ODIH_RIVER, THE HUXES OF PB (19.2 £ 4.7 uyMOLS
1), ZN (3353 £ 2259 umoLs™!), Co (108 + 90 umaLs™) AND CD (27.5 + 19.4 uMOL S™') SHOWEDTHE
HIGHEST CONIRIBUTIONS, RANGING FROM 48-66%. AI'THOUGH, IN THE GUADALQUIVIR ESTUARY THE HIUXES OF
PB (5.32 £ 0.76 pMaLs™), ZN (1457 £164 umaLs!), Co (39.9 + 9.7 umaL s) aND CD (14.0 1.3
UMOL S) HAD LOWER CONIRIBUTIONS TO THE GOC (21-36%), THESE WERE NOTLESS SIGNIFICANT.  THESE
DATA COU D SUPPORT THE GLOBAL. IMPORTANCE OF THESE TWORIVERS (1.E., GUADALQUIVR AND TINTO-ODIH.)
IN THE TRANSPCRT OF METALS TO THE GOC AND THE ENRICHMENT OF THE ATLANMIC INHOW INIO THE

MEDITERRANEAN THROUGH THE  SIRAIT OF GIBRATAR. THE CONIRIBUTION OF THE GUADIANA AND TINTO-ODIH.
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WAS ONLY HIGHER RR FE (4298 + 4601 uMOL S'AND 3144 % 1410 uMOL S, RESPECTIVALY). THUS,
VARIATIONS IN THE ESTUARINE INPUTS TO THE ADJACENT CONTINENTAL SHH F ARE I ARGAY DETRRMINED BY THE

IRESHWATIR HIUX AND NOT'ONLY BY THE METAL CONCENIRATION.

4. CONCLUSIONS

THE TRACE METALS COMPOSITION AND HUXES OF THE THREE ESIUARIES DISCHARGING TO THE GOC
CONTINENTAL.  SHHF (GUADIANA, TINTO-ODIH. AND GUADALQUIVIR) WERE CHARACTRRIZED. MEIAL
CONCENIRATIONS IN THE TINIO-ODIHL ESTUARY ARE (0 EARY ARFRCTED BY HISTCRICAL MINING ACTIVITIES, IN
THE GUADIANA BY URBAN AND MINING ACTIVITIES (DH.GADO ET AL., 2009), AND IN THE GUADALQUIVRR BY
TRBAN AND AGRIQUTURAL USES (MENDIGUCHIA ET AL., 2007). VARIATIONS IN THE ESTUARINE INPUTS TO THE
ADJACENT CONTINENTAL SHHF OF THE GOC ARE LARGH.Y DETERMINED BY THE FRESHWATHR HIUXES FROM THE
GUADALQUIVRR RIVRR (ESPECIAILY R THE INPUT OF NI AND CU) AND, TO ALESSRR EXIENT, BY THE TINIO-
ODIAL AND GUADIANA RIVERS. DURING THE IRY SEFASON (ILE. SUMMER WIH LOW RIVRR DISCHARGE
CONDITIONS AND LOW METAL HIXES), THE ENLARGED ANTHROPOGENIC ACTIVITIES WITHIN THE GUADIANA
ESTUARINE ARFA (SUCH AS TOURISTIC AND HARBCR ACTIVITIES) COU D REPRESENT A GREATRR PROPCRTION OF THE
TOIALINPUTS OF FE, PB AND ZN TOTHE ADJACENT CONTINENTAL SHH F WATERS.

THE HIUXES EVALUATED IN THIS STUDY PROVIDE A FRRST ESTIMAIE OF THE DISS(LVED METALS DISCHARGE
FROM THE THREE MAIN ESTUARIES TO THE GOC. THE SPATIAL PATIERN OF METAL CONCENIRATIONS OVERR THE
GOC CONTINENTAL SHHF IS EXPLAINED BY HIGH CONIRBUTIONS FROM THE GUADAIQUIVR RIVER AND, TO A
LESSER EXTENT, BY THE TINTO-ODIH_RIVERR. THIS, TOGEIHRR WITH THE OCEANOGRAPHIC DYNAMICS OVER THE
GOC CONININENTAL SHHF, POINI'TO AN UNEXPECTELLY IMPORTANT CONIRIBUTION AND NEI'TRANSPORT OF IRACE

METALS FROM THE GUADALQUIVIR RIVER BASIN TOTHE MEDITHRRANEAN SFEA.
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Figure legends

FIGURE 1. MAP OFTHE GULF OF CADIZ SHOWING THELOCATION OF THE SAMPLING SITES AND SOME
GBEOGRAPHICAL FEATURES MENTIONED INTHETEXT. GUO, TOO AND GDO REFERR TOTHE THREE ESTUARIES
(GUADIANA, TINTO-ODIH. AND GUADALQUIVIR, RESPECTIVHY). THEREMAINING POINTS INDICATETHE
SAMPLING LOCATIONS FOR THE DIFFERENT OCEANOGRAPHIC (RUISES CARRIED OUT WITHINTHE GOC CONTINENTAL

SHHF.

FIGIRE 2. BOXPL.OI'OF METALCONCENIRATIONS (LOG-TRANSFORMED, NM ) AT FACH ESTUARY AND STUDIED
MONTH. MIDDLELINE = MEDIAN; UPPER EDGE = 7 5TH PERCENTLE; LOWER EDGE = 25TH PERCENTLE; LINES =
VARIABILITY OUTSIDE THE QUARTLES. THELEITERS ON'TOP OF EACH BOXHLOT INDICATE WHETHER THERE ARE
SIGNIFICANT DIFFERENCES (MAX-TTEST: P <0.001) BETWEENTWO CR MCRE BOXPLOIS (1.E., LEITERS ARE
DIFFERENT) CR NOT (SAMELEIIR). “WEI” CORRESPONDS TOTHE SAMPLING DATE, 1.E., FEBRUARY 2016 RORTHE
TINTO-ODIH. AND GUADALQUIVRR ESTUARIES, AND MARCH 2016 FORTHE GUADIANA ESTUARY. “DRY”’

QCRRESPONDS TOTHE SAMH ING DATEOF JULY 2016.

FIGURE 3. PLOIS OFTHE PEARSON’S CORRH ATIONS BETWEEN METAL SPECIES AND PHYSICAL VARIAR ES,
INCLUDING TIDAL HEIGHT, FOR FACH ESTUARY. ONLY SIGNIFICANT CCRRAATIONS (P < 0.01) BETWEEN MFETAL
CONCENIRATION, NUIRIENTS AND TIDAL HEIGHT (TH)) ARE DEPICTED WITH CCLOURS, WITHTHE SIGN OFTHE

CCRRH_ATIONS REPRESENIED BY RED AND BLIUE FCR NEGATIVE AND POSITIVE CORRH ATIONS, RESPECTIVHLY .

FIGURE 4. BOXPLOT OF METALHUXES (LOGATRANSFORMED, UMOL S-1) AT EACH ESTUARY AND STUDIED MONTH.
MIDD ELINE = MEDIAN; UPPER EDGE = 75TH PERCENTLE; LOWER EDGE = 2 5TH PERCENTLE; LINES =

VARIABILITY OUTSIDE THE QUARTLES. THELEITERS ONTOP OF EACH BOXPLOT INDICATE WHETHERR THERE ARE
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SIGNIFICANT DIFFFRENCES (MAX-TTEST: P <0.001) BETWEENTWO CR MORE BOXPLOTS (I.E., LEITHRS ARE

DIFFERENT) R NOT (SAMELETTR).

FIGURE 5. METALS CONCENIRATION SPATIAL DISIRIBUTION FCR FACH STUDIED MONIH AS OBTAINED WITH DIVA
(DATA-INTEFRPALATING VARIATIONAL ANALYSIS) IN MARCH AND JULY 2016 (WET AND DRY SEASONS,
RESPECTIVAY). RED ASTRRISKS INDICATETHE SAMPLINGLOCATIONS. THE 50, 100, 200, 500, AND 1000 M

ISOBATHS ARE SHOWN.

FIGURE 6. PLOTS OFTHE PEARSON’S CORRH ATIONS BETWEEN METAL SPECIES AND PHYSICAL VARIAR ES FROM
THE GOC IN A WET (MAR(H) AND IRY (JUNE) MONTH. ONLY THE SIGNIFICANT CORRHATIONS, AS BASED ONTHE
99% (REDIBLE INTERRVALS EXA UDING ZERO, HAVE BEEN PLOITED. THE SIGN OF THE CCRRH ATIONS IS

REPRESENTED BY COLOURS (RED AND BLUE FOR NEGATIVE AND POSITIVE CORRH ATIONS, RESPECTIVHLY).

33



Table 1. Average concentration and flux + standard deviation of metals measured in February and July
2016 of the Guadalquivir, Guadiana and Tinto-Odiel estuaries. Units of metal concentration in nM and
flux in pmol seg-1

Estuary Mon Fe Ni Co Cu Mo Cd Pb Zn VvV
th
Concen
tration
Guadalg Febr
uivir  uary 5.93+2.4 18.20+7 1.00+0. 43.73+1 104.33+ 0.55+1 0.21+ 57.13+6. 19.68+7
1 .03 12 1.35 11.23 123 0.03 44 51
July 6.72+35 16.72+7 1.36+0. 29.27+7. 85.07+5. 0.29+5 0.16+ 22.93+2. 19.99+6
1 .99 33 02 67 .67 0.04 20 48
Guadian Febr 5.69+1.5 5.20+0. 0.83+0. 11.12+1. 88.1648. 0.30+8 0.04+ 10.86+0. 19.52+5
a uary 6 37 07 87 04 .04 0.01 95 71
July 334.53+3 3.85+0. 1.16+0. 11.15+3. 80.87+7. 0.16+7 0.29+ 15.63+3. 19.97+3
58.11 82 37 97 05 05 0.28 75 81
Tinto- Febr 4.75+1.0 11.98+6 14.45+ 103.98+ 117.70+ 3.67+2 0.66+ 445.85+3 12.95+6
Odiel  uary 8 .87 11.95 56.73 2.75 75 0.03 00.36 A1
July 492.42+2 4.05+0. 3.57+1. 83.45+2 81.17+1 1.45+1 3.00+ 144.10+5 18.74+3
20.89 92 47 6.45 2.28 228 0.73 4.18 46
Flux
Guadalg Febr 151.20+6 464.19+ 25.46+ 111557 2661.23 14.04+ 5.33+ 1457.39+ 502.02+
uivir  uary 1.60 179.30 3.03 +289.50 +286.47 129 0.77 16432 191.46
July 197.50+1 491.79+ 39.94+ 860.66+ 2501.75 8.51+2 4.63+ 674.43t6 587.83%
03.16 23496 9.69 206.34 +£166.81 .21 1.20 4.62 190.57
Guadian Febr 122.27+3 111.69+ 17.92+ 238.83+ 1893.19 6.34+0 0.80+ 233.16+2 419.16%
a uary 3.47 7.89 1.46 40.09 #172.71 54 0.18 0.44 122.55
July 4298.64+ 49.42+1 14.96+ 143.24+ 1039.22 2.05+0 3.78+ 200.86+4 256.58+
4601.64  0.58 4.76 51.00  £90.54 .36 3.57 8.17 48.95
Tinto- Febr 35.7048. 90.08+5 108.69 782.05+ 885.24+ 27.58+ 5.00+ 3353.39+ 97.38+4
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Odiel

uary 10 1.68

July 3144.65+ 25.87+5
1410.66 .87

+89.91 426.65 20.68 1945 0.25 2259.07 5.99

22.80+ 532.95+ 518.39+ 9.24+5 19.16 920.23+3 119.70+
9.41 168.92 78.42 88 +4.66  46.02 22.09
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Location Cd Co Cu Fe Mo Ni Pb Vv Zn Reference
Torres Strait and 0.01- 0.57- 16.02- Apte and Day, 1998
Gulf of Papua 0.26 15.52 78.38
New South Wales 0-0.02 0-0.49 0-3.07 0.04 0-0.34 Apte and Batley,
coast, Australia 1998
Archelos estuary, 10.7 2023.28 0- 1.11 0-44.96 Dassenakis et al.,
Greece 22.49 1997
Weser estuary, 1.42 31.47 3.58 34.08 265.44 Turner et al., 1992
Germany
Six estuaries, 1.57- 17.91- 0.27- 4.59- Benoit et al., 1994;
Texas, USA 20.46 268.58 0.65 185.04 Morse et al., 1993
Tweed estuary, UK 0.09- 7.71- 6.58- Laslett, 1995
0.29 73.96 29.06
Humber 0.44- 11.8- 55.05- Laslett, 1995
estuary,UK 1.96 56.65 229.39
Humber estuary, 0.44-4 28.33- 42.6- 45.88- Comber et al., 1995
UK 158.94 204.46 313.5
Mersey estuary, 0.09- 12.59- 34.08- 99.4- Comber et al., 1995
UK 0.98 77.9 178.91 428.2
Scheldt estuary, 0.09- 4.72- 9.18- Zwolsman et al.,
Netherlands 0.27 34.94 351.74 1997
Tay estuary, 0.02- 7.08- 3.92- 6.12- Owens and Balls,
Scotland 1.07 29.9 15.33 122.34 1997
Bristol Channel, Uk 3.56- 9.44- 3.41- 1.69- 41.29- Abdullah and Royle,
83.62 84.98 51.12 62.74 672.89 1974
Poole Harbour, Uk 2.67- 3.15- 15.29- Rainbow, 1990
373.6 440.63 10307.3
3 9
Derwent estuary, 1 Coughanowr etal.,
Australia 2015
N Australian coast 0.01- 0.09- 2.33- 1.43- 1.98- 0.01- 0.15- Munksgaard and
and estuaries 0.31 1.15 16.37 610.56 9.41 0.27 7.62 Parry, 2001
Gironde estuary, 0.44- Elbaz-Poulichet et
France 3.56 al., 1987
Gironde estuary, 0.09 Chiffoleau et al.,
France 1994
Seine estuary, 0.7 1 10 20 1 50 Jouanneau et al.,
France 1990
Loire river, France 0.21 0.4 Boutier et al., 1993
Scheldt estuary, 13.5 61 48 7 van den Berg et al.,
NL 1987
Elbe, Germany 0.09- 7.87- 193.05- Mart et al., 1985
2.14 110.16 1930.5
Humber, UK 0.44- 11.8- 15.33- 0.11- 55.05- Laslett, 1995
1.96 56.65 107.34  2.99 229.39
Tees, UK 0.13- 7.71- 3.58- 0.26- 10.71- Laslett, 1995
0.86 157.37 17.04 3.96 214.1
Wear, UK 0.12- 5.19- 5.11- 0.28- 7.65- Laslett, 1995
0.52 22.03 49.41 2.65 114.7
Tyne, UK 0.1- 4.72- 4.77- 0.28- 9.18- Laslett, 1995
1.16 25.18 47.71 5.31 382.32
Tweed, UK 0.06- 7.71- 3.92- 0.19- 6.58- Laslett, 1995
0.29 73.96 13.8 0.82 29.06
Mersey, UK 0.08- 20.46- 13.63- 0.15- 22.94- Laslett, 1995
0.54 51.93 160.16  4.25 259.98
Morecambe Bay, 0.08- 9.13- 6.82- 0.13- 21.41- Laslett, 1995
UK 0.44 29.9 1380.1 1.25 113.17
3
Port Jackson, 8.9 47.212-  393.912- 83.392- 17.04 4.832- 58.892- 137.642- Jahan and Strezov,
Australia 62.95 1378.69 104.23 9.65 137.42 581.13 2017
Port Botany, 15.742-  268.582- 104.232 17.04 4.832- 78.522-  61.172- Jahan and Strezov,
Australia 141.63 9507.61 -135.5 33.78 196.31 382.32 2017
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Port Kembla,

Australia

Port Newcastle,

Australia

Port Yamba,

Australia

Port Eden, 8.92-
Australia 62.27
Guadalquivir 0.19-
estuary, Spain 0.60
Gudiana estuary, 0.13-
Spain 0.33
Tinto-Odiel 0.6-
estuary, Spain 7.19

16.9
7
33.9
4
0.83-
1.75
0.72-
2.16
1.92-
30.7

62.95

78.68

629.47

20.6-
60.1
7.12-
17.8
50.4-
172

143.242-
644.58
143.242-
3419.87
286.482-
4834.38
1683.08

2.60-13.1

3.35-974

3.02-919

93.812-
135.5
62.542-
104.23
83.392-
104.23
83.392-
104.23
74.8-
115
67.2-
97.4
47.8-
122

153.35

7.85-
29.8
2.57-
5.62
2.20-
21.2

4.83

4.83

24.13

4.83

0.10-
0.25
0.03-
0.78
0.63-
3.98

58.892-
78.52
78.522-
98.15
58.892-
157.05
78.522-
98.15
12.3-
31.8
12.5-
29.0
7.50-
23.1

152.932-
305.86
168.222-
535.25
15.292-
443.49
20.2-
64.3
9.01-
21.1
92.4-845

Jahan and Strezov,
2017

Jahan and Strezov,
2017

Jahan and Strezov,
2017

Jahan and Strezov,
2017

This study

This study

This study

’

’

’

’

Table 2 Range of dissolved metal concentrations (nM) in surface waters from estuaries and coastal ports

elsewhere (min-max).
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Highlights

High metal concentrations in the Tinto-Odiel estuary by historical mining activities

Metal concentrations in Guadiana and Guadalquivir mostly due to urban-agricultural uses
High fluxes of Ni (73%) and Cu (19%) from the Guadalquivir river to the GoC shelf
Metal pattern over continental shelf largely determined by the Guadalquivir fluxes

Net transport of trace metals from Guadalquivir river to the Mediterranean Sea
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