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Abstract

TOROS (Tinto—Odiel-River—-Ocean Study) has been studying the biogeochemical processes which
control metals and nutrients cycling in the mixing zone of the Tinto and Odiel rivers (SW Spain) and has
established the fate of metals in the Gulf of Cadiz in relation to hydrodynamics and biological activity. The
Tinto and Odiel rivers are small, with a combined mean discharge of 18 m?®/s. They drain the largest
sulphide mineralisation in the world. Predominantly, Zn—Cu—Pb mineralisation has been worked since
2500yr BC. The estuarine zone includes both an extensive area of salt marsh and an intensively
industrialised urban area. As a consequence of pyrite oxidation, the Tinto and Odiel rivers are strongly
acidic (pH<3) with extremely high and variable metal concentrations. Transition metals are poorly
removed from the water column in the mixing zone. Moreover, drainage from large phosphogypsum waste
deposits contributes to As, Hg, U and phosphate contamination of the estuary. The collapse of the tailing
reservoir at los Frailes in 1998 had not impacted the chemistry of the coastal waters up to 6 months later. A
large plume of metal-rich waters due to the Tinto and Odiel discharges occurs along the coast of the Gulf of
Cadiz. This plume affects seasonally the Atlantic inflow through the Strait of Gibraltar. The dispersion of
the metal discharges has been simulated by injection of a tracer in the 3-D hydrodynamical model. Both
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model and field study clearly show the inflow of metal contaminated Spanish Shelf Water through the Strait
of Gibraltar. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Metals are introduced in waters by present or past mining activities, agriculture, industrial and
domestic sewage. Unlike organic compounds or radionuclides, they do not degrade and thus are
not expected to lose their toxic potential. In Europe, mining activity is one of the major sources of
metals in the coastal zone. Mining activities leave metal-rich wastes which slowly release metals in
the rivers. Several small and large rivers are affected by mine drainage: in France—the Dordogne
river tributary of the Gironde, the Gardon and the Ardeche, tributaries of the Rhone; in
England—the Tamar river, Lake district, etc; and in Spain—rivers discharging on the north-west
and south-west coast.

Spain is affected by metal discharges, particularly in Andalucia, where the main rivers flowing
into the Atlantic oceans drain metal mineralisation. In this region, mining activity has left
enormous metal-rich wastes. Some mines are still active and there is an important risk of
accidental metal spill. This risk has been materialised recently by the collapse of the retaining dam
of a tailing reservoir in Aznalcollar (25 April 1998). Between 5 and 7 x 10°m? of acid sludge and
water (pH 2) were released into the Rio Agrio, a tributary of the river Guadiamar (Van Geen and
Chase, 1998). The released sulphide sludge formed a layer of 1 m thick over a distance of 40 km,
covering more than 40005000 ha of the river bed and flood plains of the Guadiamar, in addition
to surrounding agricultural fields. In order to prevent contamination of the Donana Park (world’s
biosphere reserve of UNESCO), located at 45 km south of the mine, the waters have been diverted
to the river Guadalquivir (40 km from its mouth).

The Gulf of Cadiz represents 5% of fish and shellfish catches for Spain (L. Suarez de Vivero,
personal communication) and 10% for Portugal (Bebiano and Machado, 1992). In addition, the
waters from the Gulf of Cadiz contribute to 15-20% of the Atlantic inflow to the Mediterranean
Sea (Van Geen et al., 1991; Morley et al., 1999).

The aim of TOROS project was to study the fate of metals and nutrients in the Tinto and Odiel
estuary and in the Gulf of Cadiz.

This paper summarises the main results obtained to date within this project. In order to
evaluate the consequences of metal contamination in the Gulf of Cadiz for the Mediterranean Sea,
data from the CANIGO (MAST, DGXII) have also been included in this study.

2. Studied area

The Tinto and Odiel (Fig. 1) are relatively small rivers (83 and 128 km in length, respectively).
They have similar drainage basin areas (around 1680km?). The mean water discharges of the
Odiel and the Tinto rivers are 15 and 3m?>/s, respectively. Important variations above and below
the mean values have been observed (Borrego-Flores, 1992), with extremely low discharges during
dry periods.
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Fig. 1. Map of the study area. The Tinto and Odiel rivers meet in a common estuary (Ria) at Huelva.

Both rivers drain the Iberian Pyrite Belt, which is the largest sulphide deposit in the world
and contains 1700mt of sulphides (Leistel et al., 1998). This predominantly Zn—-Cu-Pb
mineralisation has been worked continuously since the Phoenician and Roman era (Rothenberg
and Blanco Freijero, 1980). Nowadays, mining activity is less intense in the Odiel than in the
Tinto catchment, where ore extraction is still taking place. On the upper Odiel river a dam has
been built which traps sediments and acid mine wastes from ore processing plants. The oxidation
of pyrite in the mining zone produces sulphuric acid and as a consequence, the Tinto and Odiel
waters are acidic (pH 2.5, Nelson and Lamothe, 1993; Elbaz-Poulichet and Leblanc, 1996; Van
Geen et al., 1997).

Tinto—Odiel estuary is a well- to partially mixed estuary with a maximum tidal amplitude of
approximately 3 m. The estuarine zone is a site of major industrial activity. On the east bank of
the Odiel are phosphate-based fertiliser plants, which generate important phosphogypsum wastes.
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The wastes are dumped on the northern bank of the Tinto near the junction of the two rivers.
Furthermore, the industrial area includes a pyrite roasting plant, a Cu smelting plant, an oil
refinery and other chemical industries.

3. Methodology

Within the TOROS project, four surveys were carried out: November 1996, June 1997, April
1998 and October 1998. Four surveys of the Strait of Gibraltar were also performed in the
framework of the CANIGO project from 1997 to 1999.

The methodology for water sampling, metal and nutrient analyses which involved
intercomparison exercises and repeated runs of certified reference standards, has been described
in Braungardt et al. (1999) and Elbaz-Poulichet et al. (1999, 2000).

The numerical hydrodynamic model—geohydrodynamics and environment research (GHER-
3D) model (Beckers, 1992)—has been used to simulate the fate of metals in the Gulf of Cadiz. In
order to get a more precise pattern of the dispersion of the river’s plume, a nested model has been
implemented in the Gulf of Cadiz. The nesting procedure (Nomerange, 1998) allows a very fine
model domain (1.3 km horizontal resolution) to be used.

In order to assess the history of metal contamination, a 15m deep core has been drilled in the
Tinto floodplain (Fig. 1). Sediments have been dated using '*C and analysed for metals.

4. History of metal contamination

The oldest findings indicate that metallurgical activities in the region date from 2500 yr BC
(Briard, 1976; Rothenberg and Blanco Freijero, 1980). The drilled core of the Tinto confirms this
old mining activity and shows that it also corresponds to an old history of metal inputs to the
Tinto river and estuary. In this core, two metal-rich horizons are recognised (Fig. 2). The upper
level corresponds to the modern mining; the lower horizon has been dated to 2530 yr BC (**C
AMS calibrated age). The presence of small droplets of likely slags (vesicular glasses with Fe—Si or
C-Si compositions with up to 0.5% of Cu and sulphur) and fragments of charcoal in the lower
horizon is compelling evidence for an active contemporanecous metallurgical activity (Leblanc
et al., 2000).

5. Metal biogeochemistry in waters

5.1. Origin and metal (Fe, Ni, Cu, Zn, Cd, Pb, As and Hg) concentrations in the Tinto and Odiel
mixing zones

The concentration ranges observed in the Tinto and Odiel are reported in Table 1. These values
are variable but extremely high when compared to other European rivers. In the Odiel mixing
zone dissolved Hg concentrations reach 0.165nM. This value is 10 times higher than the
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Fig. 2. Metal profiles in the sediments of the Tinto estuary.
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maximum value observed in the Seine river which is considered as the most heavily contaminated
French river (Cossa and Boutier, 1999).

The primary source of metal is the drainage of mining wastes. However, heavily contaminated
sediments and phosphogypsum wastes constitute important secondary sources. The Hg con-
centration in the phosphogypsum waste is comprised between 1 and 4 ppm. The U concentration
is 11 ppm. Assuming that the deposit contains 10'° kg of phosphogypsum (Travesi et al., 1997) the
stocks on the bank of the Tinto are 10-70t for Hg and 110t for U. This stock is important
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Table 1
Dissolved metal concentrations (nM) in some contaminated European rivers near their mouths and in the Tinto and
Odiel rivers®

River Fe Ni Cu Zn Cd Pb As Hg
Tinto (1)° 1229-12527 1617-2432 142447559 265-890 682-2617 5555 203-29253 0.042
Odiel (1)° 39-734 17222491  67-136693 133-418  457-868 307 6-369 0.164
Garonne (2, 3,4,5) 139 6 13 18 0.52 0.26 20 0.0025
Seine (6, 7, 8) 40 70 31 200 2 2.5 0.014
Rhone (9, 10) 232 27 35 20 0.27 042 26 0.0024
Scheldt (11) 35 352 0.27

Tagus (12, 13)° 210 15 26 230 3.4 3 680

#Sources: (1) Elbaz-Poulichet et al. (1999, 2001); (2) Kraepiel et al. (1997); (3) Elbaz-Poulichet et al. (1987); (4) Seyler
and Martin (1990); (5) Cossa and Boutier, (1999); (6) Cossa et al. (1994); (7) Chiffoleau et al. (1994); (8) Huang and
Mouchel (1994); (9) Elbaz-Poulichet and Leblanc (1996); (10) Guieu et al. (1993); (11) Zwolsman et al. (1997); (12)
Cotte (1997); (13) Seyler (1985).

®Fe and Zn concentrations in pM in the Tinto and Odiel rivers.

compared to the mean European Hg consumption estimated to be 400—450t/yr between 1985 and
1992 (OCDE, 1994).

Using rare earth elements in waters, we have demonstrated that phosphogypsum wastes are
leaking (Elbaz-Poulichet and Dupuy, 1999) and supplies the waters with dissolved and particulate
As, Hg and U (Elbaz-Poulichet et al., 1999, 2000; Cossa et al., 2001).

5.2. Fate of metals in the Tinto—Odiel estuary

According to their behaviour in the dissolved phase, two groups of metals may be recognised in
the estuarine zone of the Tinto and Odiel rivers.

The first group includes Fe, Mn, Cu, Cd, Pb and Ni which are supplied to the rivers by drainage
of mining wastes. In the Odiel mixing zone their concentrations in the dissolved phase decrease
from the river end-member to the marine end-member (Fig. 3). Contrasting with normal estuaries,
(Boyle and Edmond, 1977) where extensive Fe removal occurs in the low chlorinity part of mixing
zones, Fe is only slightly removed in the Odiel mixing zone (Fig. 3).

In the Tinto mixing zone, metals increase strikingly in the early stage of mixing (Fig. 2) and
then decrease with increasing salinity. The maximum concentration in the low chlorinity region of
the Tinto is attributed to the release of Fe from detrital pyrite and Fe-oxyhydroxides, which are
abundant in these sterile salt marshes (Elbaz-Poulichet et al., 1999, 2000; Elbaz-Poulichet and
Dupuy, 1999).

The second group includes Hg, As, U and P which show a maximum of dissolved concentration
(Fig. 4) near the effluent which drains the phosphogypsum waste deposits. They are trapped by
sediments in the estuarine zone (Elbaz-Poulichet et al., 1999, 2000; Cossa et al., 2001). The
similarity between As and phosphate distribution in waters (Fig. 4) and the concomitant increase
of As in suspended matter and chlorophyll-a (Fig. 5) suggest that algae play a role in removing As
from the water column.
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Fig. 3. Distribution of dissolved Fe, Mn and Cu in the waters of the Tinto—Odiel mixing zone as a function of chloride.

5.3. Metal dispersion in the Gulf of Cadiz— consequences of the Aznalcollar spill

From the Tinto and Odiel estuary, where metal concentrations are maximum, and Odiel river a
plume of contaminated water follows the north-eastern coast of the Gulf (Fig. 6). This confirms
the occurrence of a metal-enriched water mass in the Gulf of Cadiz (Spanish shelf water, SSW),
first reported by Van Geen et al. (1991). The coupled hydrodynamical-advection—dispersion
model of the Gulf of Cadiz demonstrates that the majority of variations in trace metal
concentrations between the Ria de Huelva and the Strait of Gibraltar can be accounted for by
advection—dispersion processes of metals discharged by the Tinto and Odiel rivers (Elbaz-
Poulichet et al., 2001a).

Continuous in situ monitoring of metal concentrations (Fig. 7) revealed that dissolved metal
concentration in the Gulf of Cadiz in the vicinity of the Guadalquivir mouth (Fig. 7) had not
changed after the collapse of the tailing reservoir of the Aznalcollar mine (Achterberg et al., 1999).

6. Consequences of the contamination in the Gulf of Cadiz on the Mediterranean Sea

The distribution of dissolved metal concentrations in surface waters of the Gulf of Cadiz
indicates that the coastal currents carry the metals discharged from the Tinto and Odiel to the
Strait of Gibraltar. With the exception of Hg (Cossa et al., 2001), metal enrichments are observed
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Fig. 4. Distribution of Hg and U (a), and PO3~ and As in June 1997 (b) and April 1998 (c) as a function of chloride in
the Tinto mixing zone.

in the Strait of Gibraltar (van Geen et al., 1988, 1991; Morley et al., 1999; Elbaz-Poulichet et al.,
2001a). Arsenic shows limited enrichments compared to transition metals (Cu, Zn, Mn).

The relative contribution of SSW to the Atlantic inflow in the Strait of Gibraltar has been
calculated using the GHER hydrodynamical model and an inversion method applied to a mixing
model. These two methods give a contribution of 154 5% for SSW entering in the Mediterranean
Sea through the Strait of Gibraltar (Morley et al., 1999; Elbaz-Poulichet et al., 2001a). This value
is close to 20+ 10% suggested by van Geen et al. (1991).
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Fig. 5. Distribution of As in the suspended matter and chlorophyll-a in the Tinto estuary as a function of chloride.
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Fig. 7. Dissolved Zn concentrations in the surface waters of the Gulf of Cadiz before and after the Aznalcollar
accident. Similar patterns are observed for other metals (Achterberg et al., 1999).

Metal fluxes through the Strait of Gibraltar have been calculated using the new data set
acquired during the CANIGO project (Elbaz-Poulichet et al., 2001b). Results are given in Fig. 8.
The introduction of SSW systematically increases the metal flux by a factor 2-7 for Mn, Fe, Cu,
Zn, Cd and Pb but does not significantly change the Ni, Co and As fluxes in the Mediterranean
Sea. Neither Ni nor Co has important source in the Iberian pyrite belt (IPB). Although As is
abundant in the IPB and in the Tinto and Odiel rivers, the extensive transfer to the particulate
phase, which occurs in the Tinto and Odiel mixing zone, prevents its important dissemination in
the Gulf of Cadiz. Cossa et al. (2001) also suggest that the lack of Hg enrichments in the Gibraltar
(Cossa et al., 1997) is due to its extensive scavenging by sediments in the Tinto—Odiel estuary and
in near-shore waters. With or without SSW, the Atlantic ocean is always a net source of Mn, Cu
and PDb for the Mediterranean Sea and conversely the Mediterranean Sea is a net source of Ni, As
and Cd for the Atlantic.

7. Conclusion

TOROS study has shown that the Tinto and Odiel rivers have extremely high metal
concentrations. The following metals (Mn, Cu, Ni, Co, Fe, Cd, Zn and Pb) are mainly discharged
by acid mine drainage whereas the phosphate fertiliser industry constitutes an important source
for As, Hg and U. This raises the question of the impact of the dumping of phosphogypsum in
estuarine zone.

Metal behaviour in the Tinto and Odiel mixing zone is rather unexpected with a weak removal
from the dissolved phase in the Odiel and a release into solution in the Tinto. The metal
discharges in the Huelva estuary have a regional impact, and increase significantly, at least
seasonally, metal inputs (excepted for As, Hg and U) to the Mediterranean Sea.

The history of metal contamination is recorded in the sediments of the Tinto and we report the
oldest metal contamination through mining activity known so far in the world. Despite this old
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Fig. 8. Metal fluxes through the Strait of Gibraltar. MOW: Mediterranean outflowing water.

metal contamination, the estuarine zone is extremely productive due to important inputs of
phosphate from phosphogypsum wastes. In this context, further studies should investigate the
interactions between metals and biota, and assess the ecotoxological risk.
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