
                                                                                                                       

 1 

Toxicity and potential risk assessment of a river polluted by acid mine drainage in the 1 

Iberian Pyrite Belt (SW Spain) 2 
 3 
Aguasanta M Sarmiento

(a,b*)
, Angel del Valls

(a)
, José Miguel Nieto

(b)
, María José Salamanca

(b)
, Manuel 4 

Caraballo
(a)

 5 
 6 
 7 
(a)

Cátedra UNESCO/UNITWIN/WiCop, Departamento de Química Física, Facultad de Ciencias del Mar y 8 
Ambientales, Universidad de Cádiz, CP 11510 Puerto Real, Cádiz, Spain.  9 
(b)

Departamento de Geología, Universidad de Huelva, Campus ‘El Carmen’, CP 21071, Huelva, Spain 10 
 11 
*E-mail address corresponding author: aguasanta.miguel@uca.es (Aguasanta M Sarmiento) 12 
 13 

 14 

Abstract 15 

 16 

The contamination of metals from acid mine drainage (AMD) is a serious problem in the southwest of the Iberian 17 

Peninsula, where the Iberian Pyrite Belt is located. This zone contains original massive sulphide reserves in order 18 

of 1700 Mt divided up in more than 50 massive sulphide deposits. Weathering of these minerals releases to the 19 

waters enormous amount of toxic elements which severely affect the sediments and surface waters of the region. 20 

The main goal of this paper is to evaluate the toxicity and the potential risk associated with the mining areas using 21 

Microtox test and different factors which assess the degree of contamination of the sediments and waters. For this, 22 

a natural stream polluted by AMD-discharge from an abandoned mine has been studied. The results show the 23 

elevated concentration of Cu, As and Zn involve an important potential risk on the aquatic environment, 24 

associated both in sediments and waters. Microtox test informs that the sediments are extremely or very toxic, 25 

mainly associated to concentrations of Fe, As, Cr, Al, Cd, Cu and Zn. Pollution is mainly transferred to the 26 

sediments increasing their potential toxicity. A natural creek affected by AMD can store a huge amount of 27 

pollution in its sediments and exhibits a not very low water pH and low water metal concentration. 28 

 29 
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1. Introduction 37 

 38 

Direct exposure to acid mine drainage (AMD) and sediments discharged from abandoned metal mine poses a 39 

serious hazard to aquatic biota, including to humans (Peplow and Edmonds, 2005). Large amounts of metallic ions 40 

and sulphate flowing into the streams imparted the typicall high acidity, high conductivity, etc., thereby resulting 41 

in the chemical degradation of the streams. Serious pollution hazards from AMDs have been reported in multiple 42 

sites worldwide. The studies show that AMD has a wide range of effects, viz, physicochemical changes in acidity, 43 

turbidity, sediment composition and ionic content. Also various biological impacts such as bioaccumulation, 44 

metabolic malfunctions (Blasco et al., 1999) and tissue damage affect the aquatic biota. AMD also reduces 45 

primary production and depleted numbers of sensitive species (Kim et al., 2002). 46 

 47 

The contamination of AMD typically induces the formation of a significant amount of iron precipitates on the 48 

river bed, mainly as Fe oxy-hidroxy-sulphates precipitates (Bigham and Nordstrom 2000). The majority of 49 

elements of AMD discharging into aquatic system eventually end up in sediments that act as a sink of pollution, as 50 

well as a source of pollution (Delistraty and Yokel, 2007; Power and Champan, 1992). Whereas the total metal 51 

concentration is easier to measure in these environments, it is not a reliable indicator of toxicity due to distribution 52 

for contaminants among multiple phases varying in bioavailability (Landrum and Robbins, 1990) and speciation 53 

and partitioning effects, since different forms of chemical species in different compartments may vary widely in 54 

toxicity (Imai and Gloyna, 1990). Toxicity tests are desirable in sediment pollution evaluations because chemical 55 

and physical tests alone are not sufficient to assess potential effects on aquatic biota.  56 

 57 

The Odiel River Basin (Fig. 1a) is generally recognized as a fluvial system with a catastrophic ecological situation 58 

due to chronic and severe pollution from AMD, so much so that it affects 37% of the length of the drainage 59 

network (Sarmiento et al. 2009a). The Odiel River drains the central part of the Iberian Pyrite Belt (SW Spain). 60 

This zone contains original massive sulphide reserves in the order of 1700 Mt divided up in more than 50 massive 61 

sulphide deposits. Pyrite, sphalerite, galena and chalcopyrite are the main mineral phases that make up these 62 

deposits, which also contain accessory amounts of As, Cd, Co, Ni, Cr, etc. Weathering of these minerals releases 63 

to the waters enormous amount of toxic elements which severely affect the Odiel River from its upper section to 64 

the Huelva Estuary (Cánovas et al. 2007; Olías et al. 2004; 2006a).  65 

 66 
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Other examples of rivers affected by AMD in the southwestern of Iberian Peninsula are several streams from the 67 

low part of the Guadiana Basin (Delgado et al., 2009; Grande et al., 2005), the Tinto River (Cánovas et al., 2008; 68 

2010), etc. Apart from chronic pollution by AMD, major accidents, most often resulting from the breaching of an 69 

effluent retaining dike, can bring about major pollution incidents as in Andalusia (south-western Spain), where, in 70 

1998, a dam breaking resulted in the contamination of the Guadiamar River (Grimalt et al., 1999; Olías et al., 71 

2006b), an affluent of the Guadalquivir, which drains the Donana National Park (UNESCO world reserve).  72 

 73 

Despite the high number of papers covering many environmental issues related with AMD pollution, a better 74 

study of water and sediment toxicity in this region is needed in order to evaluate the potential risk associated with 75 

the mining areas. The main goal of this paper was to determine metal toxicity to one aquatic bacterium (Vibrio 76 

fisheri) in typical AMD-sediments using Microtox test. Use of the commercial bioassay Microtox® like toxicity 77 

test has increased in recent years since its capacity to detect the ‘‘hot spots’’ of field contamination in the 78 

screening procedure (Mowat and Bundy, 2001; Stronkhorst et al., 2003; Van Beelen, 2003). Others studies on 79 

soils and rivers have used Microtox® to assess the impact of contamination by AMD (Boularbah et al., 2006; 80 

Guéguen et al., 2004). Also the environmental risk associated with the toxic metal total concentrations in waters 81 

and with their geochemical fractionation in sediment was evaluated. 82 

 83 

2. Materials and methods 84 

 85 

2.1. Site description 86 

 87 

This work has been focused on a contaminated section of the Villar Creek, one of the main tributaries of the Odiel 88 

Basin. Villar Creek is polluted by the Tinto Santa Rosa mine, located in the central-east of Odiel Basin (Fig. 1a). 89 

This mining area contains a mine portal where the acid effluent emanates, in adition to large waste piles and 90 

tailings impoundments. As a result, a polluted AMD-watercourse flowing during 500 meters downstream is joined 91 

into the Villar Creek. Before joining, the Villar Creek has clean water (7.1 of pH, 129 mg l
-1

 of HCO3
-
, 48.4 mg l

-1
 92 

of SO4
2-

; Sarmiento, 2008) (point V1, Fig. 1b) and after receiving the polluted water, this stream is severely 93 

spoiled and flows into the Odiel River a few kilometres downstream. 94 

 95 

2.2. Water samples 96 
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2.2.1. Sampling and field measurements 97 

 98 

Field work was performed on September 2007. Two water bodies were assessed in this study: (1) the polluted 99 

AMD-watercourse coming from the mine that flows downstream into (2) the Villar Creek. In both, four sampling 100 

points were studied: TR2, TR3, TR4, TR5 (Fig. 1b) belonging to the AMD-watercourse and V1, V6, V7, V8; 101 

(Fig. 1b) from the Villar Creek, being the point V1 at Villar Creek, located upstream (geochemical background) 102 

the mixture with waters from the AMD-watercourse. Flow rates have been calculated in both watercourses by 103 

conventional methods using digital flow meters (GLOBAL WATER). 104 

 105 

Several physicochemical parameters were measured in the field. Temperature, pH and specific conductance were 106 

measured using a portable MX 300 meter (Mettler Toledo). Dissolved oxygen was analysed using a Hanna meter, 107 

and redox potential was determined using a Hanna meter with Pt and Ag/AgCl electrode (Crison). The pH meter 108 

was calibrated using Hanna standard solutions (pH 4.01 and pH 7.01) and redox potential was checked using 109 

Hanna standard solutions (240 mV and 470 mV). Gross alkalinity was measured in situ using CHEMetrics® Total 110 

Titrets®.  111 

 112 

Water samples were filtered immediately in field through 0.22 µm Millipore filters fitted on Sartorius 113 

polycarbonate filter holders. Samples for cations and metal analysis were acidified in the field to pH<2 with 114 

HNO3 (2%) suprapur. Samples collected for sulphate determinations were filtered but not acidified. Samples for 115 

Fe(II) determination were filtered through 0.1 µm, and the Fe(II) was complexed by adding 0.5 % (w/w) 1,10-116 

phenanthroline chloride solution after buffering to pH=4.5 with an ammonium acetate/acetic buffer (Rodier et al., 117 

1996). All the samples were stored in the dark at 4ºC in polyethylene bottles until analysis. 118 

 119 

2.2.2. Chemical analysis 120 

 121 

Concentrations of dissolved Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn were determined by Inductively 122 

Coupled Plasma Atomic Emission Spectrometry (ICP-AES Jobin-Ybon Ultima2) using a protocol especially 123 

designed for AMD samples (Tyler et al., 2004). Analysis was performed at the Central Research Services of the 124 

University of Huelva. Multielement standard solutions prepared from single certified standards supplied by SCP 125 

SCIENCE were used for calibration. They were run at the beginning and at the end of each analytical series. 126 
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Certified Reference Material SRM-1640 NIST fresh-water-type and inter-laboratory standard IRMM-N3 127 

wastewater test material, European Commission Institute for Reference Materials and Measurements, were also 128 

analysed. Detection limits were calculated by average, and standard deviations from ten blanks. Detection limits 129 

were less than 100 µg l
-1

 for Al, Fe and Mn; 50 µg l
-1

 for Zn, 5 µg l
-1

 for Cu and less than 1 µg l
-1

 for the other 130 

trace elements. Sulphate was determined by Ion Chromatography using a Dionex DX-120 machine fitted with an 131 

AS 9-HC of 4 x 250-mm column and a 4-mm ASRS-ULTRA suppressing membrane. Detection limit for SO4
2-

 132 

was less than 0.5 mg l
-1

. 133 

 134 

Fe(II) was determined using colorimetry at 510 nm with SHIMADZU UVmini-1240 spectrophotometer. The 135 

detection limit was 0.3 mg l
-1

 and the precision better than 5 %.  136 

 137 

2.3. Stream sediments 138 

 139 

For every sampling point, surficial fresh sediments (upper 5 cm) were collected and stored in acid-rinsed 140 

polyethylene bottles. The samples were refrigerated (4 ºC) and taken to the laboratory for analyses. 141 

 142 

The sediment samples were air-dried at room temperature and ground into fine slurry using a quartz ball mill. 143 

Metals fractionation in the homogenized sediments was determined following the first four steps of a sequential 144 

extraction procedure proposed by Caraballo et al. (2009a) for the study of AMD precipitates in order to 145 

distinguish the elements associated with the bioavailable fractions (two first steps) of those associated with the 146 

non-mobile fractions (two last steps). The following four-step sequence was carried out for the sequential 147 

extraction: F1, water soluble fraction; F2, sorbed and exchangeable fraction; F3, poorly ordered Fe (III) 148 

oxyhydroxides and oxyhydroxysulphates; F4, highly ordered Fe(III) hydroxides and oxides. The extractants were 149 

analyzed by ICP-AES alike above and the detection limits were the same.  150 

 151 

2.4. Data analysis 152 

 153 

To evaluate the environmental risk different factors for the potentially toxic metals in the environment (As, Cd, 154 

Co, Cu, Pb, Ni, Cr, Zn) were included in the analysis. The index of geoaccumulation (Igeo), the environmental 155 

risk factor (ERF) and the degree of contamination (Cd), defined as,             156 
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       157 

Igeo = log2 (Cn / 1.5 Bn) 158 

IRF = (Cn – CSQV) / CSQV 159 

Cd =  C
i
f = (C

i
0-1 / C

i
n) 160 

 161 

The Index of geoaccumulation (Igeo) was introduced by Müller (1981) and used as a measure of metal pollution 162 

in sediments, where Cn is the toxic element concentration in a sample and Bn is the measured concentration of the 163 

element in unpolluted sediments. The factor 1.5 is used to compensate possible variations of the background data 164 

by lithogenic effects. This geochemical background was obtained from unpolluted sediments taken in a fresh 165 

natural stream belonging to the South-Portuguese Zone (values used to Bn in mg kg
-1

: As 29; Cd 0.3; Cu 21; Pb 166 

30, Zn 50. Data unpublished). Samples were classified from unpolluted (Igeo<1) to very highly polluted (Igeo>5). 167 

 168 

The environmental risk factor (ERF) has been calculated for both sediment and water samples. It was used to 169 

establish those stations in which the toxic element concentrations are associated with an environmental risk (Riba 170 

et al., 2002). Cn is the dissolved element concentration measured in the water samples. For the sediments, Cn 171 

corresponds to the addition of the most mobile fractions (F1+F2). The term CSQV represents the highest 172 

concentration of the studied element non-associated with biological effects. The CSQV for the sediments are 173 

obtained from the site-specific quality values reported by Riba et al., (2004) (values used to CSQV for sediments in 174 

mg kg
-1

: As 27.4; Cd 0.51; Cu 209; Pb 206; Zn 513). The CSQV for the waters were obtained from EPA's 175 

compilation of national recommended water quality criteria using the Criteria Continuous Concentration (CCC) as 176 

an estimate of the highest concentration of an element in surface water to which an aquatic community can be 177 

exposed indefinitely without resulting in an unacceptable effect (values used to CSQV for waters in g l
-1

: Zn 120; 178 

Cd 0.25; Cu 9; Pb 2.5, As 150).  179 

 180 

Hakanson (1980) proposed the contamination factor (C
i
f) in order to assess soil contamination by the use of 181 

reference concentrations in the surface layer of botton sediments corresponding to preindustrial activity. C
i
0-1 is 182 

the mean content of metals from al least five sampling sites and Cn
i
 is the preindustrial concentration of individual 183 

metal. In this work, we used the concentration of elements obtained from unpolluted sediments taken in a fresh 184 

natural stream belonging to the South-Portuguese Zone. The C
i
f is a single-element index and four categories are 185 

defined from low contamination factor indicating low contamination (C
i
f <1) to very high contamination factor 186 
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(C
i
f 6). The sum of contamination factor for all the elements examined represents the contamination degree (Cd) 187 

of the environment, and four classes are recognized: low degree of contamination (Cd<8); moderate degree of 188 

contamination (8Cd<16); considerable degree of contamination (16Cd<32) and very high degree of 189 

contamination (Cd32). 190 

 191 

2.4.1. Geochemical modelling 192 

 193 

Metal species concentrations were interpreted with the assistance of the equilibrium chemical-speciation/mass-194 

transfer model PHREEQC (Parkhurst and Appelo, 1999). Analysed iron species were used to calculate pe and the 195 

thermodynamic database MINTEQA2 was employed (Allison et al., 1990).   196 

 197 

2.4.2. Statistic analysis 198 

 199 

In order to clarify the relationship between toxicity to Microtox and the composition of toxic elements from 200 

AMD-sediments, discriminatory and cluster analysis were performed to the data, including pH of the water 201 

samples, metal and sulphate concentration of the extracted from the most bioavailable fraction (F1) and toxicity 202 

test data. The first sequential extraction step was selected due to its resemblance with the dilution procedure in the 203 

Microtox test. The program used for cluster analysis operates by applying the Ward method or ‘second-order 204 

central moment’, which is a hierarchical method that calculates the mean of all the variables for each cluster; next 205 

it calculates the Euclidean distance between each factor and the mean of its group and then adds the distances 206 

from each case. In short, through the application of this technique, the variables studied can be classified into 207 

different ‘categories’. 208 

 209 

2.5. Microtox® bioassay 210 

 211 

The commercial Microtox® test is a bioassay that uses the bioluminescence of the bacteria Vibrio fischeri as an 212 

indicator of the quality of the sample exposed; the bioluminescence of the bacteria is related to its metabolism 213 

therefore, a diminution of the sediment quality will be reflected in the decrease of the quantity of light emitted. In 214 

the Microtox® toxicity test, the measures of EC50 (which is the concentration of dry sediment that provokes a 215 

50% inhibition of the light emitted by the bacteria) provide the information about the sediment toxicity. The 216 
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bioassay of bioluminescence inhibition with the bacteria V. fischeri was conducted on solid phase with the 217 

commercial Microtox® apparatus (model 500) by following the protocols for the Basic Solid Phase Test (BSPT) 218 

according to the standard operating procedure (AZUR Environmental, 1998). Briefly, 7 g (±0.01 g) of sediment 219 

were tested as suspensions prepared with 35 mL of commercial Microtox® Solid Phase Test Diluent and diluted 220 

to a series of nine concentrations in the cuvettes. The reconstituted bacteria were added to the dilutions which 221 

were incubated for a period of 15 min at 15 ºC. The modification of the basic solid phase test (BSPT) reported by 222 

Campisi et al. (2005) was carried out and an average from three values of the EC50 was obtained for each sample. 223 

 224 

3. Results and disscusion 225 

 226 

3.1. Hydrogeochemical characteristics and evolution of the water samples along the watercourses 227 

 228 

Figure 2a shows some physicochemical parameters measured in the field and figure 2b the several chemical 229 

processes occurring along the watercourses. The Minimum pH value and maximum electrical conductivity were 230 

2.9 (TR5) and 3.3 mS cm
-1

 (TR3), respectively. The molar ratio of Fe(II)/SO4
2-

 theoretically obtained from the 231 

oxidation of pyrite is 0.5. Fig. 2b shows this ratio along the watercourses (triangle symbols), being close to 0.5 232 

only in the first point where pyrite oxidation takes place. Along the AMD-watercourse (water flow of 3.5 l s
-1

), 233 

Fe(II) is oxidated to Fe (III), so the Fe(II)/(III) ratio strongly decreases (Fig. 2b) while redox potential increases 234 

from 513 to 637 mV (Fig. 2a). Total Fe concentration also decreases being lesser than the theoretical 235 

concentration of Fe from the pyrite oxidation (Fe-py in Fig. 2b) due to oxyhidroxisulphate precipitation (Asta et 236 

al., 2010a). This precipitation originates a slight decreased of the pH from 3.2 to 2.9 (Fig. 2a), enhancing acid 237 

hydrolysis of bedrock minerals and increasing the concentration of elements such as Mn, Al, Ca, Mg, etc. Before 238 

joining, the clear water from the Villar Creek presents pH of 7.8, and concentrations of sulphate and bicarbonate 239 

of 48 and 130 mg l
-1

, respectively. Once the AMD-watercourse flows into Villar creek (water flow of 69 l s
-1

), pH 240 

increases considerably (from 2.9 to 5.2) and Fe and Al are massively removed. In adittion, and directly related 241 

with metal precipitation, electrical conductivity strongly decreases and the rest of elements are depleted in 242 

solution (Table 1) due to adsorption, coprecipitation and dilution processes. After total mixture, the main process 243 

occurring is the dilution (Fig. 2b). 244 

 245 
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Chemical composition of the AMD-watercourse presents extremes values up to 8400 mg l
-1

 of sulphates, 3.7 mg l
-246 

1
 of As, 20 mg l

-1
 of Cu, 72 mg l

-1
 of Zn, 710 mg l

-1
 of Fe, and minor amounts of other elements (Table 1). The 247 

high acidity generated during the oxidising process enhances silicates hydrolysis in the spoiled materials, 248 

dissolving large quantities of their constituent elements such as Al (up to 80 mg l
-1

), Mn (37 mg l
-1

), etc. After 249 

joining with the uncontaminated stream, the pH of Villar Creek decreases from 7.8 to 4.8 (Fig. 2a) and 250 

concentrations of toxic elements such as As, Cd, Co Cr, Ni, Zn, Cu, etc. increase (Table 1).   251 

 252 

The evolution of trace element concentrations downstream shows a similar pattern. It is known that trace metals 253 

concentration is commonly controlled by adsorption into mineral surfaces so the variations in the behaviour of 254 

these trace elements can be attributed to the different affinity of each aqueous species to the surface of the 255 

precipitates (Asta et al., 2010b). When Fe and Al precipitate, other metals can hence get adsorbed to them. 256 

Generally, metal concentrations decrease progressively downstream, but some differences can be observed. For 257 

example, in point V6 (pH of 4.8) most of the elements have high concentrations such as 53 g l
-1

 of As, 128 g l
-1

 258 

of Co or 84 g l
-1

 of Ni, and when the pH increases downstream (V7, pH of 5.2) trace elements concentration 259 

suffer a noticeable decrease (Table 1). However, some meters further downstream (V8 pH of 6.4), the 260 

concentration of these elements turn to be the same or slightly higher (as can be observed for Cr or Cd, Table 1). 261 

This phenomenon is possibly due to desorption processes as it will be discussed below. 262 

 263 

3.2. Evolution in the sediment chemical composition along the water course 264 

 265 

Sediment samples were undergone to a sequential extraction procedure specifically designed for AMD-266 

precipitates in order to obtain a better understanding of the metal distribution. The results were grouped according 267 

to their bioavailability into: bioavailable fractions (F1+F2) and non-mobile fractions (F3+F4), fig. 3. The highest 268 

concentrations were found in the non-mobile fractions associated with the two steps of the sequential extraction 269 

specifically design to dissolved poorly ordered oxyhydroxydes and hydroxysulphates of Fe like schwertmannite or 270 

ferrihydrite (F3) and to dissolved more cristallyne Fe phases like goethite or jarosite (F4). Schwertmannite is the 271 

dominant phase that precipitates directly from AMD in the discharge from Tinto Santa Rosa Mine (Asta et al., 272 

2010a), and makes up the loose sediments that will later form current consolidated terraces (Pérez-López et al., 273 

2010). However, it was observed that in the current terraces, schwertmannite is gradually transformed into mainly 274 

goethite and eventually jarosite with depth (Asta et al., 2010a; Pérez-López et al., 2010). In these fractions 275 
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maximums of up 338 g kg
-1

 of Fe, 5 g kg
-1

 of As, 2400 mg kg
-1

 of Cu or 1320 mg kg
-1

 of Zn can be found (Fig. 3). 276 

Although the concentration of toxic elements is lower in the most bioavailable fractions, these are the most 277 

hazardous and harmful for the environment consisting of exchangeable metals and those soluble in water or in 278 

slightly acidic conditions, showed maximums of up to 56 g kg
-1

 of Fe, 1870 mg kg
-1

 of Cu, 900 mg kg
-1

 of Zn, 355 279 

mg kg
-1

 of As, etc., in these fractions (Fig. 3).  280 

 281 

The high efficiency of Fe precipitates sequestering arsenic has been study in this region by previous studies (Asta 282 

el al., 2010a, b). As can be observed, Fe and As concentrations in both bioavailable and non-mobile fractions 283 

show a coupled decreasing tendency in two sections, along the AMD-watercourse and along the Villar Creek (Fig. 284 

3). The massive Fe precipitation is induced when the AMD-watercourse joins the Villar River (point V6), 285 

involving a noticeably increase of Fe and As content in the sediments. However, a considerable quantity of both 286 

elements is observed in the bioavailable fractions after joining. Aluminum, Cu and Zn distribution in the 287 

sediments clearly reflects the pH-dependent removal of those elements (Fig. 3). Aluminum precipitation takes 288 

place only after water pH reachs a value of 5 (Bigham and Nordstrom, 2000) and coupled removal of Cu and Zn 289 

in the Al-precipitates have been reported in many studies (Caraballo et al., 2009b). At the first point of the mixing 290 

zone (V6) water pH is lower than 5 (Fig. 2) and the amount of Al, Cu and Zn in the sediments is equivalent to the 291 

one observed in the sediments along the AMD-watercourse. When water pH is higher than 5 (V7 and onward) the 292 

massive precipitation of Al and the coupled removal of Cu and Zn can easily be observed (Fig. 3). The higher 293 

concentration of Cu and Zn in the last sampling point (V8) can be explained by adsorption of these elements in the 294 

higher available Al-precipitates. Bioavailability of those three elements is almost negligeable in the AMD- 295 

precipitates and increase remarkeably in Villar Creek sediments. Cobalt, Cd, and Ni do not show a clear trend in 296 

the sediments, however can be observed how the highest concentration for the bioavailable fractions correspond to 297 

the last sediment samples at Villar Creek (Fig. 3). Lead concentration in water is almost completely removed 298 

before joining with the Villar Creek (Table 1) and therefore the concentration of this element in the river 299 

sediments is nearly indiscernible. Cr concentration in the sediments does not exhibit a clear trend and it can be 300 

observed in some extend in all the samples. 301 

 302 

3.3. Environmental risk and toxicity 303 

 304 
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As described above, the concentration of some toxic elements in the sediments increases after the join with the 305 

natural river (Villar Creek, fig. 1) in the most bioavailable fractions and also in the water, possibly due to 306 

desorption processes. Elements with the capacity of forming oxyanions, such as Cr and As, undergo different 307 

behaviours when are adsorbed to some mineral phases. For example, As(V) is especially well known to be 308 

adsorbed onto schwertmannite (Asta el al. 2010b), whereas As(III) seems to be less strongly adsorbed to this 309 

mineral phase. The sorption of these species depends on several factors, including Fe concentration and pH 310 

(Roussel et al, 2000), Fe solubility (Asta et al., 2010b), photooxidation processes (Sarmiento et al., 2007), etc. 311 

Sarmiento et al. (2009b) studied the evolution of the inorganic arsenic species along the watercourse of the Odiel 312 

River, reporting a increase for As(III/V) ratios downstream. On the other hand, under low pH conditions Cr(III) 313 

appears as free specie which is quickly oxidizeded to Cr(VI) as Cr2O7
2-

. Both of them are rapidly adsorbed onto Fe 314 

precipitates. However, when the pH increases (pH 5-6), Cr(VI) can ungergoes desorption processes due to 315 

colloids surface charge (Zanker et al., 2002). To asses the speciation of As and Cr and subsequently their potential 316 

water toxicity, the hydrogeochemical modelling PHREEQC was employed. Fig. 4 shows the As(III)/(V) and 317 

Cr(IV)/(III) ratios increase along the watercourse as a result of an increase of pH. As mention above, the most 318 

toxic species are As (III) and Cr(VI), therefore, although the total concentration of these elements is low, the 319 

toxicity and risk to aquatic biota is potentially high, both in sediments and waters. 320 

 321 

Geoaccumulation index has been used to assess the metal pollution of sediment samples compared with the metal 322 

baseline levels of the area. The evolution of this index along the watercourse is showed in fig. 5 for As, Cd, Cu, 323 

Pb and Zn. It can be observed, all the sampling points are subjected to serious pollution effect with regard to As 324 

and Cu, (average Igeo>3) corresponding to the strongly polluted class. Lead can be considered as a strongly 325 

polluted in the first point close to the contaminant source, although after this point the pollution with regard to Pb 326 

decreases until joining with the unpolluted water, where it increases again. The Igeo increases for all the elements 327 

(except for arsenic) after joining with the natural water. Along this creek, all these elements have an Igeo 328 

corresponding to the range between moderately and extremely polluted classes. However, over the entire 329 

watercourse, the Igeo with regard to Co, Cr and Ni is below zero, belonging to the unpolluted class. 330 

 331 

The assessment of the overall contamination of sediment based on the degree of contamination (Cd) for the mean 332 

metal contents was 130 (Table 2) indicating very high degree of contamination (Hakanson, 1980). The minimum 333 

value of the contamination degree (Cd = 108, belonging to sample TR5) also denoted very high degree of 334 
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contamination. The sediment sample more polluted was taken in the point V8 (Cd = 281) belonging to the stream 335 

after the join. According to the contamination factor (C
i
f) values the sediment was classified as slightly 336 

contaminated with Co, Cr and Ni, moderately contaminated with Cd and Pb and heavily contaminated with Cu, 337 

Zn and specially arsenic. This last contributed to the extent index of sediment contamination by 73%.  338 

 339 

To establish the potential risk effects caused by some toxic elements on the aquatic environment, the ERFs were 340 

calculated for water and sediment samples and plotted in fig. 6. The positive values of the factors inform about a 341 

potential adverse biological effect associated with the metals. For water samples belonging to the AMD-342 

watercourse, the high ERFs are mainly associated with Zn, Cd and Cu, presenting values higher than 100. 343 

Samples from the Villar Creek present values below but close to zero for As and Pb and higher than 20 for the rest 344 

of the studied elements. For sediment samples, the ERFs have negative values (close to zero) along the acid 345 

watercourse for Cd, Zn, Cu and Pb, changing to positive values after joining with the creek. On the contrary, the 346 

ERF for arsenic shows an inverse trend decreasing from high positive values along the AMD-watercourse to 347 

negative values after joining with the creek.  348 

 349 

Table 3 shows the EC50 results obtained through the Microtox® test with the sediments collected along the 350 

watercourses. To categorize the studied sediments it was decided to use the classifications rated by Brouwer et al. 351 

(1990), Bennett and Cubbage (1992) and Kahru et al. (2000).  The sediment sample from upstream area showed 352 

EC50 of 783 mg l
-1

 (1.29%, 77.7 TU), and can be reported as slightly or very toxic to Microtox (Table 3). The 353 

toxicity of the sediments along the AMD-watercourse (from TR3 to TR5) has a quite steady trend with values of 354 

0.28%, 358 TU corresponding to very toxic or extremely toxic class. The first sample after joining with the natural 355 

river (V6, fig. 1) exhibits a noticeable decrease in the EC50 (83 mg l
-1

) that implies an extremely toxic 356 

environment (0.14%, 733 TU) in both classifications employed. The last point sampled (V8), where 357 

concentrations of Al, Cd, Cu, Ni, Co and Zn have been observed to be quite high in the most bioavailable 358 

fractions (Fig. 3), the sediments can be classified as very toxic to Microtox (0.34%, 29% TU).  359 

 360 

The groupings in Fig. 7 show the variables ordered in similar clusters, while the distances between the points on 361 

the horizontal axis represent the order of affinity or proximity. Moreover, in this figure we can see how each 362 

parameter fits in with successive clusters as they form. The measured parameters form two main clusters. On the 363 

left side of the dendogram, a first level of aggregation is established with the pair Fe – UT which, at the same 364 
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time, is associated with SO4
2-

. Finally, the pair As – Cr forms a cluster with the previous. A second cluster, on the 365 

right side of the dendogram, shows a first level of association with the pair Cu – Zn. Then, the pair Co – Al is 366 

added, and later on, the pair pH – Cd. Finally, the pair Ni – Pb is associated to this second cluster.  367 

 368 

A study of the correlation matrix of the analysed parameters, as a step previous to the cluster analysis, could be 369 

interesting in order to indicate the degree of relationship between variables and to eliminate parameters that show 370 

a low correlation coefficient (Table 4). The toxicity to Microtox shows a good correlation with Fe and sulphate (r 371 

> 0.9, ρ<0.05) and with As and Cr (r > 0.7, ρ<0.05). On the other hand, high levels of positive correlation among 372 

different pairs of variables such as Cu and Zn (r > 0.9, ρ<0.05), Cd and Cu (r > 0.7, ρ<0.05) or Al and Cu (r > 0.6, 373 

ρ<0.05) are also observed.  374 

 375 

In the light of the results, it can be interpreted the toxicity to Microtox of the sediments is mainly associated to 376 

concentrations of Fe, SO4
2-

, As and Cr. These concentrations are higher in the sediments from AMD-watercourse. 377 

Elements such as Co, Cu, Al and Zn, show higher concentrations in the sediments belonging to Villar Creek after 378 

the join. These elements along with the Cd are also directly connected with the pH of the water as the right side of 379 

the dendogram shows (Fig. 7). Thus, when the pH increases these elements are found in the most mobile phases of 380 

the sediments, increasing their bioavailability. 381 

 382 

4. Conclusions 383 

 384 

The present study shows that contamination by AMD has an important role in altering the physical, chemical and 385 

biological characteristics of a natural stream. Large amounts of metallic ions and sulfate flowing into the 386 

uncontaminated stream resulting in the chemical degradation of the stream. Although the concentrations of toxic 387 

elements in water decrease along the watercourses, the results show that pollution of AMD is mainly transferred 388 

to the sediments of the natural river due to the strong precipitation of iron and aluminum and the cooprecipitation 389 

of the rest of the toxic elements on them, increasing their potential toxicity. A natural creek affected by AMD can 390 

store a huge amount of pollution in its sediments and exhibits a not very low water pH and low water metal 391 

concentration.  392 

 393 
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According to the different factors used to evaluate the contamination in the studied sediments, it can be considered 394 

as strongly polluted sediments due mainly to the high concentrations of Cu and As in the AMD-sediments and by 395 

Cu and Zn in the creek sediments. The elevated concentrations of these elements involve an important potential 396 

risk on the aquatic environment, associated both in waters and sediments. On the other hand, Microtox test 397 

informs that the sediments are extremely or very toxic, associated to concentrations of Fe, SO4
2-

, As and Cr for the 398 

AMD-watercourse sediments, while Al, Cd, Cu and Zn seem to be liable of the toxicity for the creek sediments. 399 

 400 

These results clearly expose that although water contamination is strongly reduced after joining with the 401 

unpolluted waters from Villar Creek, the massive metal precipitation on the bedrock of Villar Creek have to be 402 

seriously considered as a potential stress to the ecosystems. The different processes observed in this area are 403 

widely observed in the Odiel basin and in other basins affected by AMD and therefore the results presented in this 404 

study can be extended and applied to the whole Odiel basin and to other basins in the world affected by AMD. 405 

 406 
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Figure captions 544 

 545 
Fig. 1. Odiel River Basin location map indicating study ubication and sampling points  546 
 547 
Fig. 2. Physicochemical parameters measured in the field and several chemical processes occurring along the 548 
watercourse. 549 
 550 
Fig. 3. Metal distribution in sediment samples according to the bioavailable fractions and non-available fractions 551 
 552 
Fig. 4. Evolution of As and Cr species ratios along the watercourse. 553 
 554 
Fig. 5. Geoaccumulation indexs along the watercourse for several toxic elements 555 
 556 
Fig. 6. Environmental risk factors for the sediment and water samples along the watercourse 557 
 558 
Fig. 7. Cluster analysis dendrogram for the data related to the sediment samples, including pH of the water 559 
samples, metal and sulphate concentration of the extracted from the most bioavailable fraction (F1) and toxicity 560 
test data. 561 



                                                                                                                       

 1 

 

Tables 

 

Table 1. Some metals, metalloids and sulphate dissolved in the water samples 

 

 

Station pH  EC  SO4 Al Cu Fe(II) Fe(III) Mn Zn  As Ba Cd Co Cr Ni Pb 

   mScm
-1

  mg l
-1

  µg l
-1

 

TR2 3.2  3.2  7884 72 15 645 27 35 64  3764 5.7 104 1096 6.2 832 724 

TR3 3.1  3.3  8460 76 19 622 90 37 68  2332 6.0 108 1172 12 864 148 

TR4 3.0  3.3  8424 76 19 491 149 36 68  1600 3.4 116 1176 14 872 132 

TR5 2.9  3.2  8460 80 20 413 199 37 72  1248 4.1 104 1192 14 900 122 

V6 4.8  2.5  1008 7.6 2.3 31 6.2 4.4 8.0  53 15 8.7 128 1.5 84 1.1 

V7 5.2  0.6  900 6.0 2.0 29 3.6 3.8 7.2  1.2 17 1.1 116 1.7 76 1.3 

V8 6.4  0.5  432 0.1 0.6 8.2 2.6 1.6 2.7  1.2 16 2.3 40 5.4 33 1.1 

V1 7.8  0.2  48.4 <dl 0.1 <dl 0.7 0.3 0.4  <dl 13 <dl 11 <dl 4.2 <dl 

<dl: below detection limit 

 

 

Table 2. Contamination factors (C
i
f) for the metals and degree of contamination (Cd) of the sediment samples. 

 

 

 

 
Contamination factor (C

i
f)  

Metal TR2 TR3 TR4 TR5 V6 V7 V8 Average 

As 89.1 187 87.5 68.0 88.0 26.0 16.5 87.5 

Cd 6.45 10.7 4.00 2.36 3.77 <0.01 11.3 4.00 

Co 0.20 0.08 0.11 0.15 0.06 0.32 0.80 0.15 

Cr 0.15 0.13 0.09 0.24 0.06 0.18 0.16 0.15 

Cu 24.8 16.8 13.1 17.3 11.0 85.9 203 17.3 

Ni 0.39 0.37 0.02 0.22 <0.01 0.41 0.55 0.37 

Pb 35.7 12.0 1.41 11.5 0.96 3.40 3.51 3.51 

Zn 8.40 8.56 7.60 7.68 7.84 13.8 44.6 8.40 

Degree of contamination (Cd) 165 236 114 108 112 130 281 130 
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Table 3. Microtox EC50 values with 95% confidence limits for sediments along the water course. (Toxic unit: 

TU=100/EC50). 

 
 EC50 

 mg/L 95% C.L.  % TU 

TR2 783 518-1119  1.29 77.8 

TR3 176 104-263  0.29 346 

TR4 170 67.0-280  0.28 358 

TR5 183 110-301  0.30 332 

V6 83.0 67.0-106  0.14 733 

V8 210 182-240  0.34 29.0 

      

EC50 Classification
(1)

   TU Classification
(2)

 

> 2% Non toxic   < 1 Non toxic 

1 -2% Slightly toxic   1 - 10 Toxic 

0.75 - 0.99% Moderately toxic   10 - 100 Very toxic 

0.5 - 0.74% Toxic   > 100 Extremely toxic 

0.25 - 0.49% Very toxic     

0.0 - 0.24% Extremely toxic     
(1)

Brouwer et al., 1990; Bennett and Cubbage, 1992 
(2)

Kahru et al., 2000 

 

 

 
Table 4. Correlation matrix including pH of the water samples, metal and sulphate concentration of the extracted 

from the most bioavailable fraction (F1) and toxicity test data (TU: Toxic unit) 

 

 

TU As Cd Co Cr Cu Ni Pb Zn Al Fe pH SO4 

TU 1                         

As 0.77 1 

           Cd -0.39 -0.65 1 

          Co -0.03 0.39 -0.42 1 

         Cr 0.66 0.77 -0.65 0.70 1 

        Cu 0.06 -0.20 0.66 0.15 0.12 1 

       Ni -0.15 0.33 -0.42 0.42 0.27 -0.28 1 

      Pb -0.68 -0.37 -0.31 0.22 -0.27 -0.60 0.11 1 

     Zn 0.26 0.14 0.39 0.39 0.43 0.93 -0.03 -0.68 1 

    Al -0.14 -0.26 0.13 0.58 0.37 0.64 -0.21 0.07 0.60 1 

   Fe 0.99 0.70 -0.40 -0.09 0.61 0.01 -0.28 -0.60 0.17 -0.12 1 

  pH -0.14 -0.03 0.65 -0.09 -0.37 0.38 -0.21 -0.30 0.31 -0.20 -0.20 1 

 SO4 0.94 0.83 -0.39 0.27 0.83 0.23 -0.03 -0.68 0.49 0.09 0.90 -0.09 1 
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