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Abstract  17 

 18 

The aim of this work is to study the hydrochemical variations during flood events in the Río 19 

Tinto, SW Spain. Three separate rainfall/flood events were monitored in October 2004 following 20 

the dry season. In general, concentrations markedly increased following the first event (Fe from 21 

99 to 1130 mg/L; Qmax = 0.78 m3/s) while dissolved loads peaked in the second event (Fe = 7.5 22 

kg/s, Cu = 0.83 kg/s, Zn = 0.82 kg/s; Qmax = 77 m3/s) and discharge in the third event (Qmax = 23 

127 m3/s). This pattern reflects a progressive depletion of metals and sulphate stored in the dry 24 

summer as soluble evaporitic salt minerals and concentrated pore fluids, with dilution by 25 

freshwater becoming increasingly dominant as the month progressed. Variations in relative 26 

concentrations were attributed to oxyhydroxisulphate Fe precipitation, to relative changes in the 27 

sources of acid mine drainage (e.g. salt minerals, mine tunnels, spoil heaps etc.) and to 28 

differences in the rainfall distributions along the catchment. The contaminant load carried by the 29 
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river during October 2004 was enormous, totalling some 770 t of Fe, 420 t of Al, 100 t of Cu, 30 

100 t of Zn and 71 t of Mn. This represents the largest recorded example of this flush-out 31 

process in an acid mine drainage setting. Approximately 1000 times more water and 140-8200 32 

times more dissolved elements were carried by the river during October 2004 than during the 33 

dry, low-flow conditions of September 2004, highlighting the key role of flood events in the 34 

annual pollutant transport budget of semi-arid and arid systems and the need to monitor these 35 

events in detail in order to accurately quantify pollutant transport. 36 

 37 

Keywords:  AMD; Río Tinto; metal load; flood events 38 

 39 
1. INTRODUCTION 40 

 41 

Acid mine drainage (AMD) is one of the main causes of water pollution worldwide. This water 42 

polluting process is mainly related to mining of massive sulphide and coal deposits. Sulphides 43 

are stable and very insoluble under reducing conditions, but oxidation takes place when 44 

minerals are exposed to atmospheric conditions. Release of acidity, sulphates, iron and 45 

accessory metals and metalloids (e.g. Cu, Zn, Co, Cd, Ni, As, etc) from the oxidation of 46 

sulphides affects the quality of streams and groundwaters. A detailed description of reactions 47 

controlling sulphide oxidation can be found in Nordstrom and Alpers (1999). 48 

 49 

The headwaters of the Río Tinto in the SW of Spain (Fig. 1) are situated in the Iberian Pyrite 50 

Belt (IPB), which hosts one of the largest concentrations of massive sulphide deposits in the 51 

world (Tornos, 2006). The river has attracted a wide range of studies: archaeological 52 

investigations (e.g. Nocete et al., 2005) combined with sediment cores from the estuary and 53 

continental shelf (Leblanc et al., 2000; Ruiz et al., 1998; van Geen et al., 1997) have shown that 54 

the Riotinto mining district has been exploited for at least 4500 years, while the presence of an 55 

Fe based ecosystem of extremophile bacteria (González-Toril et al., 2003a; López-Archilla et 56 

al., 2001 and 2004) and eukaryotes (Zettler et al., 2002) have garnered interest in the river as a 57 

potential natural analogue system for hydrometallurgical processes (González-Toril et al., 58 
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2003b, Malki et al., 2006) and extraterrestrial systems (Fernández-Remolar et al., 2003, 2004, 59 

2005).   60 

 61 

Amongst the rivers affected by AMD worldwide, Río Tinto is an extreme case of pollution with 62 

low pH values (between 1.0 and 3.0) and very high metal and metalloid concentrations along its 63 

main course (100 km long). Table 1 shows average concentrations and annual loads of metals 64 

and metalloids in several rivers. Río Tinto is extremely polluted, showing values of metal 65 

concentration notably larger than the rest of the rivers. Furthermore, in spite of having a 66 

drainage basin appreciably smaller, metal loads transported by Río Tinto are in some cases 67 

(Cd, and Cu) larger than the metal loads transported by rivers such as Rhone, Elbe and Seine, 68 

which drain some of the most industrialised regions in Europe. 69 

 70 

The identification of anomalously high trace metal concentrations in the Western Mediterranean 71 

Sea and the Gulf of Cadiz (Boyle et al., 1985; van Geen et al., 1991) resulted in a major EU 72 

funded project entitled TOROS (Tinto Odiel River Ocean System), which examined the metal 73 

biogeochemistry of the Río Tinto and adjacent Río Odiel rivers (Fig. 1), their mixing zones and 74 

the Gulf of Cadiz (Achterberg et al., 2003; Braundgardt et al., 2003; Elbaz-Poulichet et al., 75 

2001). The importance of the Tinto and Odiel rivers as metal sources for the Western 76 

Mediterranean Sea has led to a number of estimates of the dissolved metal loads transported 77 

by these rivers (Braungardt et al., 2003; Olías et al., 2006; Sainz et al., 2004; Sarmiento et al., 78 

2004).  79 

 80 

Rivers in mediterranean climate regions, such as Río Tinto, alternate long drought periods with 81 

short but intense rainy events during which most of the water discharge, dissolved contaminant, 82 

and suspended matter transport occurs. Sainz et al (2004) stated that flood events (discharge > 83 

10 m3/s) occured on average 17 % of the time but delivered over 50 % of the annual dissolved 84 

metal load. Flood events are therefore, key to understanding metal transport processes in this 85 

mediterranean catchment. These examples of mass flow are scarcely documented and hence, 86 



 4 

largely unknown as previous studies estimating dissolved loads have only sampled the river on 87 

a weekly basis (at best) and therefore have failed to accurately capture these key events.  88 

 89 

The aims of this work therefore are: 1) to study the hydrogeochemical changes in a highly 90 

polluted river such as Río Tinto during  storm events; 2) to estimate the mass fluxes that take 91 

place during these events, and 3) to quantify the importance of flood events in the annual metal 92 

loads into the Ría de Huelva estuary. 93 

 94 

2.  SITE DESCRIPTION 95 

 96 

The source of the Río Tinto is commonly accepted to be in the abandoned mining area of Peña 97 

del Hierro (Ferris et al., 2004), some 450 m above sea level. From here the river runs through 98 

the Riotinto mining district before flowing down to the Atlantic coast of Spain by the city of 99 

Huelva (Fig. 1). The river is approximately 100 km long and drains a catchment with a surface 100 

area of 1646 km2.  The Jarrama and Corumbel rivers are its main tributaries (Fig. 1), although 101 

they are regulated by reservoirs before their confluences with the Río Tinto.  102 

 103 

The upper and middle parts of the catchment are underlain by paleozoic rocks belonging to the 104 

Iberian Pyrite Belt (IPB), which comprises of the Phillite-Quartzite (PQ) group overlain by the 105 

Volcano-Sedimentary Complex (VSC, formed by slates, shales, volcanic and volcaniclastic 106 

rocks) and the Culm group (formed by shales and greywakes). The lower part of the catchment 107 

is underlain by Neogene detrital materials (sands, silts, clays, etc.), belonging to the 108 

Guadalquivir Basin. 109 

 110 

The climate is of a dry mediterranean type with an average rainfall varying between 600 mm in 111 

the lower part of the catchment and 1000 mm in the upper northern hills. The rainfall distribution 112 

displays great inter- and intra-annual variations, with 70 % of the annual rainfall occurring 113 

between October and February, while rainfall is almost non-existent during the dry season from 114 

June to September. 115 
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 116 

The Río Tinto catchment is mainly underlain by low permeability materials and consequently 117 

river discharge is highly dependent on the rainfall regime. Olías et al. (2006) showed that during 118 

the 1995-2003 period, the Río Tinto’s annual average discharge was 50 hm3, with a mininum 119 

value of 6 hm3 and a maximum of 79 hm3. River discharge was low (< 1 m3/s) for 78 % of the 120 

recorded days, only exceeding 10 m3/s in 4% of the days, coinciding with flood events. 121 

 122 

The headwaters of the Río Tinto drain the historic mining districts of Peña del Hierro and 123 

Riotinto. The Riotinto Mining District is formed by several polymetallic massive sulphide 124 

deposits which can be classified in two groups according to their geographical location. Group 125 

North is formed by Lago, Dehesa and Salomon deposits, while Group South is constituted by 126 

Filon Sur and the big sulphide deposit of San Dionisio. As a consequence of mining activities 127 

developed in the area since ancient times, numerous point inputs enter the river from a variety 128 

of waste piles associated with mining activities (gangue materials from ore extraction, smelting 129 

residues, settling ponds and waste from heap leaching), together with tunnels draining 130 

underground workings. 131 

 132 

Three main AMD inputs could be differentiated (Hubbard, 2007). At its source, Río Tinto 133 

receives leachates from the old mine of Peña de Hierro with a low pH (1.6) and extremely 134 

elevated concentrations of sulphate (81 g/L), metal and metalloids (22700 mg/L of Fe, 4600 135 

mg/L of Al,  13 mg/L of As, 27.4 mg/L of Co, etc,) although their most striking characteristic is 136 

the low concentration of Cu and Zn (20 mg/L of Cu and 21 mg/L of Zn). Discharges coming from 137 

tunnels draining underground workings in the Ríotinto Mining District, such as Tunnel 11 and 138 

Tunnel 16 (4.5 and 7.2 km downstream from source, respectively), have higher values of pH 139 

(2.7-3.0), Cu and Zn ( up to 463 and 528 mg/L, respectively) but lower values of sulphates (up 140 

to 18360 mg/L), Fe (up to 3050 mg/L), Al (up to 1330 mg/L), etc. Drainages coming from the 141 

Zarandas-Naya mine (8.3 km downstream from the source) join the Rio Tinto waters through 142 

the Arroyo Alcojola, which has extremely low pH values (1.2-1.5) and transports large amounts 143 
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of sulphate (55.5 g/L), metals and metalloids (22100 mg/L of Fe, 1620 mg/L of Al, 538 mg/L of 144 

Cu, 540 mg/L of Zn, 99 mg/L of Mn, 88 mg/L of As, etc.).     145 

 146 

The chemical composition of these drainages varies throughout the year owing mainly to 147 

hydrologic (i.e. rise of water table, differences in hydraulic behaviour in tailing piles, slag heaps, 148 

settling ponds, etc.) biological (bacterial activity) and anthropogenic factors (pumping from mine 149 

sites, etc.), recording the highest sulphate and metal concentrations during the summer, when 150 

the biotic oxidation processes are more intense, and the lowest during the winter, when dilution 151 

by infiltration water takes place. 152 

 153 

The resultant AMD decreases in concentrations and increases in pH as it travels downstream 154 

due to dilution from freshwater tributaries (such as the Jarrama and Corumbel rivers) and 155 

sorption to/coprecipitation with Fe oxyhydroxides and oxyhydroxysulphates (Galán et al., 2003; 156 

Hudson Edwards et al., 1999).  157 

 158 

Despite dilution and sorption/precipitation processes, the river still maintains high concentrations 159 

of pollutants before it enters the estuary, with a mean pH of 2.8 (range 2.2-5.0), electrical 160 

conductivity of 2.5 mS/cm (range 0.43-9.0 mS/cm) and dissolved metal concentrations of 151 161 

mg/L of Fe (range 0.07-2804 mg/L), 18.9 mg/L of Cu (range 0.2-134 mg/L), 26.0 mg/L of Zn 162 

(range 2.2-152 mg/L) measured at Niebla, aprox. 61 km downstream of the river source 163 

(Cánovas et al., 2007).  164 

 165 

Acidity decreases in the estuary as seawater mixes with riverwater, although metal removal 166 

processes are inefficient until high salinities are reached (e.g. Achterberg et al., 2003; 167 

Braungardt et al., 2003; Elbaz-Poulichet et al., 1999; López-González et al., 2006). Metal 168 

removal processes result in the metallic enrichment of estuarine sediments, with the mobility 169 

and bioavailability of metals such as Zn, Cd and Cu being higher in sediments located in the 170 

area of fresh water influence than in sediments located in the marine influenced area of the 171 

estuary (Nieto et al., 2007). 172 
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 173 
3.  METHODOLOGY 174 

 175 

The sampling site was located at a stream-gauge station at Gadea, approximately 41 km 176 

downstream of the Riotinto mining area and 50 km downstream of the river’s source. Rainfall 177 

data have been obtained from pluviometric gauges spread over the catchment (Fig. 1). 178 

 179 

Sampling was performed by a Xian 1000 portable autosampler from Bühler Montec. The 180 

autosampler consisted of a sample container holding up to 24 bottles and an outlet pipe made 181 

of polyethylene. Bottles were washed in 10% (v/v) nitric acid and then with milli-Q water (18.2 182 

MW) prior to sampling. Samples were pumped by an air pump vacuum system and manual 183 

samples were taken when the autosampler did not work. Before taking a sample, the equipment 184 

was automatically purged with river water to avoid sample cross-contamination. The frequency 185 

of the sampling was every two, three or six hours depending on the forecast, and being more 186 

frequent during flood events (2 hours). Electrical conductivity (EC), pH, redox potential (Eh) and 187 

temperature were measured in situ for all samples using portable meters HI-9025C and HI-188 

9033. Samples were filtered through 0.45 µm teflon filters, acidified with suprapure nitric acid to 189 

a pH < 2 and refrigerated until analysis. 190 

 191 

25 samples were selected for analysis from all those taken in October 2004. Samples were 192 

selected when significant changes in pH and EC were observed. The chemical analysis was 193 

undertaken at the Central Research Services of the University of Huelva following a custom-194 

designed protocol specific to these types of water (Ruiz et al., 2003). A wide range of major 195 

elements (Al, Ca, Cu, Fe, K, Mg, Mn, Na, S, Si and Zn) and trace elements (As, Ba, Be, Cd, Co, 196 

Cr, Li, Mo, Ni, P, Pb, Sn and Sr) were analysed using Inductively Coupled Plasma Optical 197 

Emission Spectroscopy (ICP-OES) on a Jobin Yvon (JY ULTIMA 2) spectrometer. A triplicate 198 

analysis was performed in order to evaluate the analytical precision, showing differences below 199 

5% in all cases. Detection limits (3σ of analytical blanks) were below 0.14 mg/L for major 200 

elements and 7.04 μg/L for trace elements. The analytical accuracy was checked by the 201 

analysis of reference materials (SPS-SW2, TMDA-54.3 and NIST-1640) and an interlab 202 
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comparison with the University of Reading (Perkin Elmer Optima 3000 ICP-OES and Elan 6000 203 

ICP-MS), using samples from across the EC range. Most of the elements assessed in the 204 

interlab comparison showed differences below 5 %. 205 

 206 

Fifteen salt mineral samples were collected in August 2003 and September 2004 and analysed 207 

at the University of Reading by XRD with a Bruker D5000 using Diffrac AT software and by XRF 208 

with a Philips PW1480 Sequential Spectrometer and (for As) a portable Niton XLt 700 XRF 209 

Analyser. 210 

 211 

4.  RESULTS AND DISCUSSION 212 

 213 

4.1 Rainfall and discharge variations 214 

 215 

Figure 2 shows the hydrograph during the study period as well as the daily average rainfall 216 

recorded in the catchment and the samples analysed for dissolved concentrations. The lack of 217 

rainfall during the dry season (June-September) caused the river discharge to decrease from 218 

0.24 m3/s in June to 0.004 m3/s at the beginning of October. A comparison of total discharge 219 

highlights the extreme seasonality of the Río Tinto with 10.4 hm3 of water recorded at Gadea in 220 

October 2004, compared with a total discharge of 0.01 hm3 in September. Three different flood 221 

events have been identified from the hydrograph.   222 

 223 

The river discharge increased from 0.004 to 0.78 m3/s due to the first rainfall (on the 8th and 9th 224 

of October) recorded after a long dry season. This maximum was reached 10 hours after the 225 

end of the rainfall. The lag between the rainfall and the hydrograph crest can be explained by 226 

the basin concentration time and the low moisture content in the catchment soils after the dry 227 

season (Walling and Foster, 1975). After this peak, the discharge decreased gradually to 0.12 228 

m3/s. Unfortunately, the autosampler did not work during this event so its impact on the river 229 

could only be assessed by comparing pre-event and post-event samples from the 2nd and 18th 230 

of October. 231 
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 232 

The second rainfall event (Event 2) occurred from the 18th to the 21st of October and can be 233 

divided into three sub-events with discharge peaks of 0.87 m3/s (Event 2a), 6.4 m3/s (Event 2b) 234 

and 77 m3/s (Event 2c). The rising limb of Event 2c was not sampled because sediments 235 

mobilised by rapidly rising water levels buried the inlet pipe of the autosampler, although some 236 

samples were taken manually during the falling limb. The third and final flood event of October 237 

2004 occurred on the 27th as a consequence of an average rainfall in the catchment of around 238 

80 mm. This event had the highest peak discharge (127 m3/s) recorded in the month. The falling 239 

limb appeared to be stepped (Fig. 2), which can be explained by the water released into the Río 240 

Tinto from the Jarrama reservoir (Fig. 1) on the 28th (2.2 hm3) and the 29th (1.4 hm3). 241 

 242 

4.2 Hydrogeochemical variations 243 

 244 

In order to analyze the hydrogeochemical changes during storm events that occur after a long 245 

dry season in a complex system like Río Tinto, it is necessary to consider all the processes and 246 

sources that might affect the water composition: 1) washout of soluble efflorescent salts 247 

precipitated during the summer; 2) dilution by runoff freshwater; 3) spatial variations of rainfalls 248 

between undisturbed and mining areas; 4) precipitation of iron mineral phases; and 5) variations 249 

in contribution from different AMD inputs.  250 

 251 

Basic statistics from samples collected during the storm events are shown in Table 2. Figure 3 252 

shows variations in pH, EC and some dissolved compounds throughout the flood events. 253 

Sulphate concentrations increased dramatically following Event 1 from 1.6 g/L on 02/10/04 to 254 

9.5 g/L on 18/10/04 reaching an apparent steady state of elevated concentrations. This could be 255 

caused by the dissolution of soluble evaporitic salt minerals accumulated on the banks of the 256 

Río Tinto and on/in spoil heaps in the Source Zone (Buckby et al., 2003; Lottermoser, 2005) or 257 

by water richer in sulphate emanating from other AMD sources. 258 

 259 
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During this first event, most elements raised their concentration, being As the element which 260 

showed the maximum increase (nearly 2 orders of magnitude). However some elements such 261 

as Na, Sr and K underwent a slight decrease. 262 

 263 

Concentrations remained high through Event 2a with some elements increasing (e.g. Fe, As 264 

and Pb) while others remained constant (e.g. Al, Co, Mn, Ni, Zn), despite the increase in 265 

discharge. The slow dissolution of less soluble mineral phases owing to the acidity released by 266 

dissolving the evaporitic salt minerals, could explain this increase. Pb and mainly As, have a 267 

great affinity to be adsorbed onto Fe mineral phases (e.g Zänker et al., 2002; Acero et al., 268 

2006). 269 

 270 

Concentrations then decreased steadily through Event 2b although Pb (Fig. 3), and Ba 271 

exhibited a different behaviour. The crest of the hydrograph for Event 2b did not occur at the 272 

same time as the minimum value of EC and sulphate and metal concentrations (Fig. 3). 273 

Variations in concentration of dissolved elements usually show a lag with water discharge (Lee 274 

and Bang, 2000; Sandén et al., 1997; Walling and Foster, 1975), which is inversely related to 275 

antecedent catchment soil moisture and rainfall magnitude. No such lag was apparent for Event 276 

3 (Fig. 3) when soils were wetter and rainfall was more intense.  277 

 278 

By the end of Event 2c, the flushout of evaporative salts must be complete, resulting in lower 279 

concentrations than pre-Event 1 values. Similar trends have been observed in Contrary Creek, 280 

Virginia by Dagenhart (1980) and Boulder Creek, Iron Mountain, California by Keith et al. 281 

(2001).  282 

 283 

During Event 1 pH decreased very slightly from 2.31 to 2.27 (Fig.3), despite the increase in 284 

discharge. In comparison, the large influxes of freshwater in Event 2c (Qmax = 76.8 m3/s) and 285 

Event 3 (Qmax = 127 m3/s), when soluble salts are washed, increased pH to 3.56 and 3.36 286 

respectively. 287 

 288 
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The mineralogy and chemistry of 15 salt mineral samples collected in August 2003 and 289 

September 2004 are summarised in table 3. In addition to iron-rich salt minerals (copiapite, 290 

coquimbite, melanterite, rozenite and szomolnokite), XRD identified variable quantities of 291 

minerals containing Al (alunogen, aluminocopiapite and halotrichite), Ca (gypsum) and Mg 292 

(hexahydrite). Absolute and relative concentrations were highly variable (Table 3). Wide 293 

variations in mineralogy and chemistry have been noted before in salt minerals from the Río 294 

Tinto (Buckby et al., 2003; Lottermoser, 2005) and other mining regions (e.g. Keith et al., 2001).  295 

 296 

Fe/SO4 ratios were generally higher during the flood events than during the low-flow conditions 297 

of early October (Fig. 4). Efflorescent soluble salts have higher Fe/SO4 ratios than river water 298 

(Fig. 5a), so their dissolution increases the Fe/SO4 ratio. Variations in Fe/SO4 ratios throughout 299 

the flood events can be explained by a mixing of freshwater with acidic leachates coming from 300 

the Riotinto Mining District (Fig.5a). The dissolution of soluble salts might have a higher 301 

influence on water chemistry during the first events, decreasing its significance as these soluble 302 

salts are progressively washed. Furthermore, the precipitation of Fe oxihydroxisulphates during 303 

the flood peaks 2c and 3 (samples with low Fe/SO4 in Fig. 5a), when pH values were higher, 304 

also diminishes the Fe/SO4 ratio.  305 

 306 

Cu/Zn and Zn/ SO4 ratios are also shown in figure 4. Cu and Zn should not sorb significantly to 307 

Fe oxyhydroxides at the low pH of the waters sampled in this study (Smith, 1999).  Lee et al. 308 

(2002) investigated metal removal in the laboratory by neutralising 3 AMD streamwaters from 309 

Tennessee, USA. They showed that the pH at which 50 % of the metals were removed from 310 

solution ranged from 4.6-6.1 for Cu and  5.6-7.5 for Zn. It is therefore unlikely that the variations 311 

observed in these ratios (Fig. 4) were due to sorption/coprecipitation processes. 312 

 313 

Alpers et al. (1994) showed that melanterite (FeSO4.7H2O) preferentially removed Cu to Zn from 314 

solution meaning that it should have relatively high Cu/Zn ratios. The decrease in Cu/Zn seen in 315 

Event 2c (Fig. 4) should therefore, theoretically, not be due to dissolution of melanterite or its 316 

dehydration products (rozenite FeSO4.4H2O or szomolnokite FeSO4.H2O). Furthermore, Buckby 317 
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et al. (2003) showed that copiapite (rather than melanterite-suite minerals) was the most 318 

abundant salt mineral in the Río Tinto. 319 

 320 

The similarity of Event 1 Cu/Zn  ratios to pre-Event 1 ratios (Fig. 4) suggests that the weighted 321 

average of salt mineral compositions dissolved by Event 1 had similar ratios to the weighted 322 

average of summer inputs from the mining area. Variations in these ratios throughout the flood 323 

events may well reflect changes in the dominant mine drainage sources into the river (Fig.5b) 324 

rather than non-conservative behaviour. Figure 5c shows that variations in Zn/SO4 ratio in most 325 

of samples could be explained as a mixing of two end-members: unaffected freshwaters (end-326 

member A represented by the water composition in the Corumbel reservoir) and Río Tinto water 327 

during event 2a (end-member B) as representative of maximum contamination level. Samples 328 

located away from this mixing line would indicate the influence of different AMD sources.  329 

 330 

4.3. Saturation indices 331 

 332 

To examine the phases controlling non-conservative behaviour, saturation indices (SIs) were 333 

calculated using the modelling program PHREEQC (Parkhurst and Appello, 1999) and the 334 

WATEQ4F thermodynamic database (Ball and Nordstrom, 1991). The database was amended 335 

with solubility products for plumbojarosite (Pb0.5Fe3(SO4)2(OH)6, logKsp = -8.14; Chapman et al., 336 

1983) and schwertmannite (Fe8O8(OH)4.5(SO4)1.75, logKsp = 10.5, Yu et al., 1999). Fe speciation 337 

was not analysed in the samples taken in October 2004 but modelling results (based on Eh) 338 

indicated an Fe(III) content of 81 % prior to the flood events. The percentage of dissolved Fe(III) 339 

increased throughout the flush-out processes, reaching almost 99 % of the total iron at the 340 

beginning of Event 2.These values agree with Fe speciation measured by Hubbard (2007) 341 

(Fe(III) = 81-98 % of total Fe, n = 5). However, Fe(III) percentages gradually decreased as 342 

concentrations were diluted, reaching a minimum Fe(III) content of 3 % of total iron (S20) during 343 

the third event. Geochemical modelling showed that all the sampled waters were oversaturated 344 

with respect to hematite (SI = 8.7-11.2) and goethite (SI = 3.3-4.6) although kinetic factors mean 345 

that these phases tend to form paragenetically from other metastable phases rather than 346 
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precipitating directly from solution (Bigham et al., 1996; Nordstrom and Alpers, 1999). In terms 347 

of the metastable phases, the samples were generally undersaturated with amorphous Fe(OH)3 348 

(SI = -2.5 to -0.9), as would be expected in these low pH waters, and generally oversaturated 349 

with respect to schwertmannite (SI = -4.3 to 5.5) and K-jarosite (SI = -1.6-2.9). 350 

  351 

The behaviour of Pb in figure 3 could not be explained from the modelling output by equilibrium 352 

with a solid phase as all samples were undersaturated with respect to anglesite (PbSO4, SI ≤ -353 

0.50) and (with the exception of sample S1) oversaturated with plumbojarosite (SI = -0.64 to 354 

3.2). It is possible that a detailed examination of the suspended particulate matter carried by 355 

flood events may yield an explanation for Pb behaviour. All samples were oversaturated with 356 

respect to barite (BaSO4, SI = 0.2-0.8) although Ba concentrations could potentially be 357 

explained by equilibrium with a mixed Ba-Sr sulphate phase as celestite (SrSO4) was 358 

undersaturated in all samples (SI ≤ -1.3). Alternatively, barite oversaturation could potentially be 359 

explained by colloidal barite (< 0.45 μm) in the samples (Naus et al., 2005). However, Ba is not 360 

an important contaminant in this system as sampled concentrations (13-104 μg/L) were all 361 

below World Health Organisation drinking water quality guidelines (0.7 mg/L; WHO, 2004). 362 

 363 

4.4  Pollutant loads 364 

 365 

Instantaneous pollutant loads (mass of pollutant transported per unit time, Li) were calculated as 366 

the product of instantaneous discharge and concentration. Most elements showed a similar 367 

temporal evolution, as typified by Zn in figure 6. For Zn, loads increased from 0.099 g/s on 368 

02/10/04 to 23 g/s at the end of Event 1. The highest instantaneous loads occurred in Event 2 369 

reaching peaks of 130 g/s in Event 2a and 820 g/s in Event 2b. By the end of Event 2c, field 370 

observations indicated that all of the salt minerals on the riverbanks had been dissolved and Li 371 

had decreased to 21 g/s. The less pronounced increase in Li observed in Event 3 was therefore 372 

not due to salt mineral dissolution from the riverbanks. Possible explanations include the 373 

dissolution of any remaining salt minerals within spoil heaps, the expellation of pore fluids from 374 

spoil heaps and increased mineral leaching during Event 3. 375 
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 376 

Differences between elements can be summarised by a ratio comparing peak Li values in Event 377 

2b and Event 3 (Peak 2b / Peak 3). For most elements, this ratio varies between 1.2 and 5.2 378 

(Table 2). Elements with a ratio below 1 include Ca, K, Na, Si and Sr, all of which are present in 379 

the freshwater tributaries as well as the mining inputs. As with concentration profiles, Pb and Ba 380 

behave differently (Fig. 6). The highest measured Li for each element occurred at the peak of 381 

Event 3 although it is also possible that similar peaks in Li occurred in Event 2c but no samples 382 

were taken.  383 

 384 

Total pollutant load estimations for October 2004 were calculated by establishing relationships 385 

between discharge and dissolved concentrations (Olías et al., 2006). Examples are shown in 386 

figure 7. Three different time periods were selected with good correlations: (1) from 20th October 387 

at 17:00 to 21st at 01:00 (the falling limb of Event 2b), (2) from 21st at 18:00 to 27th at 11:00 (the 388 

falling limb of Event 2c) and (3) from 27th at 14:00 onwards (Event 3).  Where significant 389 

correlations (p < 0.01) were not established or datasets were incomplete, the pollutant load for 390 

each element was estimated as follows: 391 

 392 

(i). From 1st October (00:00) to 9th October (08:00): discharge (4 L/s) was multiplied by time 393 

and the concentration of sample S1. 394 

(ii). From 9th October (08:00) to 14th October (00:00): total discharge in the event was 395 

multiplied by the mean concentration of samples S1 and S2. 396 

(iii). From 14th October (00:00) to 18th October (19:00): total discharge was multiplied by the 397 

concentration of sample S2. 398 

(iv). From 18th October (19:00) to 20th October at 17:00, the following expression was applied:  399 

LT = S ½ (Ci  (n) + Ci  (n+1)) QT (n→ n+1)  400 

where LT = total load, Ci = instantaneous concentration for sample n, QT = total discharge 401 

 402 

Figure 7 also highlights an interesting comparison between the falling limbs of Event 2c and 403 

Event 3. Even though Event 2c was earlier in the month (and therefore may be expected to 404 
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have access to salt minerals and concentrated pore fluids), for many elements the falling limb of 405 

the event had lower concentrations for any given discharge than the falling limb of Event 3. This 406 

can be explained by the different rainfall distributions in each event. Figure 8 shows that the 407 

rainfall maximum for Event 2c was located to the west of the mining area, leading to a large 408 

input of diluting freshwater during this event. In contrast, Event 3 was focused on the mining 409 

area itself. As mentioned in section 4.1, the higher rainfall in Event 3 combined with earlier 410 

rainfall during the month meant that large inputs of freshwater from the Jarrama Reservoir did 411 

flow into the river but not until the latter stages of the event, causing the stepped profile of the 412 

falling limb (Fig. 2). 413 

 414 

Table 4 compares the total loads estimated for October 2004 with September 2004 and with 415 

previous estimates of annual loads. The total load for September 2004 was calculated using 416 

sample S1 and a discharge of 0.004 m3/s. This approach is justified as samples taken ~11 km 417 

further downstream in September 2004 and early October 2004 showed little variation during 418 

this time period (e.g. SO4 = 1320 ± 69 mg/L, mean ± 1σ, n = 6). Overall the Río Tinto 419 

transported approximately 1000 times more water in October 2004 than September 2004 and 420 

between 140 (Na) and 8200 (Pb) times more dissolved elements, highlighting the extreme 421 

seasonality of water flow and pollutant transport in this river and the key role of flood events. 422 

 423 

In October 2004, 330 to 530 times more metals (Al, Cd, Co, Cr, Cu, Mg, Ni, Zn) and sulphate 424 

than September 2004 were transported, with slightly higher values of Fe (770) and Mn (655). 425 

The elements mobilised to the greatest degree by the additional water provided by the storm 426 

events and tributaries were Pb (8200), As (5500), Ba (1900), Mo (1000) and K (880). If 427 

anything, these values underestimate the total loads transported because only limited data was 428 

available for Events 1 and 2c. During October 2004, Fe and Al were the dominant metals 429 

transported by the Río Tinto followed by Cu, Zn and Mn with lesser quantities of toxic trace 430 

elements such as Pb, Co, Ni, Li, Cd, As and Cr. 431 

 432 
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In this study, salt minerals were observed to have been dissolved by the end of Event 2. Events 433 

1 and 2 combined transported approximately 58 t of Zn and 55 t of Cu. These estimates 434 

represent a possible upper limit for the amount of Zn and Cu stored by salt minerals in summer 435 

2004, although as previously mentioned, neither Event 1 nor Event 2c were sampled in detail. In 436 

comparison, Buckby et al. (2003) extrapolated salt mineral coverage, density, porosity and 437 

chemical composition data to be 200 t of Zn and 150 t of Cu stored as salt minerals during the 438 

summer and dissolved by the first rainfall events of the autumn. The estimates by Buckby et al. 439 

(2003) and this study compare well, allowing for differences in the methodology used. 440 

 441 

Extrapolating the data from September 2004 and October 2004 to create a yearly total is unwise 442 

given the inter- and intra-monthly variations in loads.  Nevertheless, some comparisons can be 443 

made with previous estimations of annual metal loads (Table 4). Note the differences in the 444 

annual estimates. This is due to differences in both the years studied and the frequency of 445 

samples. Braungardt et al. (2003) extrapolated annual loads based on only 4 samples from 446 

different seasons in 1996-1998. The estimates for Sainz et al. (2004) were calculated in this 447 

study from their mean hourly loads (1988-2001). Sampling frequency was not given but appears 448 

to be quarterly. Finally, the estimates by Olías et al. (2006) were based on 419 samples 449 

collected between 1995 and 2003 (52 samples on average per year) and therefore are likely to 450 

be the most accurate published estimates. 451 

 452 

Comparing the results of this study with Olias et al. (2006), it is striking that in October 2004 453 

alone, almost 50% of the annual loads of Pb, Mn and Ni were transported to the Ría of Huelva 454 

estuary, once again highlighting the importance of flood events. At the other extreme, the As 455 

loads transported in October 2004 correspond to only 3 % of the annual total although Olias et 456 

al. (2006) did note that their As and Pb estimations had the highest uncertainties. These two 457 

elements showed the greatest difference between low-flow and flood regimes in this study. 458 

 459 

4.5  Comparison with other AMD sites 460 

 461 
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Several studies have investigated the hydrochemical responses of small catchments affected by 462 

AMD (Gammons et al., 2005; Lambing et al., 1999; Sanden et al., 1997; Wirt et al., 1999) while 463 

the temporary storage of metals by salt mineral formation in dry periods followed by dissolution 464 

and metal release by rainfall/flood events has been studied or proposed as an important 465 

physicochemical process in a number of other works (Alpers et al., 1994; Bayless and Olyphant, 466 

1993; Cravotta, 1994; Dagenhart, 1980; Hammarstrom et al., 2005; Keith et al., 2001). 467 

 468 

Table 5 compares the characteristics of flood events in this study with Contrary Creek, Virginia 469 

(Dagenhart, 1980) and Boulder Creek, Iron Mountain, California (Keith et al., 2001). 470 

Instantaneous metal loads were calculated from discharge-time and concentration-time graphs. 471 

Both of these studies displayed peaks in concentration associated with initial increases in 472 

discharge followed by decreases in concentration as discharge continued to rise. It is clear from 473 

these results that the Río Tinto represents the most extreme example of salt mineral dissolution 474 

studied to date with the highest metal concentrations and loadings. Previous studies on the 475 

adjacent Odiel River have calculated that it transports a higher dissolved load as it drains a 476 

considerably larger catchment containing many mines. However, concentrations are much lower 477 

and the pH is higher. Ongoing work at the University of Huelva is examining flood events in this 478 

river using high-resolution temporal sampling. 479 

 480 

In terms of the environmental impact on the estuary, elevated loads are arguably more 481 

important than elevated concentrations in the Río Tinto, because concentrations are rapidly 482 

diluted and pH increased as the Río Tinto water mixes with seawater and salinity increases in 483 

the estuary (Braungardt et al., 2003). Higher loads may therefore cause elevated concentrations 484 

to persist further into the estuary.  Large, high-velocity discharges are also important because 485 

they mobilise the highest amount of sediment, releasing metal-rich interstitial waters and 486 

increasing concentrations still further in the upper Río Tinto Estuary (Braundgardt et al., 2003). 487 

The key role of these events in the pollutant transport in arid and semi-arid environments should 488 

be considered in all management strategies; these extreme variations in discharge and 489 

concentrations complicate the design of effective treatment schemes in such climates. 490 
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 491 

5.  CONCLUSIONS 492 

 493 

This work is the first detailed investigation of the hydrochemical variations in the Río Tinto 494 

during rainfall/flood events following a long dry season and it is likely the largest recorded 495 

example of a flushout event in areas affected by AMD. Previous studies on the adjacent Odiel 496 

River show a higher yearly dissolved load transported by this river. Ongoing work is examining 497 

flood events and its impact on the metal load into the estuary. 498 

 499 

As with previous studies examining rainfall events in AMD catchments (e.g. Dagenhart, 1980; 500 

Keith et al., 2001), dissolved concentrations increased dramatically following the first rainfall 501 

event of the season and then showed a general decrease throughout the month as the summer 502 

store of soluble evaporitic salt minerals and concentrated pore waters was progressively 503 

depleted and freshwater dilution processes became increasingly dominant.   504 

 505 

Three separate rainfall/flood events were identified in the month. In general, concentrations 506 

peaked following the first event (Qmax = 0.78 m3/s) while dissolved loads peaked in the second 507 

event (Qmax = 77 m3/s) and discharge in the third event (Qmax = 127 m3/s). Variations in relative 508 

concentrations were attributed to oxyhydroxisulphate precipitation, to relative changes in the 509 

sources of AMD (e.g. salt minerals, mine tunnels, spoil heaps etc.) and to a higher contribution 510 

of freshwaters as the flood events progressed.   511 

 512 

Ba and Pb behaved anomalously with concentrations and loads peaking at different times to 513 

other elements. Ba behaviour could potentially be explained by equilibrium with a Ba-Sr 514 

sulphate or by colloidal barite but there was no clear explanation for Pb. 515 

 516 

Although significant (p < 0.01) relationships existed between discharge and concentrations for 517 

certain periods, they could not be successfully extrapolated over the whole month or sometimes 518 
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over a whole event. This highlights the need for high-resolution temporal sampling of these 519 

events in order to accurately estimate the annual dissolved load. 520 

 521 

The dissolved pollutant load carried by the river during these floods was enormous. During 522 

October 2004, some 5700 t of sulphates, 770 t of Fe, 420 t of Al, 100 t of Cu, 100 t of Zn and 71 523 

t of Mn were transported by the Río Tinto into the Ría of Huelva estuary. Approximately 1000 524 

times more water and 140-8200 times more dissolved elements were transported in October 525 

2004 compared with the low-flow regime of September 2004. Total loads in October 2004 526 

correspond to 3 % (As) to 46 % (Pb) of the annual loads estimated by Olías et al. (2006) 527 

although more accurate annual loads (in dry and wet years) involving detailed sampling of flood 528 

events are needed to properly assess the contribution of flood events. 529 

 530 
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Figures 

 

 

Figure 1. Map of the Río Tinto showing the location of the sampling point, the mining area and 

the pluviometric gauges.  
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Figure 2. Rainfall and discharge data for the monitored period. 
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Figure 3. Variations in pH, electrical conductivity and sulphate and Pb dissolved concentrations.  
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Figure 4. Variations in Fe/SO4, Cu/Zn and Zn/SO4 ratios.  
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Figure 5. a) Fe/SO4 ratio versus SO4 concentration;  b) Cu/Zn ratio versus SO4 concentration;  

c) Zn/SO4 versus SO4 concentration showing a mixing line between freshwater (end-member A) 

and the most contaminated sample (end-member B).  Ionic ratio from evaporitic salts expressed as 

the median value from Buckby et al., 2004 (dashed line) and from this study (pointed line). AMD sources: 

Zarandas Naya System (ZN System), Tunnel 11 and 16 systems (T11 and T16) and Peña del Hierro 

system (PH system). Freshwater data are from the Corumbel reservoir. 
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Figure 6. Instantaneous dissolved loads of Zn and Ba. 
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Figure 7. Examples of relationships between discharge and dissolved concentrations during 

October 2004 (circles = from 20th at 17:00 to 21st at 01:00; squares = from 21st at 18:00 to 27th 

at 11:00; and triangles = from 27th at 14:00 on).   

 



 34 

 

Figure 8. Rainfall distribution in the Río Tinto basin during: a) Event 2; b) Event 3. 
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River Catchment Discharge Al As Cd Cu Fe Mn Pb Zn 
 km2 m3/s       Dissolved concentrations (mg/L)   
           
Río Tinto 1 1646 1.6 75 0.86 0.25 27.2 393 11.4 0.19 61.8 
Thames 2 12935 65.8  0.003  0.004  0.1 <0.001  
Seine 3 78650 435  0.001 0.03 0.002  0.006 <0.001  
Rhone 4 159127 2170  0.002 0.03 0.002   <0.001  
Mississippi 5 2981000 12743   <0.001 0.02    0.003 
Amazon 4 7050000 219000   0.06 0.02    <0.004 
Streams average 6   0.05 0.002  0.007 0.04 0.008 0.001 0.03 
           
         Annual Load  ( ton / yr )     
           
Río Tinto 1 1646 1.6 1234 12.4 3.9 469 5075 163 14.8 863 
Seine 7 78650 435   0.44 25   9 135 
Elbe 8 131950 720  16.3 2.5 51.4   22.8 501 
Rhone 8 159127 2170  40.4 2.5 149.5   225.9 966 
                      
           
1. Olias et al., 2006     2. Neal et al., 2000    3. Elbaz Poulichet e al., 2006    4. Boyle et al., 1982 
5. Stumm and Morgan, 1996    6. Drever, 1988    7. Thévenot et al., 2007     8. Vink et al., 1999. 

 
 

Table 1.  Element concentrations and loads transported by rivers worldwide. 

 

 

 

 

 

    n Mean Median Stand. Min. Max. Percentile 
Peak 2b 

/ Detect. 
    Deviat. 25 75 Peak 3 limit 
Flow m3/s 25 12.5 3.7 20.6 0.004 87.3 1.46 13.7    
pH   25 2.70 2.75 0.42 2.25 3.56 2.31 2.95    
EC mS/cm 25 3.87 2.13 3.02 0.51 8.08 1.11 6.67    
Eh mV 25 726 735 74 608 840 664 783     

M
ai

n 
el

em
e

nt
s 

(m
g/

L
)  SO4 25 3583 1272 3572 158 9474 443 6437 2.5 0.09 

Al 25 192 82 186 7.0 483 26 343 3.1 0.06 
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Ca 25 86 43 69 13 184 24 151 0.6 0.06 
Cu 25 55 20 57 1.6 148 5 102 3.8 0.08 
Fe 25 489 133 522 10 1385 35 969 4.2 0.03 
K 25 2.7 1.9 2.1 0.6 8.5 1.3 3.2 0.03 0.06 

Mg 25 184 67 179 10 463 24 343 2.2 0.08 
Mn 25 25 12 21 2.1 56 5 47 1.2 0.07 
Na 25 28 16 22 6.2 64 8 49 0.4 0.08 
Si 25 25 15 22 3.9 69 5 39 0.6 0.02 
Zn 25 55 17 57 1.7 145 6 107 3.8 0.14 

Tr
ac

e 
el

em
en

ts
 (µ

g/
L)

 

As 25 316 40 349 6 879 12 651 5.2 2.73 
Ba 24 40 35 23 13 104 24 46 0.02 0.20 
Be 20 10 12 8 1.3 23 3 17 1.4 1.10 
Cd 25 274 82 283 9 740 25 507 3.4 1.31 
Co 25 1618 602 1616 62 4142 191 3091 3.0 1.94 
Cr 25 60 15 64 1.3 181 3 113 4.9 1.75 
Li 25 320 276 291 13 803 41 568 2.5 1.55 
Mo 24 49 13 48 1.5 131 8 91 3.8 2.31 
Ni 25 493 226 493 23 1279 55 926 2.4 1.22 
P 24 550 518 499 28 1191 50 1021 1.8 7.04 

Pb 25 508 402 322 80 1637 313 619 0.01 2.20 
Sn 23 54 12 52 0.9 130 7 106 24 0.55 
Sr 25 219 138 153 39 483 84 334 0.04 0.07 

 
 

Table 2. Basic statistics of results obtained during the flood events 

 

 

 

 

 

 

 

 

 

 

 

 



 37 

    CH68 CH71 CH73 CH74 CH75 CH157 CH163 CH179 CH204 CH209 CH253 CH254 CH255 CH256 CH260 
Location 7.2 7.2 8.2 8.2 8.2 79 21 0.2 7.2 7.2 8.2 8.2 8.2 8.2 7.2 

Mineralogy 
Cp, Ha, Rz, Cp, Me, Pi, Sz, Rh, FeCp,   Hx, Ha, Cp, Cq, Ha Rz, AlCp, Rz,Me,Cp, AlCp, Sz, Al, Cq, Sz, Qz, 

AlCp, 
Hx, Gyp Ha, Hx Gyp, Jt Al AlCp   Cp, S Al   Gu, Gyp Cq, Gyp Cq Rh, Cq Al Al,Cq,Ha 

Fe % 6.85 12.4 29.1 21.4 23.2 0.42 2.78 17.1 0.32 20.3 29.0 15.6 27.9 20.2 6.91 
Mg % 3.20 5.08 0.28 0.23 0.17 4.26 6.40 2.11 2.69 4.11 0.80 0.10 0.31 0.17 0.79 
Al % 3.63 2.57 0.52 2.40 1.00 3.47 2.67 2.45 4.60 0.31 1.14 0.61 1.07 3.89 2.59 
Na % 0.59 0.22 0.16 0.26 0.10 3.41 0.74 0.04 0.24 0.16 0.16 0.12 0.18 3.13 0.17 
Mn % 0.43 0.64 0.05 0.05 0.05 0.57 0.66 0.03 0.43 0.62 0.05 0.05 0.05 0.05 0.10 
Ca % 0.29 < 0.009 0.11 0.01 < 0.009 0.06 < 0.009 < 0.009 < 0.009 0.19 0.09 < 0.009 0.03 < 0.009 0.04 
Si % 0.22 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 12.9 
Ti % 0.01 < 0.003 < 0.003 0.01 < 0.003 < 0.003 0.01 < 0.003 < 0.003 < 0.003 < 0.003 0.01 < 0.003 < 0.003 0.09 
P % 0.013 < 0.003 < 0.003 0.013 0.004 0.004 0.004 < 0.003 < 0.003 < 0.003 < 0.003 0.004 < 0.003 0.004 0.004 
K % < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.46 
Zn mg/kg 11300 4900 5240 4750 5510 17500 12100 183 13800 7060 5130 4080 5260 4700 4190 
Cu mg/kg 12200 765 4590 3380 4350 4850 5790 173 11800 257 5640 3720 5100 3980 3560 
Co mg/kg 375 236 102 78 86 419 325 181 374 333 113 72 100 68 73 
Pb mg/kg 32 15 118 25 11 bdl 13 10 41 256 55 10 39 31 1060 
Ni mg/kg 98 41 25 29 23 81 152 13 36 24 30 21 26 30 22 
Zr mg/kg 16 < 5 13 27 12 20 12 6 18 13 20 46 25 20 151 
Cr mg/kg < 5 5 12 29 23 27 8 10 < 5 8 12 34 22 27 11 
V mg/kg < 2 7 17 36 15 < 2 15 7 < 2 10 16 13 18 30 33 
Y mg/kg 17 6 < 5 10 < 5 27 23 8 19 < 5 < 5 < 5 < 5 < 5 50 
Sr mg/kg 6 8 < 5 < 5 < 5 < 5 7 < 5 < 5 13 < 5 < 5 < 5 < 5 19 
Rb mg/kg < 5 < 5 < 5 < 5 < 5 10 < 5 < 5 < 5 < 5 < 5 < 5 < 5 6 26 

                 
 Al = alunogen, AlCp = aluminocopiapite, Cp = copiapite, Cq = coquimbite, FeCp = ferricopiapite, Gu = gunningite, Gyp = gypsum, Ha = halotrichite   
 Hx = hexahydrite, Jt = jarosite, Me = melanterite, Pi = pisanite, Qz = quartz, Rh = rhomboclase, Rz = rozenite, S = NaAl(SO4)2.12H2O (syn), Sz = szomolnokite.      
 S = NaAl(SO4)2.12H2O (syn), Sz = szomolnokite.              
 Location: distance downstream from source (km)            

 
Table 3. Mineralogy and chemistry of salt minerals collected in August 2003 (CH68-

CH75) and September 2004 (CH157-CH260) 
 

 

 

 

 

 

 

 

 



 38 

  Braungardt Sainz Olías This study This study This study  
  1 Year 1 Year 1 Year Sept. 2004 Octob. 2004 as % of Olías 
Al - - 1224 0.92 420 34 
As - 9.5 12.4 0.0001 0.41 3.3 
Ba - - - 0.0004 0.70 - 
Cd 0.86 2.8 3.9 0.0013 0.49 13 
Co 3.3 - 8.7 0.0071 3.3 38 
Cr - 1.4 - 0.0002 0.10 - 
Cu 88 284 469 0.23 100 21 
Fe 1540 - 5075 1.0 770 15 
Li - - - 0.0029 0.58 - 
Mn 61 85 163 0.11 71 44 
Ni 1.4 2.7 2.2 0.0023 1.0 45 
Pb 0.87 1.8 14.8 0.0008 6.8 46 
SO4 - - 36589 17 5700 16 
Zn 240 596 863 0.26 100 12 

 
Braungardt et al. (2003),  Sainz et al. (2004), Olías et al. (2006) 
 

 
Table 4. Pollutant load estimates for the Río Tinto (tonnes) 
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  Río Tinto Boulder Creek Contrary Creek 
  This study Keith et al. (2001) Dagenhart (1980) 

Qmax (m3/s) 127 17 0.58 
pH 2.3 - 3.6 3.0 2.9 - 4.0 
Femax (mg/L) 1390 94 230 
Almax (mg/L) 483 63 - 
Znmax (mg/L) 145 5.5 70 
Cumax (mg/L) 148 3.7 17 
Femax (g/s) 7500 47 69 
Almax (g/s) 2700 31 - 
Znmax (g/s) 820 2.7 21 
Cumax (g/s) 830 1.8 3.7 

 
 

Table 5. Comparison of flood events in different AMD catchments 
 

 

 

 

 

 
 

 

 

 


