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Abstract

The Aznalcollar tailings dam at Boliden Apirsa’s Aznalcollar/Los Frailes Ag-Cu—Pb-Zn mine 45 km west of Seville,
Spain, was breached on 25 April 1998, flooding approximately 4600 hectares of land along the Rios Agrio and Guadiamar
with approximately 5.5 million m? of acidic water and 1.3x 10° m? of heavy metal-bearing tailings. Most of the deposited
tailings and approximately 4.7x10° m> of contaminated soils were removed to the Aznalcollar open pit during clean-up
work undertaken immediately after the spill until January 1999. Detailed geomorphological and geochemical surveys of the
post-clean-up channel, floodplain and valley floor, and sediment and water sampling, were carried out in January and May
1999 at 6 reaches representative of the types of river channel and floodplain environments in the Rio Guadiamar catchment
affected by the spill. The collected data show that the clean-up operations removed enough spill-deposited sediment to
achieve pre-spill metal (Ag, As, Cd, Cu, Pb, Sb, Tl, Zn) concentrations in surface sediment. These concentrations, however,
are still elevated above pre-mining concentrations, and emphasise that mining continues to contaminate the Agrio-Guadia-
mar river system. Dilution by relatively uncontaminated sediment appears to reduce metal concentrations downstream but
increases in metal and As concentrations occur downstream, presumably as a result of factors such as sewage and agri-
culture. River water samples collected in May 1999 have significantly greater dissolved concentrations of metals and As
than those from January 1999, probably due to greater sulphide oxidation from residual tailings with concomitant
release of metals in the warmer early summer months. These concentrations are reduced downstream, probably by a
combination of dilution and removal of metals by mineral precipitation. Single chemical extractions (de-ionised water,
CaCl, 0.01 mol 17!, CH;COONH, 1 M, CH;COONa 1 M and ammonium oxalate 0.2 M) on alluvial samples from
reaches 1 and 6, the tailings, pre-spill alluvium and marl have shown that the order of sediment-borne contaminant
mobility is generally Zn>Cd > Cu>Pb> As. Pb and As are relatively immobile except possibly under reducing con-
ditions. Much of the highly contaminated sediment remaining in the floodplain and channel still contains a large pro-
portion of tailings-related sulphide minerals which are potentially reactive and may continue to release contaminants to
the Agrio-Guadiamar river system. Our work emphasises the need for pre-mining geomorphological and geochemical
data, and an assessment of potential contributions of contaminants to river systems from other, non-mining sources.
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1. Introduction

Failures of mine tailings dams are often catastrophic
events which severely impact water and sediment qual-
ity, as well as aquatic life in river systems (e.g. Macklin
et al., 1996; Draves and Fox, 1998; Anonymous, 2000).
One of the largest, accidental discharges of contaminant
metals from a mine tailings dam failure to have occurred
in recent years was the breaching of the Aznalcollar
tailings dam at Boliden Apirsa’s Aznalcollar/Los Frailes
Ag—Cu—Pb—Zn mine 45 km west of Seville, Spain. On 25
April, 1998, approximately 4600 hectares of land along
the Agrio and Guadiamar rivers were flooded with an
estimated 5.5x10° m? of acidic water and 1.3 million m3
of heavy metal-bearing tailings (Sassoon, 1998). A zone,
approximately 400 m wide on each side of these rivers
and extending 40 km downstream of the dam, was cov-
ered with an approximately 1.7 m thick layer of tailings
(Grimalt et al., 1999). Acidic water from the spill con-
tinued 20 km further downstream where it was pre-
vented from contaminating Dofnana Natural and
National Parks, the largest reserves of bird species in
Europe (Grimalt et al., 1999), by several temporary
walls in the Entremuros area. The main phase of clean-
up work by Boliden Apirsa S.L., the Confederacion
Hidrografica de Guadalquivir and the Consejeria de
Medio Ambiente was initiated immediately after the
spill and continued until January 1999. Clean-up oper-
ations included mechanical excavation and hand cleaning
(using shovel, trowel and brush) of most of the deposited
tailings and approximately 4.7x10° m? of contaminated
soils, and their storage in the Aznalcollar open pit.

A considerable number of studies on soil and water
quality (van Geen and Chase, 1998; Alastuey et al.,
1999; Cabrera et al., 1999; Diaz-Barrientos et al., 1999;
Lopez-Pamo et al., 1999; Simon et al., 1999; Vidal et al.,
1999) and one on the geomorphology of the Rios Agrio
and Guadiamar (Gallart et al., 1999) were undertaken
immediately after the spill and in the early stages of the
clean-up. Although these provided invaluable data on
the conditions of the catchment at this time, they did
not utilise an integrated geomorphological-geochemical
approach to assess the long-term fate of contaminants
from the spill. Such an approach has proved essential
for assessing contaminant storage and remobilisation in
other rivers affected by tailings dam spills and metal
mining pollution (e.g., Lewin and Macklin, 1987; James,
1989, 1991; Macklin and Lewin, 1989; Knighton, 1991;
Macklin et al., 1996; Miller et al., 1998; Hudson-
Edwards et al., 2001). The scientific basis of this
approach is that sediment-associated metals follow the
same transport pathways as other particulate-bound
elements, and their deposition and storage patterns can
be related in a predictable way to floodplain geomor-
phology and channel sedimentation styles (Graf, 1994;
Macklin, 1996; Miller, 1997). When data on these are

combined with geochemical information on the forms of
contaminants (e.g. Pirrie et al., 1997; Hudson-Edwards
et al., 1998), their long-term impact can be modelled and
appropriate remediation strategies implemented.

An interdisciplinary geomorphological-geochemical
research programme began in December 1998 (Macklin
et al., 1999) to monitor and model the recovery of the
river, especially in terms of the geochemical and physical
(erosion, sediment reworking, deposition) controls on
the distribution of potentially hazardous elements
between sediment and waters. One of the major objec-
tives of this project is to define the post-clean-up geo-
morphology, geochemistry and metal speciation of Rio
Agrio and Guadiamar channel and floodplain sediment
in order to develop predictive models of future sedi-
ment-water interactions under various climatic and
land-use regimes. This paper presents the results of data
for samples collected in January and May 1999 which
are used to (1) evaluate the impact of the April 1998
Aznalcollar tailings dam failure and subsequent clean-
up on sediment and water quality in the Agrio-Gua-
diamar catchment, and (2) assess the long-term beha-
viour and fate of contaminants in sediments and water
of the Agrio-Guadiamar catchment. This information
will be of use in evaluating the response of other river
systems, in terms of sediment and water quality, and
river dynamics, to the effects of tailings dam spills and
subsequent clean-up operations.

2. Physiography, geology and mining history of the
Guadiamar catchment

The Guadiamar catchment (37°30'N 6°20'W) is loca-
ted in southern Spain to the west of Sevilla (Fig. 1). It
has a catchment area of 1092 km? and average annual
rainfall of ca. 500 mm. The Rio Guadiamar rises 24 km
to the north of Aznalcollar and flows 40 km down-
stream to its confluence with the Rio Agrio (Fig. 1). The
Rio Agrio originally flowed through the site of an open
pit at Aznalcollar, but was diverted through the con-
struction of a 20 million m? upstream dam and a 2 km
tunnel (Sassoon, 1998). Downstream of the Agrio/Gua-
diamar confluence the river flows for another 38 km
until it joins the Rio Guadalquivir. The upper limit of
tidal flows in the Guadiamar is located at Aznalcazar.
The upper catchment is underlain by rocks of the Lower
Carboniferous Volcano-Sedimentary Complex of the
Iberian Pyrite Belt, and south of Aznalcollar by Mio-
cene silts and calcarenites overlain by Eocene marl beds
(Almodovar et al., 1998). The Los Frailes mine is located
at Aznalcollar at the eastern end of the Iberian Pyrite
Belt, 45 km northwest of Sevilla. The region has a long
history of mining, dating to the pre-Roman period, with
the most recent phase of large-scale mining commencing
in 1979 by Andaluza de Piritas SA (APIRSA), and
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Fig. 1. Location of the Rios Agrio and Guadiamar, and the
village of Aznalcollar, showing positions of the six study
reaches and of the Aznalcollar tailings dam.

eventually Boliden, who acquired APIRSA in 1987.
There are several ore deposits at Aznalcollar with total
massive sulphide reserves of up to 130 Mt and average
grades 3.6% Zn, 2% Pb, 0.4% Cu and 65 ppm Ag. The
Los Frailes ore deposit is the most recently discovered,
consisting of ca. 70 Mt of massive sulphides with aver-
age ore grades of 0.35% Cu, 2.21% Pb, 3.87% Zn and
63 ppm Ag (Almodovar et al., 1998). The tailings dam
that was breached in April 1998 was constructed in
1978, and was used for waste materials from orebodies
at Aznalcollar from 1979 to 1997 and from the Los
Frailes mine after 1997 (Sassoon, 1998).

3. Methodology
3.1. Geomorphology

Detailed geomorphological surveys of the post-clean-
up channel, floodplain and valley floor were carried out
in January and May 1999 at six reaches representative
of the types of river channel and floodplain environ-
ments in the Rio Guadiamar catchment affected by the
spill (Fig. 1; Table 1). At each reach, a total station
survey was used to (1) establish a local coordinate grid
system, (2) survey a traverse of fixed control stations, (3)
define detail observations of channel and valley floor
topography, and (4) document monumented valley floor
cross profiles. Sediment and water samples (see below)
were spatially referenced and integrated within a GIS
(ARC/INFO™). This spatial referencing will allow
detailed repeat surveys to be undertaken.

3.2. Water sampling and analysis

Water sampling was carried out at the same time as
the geomorphological surveying in January and May
1999. Surface water samples were taken from the Rio
Guadiamar and the Rio Agrio at reaches 1 to 5 (Fig. 1),
as well as field blanks and duplicates. An extra sampling
site, which has been named ‘Rla’ (Fig. 1; Table 1) was
added midway between reaches 1 and 2. Water samples
were filtered in the field through 0.45 um filters and
those destined for cation analysis were preserved with
HNOj; to pH less than 2. Field blanks were opened and
acidified in the same manner as samples. Cations were
analysed by ICP-MS in the Department of Geological
Sciences at Queen’s University, Ontario. Field and lab
duplicates indicate a relatively high degree of reprodu-
cibility (within 10%). Measured values of all elements
reported for the waters in our study are within the
margin of error for certified values for SLRS-4, a refer-
ence water from the National Research Council of
Canada, with the exception of Cd, which is consistently
low due to a mass interference. Thus, reported Cd con-
centrations may be considered a minimum value.
Anions were analysed by ion chromatography. Field
and lab duplicates are very close in concentration and
the difference between measured and expected values for
the laboratory standard solutions is less than 10%.

3.3. Sediment sampling and analysis

In January and May 1999, sediment samples were
taken from the channel bed and banks, the floodplain
and higher river terraces to establish levels of metals in
material that is likely to form sources of river sediment.
All samples taken were spatially referenced and tied
into the geomorphological surveys. Each sample was
collected over a 12 m? area by combining 10 random
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Table 1

Description and location of study reaches (after Macklin et al., 1999, p. 273)

Reach Location (latitude, longitude)

Distance downstream Nos. of Length Channel type and environment

of mine (km) (from survey  (m)
mid-point of reach) points
1 Rio Agrio-Rio Guadimar confluence 2.6 2731 1300 Active wandering gravel bed
(37°28'N, 6°13'W)
la Extra sampling site for river water 5.0 NA NA NA
(37°27'N, 6°13'W)
2 El Guijo gauging station 7.0 536 350 Active low sinuosity gravel bed
(37°27'N, 6°13'W)
3 Upstream of Sanlucar road bridge 11.3 393 340 Active low sinuosity gravel/sand bed
(37°24'N, 6°14'W)
4 Upstream of Aznacazar railway bridge  23.1 535 500 Stable low sinuosity sand/gravel bed
(37°18.5'N, 6°15'W)
5 La Tiesa (37°13.5'N, 6°14'W) 38.4 455 930 Stable straight silt/sand bed (tidal)
6 Puente San Simone (37°11.5'N, 6°13YW) 43.5 294 640 Stable straight silt/sand bed (tidal)

NA: not applicable.

sub-samples to ca. 200-300 g from the upper 5 cm of the
sediment surface. Several samples of deposited tailings
and ‘pre-spill’ alluvium were also taken at all of the
reaches. Radiocarbon dating was carried out on a sam-
ple of wood preserved within channel bank alluvium
from the Rio Guadiamar in reach 1 (Fig. 1). The ana-
lysis was conducted by Beta Analytical, Inc. (Miami,
Florida; Beta-130201), and results are reported as both
cal. AD and cal. BP.

The 1998/1999 winter was relatively dry with only
enough rainfall to allow a small amount of vegetation to
re-establish itself on floodplain and terrace surfaces. A
small ca. 10 m? s~! flood occurred in March 1999 (H.
Blair, pers. comm., 2000), and caused up to 4 m of bank
erosion and channel widening, and deposition of sand and
gravel splays in the Rio Guadiamar in reach 1 (Macklin et
al., 1999) and fresh overbank sediment in all of the other
reaches. Samples of this material were taken from each of
the reaches during the May 1999 field campaign.

In the laboratory, the sediment samples were homo-
genised, and a portion was air-dried, disaggregated and
sieved to pass through a 2 mm aperture. A sub-sample
of the air-dried material was then ground in an agate
tema for four minutes. The samples were digested in
HF-HCIO4~HNO3 and analysed by ICP-MS (VG ele-
mental plasma Quad II+) for As, Cd, Cu, Pb, Ni, Sb,
Tl and Zn at the Institute of Geography and Earth Sci-
ences, University of Wales, Aberystwyth. Analytical
precision was determined by inserting blind duplicates
to approximately 10% of the total number of samples
analysed. Analytical accuracy was determined using the
reference sediment standards GBWO07311 and GBW
07312 (Office of Reference Materials, Laboratory of the
Government Chemist, UK). Both precision and accu-
racy were within 10%. Selected samples were analysed
by X-ray diffraction (Philips PW1710 instrument fitted

with a graphite monochromator, with Cu (K,) radiation
at 40 kV/30 Ma operating conditions) for their miner-
alogical composition.

Selected alluvial samples from the upstream and
downstream reaches (1 and 6), as well as three samples
each of tailings, bedrock marl and pre-spill alluvium,
were selected for more detailed investigations involving
grain-size analysis, total S and C analysis, sediment pH,
and select chemical extractions. Grain-size analysis was
carried out using a Beckman-Coulter LS 230 fluid
module particle size analyser. The <2 mm fraction was
mixed to a paste with 5% calgon, and was analysed
using a pump speed of 51% for 90 s. Total S and C were
determined by dry combustion using a LECO instrument,
and sediment pH was measured potentiometrically in a
1:2.5 sediment—deionised water (DIW) suspension. Five
single chemical extractions were also applied to the
homogenised, untreated sediment samples, as follows:

e Extractions with DIW. One g of sample is sha-
ken at 20 rev/min in 10 ml of DIW for 1 h.

e Extractions with CaCl,. 0.01 mol 17!, 1 g of
sample is shaken at 20 rev/min in 10 ml of CaCl,
0.01 mol 1! for 2 h (Novozamsky et al., 1993).

e Extractions with ammonium acetate. 1 g of
sample is shaken at 20 rev/min in 10 ml of 1 M
ammonium acetate (CH3COONH,) for 2 h
(adapted from Tessier et al., 1979).

e Extractions with sodium acetate. 1 g of sample
is shaken for 5 h at 20 rev/min in 10 ml of 1 M
CH;COONa (SLR) (adjusted to pH 5 using
acetic acid) (adapted from Tessier et al., 1979).

e Extractions with ammonium oxalate. 1 g sample
is shaken at 20 rev/min in 20 ml 0.2 M ammo-
nium oxalate adjusted to pH 3 with 0.2M oxalic
acid for 2 h (Schwertmann, 1959, 1964).



K.A. Hudson-Edwards et al. | Applied Geochemistry 18 (2003) 221-239 225

All the extractions were performed in acid-washed,
25-ml erlenmeyer flasks. After shaking, the solutions
were filtered using Whatman no. 42 filter papers, made
up to volume and stored in polypropylene bottles in a
cold store until analysis, which was undertaken no more
than 2 months after extraction. For every 8 samples a
duplicate sample and a blank were also extracted. For
the first three extractions, two drops of 50% HNO;
(Aristar) were added to prevent flocculation and sorption
of metals onto the bottle walls. Analyses for Cd, Cu, Pb,
and Zn were carried out by ICP-AES (Phillips instru-
ment) at the NERC Facility at Royal Holloway College,
Egham, and for As using atomic absorption spectro-
photometry (Unicam Soker system) in the UCL-Birkbeck
Wolfson Laboratory for Environmental Geoscience. Pre-
cisions ranged between 10 and 15 percent, except for
samples exhibiting very low concentrations (<0.1 mg/kg),
for which precisions ranged between 5 and 50%.

4. Results and discussion
4.1. Geomorphology

Descriptions of the geomorphology of reaches 1-6
can be found in Macklin et al. (1999). Reaches 1, 2 and
3 have been totally transformed by the mine tailings
spill and cleanup operations, and neither the new chan-
nel nor the truncated floodplain are in equilibrium with
the runoff or flow regime of the Guadiamar catchment.
In reaches 4, 5 and 6, however, cleanup operations
involved the removal of ca. 0.5 m of tailings and topsoil
material with the preservation of the pre-spill river
channel and floodplain morphology. These downstream
reaches are likely to be sites where a considerable pro-
portion of contaminated sediment, reworked from the
laterally and vertically active upstream parts of the Gua-
diamar, will be deposited and enter long-term storage.

4.2. Water geochemistry

4.2.1. Comparison of results from January 1999 and
May 1999

As shown in Table 2 and Fig. 2, water samples col-
lected in May had lower pH values and higher dissolved
concentrations of all elements measured (with the single
exception of As in the Rio Agrio at reach 1) than water
samples collected at the same location in January. This
is considered to be, in part, the result of dilution by
water released from the reservoir upstream of the mine
during the January sampling period to provide
increased supply downstream after an extremely dry
winter. If dilution were the only mechanism reducing
metal contents in river water, however, we would still
expect to see the pattern of decreased metal concentra-
tions with increasing distance from the mine that is

apparent in the samples collected in May (Fig. 2). Thus,
a second factor in maintaining relatively low metal con-
centrations and high pH values in January may be the
reduced rates of sulphide oxidation and metal leaching
from residual tailings during the relatively cool winter
months. In January, measured river water temperatures
ranged from 10 to 18 °C, whereas in May the river was
considerably warmer, with temperatures of 21 to 28 °C,
and up to 30 °C in standing pools of water adjacent to
residual tailings.

4.2.2. Effect of distance from mine site on water
chemistry

In the May 1999 river water samples the pH rises
from 4.4 in the Rio Agrio at reach 1 to 7.4 in the Rio
Guadiamar at reach 5 (Table 2, Fig. 2). The pH of river
water in the Rio Guadiamar upstream of the Rio Agrio
confluence is the highest of those recorded, at 7.9. Only
the Rio Agrio pH is below that recommended in the EU
directive concentrations for surface water intended for
abstraction. Dissolved aqueous concentrations of Cd,
Cu, Ni, Pb, Fe, Zn and SO, show an overall down-
stream decrease from the tailings dam to reach 5, 33 km
downstream of the tailings dam, with concentrations of
Cd at reaches 1-3 exceeding EU directive concentra-
tions for surface water intended for abstraction. The
downstream trends mirror the increase in pH, and sug-
gest that surface water in the upper reaches of the sam-
pling corridor is affected by acidic, metal- and SO4-rich
water associated with the presence of the mine. Further
downstream the water quality is improved, possibly
through dilution by tributary streams and recharge of
uncontaminated groundwater to the river.

In Fig. 3 the significance of dilution is examined by
plotting the concentrations of some of the dissolved
constituents versus the concentration of SO4. Mixing
lines represent concentration trends expected through
simple dilution of the most SO4-rich water (Rla) and
the most SO4-poor water (the Guadiamar river sample
upstream of the Agrio confluence at R1). The high pH
and low metal content of the latter sample suggests that
it can be considered a background sample, relatively
unaffected by recent or past mining activities. In this
analysis, SOy is used as a conservative tracer. It is pos-
sible that SOz 1is not behaving completely con-
servatively, but the SO4 concentrations are so much
higher than those of Fe Zn and Cd that small changes in
SO4 would not really affect the trends depicted (cf.,
Berger et al., 2000). Speciation modelling of the river
waters using MINTEQAZ2 (Allison et al., 1990) indicates
that sulphate minerals are unlikely to precipitate from
river waters or, if they do, they remove no more than a
very small fraction of the total dissolved sulphate.
Water compositions that fall on the mixing lines indi-
cate a mechanism of simple dilution, those that fall
above indicate addition of dissolved species through



Table 2

Geochemistry of Rio Agrio and Rio Guadiamar surface water, January and May 1999. R1 to R5 refers to reach 1 to reach 5. Not all reaches were sampled in Jan 99. Dissolved
oxygen was not measured in January; NA—not analysed

Sample pH Temperature (°C) Dissolved oxygen Na (mg/l) Mg (mg/l) Ca (mg/l) K (mg/l) Fe (mg/l) Mn (mg/l)

Jan May Jan May Jan May Jan May Jan May Jan May Jan May Jan May Jan May
Guadiamar R1 NA 79 NA 28.3 NA 1.2 NA 32.0 NA 16.1 NA 66.4 NA 2.51 NA 0.0991 NA 0.0978
Agrio R1 NA 44 18.0 269 NA 9.28 18.4 315 122 49.2 679 207 2.07 4.03 0.1244 4.01 2385 7.193
Guadiamar Rla 7.6 5.1 175 24.6 NA NA 19.2 384 135 93.1 76.1 271 2.50 4.03 0.1300 1.66  1.792 5.862
Guadiamar R2 7.0 6.5 138 270 NA 894 234 38.7 17.6 86.4 103 233 2.61 424 0.1348 0.2530 2.114 5.958
Guadiamar R3 6.87.6 6.1 11.110.1 214 NA 7.14  20.536.1 38.7 143159 79.2 72.992.3 258 2.26 2.57 431 0.1742 .1526 0.1169 2.069 1.851 5.688
Guadiamar R4 7.3 7.1 10.7 21.2  NA 885 29.1 63.7 19.1 48.6 101 256 3.81 8.23 0.1100 0.1128 1.809 3.351
Guadiamar R5 NA 74 NA 226 NA 470 NA 119 NA 433 NA 191 NA 12.38 NA 0.0914 NA 1.107
Sample Zn (mg/) As (ng/l Ba (ng/l) Cd (ng/l Cu (ug/l Ni (ug/l) Pb (ug/l) Sr (ng/h

Jan May Jan May Jan May Jan May Jan May Jan May Jan May Jan May
Guadiamar R1 NA 0.001 NA 695 NA 61.1 NA 0.40 NA 527 NA 1.44 NA 0.940 NA 354
Agrio R1 3.02 23.6 6.85 1.04 19.1 31.7  8.33 39.6 31.8 737 13.0 90.1 2.33 20.3 168 500
Guadiamar Rla 3.39 19.0 1.46 1.77 225 43.7  11.0 30.2 44.6 459 153 58.2 0.92 20.98 253 559
Guadiamar R2  2.68 149 1.77 11.18 358 45.1 10.4 28.3 22.8 248 13.8 54.5 1.65 7.18 303 560
Guadiamar R3  3.203.09 142 1.401.58 3.52 248229 229 103 10.1 29.6 19.523.4 187 15.1 144 53.5 1.290.94 3.81 284234 604
Guadiamar R4 2.54 2.82 529 7.04 140.5 540 103 0.71 4.22 3.34 118 24.1 0.89 2.38 344 755
Guadiamar RS NA 0.001 NA 50.7 NA 51.1 NA 0.22 NA 2.36 NA 439 NA 3.60 NA 712
Sample Cl (mg/1) F (mg/l) NO; (mg/l) SO4 (mg/l)

Jan May Jan May Jan May Jan May
Guadiamar R1 NA 39 NA 0.30 NA 3.8 NA 112
Agrio R1 18 33 0.55 <1.0 0.64 0.55 186 833
Guadiamar Rla 23 41 0.59 <1.0 12 <0.5 209 1200
Guadiamar R2 29 40 086 2.1 1.2 1.2 299 1020
Guadiamar R3 24 28 45 080062 <10 1313 <0.5 257212 1080
Guadiamar R4 36 76 0.84 2.0 1.8 1.5 271 815
Guadiamar RS NA 179 NA <1.0 NA <0.5 NA 457
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Fig. 2. Dissolved concentrations of selected elements in water samples collected at six sampling locations along the Rios Agrio and
Guadiamar. Dashed lines represent EU/WHO guideline values for drinking water. Cu, Pb, Zn and pH data for 1980-84 is taken from
Cabrera et al. (1987), and pH data for 1983-97 from Gonzalez et al. (1990).



228 K.A. Hudson-Edwards et al. | Applied Geochemistry 18 (2003) 221-239

5
o4 .
o 3
13 2]
I et
0 +—o > o 0o
0 500 1000 1500
SO, mg/L
= R1a
o
1S
o
N
¥
0 L 2 \ g T
0 500 1000 1500
S0, mg/l
50
_ 401 *
2 30 e® ®Rila
T 20 |
o R1 Guadiamar
10
0 * - L2 ‘
0 500 1000 1500
SO, my/l
60
50 L 4
> 40
: 30
< 20 .
10 {R1 Guadiamar . *
0 R1a
0 500 1000 1500
SO, mg/l
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dissolution or desorption and those that fall below
indicate the removal of species through precipitation or
adsorption processes (cf. Berger et al., 2000). Fig. 3
shows that most of the downstream trends can be
explained by a combination of dilution and removal of
metals by mineral precipitation. Iron concentrations fall
below the mixing line for all samples downstream of site
Rla in the Guadiamar, consistent with positive satura-
tion indices for ferrihydrite and goethite in these waters
except for the samples from the Rio Agrio. If an iron
oxyhydroxide is precipitating directly, it may scavenge
metals such as Cu, Zn, Cd, Pb and Ni, resulting in the
concentrations of those elements falling below the mix-
ing line. Cadmium and Ni behave in a manner similar to

Zn (Fig. 3), falling near the mixing line at reaches 2 and
3, but apparently removed by mineral precipitation/
adsorption at reaches 4 and 5. Copper and Pb follow a
similar pattern to Fe, indicating that removal of these
elements by precipitation/adsorption is significant at
reaches 2, 3, 4 and 5. As does not show evidence of
simple dilution (Fig. 3).

Water from the Rio Agrio sampled in May 1999 is
different from the other samples in that it has relatively
low pH, high Fe, Cd, Zn, Cu, Ni and Pb but inter-
mediate concentrations of SO4. Although the measured
pH is distinctly lower than those measured in the Rio
Guadiamar, it is within the lower end of the range of
values determined at this location by mine staff in the
years before and since the tailings accident (H. Blair,
pers. comm., 2000). The origin of this acidic, metal-rich
water is probably related to mining activities, but the
exact nature of that relation is unclear.

Arsenic concentrations exhibit the most irregular
pattern of any element analysed. The May 1999 As
concentrations rise from reach 3 to 5, with a steep rise
from reach 4 to 5 (where As exceeds the EU surface
water abstraction limit). Although the tailings are
known to be high in As (Table 3), and this is released to
aqueous solution through oxidation of the sulphides
(Macklin et al., 1999), there is no simple correlation
between the As concentration in water samples and
other constituents derived from tailings such as Zn, Cu,
Cd or SO,. This is also consistent with observations
made by mine staff monitoring water quality from the
mine to the estuary (H. Blair, pers. comm., 2000). The
irregular As distribution suggests that either (1) there is
another source of As in the Agrio-Guadiamar system,
such as lead arsenate pesticides, known to have been
used for insect control in deciduous fruit trees in the
middle part of the Guadiamar catchment in the mid-
20th century, or (2) that the mobility of As, which
behaves as an anion, is controlled by factors different to
those that control metal cation mobility.

Water samples taken in the lowest reaches have rela-
tively high concentrations of dissolved Na, Cl and Sr
compared to those upstream, probably as a result of
mixing with seawater enriched in these elements.

4.3. Comparison with other studies

The May 1999 Agrio—Guadiamar pH ranges are no
lower than average pH data from 1980 to 1984 (Cabrera
et al., 1987) and 1983-1986 (Gonzalez et al., 1990). The
1983-1986 pH values for the Agrio-Guadiamar are, in
fact, an order of magnitude lower than the May 1999
pH values, suggesting that the clean-up resulted in an
improvement in water acidity compared with the 1980s.
The May 1999 dissolved concentrations of Cu and Pb
are considerably lower than, and Zn similar to, average
concentrations reported by Cabrera et al. (1987) for



Table 3
Mean values and ranges (in mg/kg) of sediment-borne heavy metal and As concentrations for sediment samples from the six Guadiamar catchment reaches, pre-spill alluvium,
Eocene marl, tailings, and other mining-affected river basins

Sample/ Area As Cd Cu Ni Pb Sb Tl Zn

Rio Guadiamar channel and floodplain
alluvium (January and May 1999)

Reach 1 (n=37) 320 (20-1200) 4.7 (0.5-12) 260 (17-490) 17 (1.2-69) 990 (50-2700) 35(1.6-150) 7.4 (0.8-15) 1200 (140-4600)
Reach 2 (n=10) 320 (40-860) 5.5 (0.9-11) 190 (50-340) 24 (14-34) 680 (98-1500) 22 (<0.1-55) 5.8 (1.1-12) 1600 (330-3200)
Reach 3 (n=13) 220 (36-1000) 4.1 (0.6-9.3) 310 (110-730) 17 (1.9-31) 610 (110-2200) 20 (3.8-90) 4.8 (1.0-16) 1200 (270-3200)
Reach 4 (n=13) 280 (46-680) 2.7 (0.1-5.6) 190 (58-370) 18 (5.7-32) 780 (71-1600) 25 (2.2-62) 6.2 (1.4-13) 900 (270-1700)
Reach 5 (n=11) 93 (30-180) 2.5(<0.1-6.9) 150 (28-300) 19 (3.7-70) 300 (66-750) 7.8 (<0.1-21) 2.2 (0.5-5.8) 670 (190-1800)
Reach 6 (n=9) 41 (27-37) 4.6 (1.0-6.0) 88 (45-110) 97 (35-530) 120 (67-250) 3.0 (<0.1-10) 2.1 (1.1-2.5) 1100 (680-1400)
Pre-spill alluvium, Eocene marl and
tailings
Pre-spill alluvium (n=17) 39 (13-110) 0.1 (0.1-2.6) 78 (9.6-280) 16 (1.0-29) 140 (18-540) 3.7(0.7-12) 1.4 (0.2-5.0) 220 (70-900)
Pre-cal. AD1025-1255 (cal. BP 925-695) 14 0.2 9.6 18 18 0.59 0.7 112

alluvium (n=1)
Eocene marl (n=3) 20 (14-24) 0.3 (0.3) 17 (15-18) 21 (14-32) 22 (10-30) 0.8 (0.6-1.0) 0.7 (0.4-1.0) 100 (94-110)
Tailings (n=11) 2500 (1800-3700) 27 (12-76) 1600 (950-3000) 20 (2.0-82) 8500 (3700-12000) 270 (58-350) 56 (19-76) 7400 (3700-23000)

Fresh overbank sediment splays deposited
from floods between January and May 1999

Reach 1 1200 19 410 41 2100 71 13 5100
Reach 2 1300 16 480 42 2800 89 15 4800
Reach 3 460 11 300 30 1000 33 8.2 3200
Reach 4 60 1.3 54 15 130 <0.1 2.8 750
Reach 5 41 5.4 110 27 180 1.6 1.8 1500
Reach 6 95 49 55 29 190 7.2 2.1 960

Alluvium from other mining-affected
catchments elsewhere in the world

Rio Tinto, Spain (n=14)* 370 (110-750)  n.r. 300 (75-1500)  n.r. 2800 (490-3100)  n.r. n.r. 200 (<20-1200)
Upper Rio Pilcomayo, Bolivia (1=7)° 2500 (210-7200) 62 (6.9-190) 490 (88-1400)  n.r. 960 (230-1700) 17 (<0.5-91) 25 (2.6-64) 8200 (1800-10000)
Lower Rio Pilcomayo, Bolivia (1=2)" 16 (15-18) <0.5(<0.5-6) 14 (11-17) nr. 21 (20-22) nr. 0.5 130 (9-170)

Values in brackets are ranges (minimum to maximum values); »—number of samples analysed; n.r.—not reported.
4 Hudson-Edwards et al. (1999).
® Hudson-Edwards et al. (2001).
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samples collected in 1980-1984, again suggesting that
water quality in the Agrio-Guadiamar has improved
considerably since that time.

As described above, the pH values measured in Jan-
uary 1999 are relatively high, and metal and sulphate
contents relatively low. The difference between the two
sample sets reflect the multiple sources of water in the
Agrio—Guadiamar including surface runoff, ground-
water discharge to the river, and reservoir releases.
Long-term monitoring is required in order to truly
evaluate water quality.

4.4. Total sediment-borne metal and As concentrations

Early post-spill research identified a number of ele-
ments which were both deleterious to soil, sediment and
water quality, and which had been considerably elevated
in these media after the spill (Cabrera et al., 1999;
Simoén et al., 1999; Vidal et al., 1999). Discussions in this
paper focus on 7 of these (As, Cd, Cu, Pb, Sb, Tl and
Zn), as well as one ‘control’ element (Ni) whose repor-
ted concentrations in ‘uncontaminated’ soils and sedi-
ments were similar to those in the tailings. A summary
of the results for total sediment-associated concentra-
tions of these elements for samples from the six reaches
sampled in January and May 1999 is presented in
Table 3. Also included are average concentrations of
these elements in tailings deposited during the spill,
Eocene marl bedrock which underlies the Guadiamar
catchment, pre-spill alluvium, and fresh sediment splays
and overbank sediment deposited during floods between
January and May 1999. These are compared to data for
other catchments elsewhere in the world affected by
mining activity.

4.4.1. Tailings

The tailings samples exhibit similar metal and As
concentrations to those described by van Geen and
Chase (1998), Lopez-Pamo et al. (1999), Simén et al.
(1999) and Vidal et al. (1999). Pb and Zn are the most
abundant metals in the tailings, followed by As, Cu, Sb,
Tl and Cd (Table 3; Fig. 4). Tailings-borne Zn and Cd
show roughly similar average downstream trends
(Fig. 4), as do Pb, Sb and TI. Arsenic, Cu and Ni each
show distinct patterns. These trends are probably best
explained by the mineralogy of the deposited tailings.
Mineralogical analysis for this paper and that reported
by other authors (e.g. Lopez-Pamo et al., 1999) has
shown that the sulphide component of the tailings is
mainly composed of pyrite, with minor sphalerite
(hosting Zn and Cd), galena (hosting Pb and possibly
Tl), arsenopyrite (hosting As) and buornonite
[PbCuSbS;] (hosting Pb, Cu and Sb). Alternatively, the
downstream metal and As decreases in the tailings may
have been caused by dilution by Guadiamar sediments
and soils as they moved downstream. The wide spread

variation in tailings concentrations at reach 3 (Fig. 4)
suggests that even on a reach scale, sorting, dilution or
reaction of the tailings may have also occurred.

4.4.2. Comparisons of January and May 1999 to pre-
spill alluvial concentrations

Within the Guadiamar channel and floodplain allu-
vium collected in January and May 1999, the principal
contaminant concentrations decrease in the order: Zn,
Pb, As, Cu, Sb, Tl and Cd (Table 3), similar to that
reported by Simon et al. (1999), and to that of the tail-
ings except for the order of Zn and Pb. Average ele-
mental concentrations in the January and May 1999
channel and floodplain alluvium are considerably lower
than those in the spilled tailings material, with the fol-
lowing ranges: Zn 5-11 times lower, Pb 9-71 times
lower, As 8-61 times lower, Cu 6-18 times lower, Sb 8—
90 times lower, T1 8-27 times lower, and Cd 5-11 times
lower. This strongly suggests that the clean-up oper-
ation significantly reduced the impact of the spill on
metal and As concentrations in the Guadiamar alluvial
sediments. Nickel concentrations were similar to those
in the tailings material, as previously reported by Cab-
rera et al. (1999) and Simon et al. (1999), but anom-
alously high Ni values were recorded at reach 6. The
cause of these high reach 6 Ni values is unknown, but is
unlikely to be due to the spill since the values exceed all
reported Ni values for the spilled tailings material.

The long-term environmental significance of the Jan-
uary and May 1999 channel and floodplain concentra-
tions of contaminant elements can be assessed when
they are compared to pre-spill concentrations in the
Guadiamar system. Because only limited information
about pre-spill metal and As levels was available in the
literature (Gonzalez et al., 1990; Ramos et al., 1994;
Martin et al., 2000), several samples of “pre-spill’ allu-
vium (alluvium which was clearly older than, and stra-
tigraphically 0.5 to several m below, the post-clean-up,
surface alluvium, and was undisturbed by the incident
or the clean-up operations) were analysed for this study
(Table 3). One of these samples lay stratigraphically
below a sample of wood radiocarbon dated to 1025—
1255 cal. AD (925-695 cal. BP; Beta-130201). The var-
iation in pre-spill concentrations is considerable, with
the upper ranges being identical to some of the average
January and May 1999 channel and floodplain alluvial
concentrations at the downstream reaches (Table 3).
Work is in progress (Turner, in prep.) to determine if a
chemo-stratigraphic sequence can be defined for the pre-
spill alluvium, and whether metal peaks at depth in the
alluvium are primary or are due to secondary metal
remobilisation.

Fig. 5 summarises the ranges and averages of metal
and As concentrations for these pre-spill samples, as
well as those found in the literature, from 1025-1255
cal. AD to May 1999. Mann—Whitney U statistical tests
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(Swan and Sandilands, 1995) were also carried out to
check if there were significant differences between the
pre-spill, tailings, and January and May 1999 channel
and floodplain alluvium. Concentrations in the pre-
1025-1255 cal. AD alluvium can be assumed to be lower
than those in alluvium prior to intensive mining in the
19th and 20th centuries, and are very low compared to,
and significantly different than, all of the other pre-spill
and the January and May 1999 channel and floodplain
alluvium. The other pre-spill alluvial samples, though
undated, exhibit metal and As values which are inter-
mediate between the pre-1025-1255 cal. AD sample and
the 1983-1986, 1990 and 1996 samples (Ramos et al.,
1994; Martin et al., 2000). No pre-spill data exist for Ni,
Sb or TI. In terms of statistical analysis, concentrations

of Cd, Cu, Pb and Zn in the undated pre-spill alluvium
are significantly lower than the 1983-1986 values (Gon-
zalez et al., 1990), and Cd, Cu and Zn values are sig-
nificantly lower, and Pb significantly higher, than the
1990 values for Guadiamar alluvium (Ramos et al.,
1994). This suggests that mining from 1983 up to 1990
may have considerably increased the loadings of Cd, Cu
and Zn to the Guadiamar catchment, assuming that
most of the pre-spill alluvium sampled for this study is
older than 1983. The 1983-1986 data suggest that load-
ings of Pb were also increased, although a decrease in
values is seen in the 1990 data. It should be noted,
however, that the 1990 data show the average and range
for only three samples, and may not be fully repre-
sentative. The averages and ranges of As, Cd, Cu and
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Pb concentrations in 1996 Guadiamar channel sediment
(Martin et al., 2000) are similar to those in the 1983—
1986 and 1990 samples, but are higher for Zn. The pre-
spill data all suggest that considerable contamination of
the Guadiamar alluvium had already occurred in the
catchment prior to the spill, and agree with other pre-

spill studies (Gonzalez et al., 1990; Ramos et al., 1994).
Ramos et al. (1994), for example, reported that
increased mining activity since the early 1980s had
resulted in considerable metal enrichment of the
Dofiana soils, and that the pollution had increased from
1983 (as reported by Gonzalez et al., 1990) to 1990, with
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a ‘front’ of metal contamination advancing steadily
towards Dofiana Park.

The May 1998 (Alastuey et al., 1999), May-July 1998
(Vidal et al., 1999) and January and May 1999 (this
study) alluvial sediments and soils all exhibit As, Cd,
Cu, Pb, Sb, Tl and Zn concentrations which are sig-
nificantly lower than those in the deposited tailings. Ni
concentrations in the samples collected after April 1998,
however, are not significantly different than those in the
tailings. Concentrations of Cd, Cu and Zn, in the Jan-
uary and May 1999 samples are significantly lower than
those in the 1983, 1986 and 1990 pre-spill alluvium
(Fig. 5), suggesting that the remedial operations have
removed enough material to achieve levels prior to the
increased mining phase in the early 1980s (cf., Ramos et
al., 1994), or that Cd, Cu and Zn were mobilised from
the sediment into soil, river or ground water. January
and May 1999 alluvial Pb concentrations, however, are
significantly higher than those from 1985, 1986 and 1990
(as reported by Macklin et al., 1999), but are not sig-
nificantly different from those from 1983, 1996, May
1998 (Alastuey et al., 1999) or May—July 1998 (Vidal et
al., 1999). As concentrations in January and May 1999
channel and floodplain alluvium are not significantly
different than those in the 1996 Guadiamar channel
sediment (Martin et al., 2000). The relative higher levels
of post-April 1998 sample As and Pb compared with
Cd, Cu and Zn may be due to additional inputs of As
and Pb to the system. This is supported by the water
data (Fig. 2, Table 2) which show increases of As in the
lower parts of the catchment. Other contaminant sour-
ces such as olive oil effluent run-off, fertilisers, pesticides
and sewage discharges (cf, Ramos et al., 1994) may also
have contributed to the total metal and As load in the
Guadiamar.

4.4.3. Downstream and within-reach patterns in metal
and As concentrations

Although overall downstream decreases in average
concentrations of Guadiamar channel and floodplain
alluvium collected in January and May 1999 are recor-
ded at the six study reaches (e.g., As, Cu, Pb, Sb, TI),
these are not steady declines; rather, increases in average
concentrations occur at from reach 1 to 2 (Cd, Zn), 2 to
3 (Cu), 3 to 4 (As, Pb), and 5 to 6 (Ni, Zn) (Table 3).
This scatter undoubtedly reflects the patchy distribution
of the tailings remaining on, or reworked and incorpo-
rated into, floodplain and channel alluvium following or
during the clean-up operations which finished in
December 1998. The scatter may also point to (1) other,
non-mining or -spill metal sources (as previously noted
for Ni), or, for elements like Zn, (2) transport down-
stream in the dissolved (aqueous) phase (cf., van Geen
and Chase, 1998). Within all of the reaches, concentra-
tions in channel sediment are lower than those of terrace
material, probably reflecting the more intensive cleanup

operations within the channel areas, particularly at
reach 1 (Macklin et al., 1999). These differences, how-
ever, may be due to other factors such as grain size
variations. Floodplains and terraces typically have
higher bulk metal concentrations than channels because
they are composed of finer-grained sediments (Wolfen-
den and Lewin, 1977; Bradley and Cox, 1990). Sedi-
ments on isolated islands and those at some distance
from the channel often exhibit high metal and As con-
centrations, but high concentrations are also found in
near-channel sediments, again reflecting the irregular
remaining tailings distribution, or grain-size variations.
This near-channel sediment is likely to be easily remo-
bilised during future flood events, but the floodplain
material will only be remobilised by channel wandering
and erosion (cf. Gallart et al., 1999).

4.4.4. Comparisons with other mining-affected river
catchments

The ranges of January and May 1999 Guadiamar
channel and floodplain alluvium metal and As con-
centrations are similar to, or lower than, those in other
alluvial river systems elsewhere in the world affected by
mining activity (Table 3), many of which, unlike the
Guadiamar, have not undergone any remediation. Of
particular interest is the nearby Rio Tinto catchment, c.
30 km to the west of the Rio Guadiamar, which also
drains massive sulphide mines of the Iberian Pyrite Belt,
and which has been contaminated by intense mining
activity since the mid-19th century (van Geen et al.,
1997, Hudson-Edwards et al., 1999; Leblanc et al.,
2000). Fine-grained alluvium in the Tinto catchment
exhibits similar average As and Cu concentrations to
those in January and May 1999 channel and floodplain
alluvium in the upper Guadiamar reaches, but higher
average Pb and lower average Zn than most of the
Guadiamar channel and floodplain alluvium (Table 3).
Unlike the Guadimar, the Rio Tinto is very acid (pH
1.5-2.0) for most of its length down to the Tinto estu-
ary, and carries a considerable proportion of its metal
load (particularly Cu and Zn) in the dissolved (aqueous)
phase (Hudson-Edwards et al., 1999). Undoubtedly
remobilisation of both Guadiamar and Tinto alluvium
will continue to contribute to sediment-borne con-
tamination of the Atlantic Ocean in south-west Spain
(Leblanc et al., 2000), but the aqueous contribution
from the Guadiamar may be considerably less than that
of the Tinto.

The Rio Pilaya, a tributary of the Rio Pilcomayo in
Bolivia (Table 3) was also affected by a tailings dam spill
from the Porco mine in 1996 (Macklin et al., 1996).
Geomorphological-geochemical investigations have
shown that, while the 1996 Porco tailings spill may have
had a significant short-term effect on water and sedi-
ment quality along downstream reaches of the Rio Pil-
comayo, the long-term effects of the Porco spill have
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been minimal due to cleanup operations which removed
most of the tailings about 8 weeks after the spill, storage
of sediment-borne metals within the channel bed and,
especially, the influx of ‘clean’ sediment from several
large tributaries (Macklin et al., 1996; Hudson-Edwards
et al., 2001). Metal and As concentrations in the lower
Rio Pilcomayo (downstream of the Pilaya confluence)
are considerably lower than those in upper Pilcomayo
and the Guadiamar. This has implications for the Gua-
diamar in that similar dilution and minimisation of the
spill impact may also occur in the downstream reaches
of the catchment.

4.5. Sediment-borne metal concentrations in overbank
sediment deposited during floods between January and
May 1999

Sediment-borne metal and As concentrations in fresh
splays and overbank sediment deposited during floods
between January and May 1999 (herein described as
1999 flood-deposited sediment), are compiled in Table 3.
This material represents channel and floodplain sedi-
ment remobilised by floods between January and May
1999, whereas the channel and floodplain alluvium
sampled in January and May 1999 (Table 3) represents
material that was deposited prior to January 1999 and
was directly affected by the spill and subsequent clean-
up operations. Sediment-borne As, Cd, Cu, Pb, Sb, Tl
and Zn concentrations in the 1999 flood-deposited sedi-
ment show an overall downstream decrease from reach
1 (Table 3). Concentrations of As, Cu, Pb and TI, how-
ever, increase in reach 2, and thereafter decline. Down-
stream decreases in metal concentrations in other river
systems have been attributed to many factors including
(1) dilution of contaminated sediment by uncontami-
nated sediment from tributaries, channels and erosion of
channel banks, (2) hydraulic sorting of channel bed
sediment on the basis of density, size or shape, (3) losses
due to chemical and/or biological processes, and (4)
storage of contaminated sediment in channel and flood-
plain deposits (Lewin and Macklin, 1987; Rang and
Schouten, 1989; Macklin, 1996; Hudson-Edwards et al.,
1996; Miller, 1997). The observed patterns in the Rio
Guadiamar 1999 flood-deposited sediment are probably
due to a combination of these. Dilution by uncontami-
nated sediment may have occurred largely as a result of
input from tributaries, because much of the channel and
channel bank material from the Guadiamar was
removed during the clean-up. The Barbacena tributary,
for example, enters the Rio Guadiamar between reaches
3 and 4 (Fig. 1) and may have significantly influenced
the decline in element concentrations between these
reaches.

At reach 5, concentrations of Cd, Cu, Pb and Zn in
the 1999 flood-deposited sediment show an increase
relative to reach 4, but decline at reach 6. The increase

in between reaches 4 and 5 suggests that another con-
taminant source exists between these reaches. It is pos-
sible that tailings deposited between these reaches were
remobilised during the January—May 1999 floods, and
contributed to higher values at reach 5. At reach 4,
however, the channel gradient is low and the river banks
cohesive, meaning that little contaminated material
could have been eroded from the floodplain, or from the
bank or bed of the river. This suggests that the tailings
source was further upstream, or that other contaminant
metal sources may have contributed to these patterns.
Reach 4 is located just upstream of the village of
Aznalcazar, and sewage, a potential source of these
metals, is discharged from this village into the Guadia-
mar. Alternatively, precipitation of metal-bearing Fe
oxides from the river water downstream of the tailings
dam (see above) may also account for the rise in sedi-
ment-borne metals.

At reach 2, amounts of 1999 flood-deposited metal
and As are equal to, or higher, than the average and
maximum January and May channel and floodplain
alluvial values (Table 3). These very high values prob-
ably reflect the physical remobilisation of tailings-rich
sediment upstream of these reaches. Given the relatively
lower metal concentrations of the channel sediment
relative to floodplain sediment at reach 1 (Macklin et
al., 1999), floodplain sediment was more likely to con-
tribute to the highly contaminated flood-deposited
overbank sediment at reach 2. However, the higher
reach 2 concentrations suggest that another source of
tailings-contaminated sediment probably existed
between reaches 1 and 2.

1999 flood-deposited sediment concentrations of all
elements except Cd and Zn are close to average channel
and floodplain alluvial values at reach 1 and 3, and at
reaches 4, 5, and 6 the elemental concentrations are
generally similar to, or lower, than the average channel
and floodplain alluvial values (Table 3). Nickel shows a
decrease from reaches 1 to 4, but rises steadily in reaches
5 and 6, where high average and maximum values are
recorded in the floodplain and channel alluvium
(Table 3). As previously mentioned, the rise in Ni may
be a result of inputs of Ni-rich sediment from a pre-
sently unknown source.

4.6. Selective chemical extractions for sediment samples
from reaches 1 and 6, tailings, pre-spill alluvium and
marl

Although many of the January and May 1999 Gua-
diamar channel and floodplain sediments exhibit ele-
vated total metal and As concentrations, these
concentrations give little information about their spe-
ciation and mobility. Both single batch extractions and
mineralogical analyses have been employed successfully
to estimate the solubility of metal and As in soils and
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Table 4

Mean values and ranges of pH, %C, %S and grain size for reach 1,6 and pre-spill alluvium, tailing and marl samples

pH %C %S Mean Grain Size (um) Median Grain Size (um)
Reach 1 (n=33) 4.17 0.78 4.94 563 468
(2.53-6.88) (0.05.2.32) (0.01-13.30) (43-1330) (23-1340)
Reach 6 (n=9) 7.89 3.55 0.26 24.81 6.81
(7.72-8.29) (3.23-4.89) (0.03-1.29) (12.1-83.8) (4.95-11.21)
Pre-spill alluvium (n=4) 6.35 0.14 19.28 130 42.99
(5.87-6.86) (0.08-0.21) (5.53-33.6) (46.4-244) (21.2-60.4)
Tailings (n=3) 2.74 1.16 0.97 182 123
(2.59-2.87) (0.21-2.08) (0.02-2.51) (85.6-413) (23.2-367)
Marl (n=2) 7.35 2.61 0.10 62 62
(7.06-7.63) (2.37-2.85) (0.01-0.19) (62) (62)

Values in brackets are ranges (minimum to maximum values); n—number of samples analysed.

sediments (Novozamsky et al., 1993; Rauret, 1998), in
terms of their uptake by plants and environmental
impacts under varying scenarios (Karstensen, 1997;
Vidal et al., 1999). With this view, selected samples from
alluvium from reaches 1 and 6, tailings, pre-spill allu-
vium and marl were subject to five single leaching
extractions of varying strength, and some mineralogical
analysis. The leachates were analysed for five of the ele-
ments of concern (As, Cd, Cu, Pb, Zn), and these data
were compared to pH, % C, % S, mean grain size
(Table 4) and total metal and As concentrations
(Table 3) to arrive at an understanding of the control-
ling factors on metal and As mobility.

The most soluble metal and As concentrations were
determined using both DIW and a weak salt (0.01 M
CaCl,). As suggested by Vidal et al. (1999), use of these
weak extractants, a low extractant/sediment ratio and a
short shaking time allowed these concentrations to
represent the amount of metal and As easily remobilised
after rainfall. The 0.01 M CaCl, extraction also esti-
mates metal availability to soil organisms (Pickering,
1986). Results for these and the other extractions are
portrayed in Fig. 6, as both the absolute amounts of
metal and As, and as desorption yield percentages. The
average DIW and 0.01 M CaCl, results are, unsurpris-
ingly, very similar (Fig. 6), except that 0.01 M CaCl,
extracts higher amounts of metal and As than DIW.
Both the average DIW and 0.01 M CaCl, results show
that, in terms of absolute amounts leached, the decreas-
ing order of abundance is generally Zn, Cu, Pb, Cd and
As (Fig. 6). In terms of desorption yield, significant
fractions of Zn, Cd and Cu were extracted, particularly
in the tailings and reach 1 alluvium. The tailings
released the most metal and As, followed by reach 1
alluvium, pre-spill alluvium, reach 6 alluvium and the
marl. Vidal et al. (1999) also found that significant pro-
portions of Cd and Zn (c. 40 and 20%, respectively)
were extracted from post-spill hydromorphous soils
from the Guadiamar.

The CH3;COONH, extraction is considered adequate
to extract the ‘exchangeable’ metal and As, or that
which could be potentially remobilised by ionic
exchange (Tessier et al., 1979), but the fraction desorbed
is highly dependent on the reagent concentration and
soil/liquid ratio. In the Guadiamar samples, this extrac-
tion desorbs, on average, greater amounts of metal and
As than either the DIW or the CH;COONa extractions
(Fig. 6), suggesting that ionic exchange may be a sig-
nificant process in terms of contaminant element remo-
bilisation. In contrast to the DIW extraction, absolute
amounts of Zn are most easily desorbed in the
CH;COONH, extraction, followed by Pb, Cu, Cd and
As. The tailings and reach 1 samples are most affected,
with Cd at reach 6 and in the pre-spill alluvium showing
significant yields (up to 30% of total Cd). Like the DIW
and 0.01 M CaCl, extractions, samples from reach 1
and the tailings exhibiting low sediment pH (2.5-3.5)
desorb the most metal and As, but unlike the DIW and
0.01 M CacCl, extractions, small amounts of As, Cd, Cu,
Pb and Zn are extracted from samples with moderate
pH (5-6) using CH;COONH,.

The Guadiamar sediments were also extracted with 1
M CH;COONa. This can be considered to represent the
fraction remobilised from carbonate minerals and
exchangeable sites together (cf. Tessier et al., 1979), or
that released after acidification of the soil to pH 5. The
results are similar in terms of absolute concentration
and desorption yield to those of the DIW, 0.01 M CaCl,
and CH3;COONH, extractions, suggesting that acid-
ification does not cause any further contaminant remo-
bilisation above that due to the ambient sediment pH.
These results are slightly different to those of Vidal et al.
(1999), who carried out a similar extraction using 0.43
mol 17! CH3COOH and found that concentrations of
desorbed metal from this extraction were higher than their
CaCl, 0.01 mol 1=! extraction. The discrepancy is possibly
due to the slightly different type of extractant and longer
shaking time of 16 h used by Vidal et al. (1999).
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Fig. 6. Average chemical extraction As, Cd, Cu, Pb and Zn data for reach 1 and 6, tailings, pre-spill alluvium and marl samples.
Results are shown as mg/kg extracted metal and As, and as desorption yield percentages of total metal and As.

The ammonium oxalate—oxalic acid extraction pro-
vides an indication of the metal and As desorbed from
poorly crystalline Fe hydroxides such as ferrihydrite,
and possibly from crystalline Fe hydroxides and oxides

such as goethite and hematite (Schwertmann, 1959,
1964; Schwertmann and Cornell, 1991). This extraction
thus estimates the fraction that may be sorbed to these
Fe oxides and hydroxides formed as a result of the
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oxidation of the tailings, and also may partially estimate
that which may be mobilised in the longer-term due to
reduction after burial and early diagenesis. The average
results for this extraction are notably different, and
generally higher, than those of the DIW, CH;COONH,
and CH3COONa extractions (Fig. 6), suggesting that
the proportions of metal and As which may be released
as a result of future sediment reduction may be rela-
tively large. These extraction data also support the sug-
gestion that metals are adsorbed by Fe oxides
precipitating from the Rio Agrio-Guadiamar waters,
which was made on the basis of mixing curves for the
water data (Fig. 3) and MINTEQAZ2 speciation model-
ling (Section 4.2.2). The water data suggest that this is
an active process going on in 1999 but the sediment data
indicates it may have a long history. In terms of average
absolute amounts, Zn generally shows the greatest
amount of desorption in the ammonium oxalate-oxalic
acid extraction, followed by Cu, Pb and Cd (except for
the pre-spill alluvium in which more Cd is extracted
than Pb and the tailings in which more As is extracted
than Zn).

Reach 1 alluvium and tailings show very similar
average patterns (albeit with different absolute con-
centrations) in all of the extractions except for the des-
orption yield ammonium oxalate extraction (Fig. 6),
suggesting that the presence of tailings has a significant
effect on metal and As desorption in reach 1 alluvium.
By contrast, reach 6 and pre-spill alluvium also show
very similar patterns in all of the extractions (Fig. 6),
and have similar S contents, pH (Table 4) and total
metal and As contents (except for Cd and Zn), suggest-
ing that the clean-up at reach 6 was relatively effective,
achieving pre-spill levels. In both reach 6 and pre-spill
alluvium, however, a considerable proportion of Cd,
and a limited fraction of Zn, is desorbed in the weak
CH;3;COONH, and CH3;COONa extractions. Finally,
the patterns for reach 6 and pre-spill alluvium extraction
data are similar, but an order of magnitude higher than,
those of marl. This can be explained by the fact that
marl underlies the Guadiamar catchment and is prob-
ably the major source of alluvial material.

There are no statistically significant correlations
between the extraction data and either% C or grain size
in the alluvium from reach 1 and 6, suggesting that these
two parameters do not influence metal and As deso-
rption in the Guadiamar sediments. By contrast, % S
correlates well (r>>0.60) with many of the metals and
As in all but the DIW extraction. The% S likely reflects
the presence of sulphide or sulphate minerals in the
sediments. Mineralogical analysis does confirm the pre-
sence of both of these, although sulphides generally are
more common that sulphates. Thus, the% S-extraction
correlations observed probably reflect metal and As
desorption from those sediments which still contain
moderate amounts of tailings. Many of the extracted

metal and As concentrations also show significant
correlations (2> 0.60) with their respective total metal
and As concentration, suggesting that efforts should
continue to be made to reduce total metal and As loads
in the Guadiamar sediments.

5. Conclusions

The calamitous nature of mine tailings dam failures
generally prompts mining companies and governmental
agencies to immediately implement large-scale clean-up
schemes. In the case of the Spanish Aznalcollar spill,
clean-up efforts by Boliden Apirsa, the Confederacion
Hidrografica de Guadalquivir and the Consejeria de
Medio Ambiente up to January 1999 were effective in
that concentrations of metal and As in sediments col-
lected in January and May 1999 were, on average, no
higher than pre-spill concentrations. The pre-spill con-
centrations, however, were elevated above pre-intensive
mining, 11th—13th century concentrations, and sig-
nificant areas of the upstream part of the Guadiamar
valley still have levels of As, Cd, Pb and Zn which are
much higher than the respective pre-spill concentra-
tions. In addition, much of the highly contaminated
sediment remaining in the channel and floodplain up to
May 1999 contains a large proportion of sulphide
minerals which are potentially reactive. Chemical
extractions have shown that Zn, Cd and Cu are poten-
tially the most mobile elements, and that Pb and As are
relatively immobile except possibly under reducing con-
ditions. The greatest amounts of sediment metal and As
desorption in DIW and CaCl, (soluble), CH;COONH,4
(exchangeable) and CH;COONa (acid-soluble) extrac-
tions occur in sediments exhibiting low (2-3) and mod-
erate (5-6) pH. Total metal and As, and% S also appear
to influence the amount of metal and As desorbed. By
contrast, grain size and% C show no significant rela-
tionships with any of the extraction data and thus
probably play no role in desorption. Even minor floods,
like those occurring between January and May 1999,
cause remobilisation of highly contaminated sediment in
the upstream part of the catchment, and this sediment
will eventually move downstream and threaten the
Dofana National and Natural Parks. Dilution by rela-
tively uncontaminated sediment appears to reduce metal
concentrations downstream but small increases in metal
and As concentration downstream may be due to other
factors such as sewage and agricultural practices.
Finally, more than a year after the spill and five months
after the clean-up operation was completed, the Agrio—
Guadiamar river waters continue to exhibit relatively
low pH and high dissolved sulphate and metal con-
centrations in the upper reaches. Our sampling also
showed that the composition of the river water varies
significantly over very short time periods, probably due
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to the complexities of the hydrologic system. This
strongly suggests that long-term monitoring needed to
fully evaluate water quality.

Our geomorphological-geochemical research seeks to
develop an understanding of the recovery of the Agrio—
Guadiamar river system from the tailings dam spill and
subsequent clean-up operations. This work strongly
suggests that the following should be carried out prior
to the start of mining activities: (i) background, pre-
mining geomorphological survey and sediment and
water geochemical data should be collected in order to
be able to properly characterise and manage potential
tailings dam spills and their clean-up, (i) the relative
(potential) contribution of contaminants to the river sys-
tem from other sources such as sewage and agricultural
activities should be quantified and (iii) mining companies
and/or governmental agencies should put aside funds to
draw an immediate response to tailings dam accidents.
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