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Contamination of the Guadiamar river aquifer
after the Aznalcóllar mine accident, SW Spain

ABSTRACT

The failure on April, 1998 of the tailings dam of the polymetalic sulphide mine of Boliden-Apirsa in Aznalcóllar (Sevilla, Spain),
flooded with sulphide-rich mud and heavy metals laden acid waters the valley of the Guadiamar River down to nearby the sea shore,
at the E boundary of the Doñana National Park. The 40 km long and 1 km wide strip of land covered by the mud was cleaned soon
after the spill by collecting it. Also, the about 4.106 m3 of acidic water retained in the Entremuros area was on–site treated and safely
disposed. To know the effects of the spill on the alluvial aquifer, a series of hydrogeochemical surveys has been carried out and still
continue. This paper presents some results of the surveys (see IGME, 2001, for further and more recent details). Some of the dug
wells in the valley floor were flooded by the mud wave, and they were cleaned afterwards. Up to the present this is the only ground-
water contamination directly linked to the event, but studies are continued to know the fate of heavy metals in the ground as the
remnants of sulphides are being oxidised. To try to control the downstream movement of the heavy metals polluted groundwater
in the Agrio river alluvium close to the tailings dam (partly due to leakage before the spill), a reactive underground barrier has been
installed in summer 2000.

Key words: Alluvial aquifers, Aznalcóllar, Hydrogeochemistry, Sulphide mud spill, Tailings dam.

Contaminación del acuífero del río Guadiamar tras el accidente minero de Aznalcóllar,

SO de España

RESUMEN

La ruptura en abril de 1998 de la balsa de residuos de la mina de sulfuros polimetálicos de Boliden-Apirsa en Aznalcóllar (Sevilla,
España), inundó con lodo rico en sulfuros y con agua ácida cargada de metales pesados el valle del río Guadiamar hasta cerca de
la costa, en el borde oriental del Parque Nacional de Doñana. La franja de terreno de 40 km de longitud y 1 km de ancho que resultó
cubierta por el lodo ha sido limpiada rápidamente tras el accidente mediante recolección del lodo. También los aproximadamente
4.106 m3 de agua ácida retenida en Entremuros se trataron in situ y el agua fue vertida sin riesgo a la salud. Para conocer los efec-
tos del vertido sobre el acuífero aluvial se ha llevado a cabo una serie de reconocimientos hidrogeológicos, los cuales continúan
actualmente. Este artículo presenta algunos resultados de los reconocimientos (ver IGME, 2001, para detalles adicionales y más
recientes). Algunos de los pozos excavados en el valle fueron cubiertos por la avenida de lodo y fueron limpiados posteriormente.
Hasta ahora ésta es la única contaminación al agua subterránea que está directamente relacionada con el evento, pero se continúan
los estudios para conocer el transporte de los metales pesados por el terreno tras la oxidación de los residuos de sulfuros. Para
tratar de controlar el movimiento aguas abajo de la contaminación de metales pesados en el aluvial próximo a la balsa de lodos,
causada en parte por las fugas de la misma, en el verano de 2000 se ha construido una barrera reactiva subterránea.

Palabras clave: Acuíferos aluviales, Aznalcóllar, Balsa de lodos, Hidrogeoquímica, Vertido de lodo de sulfuros.
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HISTORY

On April 25th, 1998 the large Aznalcóllar (Sevilla,
SW Spain) pyrite–mine tailings dam collapsed.
The pond, filled up at this moment, contained up
to 25 million m3 of pyrite–rich mud and acid

water. Some 5·106 m3 of them were spilled and
flooded 45 km of the Agrio and Guadiamar rivers
alluvial plain (Fig. 1 and photos 1, 2 and 3). 

The sludge covered 26 km2 of riverbanks and
adjacent farmlands, extending down to the lower



section of the Guadiamar river. This lower tract,
which is the eastern boundary of the Doñana
National Park, is called  “Entremuros” (“between
dikes”) because the river is confined by two arti-
ficial earth dikes down to its mouth into the
Guadalquivir river, close to the Atlantic Ocean.
Entremuros is some 20 km long and 1 km wide,
but only 13 km were inundated because two
transversal earth dikes were built a few hours
after the accident.

Most of the slurry settled down in the first km
downstream from the tailings dam. The deposit
maximum thickness (about 1 m) was in the first 5
km downflow, while in the farthest 5 km it was
less than 5 cm thick (Photo 4).

Only acid water with some colloid–size sulphide
particles arrived to Entremuros area, were it was
stored. In August 1998 this water (up to 5 millions
m3 at that moment) were chemically treated in

place before being discharged to the
Guadalquivir river (see IGME, 2001 for details)
(Photo 5).

The fine–grained, dense mud particles (d50

between 4.5 and 12 mm) consisted mostly of sul-
phides, pyrite being the dominant mineral
(75–80%), and some silicates. Concentration of
heavy metals was high (Table 1).

The accompanying water was acid (pH of 2–3),
toxic to living organisms and a potential pollution
source for groundwater in the flooded alluvial
aquifers. 

A few weeks after the spill the sludge started to
be collected and carried to the already aban-
doned Aznalcóllar open pit mine, which at the
moment was receiving waste materials from the
new Los Frailes mine. Monitoring and characteri-
sation works carried out by a number of different
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Fig. 1.- Geological framework of the Aznalcóllar mine and of the Agrio and Guadiamar rivers alluvial aquifer.

Fig 1.- Contexto geológico de la mina de Aznalcóllar y de los acuíferos aluviales de los ríos Agrio y Guadiamar.
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research organisms also started in these days.
The work included a) mapping of the sludge spa-
tial distribution and thickness; b) analysis of the
sludge mineralogy and geochemistry; c) column
tests to determine the transport parameters of
heavy metals in soil, and d) groundwater sam-
pling to characterise regional hydrochemistry
and to study how and to what extent the aquifers
were affected by the acid spill.

GEOLOGY OF THE AGRIO AND GUADIAMAR
RIVERS VALLEY

The area is placed on the northern edge of the
Guadalquivir river Tertiary Basin. Transgressive

Tertiary and regressive Plio–Quaternary sedi-
ments cover Palaeozoic materials which host
polymetallic sulphide mineralizations. The
Aznalcóllar mine complex and tailings pond are
placed on the right riverbank of the Agrio river, 2
km upstream of the confluence with the
Guadiamar river.

Between the failed dam and the Entremuros area
the spill covered alluvial sediments of the Agrio
and mostly of the Guadiamar rivers (Fig. 1), as
well as a small portion of the Almonte–Marismas
aquifer formation, consisting at thet place in
clays and silts.

The Guadiamar valley is a N–S oriented narrow

Photo 1.- View of the tailings dam from the air before crashing (small view), and detail of the crack in April 25th, 1998 (big view). (By
courtesy of the Consejería de Medio Ambiente of the Junta de Andalucía).

Foto 1.- Vista  aérea de la balsa de lodos antes de la ruptura (vista pequeña), y detalle de la ruptura del 25 de Abril de 1998 (vista
grande). (Por cortesía de la Consejería de medio Ambiente de la Junta de Andalucía).



fringe less than 1 km wide, filled up with
Holocene–age alluvial sediments, and resting on
Miocene to Quaternary sediments. Downstream
the mine the basement consists of thick Miocene
blue marls, then Plio–Quaternary silts and sands,
and further to the S Quaternary sands. Finally the
alluvial formation becomes interbedded with
Holocene marshy clay (Fig. 2).

Three terrace levels (T3, T2 and T1) have been rec-
ognized along the Guadiamar valley. Each one is
made up of a lower layer of gravels and an upper
one of sand and silt. Pebbles are made of
quarcite, schist, corneane and granite. Terrace To

(actual river channel) is an erosive form exca-
vated in terrace T1.

An asymmetric arrangement of the terraces on
both sides of the river is observed, probably
caused by the shifting of the valley axis to the E,
due to the combined effect of a synsedimentary
N–S fault, and uprising of the plateau extending
to the W of the river valley (Salvany et al., 2000a). 
At the Agrio river valley the terraces are stepped.
In the Guadiamar valley the younger terraces par-
tially or totally overlay the older ones. Total thick-
nesses are between 10 m to the N, and 25 m to
the S. 
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Photo 2.- View of the Guadiamar River flooded valley a few km to the S of the broken dam dam. (By courtesy of the Consejería de
Medio Ambiente of the Junta de Andalucía).

Foto 2.- Vista del valle inundado del Guadiamar a unos pocos km  al Sur de la presa rota. (Por cortesía de la Consejería de Medio
Ambiente de la Junta de Andalucía).



Photo 3.- View of the Entremuros area with the acidic water and sulphide colloids retained in it. (By courtesy of the Consejería de
Medio Ambiente of the Junta de Andalucía).

Foto 3.- Vista del área de Entremuros con la retención de agua ácida y coloides de sulfuros. (Por cortesía de la Consejería de Medio
Ambiente de la Junta de Andalucía).

Terrace T0 axis does not always coincide with the
axis of the lowermost terrace along the valley.
This is an important feature to take into account
for the groundwater flow conceptual model. 

Along their southernmost 5 km the Guadiamar
alluvial deposits underlay the clayey sediments
of the Guadalquivir river Holocene marshes (Fig.
2, cross section J–J’). 

Far to the SW, under the marshes, the Guadiamar
alluvial deposits overlay a set sandy and gravely
Plio–Pleistocene layers of deltaic origin. The set
dips to the SW, and the Guadiamar alluvial sedi-
ments appear at depths between 30 and 60 m,

under 30 m of clays (see Salvany et al., 2000b, for
more details).

HYDROGEOLOGY OF THE GUADIAMAR 
ALLUVIAL AQUIFER 

In the studied tract the alluvial formations of the
Agrio and Guadiamar rivers drain the surround-
ing sedimentary formations: Miocene blue marls,
Plio–Quaternary silts and Quaternary sands (Fig.
3).

Under undisturbed conditions the Agrio and the
Guadiamar rivers drain their alluvial aquifer
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between the mine and the edge of the
Guadalquivir marshes. 

Before the accident of April 1998, the narrow allu-
vial aquifer was intensively exploited for sea-
sonal irrigation. So during part of the year the
river was able to recharge its quite important
aquifer. 

Since the accident the aquifer has not been
exploited. Undisturbed conditions prevail, and no
significative exploitation is expected in the future
due to Water Authority’s regulations and the new
use of the valley bottom decided by the
Government of Andalucía (the so called
“Guadiamar river Green Corridor” protected

area). Under these conditions any contaminant
entering the alluvial aquifer will remain con-
strained in it, travelling to the S both as surface
and as groundwater flow. This prevents the risk
of contaminating the neighbouring aquifers.

To the S end of the alluvial aquifer the hydraulic
situation is different. In the NE corner of the
Guadalquivir marshes the very permeable
Plio–Quaternary layers of the Almonte–Marismas
aquifer underlying the Guadiamar alluvial forma-
tions (see Fig. 2) are intensively exploited for irri-
gation. There is a piezometric drawdown that
favours alluvial groundwater being recharged
into the Almonte–Marismas aquifer layers (Fig. 4,
and cross section J-J’ in Fig. 2).   
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Photo 4.- Aspect and thickness of the slurry in Aznalcázar, 20 km to the S of the broken dam, a few days after the spill. (Upper pic-
ture: M. Manzano; lower picture: courtesy of the Consejería de Medio Ambiente of the Junta de Andalucía).

Foto 4.- Aspecto y espesor del lodo en Aznalcázar, 20 km al Sur de la presa rota, unos pocos días después del vertido. (Foto supe-
rior: M. Manzano; foto inferior: cortesía de la Consejería de Medio Ambiente de la Junta de Andalucía).



This situation prevailed during the last 15 years.
So if any contaminant in the alluvial groundwater
reached this zone, it could penetrate the
Almonte–Marismas aquifer layers. This hydroge-
ological conceptual model is the framework of
the hydrogeochemical study.

IMPACT OF THE SPILL ON GROUNDWATER

As said before, between the failed talings dam
and Entremuros area the spill covered mostly
alluvial sediments of the Agrio and of the
Guadiamar rivers. The flooded area is mostly
farming land irrigated by means of wells in the
alluvium. It includes a few km2 of the old marsh-
land, which is irrigated with groundwater from
the Plio–Pleistocene deltaic sediments it is part of
the Almonte–Marismas aquifer and underlies the
clay layer. They are partly recharged by the
Guadiamar alluvial aquifer. 

Sampling of groundwater in agricultural wells
along the valley, between the mine and the
marshes, started 8 days after the accident. Some
50 wells were sampled inside the flooded area,
and also outside it in order to characterise the

background (not affected by the spill) groundwa-
ter hydrochemistry of the area. Between May
1998 and July 2000, 13 field surveys were carried
out, involving 123 points (agricultural wells and
observation boreholes drilled after the spill).
Heavy metals, major ions and several
physico–chemical parameters were routinely
analysed in the samples. 

Special attention was given to the
Almonte–Marismas aquifer, which is the main
aquifer of the Doñana National Park, but the
effort was concentrated in the area close to the
Guadiamar alluvial aquifer, which was the only to
be likely affected.

The impact on groundwater quality two years
after the accident was as described below: 

A number of large–diameter, hand–dug open
agricultural wells were flooded by the sludge
wave (Photo 6). Their waters showed high heavy
metals contents, low pH and presence of sul-
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Photo 5.- View of the Entremuros in-situ treatment plant. The
ban in the foreground is a mobil chemical lab; in front of it are
the chemical reactive deposits, and to the left is the settling
pond. (ITGE, 1998).

Foto 5.- Vista de la planta de tratamiento in situ de
Entremuros. La furgoneta que se ve al fondo es un laborato-
rio químico móvil; frente al mismo están los depósitos de
reactivos químicos, y a la izquierda está la balsa de decanta-
ción (ITGE, 1998).

Table 1.- Chemical and mineral main components of the
slurry.

Tabla 1.- Principales componentes químicos y minerales del
lodo.

Main elements Mineralogy (DRX)
and concentration

Fe (%) 38,2
Cu (%) 0,15 Sulphides:
Pb (%) 0,867
Zn (%) 0,933 Pyrite 75-80 %
As (%) 0,52 Sphalerite and Galena 5 %
SiO2 (%) 13,12
Al2O3 (%) 3,27
CaO (%) 0,56
MgO (%) 1,11
Ag (ppm) 36
Ba (ppm) 230 Silicates (15-20 %)
Cd (ppm) 40
Ce (ppm) 40 Chlorite
Co (ppm) 5 Quarz
Cr (ppm) 40 Nontronite-Montmorillonite
Hg (ppm) 12 Gypsum
La (ppm) 20
Sb (ppm) 440
TI (ppm) 43
V (ppm) 20
CN- (ppm) 2

SLUDGE COMPOSITION
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phide particles. Zn reached values between sev-
eral tens and hundreds of mg/L, and the pH
decreased below 6,5.  Those wells were cleaned
and treated with CaO some months after the acci-
dent. Water quality improved immediately in all
of them but for a few, in which periodical
episodes of acidification and Zn concentrations
appeared, like P18 and P19 in Fig. 5. Zn contents

proved to be a good indicator of direct contami-
nation. This is interpreted as the result of oxida-
tion of small sulphide particles remaining in the
well walls when they are exposed to oxygen due
to water level oscillations. The small particle size
(<10 mm) of the sulphides favoured their pene-
tration into inaccessible corners and perhaps into
the coarse formations around the wells.

Fig. 2.-  Geology of the area affected by the spill (after Salvany, 2000a). 

Fig. 2.- Geología del área afectada por el vertido (según Salvany, 2000a).
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Fig. 3.- Hydrogeological model of the Agrio and Guadiamar rivers alluvial aquifer. The Quaternary alluvial sediments overlap the
Miocene Blue Marls formation to the N, and then the Plio-Quaternary Basal Sands and Basal Silts formations to the S. These two
formations are part of the Almonte-Marismas and Aljarafe aquifer systems. The alluvial valley drains its neighbouring formations
between the mine and the Vado del Quema site (some 40 km to the S). From this place to the S the alluvial aquifer recharges the
underlying formations.  

Fig. 3.- Modelo hidrogeológico del acuífero aluvial de los ríos Agrio y Guadiamar. Los sedimentos aluviales cuaternarios se sitúan
sobre las Margas Azules miocenas en el N, luego sobre las Arenas Basales y limos de base pliocuaternarios en el S. Estas dos for-
maciones son parte de los sistemas acuíferos de Almonte-Marismas y Aljarafe. El valle aluvial drena las formaciones vecinas entre
la mina y el Vado del Quema (a unos 40 km al S). Desde este lugar hacia el S el acuífero aluvial recarga a las formaciones subya-
centes.

Water chemistry of the wells that were not
flooded by the spill has not changed since the
accident, showing very small time variability. Zn
concentration in wells downstream the mine is
between 50 and 100 µg/L. This is interpreted as
the geochemical supply from sulphides incorpo-
rated by sedimentary processes into the
Guadiamar terraces sediments. Water of the
Agrio river upstream the mine, at the pyrite belt
formations, has 50 µg/L of Zn. 

pH values in non–flooded wells are between 6,5

and 7,7, showing a clear N to S increasing trend
(Fig. 6). This trend is interpreted as the combined
result of several processes: 

a) The CaCO3 content of the sediments increases
in the sediments towards the S, 

b) Lateral surface and groundwater inflow from
the neighbouring formations into the alluvial
aquifer increases towards the S, as topographic
and hydraulic gradients to the alluvial valley
increase, 



c) Possible aerial transport and settling on the
ground surface of sulphide particles generated
by mine works. In fact most of the wells in the N
half of the alluvial aquifer have Ca–SO4 type
water, while to the south Ca–HCO3 and Na–Cl
water types dominate. The NaCl source is relict
marine pore water in the clay marshes to the S.

Geochemical analyses of soil columns along the
affected area showed that most of the metals
supplied by the spill were very effectively
retained in the first 30–40 cm of soil. Chemical
adsorption and solid precipitation were the main
working processes. After taking out the sludge
the affected area has been treated with CaCO3

powder and sludge from sugar factories, and sul-
phide locally with ferrous soil to minimise the
possibility of future leaching from the remaining
particles into the soil and aquifer water.
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Fig. 4.- Map of representative isopotential lines of groundwa-
ter in the aquifers of the region (IGME, 2001)

Fig 4.- Mapa de líneas isopotenciales representativas del agua
subterránea en los acuíferos de la región.

Photo 6.- Aspect of one of the hand dug wells flooded by the
spill (M. Manzano, May 1998). 

Foto 6.- Aspectos de uno de los pozos excavados manuales
inundados por el vertido (M. Manzano, mayo 1998).

Fig. 5.- Water quality improvement in selected agricultural
wells flooded by the spill. All of them were cleaned. P18 and
P19 show periodical acidification due to the oxidation of sul-
phide particles remaining in the walls.

Fig. 5.- Mejora de la calidad del agua en pozos agrícolas selec-
cionados entre los inundados por el vertido. Todos ellos fue-
ron limpiados. Los P18 y P19 muestran acidificación periódica
a causa de la oxidación de las partículas de sulfuros que per-
manecen en las paredes.
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Fig. 6.- Characteristic chemistry of groundwater in the studied area. Data are derived from 4 to 12 sampling surveys using agricul-
tural wells and observation boreholes. Polygons in white: water from non flooded wells and boreholes; polygons in grey: water from
flooded wells and boreholes.

Fig. 6.- Características químicas del agua subterránea en el área de estudio. Los datos provienen de entre 4 y 12 campañas de campo
en las que se han muestreado pozos agrícolas y sondeos de observación. Los polígonos en blanco representan agua de pozos y
sondeos no inundados; los polígonos en gris representan agua de pozos y sondeos inundados.
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Up to the end of year 2000, the only sector of the
alluvial aquifer clearly contaminated by acid
groundwater (pH < 4.5) and heavy metals (Zn
between 40 to 150 mg/L) is the Agrio river aquifer
between the tailings dam and the confluence
with the Guadiamar river, mostly due to leakage
from the tailings dam. Downstream the conflu-
ence of both rivers groundwater and river water
quality improves very fast. About 2 km to the
south the pH is around 6.8. An experimental geo-
chemical barrier has been built in this area during
summer 2000 to reduce downstream movement
of heavy metals (Fig. 7 and Photo 7). Its behav-
iour is now the subject of detailed studies.

CONCLUSIONS AND FUTURE WORKS

Up to the end of year 2000 the only area were
groundwater appears as clearly affected by the
1998 acid spill is the alluvial aquifer of the Agrio
river, in front and downstream of the collapsed

dam, and down to the confluence with the
Guadiamar river and aquifer (some 2 km).

In the remaining affected area (some 40 km of
alluvial aquifer), only a few of the wells that were
flooded by the spill show alternative episodes of
acidification and basification. This is due to the
ineffective cleaning of these wells and the subse-
quent oxidation of sulphide particles remaining
in the walls due to water level oscillation. 

The water quality of the wells that were not
flooded by the spill has not changed during the
last two years. Hydrochemical surveys reflect the
different geochemical sources of solutes in the
sediments, both of the alluvial terraces and of the
formations surrounding the alluvial valley. The
alluvial aquifer receives lateral surface and
groundwater from these formations all along the
studied tract except in the southernmost 3–4 km,
were the alluvial aquifer recharges part of the
Almonte–Marismas aquifer system.

Fig. 7.- Emplacement and characteristics of the geochemical barrier constructed in the contaminated sector of the Agrio river aquifer
(see IGME, 2001 for more details).

Fig. 7.- Emplazamiento y características de la barrera geoquímica construida en el sector contaminado del acuífero de río agrio.



Before the April 1998 accident the alluvial aquifer
was seasonally exploited for irrigation. Following
the ongoing plans of the Andalusian
Government, the affected area was converted
into an ecological corridor (Corredor verde)
between the Sierra Morena ecosystems to the N,
and the Doñana marshes and sands ecosystem to
the S. So no significant future exploitation of the
aquifer is forecast. 

Among the works to reclaim the area, after the
almost total collection of the sludge and of part of
the soil underneath, soil treatment with CaCO3

and iron has already been done to prevent future
contamination of soil and groundwater by heavy

metals leached from remaining sulphide parti-
cles.

Monitoring of the aquifer along the affected area
will continue during a number of years to control
the efficiency of soil treatment. In the contami-
nated Agrio river aquifer close to the failed pond,
the efficiency of an experimental geochemical
barrier is currently under study. The barrier was
designed by the Earth Sciences Institute of the
Spanish Council for Scientific Research and the
Technical University of Catalonia, with the help of
the Geological Survey of Spain, and was financed
by the Guadalquivir River Water Authority. It was
based on laboratory tests and geochemical
numerical modelling. The barrier is placed in a
narrowing of the alluvial aquifer to ensure that all
the groundwater flow is intersected. It is 120 m
long, 11.4 m wide, and some 3–4 m high, and
goes down to the Miocene blue marls under-
neath the alluvial sediments. It consists of three
segments made up of different materials among
which calcite, iron and organic matter are the
principal components. Upstream and down-
stream groundwater quality evolution is being
physically and numerically controlled, as well as
the geochemical evolution of the barrier materi-
als.
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Photo 7.- View of the construction of the geochemical barrier
in the Agrio River alluvium. (M. Manzano, September 2000).

Foto 7.- Vista de la construcción de la barrera geoquímica en
el aluvión del río Agrio. (M. Manzano, septiembre de 2000).
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