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Introduc ti on

On 25 April  1998,  th e wal ls of  two cont ig uous pon ds containi ng the ore-processi ng residu es f rom  a pyrite m ine l ocated  i n Azn alcól lar (southwestern Sp ain) broke op en (F igur e 1), and  to xi c water  an d tai li ngs were spil led  i nto the
Agri o an d G uadiam ar Ri ver basin,  af fect ing som e 40 km 2. The taili ngs spread in  a down -ri ver direct io n an d stop ped at 40 km f rom  the poi nt  o f the spil l.  Th e p oll uted w ater cont i nued som e 10 km m ore and reached th e Gu ad alqu iv ir River,
af fect i ng the Nati onal  Park of  Do ñana (pro claim ed by UNESCO i n 1994 as part  of  Worl d Heri tag e).  Nevertheless,  a retent i on dam was rap idl y con st ru cted,  m in im izin g the dam ag e of  th e toxic wastes in  the wi ld life reserve.

The aim  of  th is work i s to describe the steps i n soil  po ll uti on over t i me.

Materials and methods
On 4 May 1998,  nin e d ays af ter the spi ll , seven sectors i n th e af fected  area were studied  al ong the basi ns o f the Agri o an d Guadi amar Rivers,  an alysin g tai li ngs,  p oll uted water and

contam inated as wel l as u ncontam inated soil s: near the m in e (M),  at  the poi nt  o f the sp ill ;   So berbin a (SO ),  at  5.5 km f rom  the spil l;  Puente de l as Dob las (D), at  12 km;  Aznal cázar (A ),  at  21
km ; Quem a (Q),  at  29 km ;  L os Pobres (LP),  at  34 km  an d Pescante (P ),  at  36 km  (Figu re 2). In each sector, a square plo t was lai d o ut  (25 m  x 25 m).  A t  each  cor ner an d in the cen tre of  th e
pl ot , samp les were taken of  tai li ngs as wel l as o f the soil  at  0-10 cm  an d at  10-30 cm  i n depth.  In order to m on itor the co ntami nat ion  over t im e, each pl ot was samp led on 3 m ore d ates:  20
May,  4 Ju ne and 22 July 1998. However,  in two sectors (D an d LP),  th e tai lin gs were remo ved before 4 Ju ne. In Quem a, two pl ots with tail ings (250 m 2) were l eft  untou ched for scient if i c
study and an add it io nal sam ple was taken on 19 Jul y 1999 (450 days after the spil l).  F ield  descript i ons of  the soil s were b ased on proced ures of  th e Soi l Su rvey S taff  (1951).  In al l soi ls,
physi cal,  chem ical and ph ysico-chem ical  propert i es were determ ined  (T able 1):  part i c le-s ize, p H,  bul k densi ty, el ectri c cond uct iv it y,  total  carbo n, o rgani c carbon,  equi valent  carb onate
content ,  cat ion -exch an ge cap aci ty (CEC), exchangeab le bases, to tal  i ron (Fet), ir on oxides (Fed), iro n-oxide am orpho us form s (F eo) and total sul phur.  A  satu rated  ext ract  o f the tai li ngs was
prepared  an d the su lph ates were preci pitated as BaSO4. Samp les of  th e tai li ngs and soi ls,  very f in ely grou nd (< 0.05), were di gested  in st rong  aci ds (HNO3 + HF + HCl). In each di gested
sam ple and saturated ext ract  o f the tai li ngs,  Cu,  Zn, Cd,  As,  Pb, Sb, B i and Tl  co ntent  were m easured. To  p rovide a quant i tat ive assessmen t of  the so il st ructure,  a st ructural-devel opm ent
in dex (SDI ) was for mul ated, usin g the equat ion : SDI= S ize x Grade, where val ues o f the gr ad e are g iven in Tabl e 1,  and the si ze of  the st ructure take the fol low ing values:  fi ne=10, m edium =7,
coarse=5,  very co ar se= 3.

Results and discussion
First Step
 l  Toxic  water  and tailings penetrated the soils  (Figure 3).
 l  The  principal pollutants were Zn , Pb , Cu, As, Sb, Bi , Cd, and Tl  (Simón et al ., 1999).
 l  Because  the  water  from the toxic spill contained  no Bi , the  total Bi contamination of the soils must have  come from the tailings .
 l  The quantity of tailings that penetrated the soil  in each  sector (Z) can be calculated  by  the equation : Z (g kg -1) = (CSBi  - UCSBi) 103/ TBi , where T Bi is the Bi
     concentration  in the tailings and CS Bi  and UCS Bi  are the Bi concentration  in the contaminated and uncontaminated soils , respectively , all expressed  in mg  kg -1 (Figure 3).
 l  The range of the  total contamination of each element was extremely broad , as penetration of the tailings  depended  on soil characteristics  (Figure 4).
 l  Most of  the  Cu, Zn and Cd penetrated the soil  in the solution phase of the spill , while the other elements penetrated mostly  as part of the solid phase .
 l  The quantity of tailings that penetrated each soil generally decreased with depth .
 l  The pollution  tended  to acidify the soils , although this trend was not strongly evident apparently due to the buffering effect of the CaCO 3 in  most of the soils .
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Second Step
 l  Drying and consequent aeration of the tailings that remained on the surface of the the soils rapidly oxidized sulphides to sulphates , lowered the pH and solubilized part of the formely  insoluble  
     pollutants  (Fig.7).
 l  These processes were  more pronounced  in the middle and lower sectors of the basin , where the particle size was finer , the sulphur content higher and the bulk density less .
 l  The  soluble elements infiltrated the soils with the rainwater , swiftly augmenting the soil pollution  (Figure 6).
 l  Given that  no rain fell for  a long time after the spill , the solubilized elements remained in the solution phase of the tailings and , with evaporation , rose  by  capillary action to the surface , forming  a
     white salty crust  (Figure 8).
 l  The mobility  rates of the elements  in the tailings increased with  time and those  in the soils diminished .
 l  The pollutants  tended  to  concentrate  in the first  10 cm of the soils without seriously contaminating the groundwaters , at least  in the  carbonate soils .
 l  The  total concentration of each element was directly related to the square root of the  time elapsed after the spill  (Figure 9).
 l  This results underscore the urgency of removing the tailings from the soil surfaces .
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Figure 5. Contamination  in the seven study sectors  (0-10 cm) due to the tailings  (t), the polluted  water  (w) and the oxidation process  (ox) on 22 July . 

Figur e 2. Map of the zone aff ected by the spill,showing
the situ ation  of th e seven  st udy sectors.
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Figur e 9. Relation  between the concentr ation of  Zn 
and th e sq uare ro ot of th e t ime elapsed after t he spill.
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Figure 3.  Penetration of the toxic water and tailings into the soils at the beginning of the spill . 
Figur e 4. Pen etration of  th e tailin gs accor ding to the
soil char act eristics.
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Figure 5.  Detail of  a soil aggregate .
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Figure 7.  Partial soiubilization of the formely  insoluble  pollutants .
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Figure 8.  White salty crust formed three weeks after the spill .

Figure 1.  Breaking of the walls of the ponds and toxic spill  in the Guadiamar basin . 
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Sec tors pH CaCO 3 Organic

Carbon
Gravel Sand Si lt Clay Fed Struc ture

type/ size/grade
SDI

M (T)
M (0-10)
M (10-30)

SO (T)
SO (0-10)
SO (10-30)

D (T)
D (0-10)
D (10-30)

A (T)
A (0-10)
A (10-30)

Q (T)
Q (0-10)
Q (10-30)

P (T)
P (0-10)
P (10-30)

LP (T)
LP (0-10)
LP (10-30)

5.0
7.6
7.9

4.4
7.3
7.4

4.9
7.6
7.4

4.8
7.7
7.8

4.3
7.9
8.1

5.1
7.2
7.8

4.9
7.8
7.8

0.0
2.9
2.5

0.0
0.3
0.0

0.0
18.6
19.6

0.0
14.8
14.6

0.0
9.4
7.0

0.0
14.3
14.7

0.0
15.3
15.5

0.50
0.50
0.43

0.30
0.80
0.65

0.21
0.93
0.61

0.23
1.65
1.34

0.22
1.36
0.92

0.22
1.02
0.61

0.24
0.98
0.46

0.0
12.3

9.6

0.0
0.8
1.2

0.0
29.7
42.8

0.0
0.0
0.0

0.0
0.0
0.0

0.0
2.1
1.9

0.0
6.9
5.8

9.6
39.6
51.3

9.6
68.0
71.2

2.0
22.5
16.1

0.6
1.9
1.7

1.2
21.9
19.4

1.8
7.7
6.3

1.4
1.1
0.9

72.9
22.0
16.6

75.9
18.5
16.6

89.0
21.4
22.2

83.0
52.5
54.8

81.9
37.7
45.1

81.5
27.1
28.2

82.2
29.7
31.0

17.5
26.1
22.5

14.5
12.7
11.0

9.0
26.4
18.9

16.4
45.6
43.5

16.9
40.4
35.5

16.7
63.1
63.6

16.4
62.3
62.3

-
1.29
1.15

-
0.89
1.00

-
0.96
1.12

-
0.81
0.92

-
1.15
1.44

-
1.10
1.18

-
0.84
0.88

pl / vc  / 3
sbk / c / 2

sbk / vc  / 1

p l / vc  / 3
sg / - / 0
sg / - / 0

p l / vc  / 3
sbk / m / 2
sbk / m / 2

p l / vc  / 3
abk  / vc  / 1

m / - / 0

p l / vc  / 3
sbk / m / 1
sbk / c / 1

p l / vc  / 3
abk  / f / 3

abk  / vc  / 1

p l / vc  / 3
abk  / vc  / 1

m / - / 0

9
10

3

9
0
0

9
14
14

9
3
0

9
7
5

9
30

3

9
3
0

______________________________________________________________________
M= Mine, SO= Soberbina, D= Puente de las  Doblas, A= Aznalc ázar, Q = Quema,  P= Pesc ante and
LP= Los  Pobres.
Struc ture type: p l= p la ty, abk = angular b lock y, sbk= subangular b lock y, m=masiv e, sg= single grain.
Struc ture size: f= fine, m = medium, c= coarse, vc = very coarse.
Struc ture grade: 0= structureles s, 1= weak , 2= moderate, 3= strong.

Table 1. Analytical data, structu re and st ructur e-developmen t in dex (SDI) of th e
tailings ( T) and cont am inated soils (0-10 and 10- 30 cm  in depth) b y sect ors.
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