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Abstract

This work examines the alteration processes triggered after the oxidation of pyrite tailings deposited for 3 years over a
carbonate soil. The infiltration of the acidic solution into the soil is causing important morphological, compositional and
mineralogical changes in the profile. After 3 years of continued action of such alteration, a considerable degradation of the
main soil properties was evident, the most notable being the decline in the cation-exchange capacity (caused by the
decreases in clay and organic matter content), texture variation, greater electrical conductivity (10-fold greater than in
unaffected soil), and the appearance of horizons with colorations strongly differing from those of the original soil (a dis-
coloured layer with greyish tonalities in the first 5 mm, followed by a reddish-brown layer to a depth of 65-70 mm). At the
same time, the carbonates have weathered, disappearing completely from the upper 35 mm and partially to 80 mm in
depth. There has also been an intense acidification of the soil (with pH values close to 2.0 within the greyish layer) as well
as a partial hydrolysis of the primary silicates (mainly feldspars and phyllosilicates), causing extreme infertility of the soil.
The resulting products in this process give rise to intense neoformation of gypsum and hydroxysulphates of Fe and Al,
which, together with the acidic conditions of the medium, determine the distribution of the main elements of the soil, both
in their total and soluble forms.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The oxidation of sulphides, a complex biogeo-
chemical process (Nordstrom, 1982) involving
hydration, oxidation, and hydrolysis, can be sum-
marized in a simplified form in the reaction pro-
posed by Stumm and Morgan (1981)

FeS, +3.750, 4+ 3.5H,0 — Fe(OH), + 2H,S0,

* Corresponding author. Tel.: +34 958 243233; fax: +34 958
244160.
E-mail address: fimartin@ugr.es (F. Martin).

This generalised reaction involves a sequence of
reactions beginning with the release of Fe*", which
under oxidizing conditions is converted into Fe®™.
If the pH of the medium remains above 4.5 (e.g.
in carbonate media), this Fe(IIl) precipitates as a
hydroxide, generating more acidity in the medium:

Fe*" + 3H,0 — Fe(OH), +3H"

The final result of the oxidation of pyrite under
these conditions strongly acidifies the medium (for
each mole of pyrite oxidized 4 mol of H" are pro-
duced). If, on the contrary, the pH of the medium
stays under 4.5, the Fe*" can act as an oxidant of
the pyrite
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FeS, + 14Fe’" + 8H,0 — 15Fe*" + 280%™ + 16H"

At pH < 3.0 the Fe’" is considered the only oxi-
dizing agent of these sulphides (Nordstrom, 1982).
This latter oxidation is far faster than reactions that
operate when the pH is higher (pH > 3.0) and gener-
ates much greater acidity. Furthermore, these reac-
tions accelerate enormously in the presence of
certain bacteria (Thiobacillus ferrooxidans, Lepto-
spirillum ferrooxidans and Thiobacillus thiooxidans)
and can increase normal oxidation rates by 10° or
10° (Lacey and Lawson, 1979; Bigham and Nord-
strom, 2000).

The other product generated during pyrite oxida-
tion is SOff. Under the acidic conditions induced by
pyrite oxidation, the elements usually accompany-
ing pyrite are highly mobile and most SOi* com-
plexes that may form are highly soluble and
remain potential pollutants.

The acidifying tendency of these types of reac-
tions is heavily influenced by the neutralization
capacity of the surrounding medium. In the case
of a soil, this capacity is closely related to its prop-
erties and mineralogical composition. According to
Palmer (1978), the main buffering reactions that
act in the soil with a fall in pH are: cation
exchange, the alteration of silicates, the dissolution
of Fe and Al hydroxides, and the dissolution of
carbonates. Of these reactions, the dissolution of
carbonates is the most effective, resulting in
according to the simplified scheme of Williams
et al. (1982)

FeS, + CaCO; + 15/40; + 3/2H,0
— Fe(OH), + 280, + 2Ca*" + 2CO0,

where the acidity is neutralized by the reaction
between the carbonates and the products released
in the oxidation process (Ritsema and Groenenberg,
1993)

CaCO; + 2H"' +SO;” + H,0
— CaSO0, - 2H,0 + CO,

Therefore, the formation of gypsum, very com-
mon in these media, is related to three origins: dis-
solution of Ca carbonates, hydrolysis of minerals
containing Ca, and desorption of exchangeable Ca
(Van Breemen, 1973). Thus, in addition to neutral-
ising acidity and maintaining pH conditions above
4.0, the presence of reactive CaCQOj5 inhibits pyrite
oxidation by inactivating 7. Ferooxidans and

promoting the precipitation of Fe’' (as ferric
oxyhydroxides) that could otherwise act as an
oxidant and accelerate pyrite decomposition.

In 1998 the holding pond for the tailings of a
pyrite mine in Aznalcéllar (Seville, SW Spain)
failed and spilled some 4.5 x 10°m® of tailings
and acidic waters with a high concentration in S,
Fe and potentially harmful elements into the Agrio
and Guadiamar rivers, affecting some 45 km® of
fertile land (Simén et al., 1999; Lopez-Pamo
et al., 1999). In the tailings the pyrite content
was between 85 and 90% (Alastuey et al., 1999)
while the main pollutants were Zn, Pb, Cu, As
and Cd. The subsequent drying and aeration of
the tailings deposited over the soil resulted in an
intense and rapid oxidation of the sulphides that
heavily affected the soils involved, raising previous
contaminant levels by 4.5-fold in these soils (Simén
et al., 2001).

The present work examines the alteration pro-
cesses triggered after the oxidation of pyrite tailings
deposited for 3 years over a carbonate soil in exper-
imental plots in the affected area, paying special
attention to the effect of the acidic solution on the
soil properties and constituents, the mobility of
the major elements involved, and the mineralogical
transformations taking place in the affected soil.

2. Materials and methods

In the zone of Aznalcdllar affected by the spill of
pyrite tailings, two plots have been preserved (in the
area known as Vado del Quema) without any reme-
diation and maintaining the layer of tailings that
covered the soil surface after the accident (Dorrons-
oro et al., 2002; Simon et al., 2002).

The soil studied was a calcareous Regosol (FAO-
ISRIC-ISSS, 1998) with scant development, a
sandy-loam texture (12% clay), little organic matter
(<2%), a mean CaCO; content equivalent of 13%,
and a pH close to 8.0.

The first sampling (QO0) was made at 40 days after
the spill and the second (Q1) 3 years later. At the
time of sampling, the QO soil was covered by a
4.5 cm thick layer of tailings having a brownish col-
our (2.5Y5/4) that was homogeneous in depth. The
soil Q1 (still covered by the tailings) presented a
strong morphological difference. Immediately
underneath the tailings appeared a layer light grey
in colour (2.5Y7/2) averaging 5mm in thickness,
followed by a reddish-brown (10YR5/6) layer
70 mm thick, and finally the underlying soil,
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apparently unaltered, brown in colour (2.5Y5/4),
and very similar to the soil QO (Fig. 1).

Systematic sampling was performed in the two
periods to examine textural, mineralogical, and
compositional trends as a function of depth. A hole
I x 2m and 0.8 m depth was dug and 3 of its walls
were sampled in triplicate. In the QO soil, a sample
was taken every 5mm to a depth of 20 mm, then
every 20 mm to a depth of 100 mm, and finally every
50 mm to a depth of 550 mm. In QI, a sample was
taken every 5 mm to a depth of 70 mm, then every
10 mm to a depth of 120 mm, and finally every
50 mm to a depth of 570 mm.

The samples were air dried and then screened to
2 mm to determine the percentage of gravel and fine
earth, all the analyses being made over the latter
fraction. The particle-size distribution was analysed
by the pipette method (Loveland and Whalley,
1991) for the fraction finer than 50 um (silt and
clay), and by sieving for the fraction between
50 um and 2 mm (sand). This textural analysis was
also made after treatment with a dithionite—
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Fig. 1. General view of soil Q1 (T: tailings; LGL: light-grey layer;
RBL: reddish-brown layer).

citrate-bicarbonate (DCB) solution to eliminate
the Fe oxides (Sheldrick and Wang, 1993). The
pH of the samples was determined potentiometrical-
ly in a 1:2.5 suspension, and the content of CaCO;
equivalent was measured by the method of Williams
(1948). The cation-exchange capacity (CEC) was
determined with 1 N sodium acetate at pH 8.2.
The total concentrations of major elements (Sir,
Alr, Fet, Cat, Mgr, Nar, K, S1) were determined
after preparing soil pellets with lithium tetraborate
0.6:5.5, by X-ray fluorescence in a Philips PW-
1404 apparatus.

Finally, soil extracts were prepared at a soil:-
water ratio of 1:10 (Norma DIN, 38 414-4) to mea-
sure: the pH, electrical conductivity (EC) and the
concentrations of the soluble fractions of major
components; Nag and Kg were determined by flame
photometry (METEOR NAK-II instrument), Cas,
Mgs, Fes and Alg by atomic absorption spectrome-
try (VARIAN SpectrAA 220FS instrument), and
soluble SO~ by ion chromatography (DIONEX
DX-120 instrument).

For the micromorphological study and the anal-
ysis of the mineral composition, a microscope with
polarized light and a LEO-1530 GEMINI scanning
electron microscope were used, the latter with a
Link Pentafet energy-dispersive X-ray microanaly-
ser (EDX), Oxford model 6901. The mineralogy
was also studied by X-ray diffraction with a Philips
PW-1710 with CuKa radiation, Ni-filter and graph-
ite monochromator, using the method of disori-
ented crystalline powder.

3. Results
3.1. Soil properties and constituents

The main properties and constituents of the soil
before and after the oxidation of the tailings (QO
and QI, respectively) are shown in Tables 1 and 2.
The comparison of soil properties and constituents
in the samples of soil Q1 deeper than 200 mm, with
the soil QO, indicated no significant differences
between them, and the variations may be due to
the heterogeneity of the soils. The property that
had undergone the most notable changes during
the study period was acidity, reflected in the sub-
stantial fall in pH as the contamination progressed.
The QO soil gave a mean value of 7.9, while QI
reached pH values close to 2.0 in the samples closest
to the tailings; values lower than 4.0 in the first
30 mm, and significant effects to a depth of



Table 1

Main properties of soil before the oxidation of tailing (QO0)

pH CaCOs; CEC OM EC Clay F. Silt C. Silt Sand
(%) (cmoly kg™ (%) (dSm™ (%) (%) (%) (%)

Depth (mm) Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
0-5 7.63 0.08 8.12 1.02 29.19 1.22 2.29 0.20 0.92 0.12 29.5 1.4 30.3 1.7 213 1.9 18.9 1.6
5-10 7.91 0.05 8.61 1.15 32.65 1.54 2.27 0.39 0.85 0.16 333 1.9 38.1 2.1 10.2 2.5 18.4 1.9
10-15 7.92 0.08 9.04 0.77 25.74 2.81 2.15 0.07 0.57 0.07 32.7 2.9 34.9 2.8 11.2 2.9 21.2 23
15-20 7.82 0.08 9.23 0.92 29.29 1.06 2.12 0.14 0.52 0.18 35.5 1.2 36.1 1.6 16.6 1.7 11.8 1.4
20-40 7.93 0.06 8.97 0.52 17.19 1.50 1.78 0.68 0.42 0.12 322 22 31.2 23 18.3 2.0 18.3 2.2
40-60 7.98 0.03 9.15 0.65 17.19 1.37 1.78 0.72 0.45 0.07 32.0 2.1 30.6 2.1 16.5 2.9 20.9 2.1
60-80 8.10 0.08 8.87 0.82 12.87 2.14 1.75 0.52 0.42 0.10 33.2 2.7 29.1 2.8 14.6 23 23.1 2.7
80-100 8.00 0.06 9.02 0.69 11.14 1.67 1.75 0.58 0.39 0.11 31.1 22 31.0 2.4 12.8 2.9 25.1 22
100-150 7.90 0.07 9.30 1.22 9.41 2.56 1.68 0.34 0.42 0.08 31.2 29 29.1 3.0 12.0 2.3 27.7 23
150-200 7.90 0.07 8.91 0.46 8.55 1.30 1.68 0.44 0.36 0.02 28.6 1.7 28.9 2.1 16.2 2.5 26.3 2.1
200-250 7.80 0.07 9.44 0.51 10.19 1.57 1.59 0.06 0.41 0.05 322 1.6 31.6 2.7 11.7 2.7 24.5 2.6
250-300 7.90 0.09 9.10 0.74 12.87 1.35 1.59 0.31 0.34 0.03 39.9 1.7 28.5 1.9 13.2 22 18.4 1.9
300-350 8.00 0.05 9.33 0.48 9.98 1.61 1.43 0.13 0.38 0.05 33.6 1.7 30.2 1.8 12.8 1.9 234 1.7
350-400 7.90 0.07 9.46 0.62 10.20 1.50 1.52 0.38 0.32 0.04 29.8 1.9 28.2 2.1 14.7 2.5 27.3 2.1
400-450 7.80 0.07 9.12 1.14 10.39 2.32 1.49 0.18 0.35 0.06 353 2.5 324 2.6 11.9 2.7 20.4 22
450-500 7.90 0.07 9.34 0.63 9.94 1.66 1.47 0.23 0.33 0.08 31.7 1.9 29.6 2.0 13.9 22 24.8 1.9
500-550 7.90 0.06 9.20 0.51 10.10 1.45 1.44 0.24 0.31 0.07 30.2 1.7 31.1 1.8 12.4 2.0 26.3 1.7

SD: standard deviation; CEC: cation-exchange capacity; OM: organic matter; EC: electric conductivity; F. Silt: fine silt; C. Silt: coarse silt.
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Table 2
Main properties of soil after the oxidation of tailing (Q1)
Texture Texture (DCB)
(Na-poliph.)
pH CaCO; (%) CEC OM (%) EC Clay (%)  F.Silt (%) C. Silt (%) Sand (%) Clay (%) F. Silt (%) C. Silt (%) Sand (%)

(cmol; kg1 (dSm™)
Depth  Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
(mm)

0-5 209 0.03 0.00 000 894 082 1.05 008 270 0.17 302 09 229 20 140 19 329 21 31.7 20 146 1.0 151 10 386 22
5-10 229 0.05 0.00 0.00 11.69 0.79 110 0.12 251 037 169 09 114 12 112 18 605 13 334 22 147 1.1 121 1.0 399 25
10-15 238 0.06 000 0.00 1048 091 1.05 0.10 274 031 142 10 96 13 119 10 643 14 310 13 144 12 161 1.1 385 1.6
15-20 276 0.04 0.00 0.00 1289 0.86 1.03 009 210 027 135 10 75 12 124 09 665 13 314 18 144 17 174 10 368 2.1
20-25 289 0.05 000 0.00 11.70 1.14 1.08 0.07 194 008 144 12 123 12 67 12 665 13 319 12 157 17 147 13 378 13
25-30 321 0.06 0.00 0.00 1401 129 096 0.11 196 0.18 148 14 111 15 103 13 638 16 303 15 133 14 179 15 385 1.7
30-35 446 0.03 000 0.00 1230 1.03 108 009 187 034 143 1.1 107 14 112 1.1 638 15 305 14 151 13 162 12 382 138
3540 500 0.05 128 0.12 1050 099 091 0.08 1.66 021 152 1.1 124 12 102 1.0 622 13 299 12 147 15 155 1.1 399 14
4045 529 0.05 155 0.16 1289 124 110 0.09 1.84 0.15 129 13 124 14 114 12 633 15 287 14 156 13 140 14 4.7 25
45-50 553 0.06 146 020 1230 134 113 0.10 1.89 024 159 14 128 16 115 14 597 17 281 16 180 15 115 15 423 19
50-55 610 0.08 148 0.14 1289 106 127 007 1.8 029 154 1.1 134 13 105 1.1 60.6 14 271 13 179 1.7 157 12 393 26
55-60 627 0.08 189 0.10 1230 121 130 009 167 0.12 159 13 125 13 123 12 593 14 268 1.7 167 16 170 14 395 19
60-65 650 0.06 291 0.19 11.70 0.89 135 0.12 1.60 0.17 189 1.0 139 1.1 152 10 520 12 260 1.1 162 19 181 1.1 396 1.3
65-70 6.89 0.08 324 024 1350 123 138 0.08 153 0.15 185 13 164 14 124 12 527 15 255 14 177 13 170 14 398 25
70-80 7.09 0.05 4.14 0.36 10.09 150 135 0.05 1.13 0.11 199 1.5 175 1.5 163 14 463 16 240 15 180 14 178 1.6 402 1.6
8090 742 0.07 7.62 0.62 10.09 096 123 0.06 033 0.04 228 1.0 204 16 132 1.6 436 1.7 256 1.6 197 1.6 166 1.1 380 1.7

90-100 7.60 0.07 7.95 0.74 10.70 0.76 1.19 0.06 023 0.07 284 0.8 209 12 97 09 411 13 278 09 182 12 159 09 381 1.8
100-110 7.76  0.06 8.62 0.63 14.10 1.04 1.24 0.08 022 005 260 1.1 147 09 199 1.1 393 1.0 253 1.1 179 10 173 12 395 22
110-120 7.68 0.07 8.64 1.15 1591 125 123 0.05 026 0.02 257 13 215 1.3 127 12 401 13 269 15 189 15 171 13 371 1.5
120-170 7.80  0.07 9.00 0.69 12.34 1.19 128 0.07 024 0.02 26.1 12 206 1.0 119 12 415 12 281 1.1 182 09 162 1.2 375 1.6
170-220 7.86 0.09 887 0.84 10.08 1.09 121 0.05 023 0.05 232 1.1 215 1.6 152 1.5 400 1.6 245 1.6 191 15 158 12 406 2.6
220-270 7.84 0.05 8.56 0.65 10.08 091 1.17 0.06 022 0.05 248 1.0 170 13 179 1.2 403 13 252 18 178 1.7 166 1.0 404 1.9
270-320 8.00 0.08 880 0.73 11.58 0.86 1.20 0.05 0.21 0.01 266 09 174 1.1 186 0.8 373 12 276 14 184 13 161 1.0 379 14
320-370 7.92 0.08 8.69 0.85 1235 1.14 1.13 0.07 020 0.07 246 12 205 1.2 188 1.1 360 13 282 12 188 1.1 175 13 355 23
370420 7.80 0.06 9.10 1.07 1322 129 1.19 0.04 019 0.05 237 13 195 14 150 15 419 13 266 15 172 14 169 14 393 1.6
420470 7.99 0.05 880 0.76 1450 1.03 1.18 0.05 0.17 0.04 128 1.I 99 13 194 13 579 14 249 14 177 14 162 1.1 412 25
470-520 7.90 0.08 890 0.95 10.57 0.99 122 0.06 020 003 151 10 96 13 173 1.0 580 1.2 258 1.0 167 09 159 1.1 41.6 20
520-570 8.10  0.07 8.70 0.89 10.69 1.23 1.19 0.05 022 0.04 166 1.3 132 12 178 1.2 525 13 283 15 171 14 163 13 383 18

Italics: light-grey layer; bold: reddish-brown layer. Na-polyph.: soil dispersed with sodium-polyphosphate; DCB: soil treated with dithionite—citrate-bicarbonate; SD: standard
deviation; CEC: cation-exchange capacity; OM: organic matter; EC: electric conductivity; F. Silt: fine silt; C. Silt: coarse silt.
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100 mm. The EC of the soil solution had an inverse
relationship with pH, and the highest values were
registered in the first 5 mm of the QI soil.

The cation-exchange capacity measurably
declined; thus, in the upper part of the QO soil, mean
values were 30 cmol, kg~', while in the same zone
the soil values after 3 years (Ql) dropped to
12 cmol; kg '. The depth at which CEC was con-
siderably affected coincided with the lower limit of
the reddish-brown alteration layer (70 mm) in the
soil profile.

The main soil constituents were also affected by
the acidic solution, provoking stronger differences
in the first 5 mm in relation to the underlying soil,
mainly in CaCOj3 content and OM (Tables 1 and
2); these differences diminished with depth in the
reddish layer, and disappeared in the unaffected soil.

The carbonate mineral of this soil, identified by
X-ray diffraction, is calcite, having a dominant grain
size coarser than 2 um (silt and sand); and the mean
content of this mineral is about 9% both in the ini-
tial soil (QO) as in the unaffected part of the QI soil
(depth > 200 mm). The alteration of the calcite is
complete in the uppermost 35 mm of the soil
affected by the pyrite oxidation (Q1) and partial
between 35 and 80 mm (Table 2).

-
g kg
0 50 100 150 200 250 300 350
0 1 A 1 1 Il
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é Finy
300 -
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The total concentrations in the main elements
(Sit, Alt, Mgt, K1, Nat) clearly declined in the
upper 70 mm of the Q1 soil and tended to increase
with depth (Fig. 2); in addition, the Fe dissolved
in the acidic solution tended to precipitate in the
upper part of the soil, especially in the first
30 mm, where the total Fe content (Fet) was more
than double that of the unaffected soil (>200 mm).

The concentration of most of the main elements
in the soil solution (Als, Fes, Mgs, Kg, Nag) indi-
cated a generalized increase in the upper part of
the soil, due to the intense mineral alteration
(Fig. 3), with the exception of soluble K which
decreased markedly in the first 50 mm.

3.2. Mineralogical composition

The mineralogy of the QO soil was dominated by
quartz (60%), calcite (11%), phyllosilicates (15%)
and feldspars (14%). The infiltration of the acidic
solution from the oxidation of the tailings provoked
intense alteration of the primary minerals as well as
notable neoformation processes, as reflected clearly
in the uppermost mm of soil QI (Fig. 4). Thus,
intense alteration of calcite was evident, this mineral
disappearing completely in the upper zone of the
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Fig. 2. Vertical distribution of total Si (Sit), Al (Alr), Fe (Fer), Mg (Mgr), Na (Nat) and K (Krt) in soil Q1.
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Fig. 3. Vertical distribution of water-soluble Al (Al), Fe (Fe,), Mg (Mgs), Na (Na;) and K (Ky) in soil Q1.
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Fig. 4. X-ray diffractograms of soil Q0 and Q1 at 15-20 mm depth (C: calcite, Q: quartz, Fd: feldspars, Ph: phyllosilicates, G: gypsum, J:

jarosite).
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soil, while the other primary minerals showed major
variations in abundance (Table 3). In this sense, the
feldspars and phyllosilicates reduced significantly
(p <0.01) in the altered layer (0—70 mm) of the soil
QIl, in relation to the unaffected part (Table 4).

The scanning electron microscope study revealed
the general aspect of the reddish-brown layer of
alteration of the QI soil (Fig. 5). This figure shows
that the alteration of the phyllosilicates caused the
opening of the mineral layers. Some feldspars were
also altered, releasing their basic constituents (Si,
Al, K) and precipitating with those from the acidic
solution (Fe, S) in amorphous masses that filled
the hollows from the dissolution of the minerals
and cemented the ground mass of the soil. Addition-
ally, the precipitation of neoformational minerals
(gypsum and minerals of the jarosite group), as well
as the amorphous ferruginous, aluminous and sili-
ceous masses, surrounded many mineral grains
and cemented the soil matrix.

Near the tailings layer, the continued action of
the acidic solution from the oxidation of the tailings
had provoked an intense leaching of the Fe of the

Table 3
Mineralogy of soil Q1 (values in %)
Depth Q C Fd Phy G J
0-5 53 - 10 3 14 20
5-10 54 - 12 5 13 16
10-15 46 - 11 6 23 14
15-20 53 - 11 8 24 4
20-25 55 - 12 7 22 4
25-30 58 - 14 7 18 3
30-35 56 - 13 8 19 4
35-40 54 1 14 8 19 2
40-45 56 2 12 9 19 2
45-50 59 2 12 10 16 1
50-55 62 3 11 9 15 -
55-60 66 4 10 10 10 -
60-65 64 7 12 11 6 -
65-70 62 10 12 14 2 -
70-80 65 9 14 12 - -
80-90 66 10 13 11 - -
90-100 62 12 14 12 - -
100-110 65 11 12 12 - -
110-120 61 10 15 14 - -
190-240 59 12 16 13 - -
240-290 61 11 13 15 - -
290-390 60 12 15 13 - -
390-490 62 11 14 13 - -
490-590 59 10 17 14 - -

Italics: light-grey layer; bold: reddish-brown layer; Q: quartz; C:
calcite; Fd: feldspars; Phy: phyllosilicates; G: Gypsum; J: Jaro-
site-type minerals.

Table 4
Significant differences in feldspars and phyllosilicates in the
affected (0-70 mm) and unaffected (>70 mm) soil samples

Mineral Soil samples Mean S.D. p value

Feldspars Affected (0-70 mm) 11.9 1.2 <0.01
Unaffected (>70 mm) 14.3 1.5

Phyllosilicates ~ Affected (0-70 mm) 8.2 2.7 <0.01

Unaffected (>70 mm) 12.9 1.2

Values in %.

uppermost 5 mm of the profile, causing a relative
impoverishment in this element, as reflected in
Fig. 2. In the upper part of the reddish-brown layer
(first 30 mm), the molar ratio of Fe:S was 1.3, very
close to that of the minerals of the jarosite group
[KFe3(SO4)2(OH)g], and the presence of these min-
erals was notable in the SEM study and in the min-
eralogical analysis by XRD. In this sense, deeper in
the reddish-brown layer (30—45 mm), the Fe:S molar
ratio rose to values higher than 2.3, indicating the
presence of minerals with higher Fe contents than
in jarosite (Fig. 6). Furthermore, the neoformation
of schwertmannite-type minerals [FegOg(OH)sSOy4]
has been described in these media (Sanchez et al.,
2005; Acero et al., 2006), and thus the presumed
presence of this mineral may have contributed to
the higher Fe:S molar ratio in this part of the pro-
file. Finally, in the bottom part of the affected layer
(45-70 mm), Fe oxyhydroxides with different
degrees of crystallinity were detected in the SEM-
EDX study.

4. Discussion
4.1. Soil properties and constituents

After 3 years of continued action of the acidic
solution from the oxidation of the tailings, the soil
properties and essential constituents had changed
considerably, transforming the morphology and
functionality of the original soil.

The decrease in pH is directly related to the
intense acidification caused by the tailings oxidation
and the infiltration into the soil of the acidic solu-
tion generated in this process. The EC of the soil
solution registered the highest values in the upper-
most 5 mm of the Q1 soil, implying an accumulation
of soluble forms at this depth by the intense evapo-
transpiration in the area (Mediterranean climate); in
this case, the soil solution was enriched in many
elements, either directly from the oxidation of the
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Fig. 5. SEM-BSE images of the mineral alteration in soil Q1. (A) General overview of the reddish-brown layer. (B) Alteration and EDX
analysis of a feldspar.
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Fig. 6. SEM-BSE image and EDX analysis of Fe and S containing pedofeatures in soil QI.

tailings or else from the alteration of the soil constit-
uents. The regression analysis made between EC
and the constituents present in the soil solution indi-
cates that the increase in the values of this parame-
ter was directly related to the concentration of SO~
from the oxidation of sulphides present in the tail-
ings, according to the following equation:

EC (dSm™") =0.195 4+ 0.001SO2™ (mgl™") »
=0.967; p<0.001

The clay content under these conditions is diffi-
cult to quantify, because the high concentrations
of Fe from the oxidation of the tailings exert a pow-
erful agglomerating effect on the smaller soil parti-
cles (Colombo and Torrent, 1991). This was
clearly visible under the light microscope, revealing
numerous aggregates of sand-grain sizes in which
the clay had been bound by Fe compounds
(Fig. 7). In this sense, a textural analysis was made
of the Q1 samples, previously treated with dithio-
nite—citrate—bicarbonate (DCB) to eliminate Fe oxi-
des, and the results were compared with those of the
same samples left untreated (Table 2). Thus, the

samples from the reddish-brown zone treated with
DCB clearly increased in the quantity of clay pres-
ent with respect to the untreated ones, reflecting
the agglomerating power of the Fe oxides present.

The successive infiltrations into the soil of the
acidic solutions from the oxidation of the tailings
gave rise to the complete alteration of the carbon-
ates in the first 35 mm of the Q1 soil and to its par-
tial alteration between 35 and 80 mm. In this sense,
a large part of the Ca®" ions released in this weath-
ering process of the carbonates reacted with the
SOf[ ions of the acidic solution and precipitated
in the form of gypsum (Ritsema and Groenenberg,
1993; Van Breemen, 1973), fundamentally in the
first 80 mm of the soil (Table 3).

Also, in some zones the soil pH was below 6.5
and the CaCO; content was between 2 and 3%
(Table 2, samples of 35-65 mm). This could be
related to the coating of the coarse particles of these
carbonates by the amorphous oxides and hydroxy-
sulphates of Fe and Al, which protect against reac-
tions with H" of the acidifying solution; this process
has been previously observed in this soil (Simén
et al., 2005).
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Fig. 7. Photomicrographs of coarse sands at 15-20 mm depth in soil QO (1) and at same depth in soil QI (2).

The total concentrations of the main elements
(Sit, Alt, Mgt, Ky, Nay) clearly declined the first
70 mm of the QI soil and tended to increase with
depth, confirming that the acidification partially
altered the primary minerals such as feldspars and
phyllosilicates (Preda and Cox, 2004).

The mobility of these elements appears to be clo-
sely related to soil pH. In this sense, Sit and Aly
slightly differed, since the Al was leached in the
strongly acidified zone and accumulated mainly
from 55 to 95mm in depth, where the pH was
higher than 5.5, whereas the Si had greater relative
mobility in these media, also leaching from the first
cm of the soil but accumulating at a depth slightly
greater than in the case of Al (70-120 mm in depth)
and coinciding with the zone of pH > 7.5.

In the upper part of the soil, the Fe of the acidic
solution coming from the oxidation of the tailings,
entered the soil in the form of Fe*", but in the con-
tact with this medium and after the pH rose above

2.3, it was oxidized to Fe’' and subsequently
precipitated.

The solubility of Fe and Al proved to be closely
related to the pH of the soil. In the case of Fe, con-
centrations were very high in solution, the highest
values reaching 0.1 g1~! near the contact between
the soil and the tailings, and maintaining high values
to a depth of 15 mm, coinciding with a band of soil
that had pH values lower than 2.3. Soluble Al also
had very high concentrations in the upper part of
the soil, reaching highs of 0.07 g17! in the contact
zone between the soil and tailings, these high values
persisting to a depth of 40 mm and coinciding with
the band of soil with pH values lower than 5.5.

4.2. Mineralogical composition
The decline in soluble K could be related to the

neoformation of jarosite in this zone of the soil
(Dorronsoro et al., 2002; Simén et al., 2002;
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Accornero et al., 2005). The variations commented
on above were clearly visible as changes in the over-
all mineralogy of soil Q1 with depth. The large
quantities of dissolved sulphates in the contaminant
solution produced major mineralogical neoforma-
tions. Thus, on reacting with the Ca released in
the alteration of the calcite, gypsum neoformation
took place, this mineral reaching 20% of the total
soil in some zones of the reddish-brown layer. On
the other hand, the Fe and the total sulphates,
together with the K released from the alteration of
the feldspars and micas, formed jarosite-type Fe
hydroxysulphates in large quantities (which reached
20% of the total mineralogy in some parts of the
soil), coinciding with that of the most strongly acid-
ified zone of the soil (Fukushi et al., 2003; Sanchez
et al., 2005). In the uppermost part of the profile,
the concentration of Pb reached 1.554.2 mgkg™'
(Martin et al., 2005), and the formation of plumboj-
arosite was expected, but its detection by X-ray dif-
fraction was inconclusive, probably due to the low
amount of this mineral in relation to the total min-
eralogy. The neoformation of this mineral, when the
Pb concentration in soil is high, has been reported in
sulphide oxidising solutions (Davis et al., 1999).

Most of the Fe released tended to precipitate in
amorphous forms in the ground mass of the soil,
being partially retained by neoformed minerals that
became steadily more Fe enriched with depth down
to 70-80 mm. As commented above, a large part of
this Fe, after its subsequent oxidation, tended to
precipitate as oxyhydroxysulphates, giving rise to
a relationship between the total Fe and the SO}
not precipitated as gypsum (Sy), defined by the
regression equation

Shs (gkg™') = —38.712 + 1.182Fer(g kg™ )
= 0.974; p < 0.001

In addition, the formation of jarosite was associ-
ated with the strongly acidic conditions of this part
of the profile (Dold, 2003; Sanchez et al., 2005).
Schwertmannite-type minerals and Fe oxyhydrox-
ides, with low degrees of crystallinity and Fe con-
tents far higher than the above-mentioned
oxyhydroxysulphates, are common in these environ-
ments (Bigham et al., 1996; Sanchez et al., 2005). In
the acidic media, schwertmannite can form, being
capable of coexisting with jarosite under conditions
of pH> 2.8 (Dold, 2003). Meanwhile, in neutral-
alkaline environments, Fe oxyhydroxides such as
ferrihydrite can form in the first stages (Davis

et al., 1999) and the transformation of this mineral
to more stable Fe oxyhydroxides and oxides such
as goecthite and hematite has also been reported
(Sun et al., 1996; Davis et al., 1999).

These mineralogical transformations and neofor-
mations were of great importance in the study con-
cerning the mobility and retention of the potentially
contaminating elements involved, due primarily to
the formation of minerals with a high specific sur-
face area and a high degree of chemical reactivity
(Carlson et al., 2002; Sastre et al., 2004). The
changes in the properties and mineralogy of the soil
due to the influence of pyrite oxidation, have impor-
tant environmental implications and will influence
the development of remedial measures to be applied
to similar situations. These aspects will be examined
in future studies.

5. Conclusions

The infiltration into the soil of the acidic solution
from the oxidation of pyrite tailings is causing
major morphological, compositional, and mineral-
ogical changes in the profile of affected soils. After
3 years of continued action of such alteration, a
considerable degradation of the main soil properties
remains evident, the most notable being the decline
in the cation-exchange capacity, texture variation,
greater electrical conductivity (10-fold greater than
in unaffected soil), and the appearance of horizons
with colorations strongly differing from those of
the original soil (a discoloured layer with greyish
tonalities in the first 5 mm, followed by a reddish-
brown layer to a depth of 65-70 mm). At the same
time, the carbonates have weathered, disappearing
completely from the first 35 mm and partially to
80 mm in depth. There was also an intense acidifi-
cation of the soil (with pH values close to 2.0 within
the greyish layer) as well as a partial hydrolysis of
the primary silicates (mainly feldspars and phyllosi-
licates), provoking soil infertility.

The resulting products in this process give rise to
intense neoformation of gypsum and hydroxysul-
phates (mainly jarosite), which, together with the
acidic conditions of the medium, determine the
mobility and distribution of the main elements of
the soil, both in their total as well as soluble forms.
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