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Featured Application: This work uses a simple and reliable methodology applicable to other
areas for the evaluation of residual contamination after bioremediation treatments.

Abstract: This study is focused on one of the most important spills that ever happened in Europe,
the Aznalcéllar’s mine spill. The extensive application of phytostabilization in the area led to the
implementation of the Guadiamar Green Corridor (GGC). Soil physicochemical properties were
analyzed and the total concentration of Pb, As, Zn and Cu was measured by X-ray fluorescence (XRF);
bioassay using Lactuca sativa L. was applied to assess potential toxicity. Two decades after the accident,
some soils affected by residual contamination continue to appear in the area. According to regulatory
levels, Pb and As concentrations are exceeded in around 13%and 70%, respectively, in the uppermost
part of the soils (first 10 cm). The change in soil properties after bioremediation treatment positively
promoted the reduction in the potential mobility of pollutants by the increase in pH, CaCOj3 content
and organic carbon. Anyway, the bioassay with Lactuca sativa, indicated that around 25% of the soils
showed toxicity by the reduction of the root elongation in relation to the control samples. Our results
indicate that monitoring of the GGC is still needed, together with the application of soil recovery
measures to reduce the potential toxicity in some sectors of the affected area.

Keywords: phytostabilization; heavy metals; arsenic; potential toxicity

1. Introduction

Soil contamination with potentially harmful elements (PHEs) is a growing concern and ubiquitous
around the globe. According to He et al. [1], more than 10 million contaminated sites exist worldwide
related to anthropogenic sources and activities; for instance, 137,000 km? of agricultural land in Europe
needs local assessment and eventual remediation action in relation to the heavy metal concentrations [2].
The restoration of polluted soils affected by heavy metals and related elements is a great challenge that,
in many cases, concludes with incomplete results [3]. The full removal of these polluted soils is very
difficult due to the reactions between the contaminants and soil properties and constituents producing
the precipitation or immobilization of these PHEs into the soil matrix [4]. Remediation actions to
remove these PHEs from the soil are usually expensive, time-consuming or need the application
of ex-situ technologies that are not able to develop in large areas. Moreover, in many cases the
remediation is focused in the application of amendments to reduce the bioavailability and to promote
the immobilization of pollutant into the soil matrix, followed by a stabilization of the soil surface by
vegetation (phytostabilization) [5], implying that these areas increase the background concentrations
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of PHEs in relation to previous values. In these cases, monitoring over time is necessary to assess the
evolution of the soil properties and potential changes in the mobility and availability of pollutants.
Few studies involve this type of assessment over time under real situation, but in some cases, potential
environmental problems were detected; for example, Garcia-Carmona et al. [6] reported an increase in
the availability of As, Pb, Cu, Zn, and Cd over time 20 years after the remediation actions in the affected
area were completed; Nakamaru and Martin-Peinado [7] also reported an increase in Sb availability
after the rise in soil organic matter related to phytostabilization; and Zhou et al. [8] pointed out that the
effect of 22 year fertilization and cropping increased Pb and Cd availability in soils. Therefore, restored
areas where the remediation actions involved the application of amendments and the immobilization
of pollutants into the soils may lead to hidden residual pollution that needs to be assessed to avoid a
potential risk of pollution to the environment of living organisms. In this work, we present the study of
an area polluted twenty years ago (April 1998), by one of the largest mining spills in the world [9] the
Aznalcollar’s mine spill. This mine is located in the largest polymetal-sulphide reserve in Europe [10],
where the break of the dump containing wastes with high concentrations of PHEs (mainly Pb, As, Zn,
Cu) spilled about 3.6 x 10° m? of acidic water and 0.9 X 10° m? of toxic tailings, affecting an area of
45 km? of soils, mainly with agricultural use [11].

After the accident, one of the main soil restoration programs carried out in Europe was realized
by the implication of the Administration, the Universities and other Research Institutions (CSIC) and
the investment of 280 M€ for the recovery of the area [12]. The remediation actions were focused on
the removal of the tailings and the highly polluted topsoil, the application of organic and inorganic
amendments and the phytostabilization with autochthonous vegetation [13]. The remediation actions
finalized with the implementation in the whole area of the Guadiamar Green Corridor (GGC) in
2003, designated by the administration as a “protected landscape” were the extractive activities are
forbidden (agriculture, grazing, hunting, and fishing), and the main use was focused in recreational or
environmental outreach activities. Nowadays, the whole area is considered as restored, but a very
heterogeneous evolution of the vegetation recovery is detected. Most of the area presents a very good
response in relation to the vegetation cover and PHEs immobilization, but residual polluted soils
are still detected into the GGC by the identification of heterogeneous plots where no vegetation can
growth [14].

The aim of this work is to evaluate the evolution of the pollution and vegetation recovery in
the GGC twenty years after the accident and after the remediation actions were finalized. The work
focused on the assessment of the changes in the physicochemical properties of the soils, both in surface
samples as in depth, and in the evaluation of the mobility of PHEs still presented in this restored area.

2. Materials and Methods

2.1. Soil Sampling

The monitoring of the pollution over time was made by the soil sampling of 84 georeferenced plots
(10 x 10 m) homogeneous and randomly distributed along the whole affected area. Composite samples
were taken at each depth (0-10; 10-30; and 30-50 cm) to obtain one sample for each one representative
of 100 m?; all details in relation to sampling protocol and design are reported in Simén et al. [15].

Previous studies [16] indicated that, before the accident, the area can be subdivided into two
sectors according to soil properties. Sector 1 (S1) includes soils with acidic pH, no or slightly carbonated
and loam to sandy-loam textures; meanwhile Sector 2 (52) includes soils with neutral or slightly
alkaline pH, moderate to highly carbonated and loam to clay/silty textures. Sector 1 covers the first
12 km downstream the mine including 20 sampling plots and Sector 2 covers the following 28 km
including 64 sampling points (Figure 1).
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Figure 1. Soil sampling points along the Guadiamar Green Corridor(GGC).
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2.2. Analytical Methods

All samples were taken to laboratory, dried and sieved (<2 mm) prior to the analyses. Soil
properties and constituents were determined according to standard methods [17]. Soil granulometry
was measured after removal of organic matter with hydrogen peroxide and dispersion of samples
with sodium hexametaphosphate, soil pH was measured in a soil:water suspension 1:2.5, electrical
conductivity (EC) was measured in a soil:water suspension 1:5. Finely ground samples were used
to the measurement of calcium carbonate content by volumetric method, the quantification of the
organic carbon (OC) by acid-oxidation method. The concentration of PHEs (As, Pb, Cu, and Zn)
was also analyzed in finely ground samples by X-ray fluorescence (XRF) with a NITON XL3t-980
GOLDD+ instrument (Thermo Fisher Scientific, Tewksbury, MA, USA). The precision and accuracy of
the main PHEs concentrations were calculated by the measurement of a certified reference material
(CRMO052-050 RT-Corporation Limited, Salisbury, UK), obtaining the following results (certifiedvs.
measured; mean values in mg kg~! and standard error in brackets): Pb: 82.6 (4.0) vs. 92.6 (4.8); As:
14.6 (2.9) vs. 15.5(3.9); Zn: 89.0 (4.0) vs. 94.4 (6.2); Cu: 44.2 (6.9) vs. 48.5 (8.0).

For the toxicity assessment of the potential pollution in the area, the bioassay with Lactuca sativa
was used, according to Organisation for Economic Co-operation and Development (OECD) [18] and
United States Environmental Protection Agency (USEPA) [19] recommendations. For each experimental
unit, a saturated paste of the soil was obtained after 24 h of contact and vacuum pump extraction; after
this, 5 mL of the extract were put in contact with 20 seeds of Lactuca sativa during 5 days of incubation
at 25 + 1 °C. After this period, the percentage of germination and root elongation was measured both
in soil samples as in control samples (distilled water). Values range from 0 (maximum toxicity) to 100
(no toxicity).

2.3. Statistical Analysis

Statistical analyses of the data were carried out after evaluating the data set for normal distribution
by the Kolmogorov-Smirnov test. Mean comparison study was made by one-way analysis of variance
(ANOVA) and Tukey’s test, where significant differences were considered for p < 0.05. For the toxicity
bioassay, Pearson’s correlation analysis was made between the root elongation and the main properties
and pollutants in the soil. The distributions of the data were established by calculating the mean values
and the standard deviations by the use of cumulative frequency-distribution curves. All statistical
treatments were made using SPSS v.20.0 software (IBM, Armonk, NY, USA, 2012.).

3. Results and Discussion

3.1. Evolution in Soil Properties over Time

Soils affected by the spill were related to the fluvial regime, involving the main soil groups usually
found in this environment: Fluvisols and Regosols according to International Union of Soil Sciences
(IUSS) Working Group World Reference Base for soil resources (WRB) [20] or Entisols according to
SSS [21]. These soils are usually characterized by low development profiles and high fertility, producing
areas with high anthropic influence were crops and grazing are dominants [22,23]. According to the
main properties, the GGC was divided into two sectors: (1) Sector 1 (S1), involving soils with acidic
pH (5-6), mean CaCQOj3 content <2% and organic carbon <0.9% in the surface horizon; and (2) Sector 2
(52), involving soils with neutral or slightly alkaline pH (7-8), mean CaCOj3 content around 10% and
organic carbon around 2% in the surface horizon [16].

The initial impact of the spill produced acidification and increase of electrical conductivity (EC)
in the uppermost 10 cm of the soils. This was related to the oxidation of the sulphides generating a
release of complex sulphates and the solubilization of the main pollutants (Pb, As, Zn, and Cu) [11].
The initial remediation actions started with the removal of the tailings and the uppermost part of the
soils strongly polluted, followed by the application of different organic and inorganic amendments to
promote the improvement of the soil properties [24]. In this period, phytoextraction techniques were
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applied in experimental plots into the affected area; the main species used was Brassica juncea, but the
results indicated a low total uptake of heavy metals in the plants and pointed out the problems related
to the use of phytoextraction in the clean-up of multi-element contaminated sites [25]. Other studies
developed in the GGC also indicated the low success of the phytoextraction technique applied to this
area, so the restoration actions were focused in phytostabilization or phytoimmobilization [25,26].

Twenty years after the accident and the implementation of the recovery and bioremediation
measures, soils significantly changed in the most important parameters, with differences in relation to
the initial soil properties and the sector involved (Table 1). In this way, the acidic sector (S1) increased
the pH in the uppermost 10 cm of the soils, without significant differences in depth. The increase in
pH is related to the liming treatments applied during the first two years [16]; however, this rise in pH
came at the expense of the dissolution of the CaCOj after a process related to the tailing oxidation of
sulphides remained in the soil matrix, so the differences in the CaCOj3 content was not evident over
time. The OC content was significantly increased in the uppermost 10 cm of the soils. This rise in OC
is directly related to the success of the phytostabilization in the whole area, although twenty years
later, the increase in OC is only significant in the surface depth and no differences were observed in
depth. One of the parameters more sensitive to this type of pollution is the EC, related to the oxidation
of sulphides to sulphates [11]; in this case, the reduction in the EC over time was significant after the
accident, indicating a positive evolution of the soils, although high values of EC were still detected in
some plots of the S1 sector, indicating the presence of residual pollution [14].

Table 1. Change in depth and over time in soil properties, mean (standard deviation), in the affected
area according to different sectors (acidic: S1 and neutral-alkaline: S2 soil sectors). EC: electrical
conductivity. OC: organic carbon.

Acidic Sector (S1) Neutral-Alkaline Sector (S2)
Depth Y
(cm) ear - EC CaCOs ocC H EC CaCOj3 ocC
P (dS m-1) (%) (%) p (dS m-1) (%) (%)
o0 5022 565b 151a  085a 749A 572 A 958 A  120A
(1.86) (3.79) (4.09) (050)  (0.55) (5.93) (5.25) (0.54)
0-10 o1 T04P 1.03a 34la  163b 819B 026 B 13.72B 192B
(1.66) (0.83) (5.72) (058)  (0.35) (0.25) (6.54) (0.52)
1998 65%9 2.89 ab 117a  080a 7/5; 407 A 970 AB  1.03 A
(1.57) (2.04) (0.49) “.72) 6.11) (0.47)
1030 (1.98) (0.51)
oig 679D 0.99 a 231a  088a 830B 0.25B 1242B 1.06A
(1.75) (0.78) (3.57) 028)  (0.52) (0.39) (7.41) 0.32)
1998 65)9 2.17 ab 210a  058a 8.02B 435 A 981 AB 094 A
1.71) (5.48) 0.40)  (0.45) (6.75) (7.12) (0.42)
(2.00)
30-50
11.88
soig 637 0.69 a 235a  059a 832B 036 B B 091 A
(1.88) (0.69) (3.97) 032)  (0.60) (0.63) (756) (0.29)

Letters indicate significant differences between years and depth, lowercase for the acidic sector and capital letters
for the neutral-alkaline sector (Tukey’s HDS test p < 0.05).

In the neutral-alkaline sector (S2), the changes in soil properties twenty years after the accident
were similar to those described for the S1 sector. The initial values of pH increased by the addition of
calcium carbonate, but only significantly affected to the uppermost 10 cm of the soils in this sector. The
OC content also increased in the top part of the soils by the inputs of organic matter coming after the
implementation of the vegetation (Figure 2). The most significant change in this sector affected to the
EC; in this case, the initial mean values of this property were above 4 dS m™ in all studied depths
(up to 50 cm) and twenty years after the recovery and bioremediation treatments these mean values
significantly decreased below 0.4 dS m™! for all studied depths. The decrease in the EC over time in
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this type of pollution is considered an indicator of the degree of pollution [27], the significant reduction
in 52 in relation to S1 could be related to the better evolution of the soils in the S2 and the presence of
residual pollution in the S1 soils.
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0-10 cm 10-30 cm 30-50 cm

Figure 2. Organic carbon (OC) content in all sampling plots and depths for the two studied soil sectors
(S1 and S2).

3.2. Pollutant Concentration in Soils

The concentration of PHEs in the soils twenty years after the accident and completed all remediation
measures, indicated significant differences in depth and between sectors depending on the considered
element (Table 2). The less mobile elements (Pb and As) have the highest concentration in S1,
and especially in the uppermost 10 cm of the soils; meanwhile, the elements with higher mobility in
soils (Zn and Cu) showed fewer differences between sectors and trend to increase their concentration
in depth, mainly from 10 to 50 cm.

Table 2. Mean (standard deviation) of total concentrations (mg kg_l) of potentially harmful elements
(PHES) in the soils twenty years after the accident, at different depths and in the two studied sectors (S1

and S2).
Depth Pb As Zn Cu
(cm) S1 S2 S1 S2 S1 S2 S1 S2
0-10 39392aA 101.75aB 188.20aA 51.42aB 364.71aA 39294aA 119.72aA 89.41aB
(369.89) (75.76) (135.67) (39.79) (246.05) (210.18) (73.91) (46.44)
422 148.15 aB 14391 75.20 aB 212.58 447.10aB  105.66 aA 114.28
10-30 abA 57ag)  abA (82.44) bA (260.50)  (73.80) abA
(182.88) ’ (94.34) ’ (128.71) ’ ' (63.62)
30-50 16§'A04 130.77aA  9040bA  59.86 aB 15;293 42294aB 9248 aA 12l?A14
(112.04) (100.84) (71.96) (43.21) (105.99) (301.69) (70.72) (67.92)
Lowercase letters indicate significant differences among depths and capital letters between sectors (Tukey HDS test
p <0.05).

In the acidic sector (S1), all elements (except Cu) trend to decrease in depth. For As and Pb,
this reduction is gradual, and significant differences were only observed by comparing samples from
0-10 cm with 30-50 cm depth; while for Zn, this reduction was significant at 10 cm depth. This behavior
was previously described and related to the soil properties and the climate, indicating that under
acidic conditions and the high evapotranspiration in the area [28], the PHEs tend to concentrate in the
uppermost part of the soils [29]. In the neutral-alkaline sector (S2), elements behave differently. In
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these soils, the elements infiltrated in the soil matrix due to the pollution and the acidic oxidation of the
tailings, but the presence of high concentration of carbonates in these soils produced the precipitation of
most elements in depth and preventing their rise to the surface despite the intense evapotranspiration
in the area.

The comparison of the concentration in PHEs measured in uncontaminated soils (UCS) in the
area [30], indicated a significant increase in the uppermost 10 cm of the soils in most cases (Table 3).
These concentrations indicated that the recovered soils twenty years after the accident, currently
converted into the GGC, retained concentration of PHEs above the background levels in the area
despite the remediation measures. The soils in the S1 sector have significantly higher concentrations
of As and Pb that should be monitored [6], with values exceeding around 10 times the background
concentrations in the uncontaminated soils in the area. Zn and Cu have higher concentration than
UCS, but with no significant differences between sectors.

Table 3. Concentration of PHEs in the uncontaminated soils in the area (UCS) according to Simén et al.,
and times above these values in the acidic (S1) and neutral-alkaline (S2) sectors.

UCS [30] S1 S2

Element (mg kg™1) (Times above UCS)
Pb 41.8 9.4 24
As 18.1 10.4 2.8
Zn 230.8 1.6 1.7
Cu 40.1 3.0 2.2

The total concentration of PHEs in the area can be presented as cumulative frequency-distribution
curves (Figure 3) to evaluate the degree of soil recovery, and to indicate the presence of potentially
polluted soils in the GGC by calculating the percentage of soils that exceed the values to declare a soil
as polluted. This potential risk was previously calculated by Simén et al. [31], and according to the
thresholds recommended by the Regional Government of Andalusia in 1999 [22] (fixed in 1000 mg
kg~! for Pb, 100 mg kg~ for As, 1000 mg kg~! for Zn and 500 mg kg~! for Cu [32]), the 30% of the
soils for As and the 20% for Zn exceeded the proposed values. In the following years, these thresholds
were revised according to the risk assessment methodology proposed by the EU [33], considering the
sources, receptors, exposure risk and pathways, and the regional government approved the current
regulatory values in 2015 [34], which were strongly different from the previous ones: 275 mg kg~ for
Pb, 36 mg kg! for As, 10,000 mg kg~! for Zn, and 595 mg kg~ for Cu. According to these regulatory
values and the mean concentrations measured in the soils, no potential risk related to Zn and Cu was
detected. In the case of Pb, around 13% of the studied soils exceeded the regulatory value at 0-10
and 10-30 cm depth, and around 11% considering the 30-50 cm depth. The As is the element that
presented the greatest risk of potential contamination in all depths, with around 70% of the studied
soils exceeding the regulatory value at 0-10 and 30-50 cm depth and around 80% of at 10-30 cm depth.
These results indicate a potential risk of pollution in the area, but the assessment made using total
concentrations is only indicative and should be monitored in relation to the vegetation evolution in the
area and according to toxicity bioassays [35].

Anyway, the use of the area is restricted since the accident occurred, so the agriculture, hunting and
grazing is forbidden, and only recreational activities are permitted into the GGC after the bioremediation
treatments were completed. The monitoring of the area has continued to assess the risk of dispersion
of the residual pollution into the environment. Further studies indicated that the leaching of the
most mobile elements was minimized over time as the concentration of PHEs in soils at 100 cm were
close or below (depending on the element) to those of unaffected soils, so the risk of groundwater
contamination was avoided [36]. Moreover, the risk related to the grazing horses (the only cattle that
are allowed to enter the area) was assessed by analyzing PHEs in horse hair and dung, indicating no
significant differences between animals from residual polluted areas and control pastures [37].
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Figure 3. Cumulative frequency-distribution curves of the main PHEs twenty year after the accident
and in the three studied depths (a) Total Pb; (b) Total As; (c) Total Zn; (d) Total Cu concentrations.

The main plant species introduced in the area promoted two main functions: on one hand,
they covered the bare soils, promoting the soil coverage, reducing the soil erosion and the risk of
dispersion of pollutants in the solid phase of runoff waters [38,39]; on the other hand, the vegetation
establishment changed the soil properties and reduced the mobility and availability of PHEs into the
affected soil [40,41]. The main tree species introduced in the phytostabilization of the area were: Populus
alba, Celtis australis, Fraxinus angustifolia, Quercus ilex, Olea europaea, Ceratonia siliqgua, and Pinus pinea),
being C. australis, F. angustifolia, and P. alba the most effective species for reducing PHEs availability in
the soil [40], based on the accumulation of pollutants in the root system and the low transfer of PHEs
from roots to leaves. The use of shrubs was also implemented in the bioremediation of the area, being
Myrtus communis, Retama sphaerocarpa, Rosmarinus officinalis and Tamarix gallica the most used species;
in this case, the transfer from soil to aerial parts of the plants was low and the decrease in the availability
of PHE:s in soils was promoted in most cases, highlighting the R. sphaerocarpa as the most adequate
species for phytostabilize these type of soils [38,41]. Moreover, the use of shrubs as nurse plants to
improve and favor the growth of trees and the phytostabilization of the area under Mediterranean
conditions is recommended [39]. Therefore, the implementation of the phytostabilization in the area
presented a positive evolution by the increase in the percentage of plant cover and diversity [6].

No previous studies in such a long-term real case of phytostabilization (20 years) are found for this
study area in relation to the toxicity assessment. The high concentration of As and Pb in some sectors
of the recovered area, together with the extensive growth of the vegetation, require the monitoring of
the soil-plant transfer of PHEs and the assessment of the potential toxicity by the use of bioassays. In
this sense, we conducted a short-term toxicity bioassay based on the root elongation of lettuce (Lactuca
sativa L.) seeds in these soils. This test evaluates the phytotoxicity using the soil solution of potentially
polluted soils and the root elongation of the lettuce seeds after five days of germination. Our results
(Figure 4) indicated a significant reduction of the root elongation in relation to the control (distilled
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water) in around 25% of the soils into the GGC. According to the different soil types, acidic sector
(S1) presented higher phytotoxicity, with a root elongation reduction around 60% in the 25% of the
soils in this sector and no toxicity was detected in the 10% of the sampled soils. Otherwise, in the
neutral-alkaline sector (52), around 90% of the soils presented no phytotoxicity, and a slight elongation
reduction (around 20% in relation the control) was detected in only the 5% the samples in this sector.

100
90
80
70
60
50
40
30
20
10

0

mS1

RE (%)

mS2

Percentile

Figure 4. Percentile values for the root elongation percentage (RE) in relation to the control (distilled
water) of Lactuca sativa seeds in the two studied soil sectors (51 and S2).

The correlation analysis between the root elongation and the main properties and pollutants
in the soils indicated differences in S1 in relation to S2. The variables with higher influence in the
phytotoxicity in the acidic sector (51) were the pH, electrical conductivity (EC) and total concentration
of As, with significant correlation coefficients (p<0.05) of 0.790, —0.663 and —0.488, respectively. These
results indicate that the acidity, the presence of soluble salts coming from the sulphide oxidation
and the high concentration in As, were strongly related with the reduction in the root elongation
of lettuce seeds. These results agree with previous toxicity bioassays developed in soil of the area,
where a potential risk of pollution was reported after root elongation and soil respiration tests [42].
Otherwise, in the neutral-alkaline sector (S2) the low percentage of samples in relation to the total area
that showed phytotoxicity hinders the potential relationship among variables, so further studies in the
potentially polluted sites of the neutral-alkaline sector are needed. Other studies in the area found a
potential ecotoxicity risk by a reduction in the abundance of ectomycorrhizal fungi associated with
holm oak [43], or by accumulation of Cd and Zn in leaves of Populus alba growing in these soils [44,45].
Anyway, the potential phytotoxicity in the area is considered low mainly for the afforested woody
plants, although a risk of transfer to the food chain is also described [45]. In this point, the adaptation
of plants under the climatic conditions and soil properties were the main key aspects that promoted
the success of the revegetation, but the heavy metal tolerance of plants [46] is necessary to assess by
long-term in situ studies to evaluate the transfer of PHEs to the aerial parts of the plants to prevent the
risk of the dispersion into the food chain.

4. Conclusions

The extensive application of phytostabilization in the area affected by the pyrite mine spill in
Aznalcollar promoted the restoration of the soils in the area and the implementation of the GGC.
Anyway, two decades after the accident, there are still some sectors affected by residual pollution. The
soil properties positively changed over time, by reducing the acidity and the electrical conductivity,
and increasing the organic matter related to the rise of vegetation cover, although in some plots of
the acidic sector (S1) there are still soils with strongly acid pH and without any plant growth. Total
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concentrations of PHEs were higher than the concentration of the uncontaminated soils in the area
(mainly in the case of As and Pb), and the regulatory levels to declare potentially contaminated soils
were exceeded in around 13% for Pb and 70% for As, in the uppermost 10 cm of the soils. Toxicity
bioassay made with Lactuca sativa L. indicated that significant differences into the GGC were observed,
where 25% of the soils in S1 showed high phytotoxicity, with a 60% of reduction in root elongation,
meanwhile only 5% of the soils in S2 showed low phytotoxicity, with a 20% reduction of the lettuce
elongation in relation to the control. Our study indicates that the phytostabilization in the area was a
positive bioremediation action, but additional monitoring and treatments are necessary to be applied
to reduce the potential mobility and toxicity of PHEs in the sectors affected by residual pollution.
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